
SOME PHYSIOLOGICAL FUNCTIONS OF THE GROWTH HORMONE 

IN HIGHER PLANTS 

Thesis by 

Folke Skoog 

In Partial Fullfilment of the Requirements 

for the Degree of Doctor of Philosophy, 

California Institute of Technology, 

Pasadena, California. 

1936 



i 

CONTENTS 

The work to be presented deals with some physiological actions 

of the growth hormone in higher plants. · It comprises three different 
., 

problems in relation to th~ formation, ) some physiological fmictions and 
'~----·-·-- ·-- .. , __________ ........ ,. 

the inactivation of hormone in the plant. 

of each problem in many respectsoverla;~ 

the material will be presented , ,,.. cl:o-s-e1~ in 

were done, in three main parts as follows: 

Part I 

Although the subject matter 

on to that of the other two, ,, . 
\,"""- '<;:<!1\~ ..... "~ 

the order the experiments ,, 

The inhibition of bud development by the growth hormone 

Chapter I. Bud inhibition produced by the terminal bud and by applied 

auxin 

Introduction 

Statement of problem 

Material and methods 

Growth hormone in the plant 

Production of growth hormone in Vicia 

by terminal buds 

by lateral buds 

by leaves 

l 

l 

4 

5 

6 

7 

Inhibition of lateral buds by applied hormone preparations 11 

Necessity of continuous supply of hormone 18 

Inhibition of one bud by another 19 



Inhibition is due to auxin itself 

Inhibition by auxin A 

Inhibition by crystalline hetero auxin 

Comparison of different preparations 

Effect of concentration 

General occurrence of bud inhibition by auxin 

Chapter II. The mechanism of the action of auxin in the inhibition 

ii 

20 

21 

23 

26 

28 

of bud development 30 

Proposed mechanisms of action of auxin in inhibition 30 

Independence in action of auxin in growth promotion and 

bud inhibition 

Relation of stem elongation to bud inhibition 

Effect of auxin on growth of stem 

Effect of light on production of hormone 

Effect of light on response to hormone 

Bud inhibition in the dark 

Conclusion 

Epicotyl swellings and bud inhibition 

Nature of swellings 

Difference between swellings and bud inhibition 

33 

39 

41 

42 

43 

44 

in relation to polarity 45 

Absence of correlation between size of swellings 

and amount of bud inhibition produced by auxin 49 

Conclusion 52 

Opposition to and defense of the mechanism of direct 

inhibition 52 



iii 

The mechanism of inhibition of buds through inhibition 

of cell division 57 

Food and auxin as limiting factors in bud development 58 

Conclusion and discussion 59 

Part II 

THE EFFECT OF X-IRRADIATION ON AUXIN AND PLANT GROWTH 

Chapter III. Introduction 64 

65 

6S 

67 

67 

Chapter IV. 

Chapter V. 

Chapter VI. 

Statement of problem 

Apparatus and materials 

The effect of x-rays on auxin in solution 

Inactivation in agar blocks 

The mechanism of inactivation 68 

Photochemical inactivatism of auxin in eosin solutions 77 

Conclusion 79 

The effect of x-rays on auxin in the plant 

Loss of auxin 

Effect on transport of auxin 

Effect on formation of auxin 

Conclusion 

The relation of auxin inactivation to the inhibition 

80 

84 

86 

92 

of growth by x-irradiation 93 

Effect on sensitivity to applied auxin in experiments 

with 

Avena 93 

Helianthus 99 

Pisu..m 102 

Conclusion 1Q6 



iv 

Chapter VII. The relation tf auxin to the development of Lateral 

buds by irradiation 107 

Bud development produced by irradiation of terminal 

bud and stem 107 

Bud development produced by different dosages of 

irradiation 

Inhibition of buds in irradiated plants by applied 

auxin 

Conclusions 

Chapter VIII. Conclusion 

Discussion 

Summary 

Chapter IX. 

Chapter X. 

Part III 

EXP1'RIMENTS ON THE FORMATION OF AUXIN 

Introduction 

A test method for small concentrations of auxin 

and auxin precursors 

The standard method (review of) 

The deseeded method 

Comparison of the two methods in relation to 

effect of 

Regeneration and temperature 

Physiological aging 

Limits of concentrations 

Light 

109 

110 

112 

114 

120 

123 

127 

131 

132 

136 

136 

138 



Application of deseeded test in auxin determinations 

Auxin in primary leaves 

Auxin in coleoptile sections 

Chapter XI. Formation of aUY..in in the Avena coleoptile 

Physiological factors affected by desceeding in 

relation to 

Linear growth 

Geotropic and auxin curvatures 

Decrease in auxin synthesis 

Sensitivity to auxin 

Decrease in geotropic curvatures 

Conclusion 

Demonstration of an auxin precursor in the 

coleoptile 

The relati0n: of positive curvatures in the 

precursor 

Attempts to obtain precursor from seeds 

Conclusion 

Chapter XII. Precursors of hetero auxin 

Auxin curvatures by tryptophane 

Auxin curvatures by indol-ethyl amine 

produced in 

normal plants 

deseeded plants 

sections 

Transport experiments 

v 

139 

140 

142 

142 

143 

147 

149 

149 

154 

157 

161 

162 

162 

163 

164 

165 

166 

171 



Activation produced by the plant 

effect of micro-organisms 

activation in solution (pea test method) 

Conclusion and discussion 

SUMNIARY OF THE MAIN RESULTS 

vi 

175 

177 

179 

182 



PART I 

THE INHIBITION OF LATERAL BUD DEVELOPMENT BY THE GROWTH HOR.i'l.[ONE 

Chapter I 

Bud Inhibition produced by the terminal bud and by applied auxin 

Introduction 

It is well known that the growth hormone of plants, auxin, 

promotes the elongation of cells of many plant organs. Furthermore, 

the work of Went (1928) and Dolk (1950) on Avena has definitely shown 

that auxin is essential for elongation. From the large number of 

species that have since been investigated, it may be concluded, 

although it has not been definitely proved in every species investi-

gated, that the statement "Ohne Wuchsstoff kein Wachstum" applies 

generally to higher plants. More recent work has sho~m that auxin, 

in addition to this primary action of promoting elongation, L~so rr-s-1 
active independently, but perhaps in a more indirect manner, in other 

growth processes of the plant. Of these "secondary" activities of 

auxin, the inhibition of lateral buds to be described here was perhaps 

the first one to be discovered. 

When the growing point of a young dicotyledonous plant is 

removed, the dormant lateral buds lower down the stem begin to develop, 

but as long as the terminal bud is present the lateral buds remain 
~~ 
~. The presence of the terminal bud thus exercises an inhibiting 

action on 'the development of buds. To a smaller extent the leaves also 

inhibit the buds in their axils, as was shown by Dostal (1909) in his 

experiments on Scrophularia. 
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This phenomenon of bud inhibition has been s t udied by many 

worker s . For a brief per spective of the re sults of thi s work they 

may be di vi ded i nto t hree mai n groups according to the kind of inter-

pret ation they offered as to t he nature of the primary cause of 

inhibition. But it is clear that such cl assifi cation is arbitrary 
I 

and the views of the individual investigators can be only approxi-

mately expressed. 

One group claims that the inhibition of buds is due to the 

lack of food caused by its r?pid utilization in the apical part of 

the main shoot of the plant. Although it is hard to find the origin 

of this view, it is certainly the oldest one and has has- held since 

the last century. It has also been advocated in the recent literature 

as, for exampl e, by Gardner (1925) and Moreland (1934). A second 

group cl aims that a higher metabolic activity of the apex which induces 

an electrical polarity is directly (not through an effect on the trans-

port of substances) responsible for bud inhibition. A third group, 

finally, claims that there is a special inhibiting substance formed 

in the apex of the main shoot, which prevents the development of buds 

further down the stem. 

According to Denny, this concept of bud inhibition through 

the action of a hormone coming from the tip was first brought forward 

by Errera (1904). It has since been advocated by several investigators, 

notably by Loeb and by Snow (1925). Snow (1929) found that for example 

in Pisum the rapidly growing young leaves in the ferminal bud are the 
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most active in inhibiting the growth of the axillaries. In this 

connection he brought forwarq evidence, and this among the first of 

its kind, that the inhibition of bud development might be due to a 

special substance capable of being transported basi-petally from the 

growing point throughout the length of the stem of the plant . 

Statement of the problem. 

Partly in view of the above experiments, Dr. Thimann had 

reasons to believe that the inhibiting action was due to auxin or at 

least to a substance closely .analogous to the growth hormone. Thus, 

with his cooperation, experiments were started in the fall, 1952, to 

determine the presence and distribution of the growth hormone in a 

suitable dicotyledonous plant, Vicia Faba , and to determine its physio

logical action in the plant especially in relation to inhibition of 

bud development. These experiments which definitely prove the inhibi

tion of bud development to be caused by the growth hormone by an action 

independent of its promotion of growth will now be described. 

In order to show that the growth hormone i s really the inhibit or 

of lateral bud development , it must be shown in the plant studied, that: 

1 . growth hormone is produced by the terminal bud; 

2. the lateral buds, as soon as their development begins, also produce 

it in appreciable amounts ; 

5. growth hormone is produced in the leaves; and 

4. application of growth hormone , after removal of the terminal bud , 

represses the development of the lateral buds to the same extent 

as does the terminal bud i n intact plants. 
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Material and Methods 

In the earlier experiments young plants of Vicia Faba, grown 

in the light ; in later experiments. young plants of Pisum .iati·vunr .gr own 

either in the light or in the dark, were used. These plants were both 

used by Snow, and they are very well adapted for these experiments. 

For inhibition experiments, the plants were selected to be of approx

imately equal height, and with as nearly as possible equal numbers 

of buds and leaves. A typical experimental plant (Pisum) is shown in 

figure 1. 

- -- 5 - - -
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In the earlier experiments the growth hormone used ,uas 

obtained from the growth of Rh.izopus suinus. It was prepared from 

the ether extract of the concentrated and acidified culture medium, 

by a process involving chilling, fractional extraction at different 

pH, and vacuum distillation. Its activity was of the order of 12,000 

units per milligram, representing a purity of about 5 to 10%, since 

pure synthetic hetero auxin has activities varying with the time of 

the year between about 1 to 5 :It\ 105 uni ts per mg. under the standard 

conditions of testing on Avena described by Went (1928), and using the 

procedure, size of agar blocks (10. 7 x io-3 ml per' block) etc. a.s g·i ven o/ 

Dolk and Thimarm (1952). In later experiments synthetic hetero auxin 

prepared by Thimann and Koepfli (1955) and in a few experiments 

crystalline preparations of auxins A, B, and hetero auxin prepared and 
t \ 'J .,,_ ·,,., 

kindly sltbmitted by Prof. Kogl were used. 

A. Growth hormone in the Plant 

1. Production of grow·t;h hormone Ez the terminal bud of Vicia. 

In order to determine whether growth hormone was produced by 

the terminal bud of Vicia Faba, young healthy plants of various ages 

were decapitated 1 to 2 mm. below the bud, and the bud was then placed 

upon a block of agar (l.5%) for 4 hours; good contact between the cut 

surface and the agar block was obtained by moistening the cut surface 

with either water or gelatin. The bud and agar block were kept at 

25°C. and in a covered vessel linedwith moist filterpaper to prevent 

drying out. The agar blocks were then divided into 12 pieces in the 

standard manner and tested on Avena coleoptiles. 
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Table !.-Production of Growth Substance by Terminal Bud. 

Height of Size of Curvature Plant units diffusing 
plant block obtained out per hour 

(cm.) ( x standard block) (degrees) (p.u.) 
12 · 1 12 11·7 35 · l 
12·4 12 14 ·0 42·0 
13·3 12 11·6 34 ·8 
17·8 6 12 ·8 19·2 
18 ·8 6 14 ·0 21 ·0 
20·8 6 10 ·7 16·1 
20·8 6 10·5 15·8 
22·3 6 11 · l 16·7 
37·3 6 0 0 

It can be seen from Table I that the amount of growth hormone 

produced by the terminal bud is considerable, although it varies widely 

with different plants. In general, the older the plant, the l ess is 

the production of growth hormone. Since the production (i.e. at least 

the amounts obtainable by the technique used) also varies with the 

season, t he experiments were all carried out within a f ew weeks in the 

early spring. In the last column of the Table are given the number of 

plant units produced by the terminal bud per hour, a figure to which 

reference will be made later . No claim for absolute accuracy is made 

for these figures; they represent merely the order and the relative 

amounts of growth hormone diffusing out from the tips of these plants 

at the particular ages and season. 

2. Production of growth hormone ]?;y: lateral buds . 

Since, as will be shown below, developing lateral buds exercise 

an inhibiting action, while dormant ones do not, determinat ions of the 

production of growth hormone by lateral buds when undeveloped and when 

rapidly growing were made. For this purpose buds of the former type 

were removed from plants which had been decapitated 10 days previously, 
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and of the . latter type from intact pl ants. Since the amounts of growth 

hormone were small, agar blocks of one third the standard size were 

used, each being subsequently divided into 4 parts for testing . The 

results, given in Table II, indicate that there is little or no pro-

duction of growth hormone by the undeveloped laterals (5.5 mm . in length) 

but when they become longer ( 21.5 mm.) the production reaches about one 

half that in the terminal bud. 

Table II.-Production of Growth Substance by Lateral Buds. 

Undeveloped buds I 
Developing buds .... 

Average 
length 
of bud 
in mm. 

3·5 21 ·5 

I 
I 

Time 
of 

diffusion 
in hrs. 

3·2 3·0 

Curvature obtained, in degrees, each 
bud being placed on agar block 
giving 4 standard Avena blocks. 

1 
I 

2 
I 

3 
I 

4 
I 

5 
I 

6 I Mean. 

I 0·5 I 0·5 I 4·0 I 0·5 I 0·3 I 1·7 I 1·25I /2•0 16·0 8·0 17·5 14·0 19·0 14·4 

Average 
number 
of plant 

units 
diffusing 

out 
per hour. 

1·6 19·2 

The production of growth hormone in the bud of Pisum is com-

pletely analogous to that in Vicia, with the exception that the amounts 

produced per plant are, as would be expected, smaller. For data 

relative to growth hormone production in Pisum see Table XXV part II. 

3. Production of growth hormone E.;y: the leaves. 

The experiments of Dosttl (1909) showed that in a great number 

of species of plants, when cut sections containing t wo opposite leaves 

and their axillary buds were placed in water the leaf inhibited the 

development of the bud in its axil. In later experiments he further 

showed that the inhibition by the leaf was only sufficient to disturb 

the balance in the rate of growth of the t wo buds, so that of t wo 



oppositely placed buds one in the axil of an amputated leaf would 

start to develop first, and the subsequent inhibition of the second 

bud in the opposite axil with an intact leaf was caused principally 

by the developing bud in the axil with amputated leaf . If the growth 

hormone is the inhibitor it should be found that it is produced by 

the leaves in smaller quantities than by the developing lateral buds, 

providing that the conditions in Vicia are not essentially different 

from those obtaining in Scrophularia. This was in fact found. The 

amount of growth hormone produced is roughly in inverse proportion to 

the age of t he leaf. Thus in one set of plants the production of 

growth hormone measured by diffusion into agar from a number of compar-

able leaves bound together for each determination was in 4 hours:-

Lowest leaf (oldest) 3.8 plant units 
Second II 3.0 " II 

Third " 15.0 II " Fourth II (youngest) 21.6 II II 

Terminal Bud (average) 120 II II 

These results are also in agreemeht with the observation that the buds 

in the axils of the lowest leaves are, in Vicia, the only ones which 

show an appreciable development. The amount of growth hormone produced 

by a leaf in one hour is thus much less than that produced by a develop-

ing lateral bud (cf. Table II), and, if growth hormone is the inhibitor, 

the inhibition in DostliJ. 1 s experiments can be ascribed to the a.mount of 

this substance produced first by the leaf, and later by the developing 

bud. Also in agreement with the theory that auxin inhibits buds is 

the fact that in Vicia and in Pisum, normally the buds in the stipules 



are the ones to develop and only very rarely the buds in the lower 

leaf axil may develop instead and correspondingly in stipules no 

appreciable amounts of growth hormone could be found. The above 
~-l 

evidence relative to the presence production of auxin in the plant 

9 

together with the facts that the hormone is completely polarly trans-

ported in the plant, especially in the apical portions of the stem, 

but perhaps to a slightly less extent in the lowest internodes, is thus 

in complete agreement with the conditions one would expect to findJ if 

the hormone is active in bud inhibition. 

,.§_ The effect of applied growth hormone gg the development of lateral 

buds. 

d.. Entrance of applied hormone into the plant. 

From the data in Table I, the amount of growth hormone diffus-

ing from the terminal bud of young plants into agar is of the order of 

50 to 40 plant units per hour. Experiments were therefore performed 

to determine whether growth hormone would diffuse to a corresponding 

extent from an agar block into the stem. A number of plants were de-

capitated, and an agar block, containing a lmown amount of growth 

hormone, was applied to the fresh cut surface of each stem, the plants 

being kept at 25°C. in the dark. Contact was ensured by the application 

of a film of gelatin or of water between the block and the cui: surface. 

After definite times the blocks were removed and the amount of growth 

hormone remaining in them was determined by application to Avena 

coleoptiles in the usual way. The results, expressed as the per . cent 

of growth substance entered, summarized . i n Fig. 2 , show that the rate at 
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Fm. 1.-Per cent. of initial concentration of growth substance diffusing out of standaTd 
agar blocks into stems of Vicia. 

which the growth .substance enters the plant falls off with time. 

10 

This is to be expected from the fact that the rate of diffusion into 

the plant is proportional to the concentration of hormone in the agar 

block at any moment, as previously shown by Thimann and Bonner (1932). 

After a period of contact of 6 hours, 93% of the growth hormone applied 

has passed from the block into the stem. The intermediate points of 

the curve are somewhat irregular, but the diffusion in 6 hours is the 

mean value obtained in seven experiments, the lowest and highest 

values of which were 87 and 99% respectively. The application of a 

fresh agar block containing growth hormone to the plant every 6 hours 

should thus result in an almost complete uptake of the growth hormone 

contained in the block, and at the same time should provide a fairly 

continuous supply of hormone to the plant. Furthermore, this method 

of application is more quantitative than that employed by Uyldert (1931) 

and that later used by Laibach and by MUller (1935), and therefore, 

for this purpose, preferable. 
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2 The effect of applied hormone _2£ inhibition of lateral buds 

Having determined the approximate quantity of growth hormone 

diffusing out of the terminal bud, we were now in a position to apply 

this quantity of auxin in place of the terminal bud, and to determine 

its effect on the development of the lateral buds. 

Attempts were first made to carry out these experiments in the 

dark room at 25°C. and under high, controlled humidity (89%), but during 

the rather long period required for the experiments the plants became 

etiolated, were readily infected and were not very satisfactory. 

Subsequent experiments on Vicia were therefore carried out in the light 

at 15° to 2s0 c. 

For measurements, the two lowest lateral buds in the stipules, 

Buds 1 and 2, (see Fig. 1) were selected, firstly because they are 

free from any inhibiting influence exerted by adjacent leaves, and 

secondly, when the plant is decapitated, it is these buds which develop 

first and grow most markedly. The buds higher up the stem, but very 

seldom. higher than those in the axil of the lowest leaf, may also 

occasionally develop, but do so somewhat later. To facilitate measure

ments the stipules were removed. The small wounds so produced were 

covered with a thin layer of paraffin. The plants were grown individ

ually in pots, placed in large trays, in the bottom of which was a 

layer of water to ensure equal water supply for controls and experimen

tal plants. The plants were selected to be of equal size and vitality 

(average height 15 cm.), to have the same total number of leaves, and 

especially to have buds of comparable size. The average length of the 
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measured buds at the beginning of the experiment was 5 to 7 mm. Plants 

with buds which had already begun to develop were not used, because, 

as shown above, such buds are actively producing growth hormone. In a 

few cases the buds that had developed were removed, and the secondary 

buds always present at the base of a developing bud were used. Such 

plants were distributed equally between the controls and the experiments. 

The plants were divided into three groups, from two of which 

the terminal buds were removed. To the smooth cut surface of these were 

applied agar with and without auxin. The blocks were renewed every 6 

holll's, this being the time required for nearly complete utilization 

of hormone as found above. The cut surface was moistened with water 

to ensure good contact with the block. To prevent drying out the block 

and the cut surface were completely sealed by a layer of soft paraffin. 

A mixture of 3 parts of paraffin with a melting point of 50°0. to 1 

part of vaseline was brought to the melting point (about 4000.) and 

allowed to solidify as a coating around the block and the cut Slll'face, 

care being taken to prevent the paraffin from coming between the block 

and the surface of the plant. From the third group of plants the 

stipules where buds were to be measured were removed, but the terminal 

buds were left in place. 

MeaslU'ements were made, each successive day at the same time, 

of the total lengths of the plants and of the two lowest lateral buds. 

At the conclusion of each experiment some of the other buds which had 

gradually developed to a smaller extent were also measured. 

After some preliminary trials an experiment (No. 3) was carried 
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out in which 21 plants ~ere selected. Five were kept undecapitated; 

the remaining 16 plants were decapitated. On eight .of these plants 

were placed plain agar blocks, on the remaining eight plants were 

placed agar blocks containing 150 plant units of auxin, i.e. an amount 

about the same as that diffusing out from the terminal bud in 6 hours. 

The means of the daily measurements of the lengths of the buds are 

plotted in Fig. 3. 
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FrG.a..-Average daily growth of lateral buds in experiment 3. 

The mean increase in length of the lateral buds on the plants 

supplied with growth :Bubstance is less than that of the buds on the 

plants supplied with plain agar, but in each set the growth of the buds 

was more than that of the buds on the intact plants. There is thus 

some inhibition, but it is not complete. (See page 16 ) During the 
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experiment the buds in the axils of the lowest leaves, and also some 

secondary buds at the base of those measured also developed to some 

extent. At the conclusion of the experiment, 10 days after decapita

tion, there were 20 such buds in the plants to which growth substance 

had been applied; these had an aggregate length of 95.1 mm., or an 

average length of 4.8 mm. each; there were 22 similar buds in the 

plants supplied with plain agar, having an aggregate length of 157.2 mm. 

or an average length of 6.9 mm. per bud. Thus these buds had also been 

inhibited by the growth hormone treatment to about the same extent as 

the more rapidly growing ones. Since these buds were mostly too small 

to be measured at the beginning of the experiment, their actual increase 

in length cannot be given; however, if their average initial lengths 

are t aken to be as high as 1 mm., the inhibition by the hormone is 33%. 

It can thus be seen that an amount of auxin equal .to that diffusing 

from the tip into agar is enough to retard, but not completely to prevent 

the development of the lateral buds. In order to find whether the 

application of larger amounts of hormone would lead to a more complete 

inhibition, a similar experiment (No. 4) was carried out in which about 

10 times the amount of hormone, namely, 1970 plant units per block were 

used. The details of the experiment were exactly as described for 

Exp. 5. Thirteen plants were selected and placed in corresponding gr oups 

3, 5, and 5 respectively. From the data, given in some detail in Table 

III, it can be seen that the inhibit.ion is now much more complete , and 

is in fact even greater than that in the undecapitated controls . The 

differ ence between the t wo groups is small, but especially by taldng 
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into account the closely similar growth rates of the buds in each 

group in other experiments it appears to be significant. 

Table III.-Growth of Lateral Buds in millimetres (experiment 4). 

Length of bud at- Total Mean 
Plant Bud 'length length 
No. No. 

14 days.18 days. 
increase increase 

Start. of bud. per bud. 

I A{ 1 7·4 8·5 10·6 3·2 l 
2 3·2 3·2 5·3 2·1 

I 

Undecapitated controls B 1 8·5 11 ·6 12·7 4·2 f 3·4±0·5 

l c 1 9·5 10·6 13·7 4·2 

""•pit.t.d, 1670 ... J 
l{ 1 4·2 4·2 5·3 l·l 

2 3·2 3·2 3·2 0 

3{ 
1 5·3 5·3 5·3 0 
2 3·2 5·3 6·4 3·2 

5{ 
l 3·2 4·2 5·3 2·1 1·8 ±0 ·6 

g.s. applied I 2 4·2 6·4 9·5 5·3 

I 7 1 3·2 3·2 6·4 
32 J l 9{ 

1 3·2 4·2 4·2 l·O 
2 7·4 8·5 8 ·5 l·l 

--

.~ .,.,f 
2{ 

1 7·4 10·6 23·3 15·9 l 2 9·5 15·9 34·9 25·4 

4 1 6·4 7·4 18·0 11-6 I 
Decapitated, 

6{ 
1 3·2 5·3 9·5 

6' I applied 2 3·2 6·4 10·6 7·4 16·0±2 ·7 
I 8 1 8·5 11·6 24·3 15·8 I 

l lo{ 1 5·3 10·6 31 ·8 26 ·5 J 
2 6 ·4 9·5 25·4 19·0 

The mean values of the daily bud measurements of experiment 4 

are plotted in fig. 4 which also includes measurements made five days 

after the termination of the experiments on the plants treated with 

auxin. These showed an immediate increase in rate of elongation of 

the buds as soon as the application of auxin was stopped indicating 

that the buds were in no way damaged and were still fully able to 

develop. 
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Fm. 3.-Average daily growth of lateral bu<ls in experiments 4 and 6. Application of 
growth substance was stopped at arrow. For undecapitated controls see fig. 2. 

16 

Comparison of the average growth per bud per day in the agar 

treated plants of figs. 3 and 4 shows that the growth rates are almost 

identical. This indicates that with plants of the same age and size, 

results can be duplicated very closely, and small inhibiting effects 

may be considered significant. It should be noticed that the rate of 

growth of the buds is rather faster than logarithmic. The so-called 

"compound interest law" is therefore not entirely true for the develop-

ment of these buds. 

For confirmation, the experiment was repeated. The results of 

this experiment are given in detail in Table IV, and the mean values 
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Table IV -Daily Growth of Lateral Buds in millimetres (experiment 6). 
Lengths of buds at the end of each day. Total Mean 

Plant Bud length increase 
No. No. 

I I I I I 5 
I 

6 
I 

7 
I 

8 
I 

9 increase in length 0 1 2 3 4 of bud. per bud. 

1 { 
1 5·5 6·0 6·0 6·0 6·0 6 ·0 7·0 7·5 9·5 12 ·0 6·5 
2 2 ·5 2·5 2·5 2·5 2·5 3·0 4·5 4·5 7·5 8·0 5·5 

3 { 
1 10·0 10·0 10·0 10 ·0 10·0 10·0 10·0 10 ·0 10·0 12·0 2·0 
2 7·5 7·5 7·5 8·0 8 ·5 8·5 9·0 9·0 9·0 10·5 3·0 

5 { 
1 8·0 8·5 8·5 9·0 9·0 9·0 9·0 10·5 12·0 13·0 5·0 
2 3 ·0 3·0 3·0 3·0 3·0 3·0 3·0 3·0 3·0 3·0 0 

7 { 
1 4·0 5·0 5·0 5·0 5·0 5·0 5·0 5 ·5 6·0 7·0 3·0 3·7 ±0·7 1670 units g.s. applied 2 4 ·0 4·0 4·0 4·0 4·0 4·0 4·0 4·0 4·0 4·5 0·5 

9 { 
1 5·0 6·0 6·0 6·0 6·0 7·0 8·0 8·5 9·5 10·0 5·0 
2 2·0 2 ·0 2·0 2·0 2·5 2·5 3·0 4·0 4·5 5 ·5 3·5 

11 { 
1 11 ·0 11·0 11·5 11·5 11 ·5 11·5 12·0 14·5 16·0 19·0 8·0 
2 5·5 5·5 6·0 6·0 6·0 6·5 7·0 9·0 9·0 12·5 7·0 

13 { 
1 14·0 14·5 14·5 14·5 14·5 15 ·0 15 ·5 15·5 17 ·0 17·0 3·0 

l 2 3 ·5 3·5 3·5 3·5 3·5 3·5 3·5 3·5 3·5 3·5 0 
----------------

2 { 
1 2·0 3·0 4·5 7·0 7·5 8·5 10 ·0 14·0 17·0 20·0 18·0 
2 4·0 5 ·0 6·0 7·0 7·5 10·0 16·0 20·0 25·5 34·0 30 ·0 

4 { 
1 7 ·0 8·0 9·5 13·0 14·0 16·5 20 ·0 24·0 32 ·0 . 38·5 31·5 
2 4·0 5·0 6 ·5 8·5 9·5 12·0 15 ·0 19·0 24 ·5 31·5 27·5 

6 { 
1 5·0 6·5 7·5 8·5 9·5 10·0 10·0 10·0 11·0 11·0 6·0 
2 9 ·0 10·5 12·0 14·0 17·0 20 ·0 23 ·0 29·5 36·5 45·0 36·0 

8 { 
1 4·0 4·5 5·5 6·5 6·5 9·0 12·0 14·0 17·0 18·0 14·0 

> 24·2±2·7 plain agar applied .... 2 4·5 5·0 6·0 6·5 8·0 10·0 13 ·0 16·5 21 ·5 34·0 29·5 

10 { 
1 5 ·0 6 ·0 6·0 7·0 7·5 8·5 10·0 12·0 16·0 20·0 15·0 
2 2 ·0 3·0 4·5 5 ·0 5·5 6·5 9·0 9·0 10·0 11·0 9·0 

12 { 
1 6·0 8·0 8·5 9·0 9·0 10·0 12·0 13·0 17 ·0 23·0 17·0 
2 9·0 10·5 11·0 12·5 14·0 17 ·0 22·5 27·0 34·5 43·5 34·5 

14 { 
1 5·0 7·0 7·5 9·0 9·5 12·5 15·0 19·5 25·0 32 ·0 27·0 
2 7·0 8 ·5 11·0 12·5 15·0 18·0 23·0 30·5 40·0 51·0 44·0 

Bud No. l 18 the lower lateral bud, No. 2 the upper. 

are included as dotted lines in fig. 4. They clearly confirm the 

previous results. The buds of the plants supplied with auxin had a 

slightly larger average initial size than the others, so that in this 

case the inhibition is the more striking. It is interesting to note 

that although the plants of this experiment were more rapidly growing, 

as shown by their stem elongation measurements, the growth rates of the 

buds are closely comparable with those of experiment 4, for, from a 

length of 7.5 mm. the two curves are parallel. At the conclusion of 
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this experiment (8 days), the average increment in length of a lateral 

bud in the agar treated plants was 24.2 !t 2.7 mm.; in the plants with 

auxin 5.7 ± 0.7 mm. By treatment with auxin, therefore, the growth of 

the buds on these plants was made just about equal to that of the buds 

of the undecapitated controls of fig. 5 and Table III. Further, the 

buds in the axils of the lowest leaf averaged 6.6 mm. in the agar 

plants and 0.9 mm. in the auxin plants, while the buds at the side of 

the upper of the two main lateral buds averaged 5.1 and 2.2 mm. respec

tively~ Both the latter types of buds therefore showed a very marked 

inhibition by the applied growth hormone. 

5. Necessity of continuous supply of hormone 

In another experiment, an attempt was made to apply double the 

concentration of hormone at half the frequency; i.e., 5000 units every 

12 hours, to plants kept in the light. However, as shown in fig. 5, 

the plants thus treated showed a marked inhibition only on the first 

day. Since it was shown above that the bulk of the applied auxin 

enters the plant within 6 hours, it is likely that the buds were during 

the second six hours of every twelve hour period receiving very little 

auxin. On the basis of the mechanism of the inhibition suggested 

below, this means that at each six hour interval the buds were given 

an opportunity to synthesize auxin. Thus the inhibition became less 

daily, until in four days the corresponding growth rates of buds on 

both sets of plants were equal. It follows that for effective inhibi

tion the supply of auxin from the apex must be continuous. 
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Figure 5 

Bud i nhibition i n Vi cia 
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4. Inhibition of~ lateral bud ]?x another. 
/ 

It was shown by Dostal, as mentioned above, that a rapidly 

developing lateral bud may inhibit the growth of a second bud. In 

Vicia we have found that a lateral bud immediately below and rarely 

immediately above the rapidly developing bud in a stipule is strongly 

inhibited. In ten decapitated plants the development of the two 

lowest lateral buds was measured over a period of five weeks, the 

means of the initially longer and initially shorter bud of each pair 

being given in Table V. The bud of each plant which was initially 

longer develops very rapidly, while the one initially shorter, although 

in the period immediately after decapitation it grows at a comparable 

rate, soon shows a marked retardation. However, on the thirty-fifth 

day, when the longer bud was decapitated or removed, the shorter bud 
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at once showed a notic\ able increase in rate of growth and would 

eventually become the main shoot. Occasionally the bud in the axil 

of the lowest leaf developed early, and whenever this occurred neither 

of the lowest lateral buds grew at the full rate. This experiment 

provides quantitative confirmation of the fact, observed qualitatively 

in all our experiments, that one developing bud inhibits another. 

Table Vf .-Inhibition of One Lateral Bud by another. 

Upper line : mean length of bud in mm. 

Group. No. of Lower line: mean rate of growth in interval per 
buds. day in mm. 

0 I 2 
I 

5 
I 

7 I 14 
I 

35 37 
I 

39 

Initially the longer of 10 8 ·31 9·7 \ 16·2 I 29 ·51107·81383·1 -
I 

-
each pair 

0·7 12·2 I 6·7 111-21 13 · 1 
I 

Initially the shorter of 10 4·6 I 6·0 I 10·3117·6130 ·2147·7 49·7152·7 
each pair 

0·7 I 1·4 13· 7 I 1·81 0·8311 l ·0 I 1·5 

On the 35th day the longer of each pair was removed. 

6 . Is inhibition due to auxin itself? 

The above experiments definitely show that the inhibition of 

lateral buds may be produced artificially by the application of a 
( l 

growth hormone preparation from Rhizopus to the apqc:J.s of decapitated 
~ ........ 

plants, and the concept of iri..hibition by auxin fits the available 

data from the literature on bud development; nevertheless, it was 

impossible to determine whether inhibition of lateral buds was due to 

auxin or to some other substance present in the auxin preparation and 

also present in conjunction with the growth hormone in the intact 
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plant. However, within the following t wo years with the aid of 

crystalline preparations of auxin from urine {kindly submitted by 

Professor Kogl) and the chemical synthesis of one of these, hetero 

auxin, by Thimann and Koepfli {the latter compound found to be iden

tical with the extract from Rhizopus used above) it became possible 

to show that the inhibiting action is in fact due to auxin itself. 

These experiments, which with the single exception of experiment 7 

were performed on Pisum rather than Vicia, will now be described. 

It was found by Snow (1929) that the behavior of Pisum sativum. 

with regard to bud development is very similar to that of Vicia Faba. 

From an examination we found a similar situation with regard to growth 

hormone in the two species. Data relative to the production and distri

bution of growth hormone in Pisum is included in Chapters V and VI. 

Since peas are much more convenient to grow and to treat in larger 

numbers, we have used a pure line of peas, the strain "Alaska", 

exclusively in later experiments. 

a . Inhibition ]?x Auxin !. 

The first preparation from urine, auxin A, {identical with the 

hormone produced in Avena), obtained by K~gl and Haagen~Smit in 1933, 

was tested for inhibiting activity on Vicia (experiment 7). This 

substance unfortunately rapidly loses its growth promoting activity 

upon standing. Six days before the exBeriment was started a solution 

of about 700 units per cc. was prepared. In 16 days its activity had 

fallen to zero. At the time of the experiment the activity was thus 
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of the order of 100 to 300 units per cc . The results of this experi-

ment are summarized in fig . 6, which gives the mean length per bud, 

16 buds being used in each group. It is seen that the inhibition, 

although slight, is about the same as that obtained by a similar 

concentration (150 units per cc.) of the hormone preparation from 

Rhizopua (fig. 3). However , since the growth of the control buds is 

identical with those of experiments 3, 4, and 6, the small amount of 

inhibition is certainly significant. The inhibition is further sub-

stantiated by the difference in the growth of the buds in the axils 

of the lowest leaves, indicated in the block diagram B of the figure. 

Fi gure 6 
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Fm. 6-Average daily growth of lateral buds in experiment 7. (Growth substance by 
Kogl and Haagen-Smit.) The inset shows the average increase in length of buds in 
millimetres at the end of the experiment. A, lateral buds in stipules ; B, lateral 
buds in lowest leaf axil. 
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b. Inhibition ..!?J'.: crystalline hetero auxin. The inhibiting action of 

crystalline hetero auxin from urine was first tested on very young 

] isum plants grown in the green house until the first leaf was completely 

developed. They were decapitated just below the leaf node, both leaves 

and terminal buds thus being removed. A small paraffin cup was moulded 

around an agar block of standard size onto the cut surface. A small 

opening was made at the top of the cup and the agar block was extracted 

in small pieces with a needle. Then an aqueous solution of auxin or 

water was intr.oduced into the cup by means of a glass tube with a drawn 

out capillary. The cups were refilled with fresh solutions (kept at QOC) 

and sealed every eight hours. The experiments were carried out in an 

atmospheric humidity high enough to prevent rapid evaporation. This 

technique, although slightly less quantitative than the application 

of blocks, was found satisfactory for our purposes and was less time 

consuming. The bud in the upper stipule grew exclusively, and was 

therefore principally observed. 

The results, summarized in table VI show conclusively that 

complete inhibition is obtained also with the crystalline substance 

chemically identical to the Rhizopus extract, but from a completely 

different source • 

.9..!_ Comparison of activity in inhibition of different preparations. 

A preliminary trial experiment, using auxin A, (auxin-triolic acid), 

Auxin B (auxenolenic acid), hetero auxin (crystalline indol acetic 

acid), and Br. F. (about 5 to 10% pure indole-acetic acid) was made. 

The first three compounds had all been prepared in crystalline form 



Table VI 

INHIBITION BY CRYSTALLINE HETERO-AUXIN 

Pisum: 20 plants, 2 weeks old; no leaves present; applications every eight hours for Ci 
days; mean stem length at start approx. equal; measurements of Bud No. 2 only. 

LENGTH OF BUD IN MM. 
DAY Q DAY 4 DAY 6 

Decapitated; water 
applied < 1. 5 

Decapitated; 0.05 cc. of 
Hetero-auxin, 7000 < 1. 5 
units per cc. applied 

5.2 ± 0 .8 9.0 ± 2.0 

<1.5 <1. 5 

LENGT H OF STEM IN CM. 
DAY 6 

11.2 ± 0.3 

11 . G ± 0 .3 

from urine, the last one was similar to the preparations from 
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Rhizopus, previously used. The following results were obtained: 

Auxin A which had lost almost all its growth promoting activity when 

received from Holland, produced no inhibition; auxin B and hetero 

auxin, at a concentration of about 1000 units per cc. gave about the 

same inhibition as the Br. F. of the same concentration as measured 

by growth promoting activity on Avena. 

Thus since complete inhibition can also be attained with these 

crystalline preparations, it only remains to show that for a given 

concentration in growth promoting units, these substances produce a 

comparable inhibition. Hence with the small amounts of substances 

available the activities were re-standardized with Avena, and adjusted 

to concentrations of 1000, 5000, and 5000 units per cc. The solutions 

were then tested for bud inhibition activity. The results are given 

in Table VII. At the start all buds were less than 1.5 mm. long. 

The experiment had to be discontinued after five days, and for three 

solutions after four days, owing to shortage of material. Buds other 

than No. 2 (as designated in drawing fig. 1) also developed to some 

extent in this experiment, and their measurements are included in 



Table VII 

COMPARISON OF HORM·'.JNE PREPARATIONS AT DIFFERENT CONCENTRATIONS 

Plants grown in light; all buds less than 1.7 mm. Jong at start. 

BUD 
LENGT H OF NUMBERED BUD IN MlLLIMETERS 

DECAP. AUXIN B BR.F.(RHIZOPUS) HETERO-AUXIN 
DAY NO. CONTROLS 3000 5000 1000 3000 5000 1000 3000 5000 INTACT 

CONTROLS 
4 2 7.8 3.3 2.6 4.4 4.3 3.2 2.6 2.3 2.4 1. 7 

±0.6 ±0.3 ±0.2 ±0.6 ±0.8 ±0.8 ±0.1 ±0. l ±0.3 ±0 . l 
5 2 14 0 4.8 4.4* 7.5 8.1 6 0 3. 7 3.8* 4.5* 1. 7 

±0.6 ±0.8 ± 0.6 ± 1. 5 ±1.8 ±1.5 ±0.8 ± 0. 3 ± 0.5 ±0. l 
5 1 2.6 1. 1 1.2 1. 2 1. 2 1. 2 1. 0 1. 8 1. 0 develop-no 

5 3 64 
ment 

3. 7 2.6 4 3 3.6 3 .4 2.9 2.8 2.6 no develop-
±1.2 ±0.4 ± 0.2 ±0.9 ±0.3 ± 1.0 ±0. 4 ±0.3 ±0.5 ment 

5 4 2.G 2.0 1. 8 2.4 1. 2 1. 2 1. 9 1. 8 1.4 develop-no 

No. of 
ment 

plants 15 10 7 9 7 7 11 5 5 15 
* Application of hormone stopped at middle of 4th day. 
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the table. It is apparent that on the whole in the different groups 

of plants they developed in the same ratio as the No. 2 budsJ except 

that buds No. 4 are relatively little affected. On account of the 

small number of plants used the results do not show a smooth variation 

with concentration. Nevertheless, it is clear that the crystalline 

compounds are unit for unit of growth hormone, at least as active as 

the preparation from Rhizopus (Br. F.). The table further shows that 

hetero auxin produces a more complete inhibition than the other two 

preparationp. This behavior is in accordance with the fact that while 

the latter preparations rapidly decrease in activity on keeping, the 

crystalline hetero auxin solutions become inactivatedcmuch more slowly, 

and therefore, retain a higher activi,.ty throughout the experiment. 

Furthermore, also in the plant hetero auxin is much less readily 

attacked by oxidizing agents than the other compounds. That the loss 

in activity due to the plant may be considerable has been shown by 

inactivation by crushed plant tissues (Thimann). That unit for unit 

of growth hormone the inactivation caused by the plant at its cut 
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surface is relatively much higher for auxins A, B than for hetero 

auxin, although in both cases it may be large, has later been clearly 

shown by Van Overbeek (1936). 

On account of the possibility that the plants might have be-

come injured by the application of the high concentrations of growth 

hormone used, the buds were remeasured nine days after stopping of 

the experiment. In order to get a measurement of the total amount 

of bud elongation, the total lengths of buds 1, 2, 3, and 4 were added 

together. The mean values of the lengths of the separate buds and the 

mean aggregate lengths in mm. are given in Table VIII. They show that 

the inhibited buds grow in a normal manner after the application of 

hormone has ceased. The buds of the plants treated with hetero auxin 

are still somewhat behind the others ; they are, however, rapidly 

growing, and the difference is to be ascribed to the stability effect 

discussed above. 

Decapitated Auxin B 
controls 3000 5000 

184 174 169 

Table VIII 

H etero-auxin 
1000 3000 5000 
117 155 120 

Br. F. Intact 
1000 3000 5000 controls 
156 194 185 <4 

~ Inhibiting action of synthetic hetero auxin; effect of concentration 

In the experiments described, a given Avena growth activity 

of different substances caused comparable inhibition and in general the 

higher the concentration (activity) the more effective was the inhibit-
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ing action of a substance. Now a final proof of the inhibiting action 

of auxin and its relation to concentration applied was obtained with 

synthetic hetero auxin, 19,-indoleacetic acid, (Thimann and Koepfli), 

dissolved in lanoline in different concentrations. 

It was first established in t wo experiments, carried out in 

the green house in the same manner as above, that the synthetic compound 

when applied in relatively high concentrations 1renewed daily; was as 

active in bud inhibition as the extracted preparations previously used. 

Detailed results need not be given, but for example in one experiment 

the mean bud lengths (B1 + B2 ) of about 12 to 15 plants in each group 

were in the following groups on the 6th day after decapitation: 

Intact control plants 

Decapitated plants with auxin 

Decapitated plants without auxin 

2.7 nun. 

2.6 mm. 

9.0 mm. 

In experiments with decapitated young etiolated llisum seedlings 

carried out in the dark room and to which had been added a series of 

high concentrations of synthetic hetero auxin in lanoline, Dr. Went 

observed (1) a very high response in bud inhibition to a single appli

cation of auxin, and (2) a definite correlation between the concentra

tion of auxin applied and the amount of bud inhibition. With the highest 

con~ (10 mg./gr.) complete inhibition was obtained, whereas in the light, 

I had found this concentration to be effective only if fresh applications 

were made daily. The buds in Dr. Went's experiment wete ; therefore j 

measured at the same time as measurements were made of the swellings of 
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the stem produced by the different concentrations of hor mone. The 

effect on bud inhibition was then checked in a second experiment. 
9 

The results of the first experiment are shown in figure f and 

Table XVI. The results of the second experiment are included in 

figure ;{! curve IV . The experiments show conclusively that the amount 

of hormone necessary for inhibition is relatively high, and that the 

amount of inhibition although not directly proportional to the concen-

tration applied, nevertheless, over a wide range is a definite f unction 

of the concentration. The relation between inhibition and swellings 

of the stem will be considered -,( s.0.ction 2· 13·,- · Chapter II ) 

6 . General occurrence of bud inhibition .!?z auxin. 

The fact that bud inhibition can be produced by growth hormone 

has also been independently found by Laibach and Muller (1933) in 

t heir experiments on the effect of orchid pollen on the growth of the 

stem of Vicia. The phenomenon has since been studied in some detail 

by Mllller (1935) . She was able to demonstrate inhibition by applied 

hormone in nine of t welve species used. In the three species failing 

to respond , t here i s also nor mally no inhibiting eff ect exerted by 

the terminal bud on the growth of lateral buds. It i s entirely 

possible that auxin cannot act in these plants because through some 

mechanism present in them the growth hormone will be destroyed . In 

accordance with t his, many attempts by van Overbeek (private communi-

cation) to extract growth hormone f rom Tropaeolwn, one of the three, 

failed to give positive results. 

Inhibition has since been observed also in other species, a s 
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for example by Michener in Salix (1935) and especially by U~hova -
(1935) in Bryophyllwn. The latter investigator was able to cause 

effective inhibition by transporting the inhibiting substance pola~~Y 

by diffusion from leaves through agar to the buds. 

Similarly Katunskij (1935) has confirmed certain phases of 

our work and also has silcceeded in inhibiting the outgrowth of lateral 

rootiets from the decapitated main root of Vicia by the application 

of coleoptile tips to the cut surface of the root. 

Thu~ such work as has been recently done confirms our work as 

to the effect of auxin on bud inhibition, and the phenomenon of 

inhibition through auxin may be considered as generally accepted. 



CHAPTER II 

THE MECHANISM OF THE ACTION OF AUXIN IN THE INHIBITION OF 

BUD DEVELOPMENT 

A. Proposed Mechanisms of Inhibit ing Acti on of Auxi n. 

It is well known that auxins are determined, and may thus be 
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said to be in one respect defined, by the property of promoting cell 

elongation. The above experiments have shown that the activity of a 

growth hormone preparation in causing bud inhibition is a function of 

its activity as determined by cell elongation. Furthermore, a prepar

ation which has lost its elongation activity, as measured on Avena, 

has simultaneously lost its activity in causing bud inhibition. Are 

the two processes then ca$hally related? Does auxin act as a bud 

inhibitor indirectly through its action in promoting the growth of the 

decapitated stem, which in turn depletes the supply of nutritive 

materials in the plant and thus prevents the development of buds, or 

does the hormone act independently in the t wo processes? This question 

has raised a considerable controversy, and three different proposed 

mechanisms of the action of auxin in bud inhibition must be considered. 

1. Mechanism .2f direct inbibi tion of buds EJ: auxin. 

It may seem at first sight paradoxical that a grmvth promoting 

substance should also act as an inhibitor. A possible expllanation of 

this behavior and the evidence on which it is based are briefly as 

follows:-

Auxin is formed in the terminal bud (especially in the young 



leaves) and is polarly transported in relatively high concentrations 

down through the stem to the buds. As long as the supply of auxin 

from the apex is maintained the buds are prevented from synthesizing 

hormone and are thereby prevented from developing. 
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It is clear from the work of Went and of Dolk (1928 and 1926) 

that the presence of the tip of the coleoptile {in which growth hormone 

is formed) prevents the formation of hormone in the sections below it. 

However, upon removal of the tip, the coleoptile section immediately 

below it soon acquires the capacity to produce hormone. Now on the 

basis of various evidence, it was suggested by Dr . Thimann that the 

prevention of synthesis in the lower regions is directly due to the 

presence of a supply of auxin coming from abov9jand further, it was 

assumed that the same conditions obtain in other plants such as Vicia. 

A further condition is that the buds are able to grow in response to 

auxin only when synthesized in their apical cells, and are not able 

to give a growth response to auxin derived through the stem from the 

apex. The above proposed mechanism, which was the idea from which our 

experiments were started, is capable of satisfactorily accounting for 

all the facts observed in our experiments on inhibition of buds. 

2. Mechanism of indirect inhibition of buds through growth , of stem. 

The above mechanism of direct inhibition by auxin has been 

denounced by Laibach and by M{hler. They consider the inhibition of 

buds to be only a secondary phenomenon accompanying an increased growth 

of the stem, which according to them occurs when hormone is applied to 
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the cut surface of the decapitated plant. This concept will for con

venience be referred to as the mechanism of indirect inhibition. 

3. Mechanism of inhibition of buds through prevention of cell division. 

A third possible mechanism which is in direct opposition to 

that of Laibach has been brought forward by Katunskij (1935). He 

considers cell elongation and cell division as t wo antagonistic pro

cesses. Auxin by promoting the former process automatically inhibits 

the latter. Experimental evidence on which this view is based is 

briefly the following:-

(a) When to leaf sections of succulents, cultured as by 

Haberlandt and by Lamprecht, c&leoptile tips are applied to the surface, 

cell division normally occurring in the underlying tissue is prevented. 

Hence auxin inhibits cell division. 

(b) When coleoptile tips are applie~ to the cut surface of a 

decapitated main root of Vicia, not only is the normal development of 

lateral rootlets inhibited, but the root itself grows less. Hence 

Laibach's mechanism of indirect inhibition cannot be generally correct. 

4. Food §:.§. ~ limiting factor in bud development. 

The old concept that available food is directly a limiting 

factor in bud development rather than special inhibiting substances 

is also the essential idea behind the indirect inhibition mechanism 

in (2). Thus it need be only briefly separately considered below. 

It is evident that t he above contributions have left the 

problem of the mechanism of the action of auxin in bud inhibition in 
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a rather uncertain state. Since the proposed mechanisms in many 

respects are contradictory it becomes necessary to choose the one 

which is in agreement with all the available experimental data and to 

reject the others. In this chapter, therefore, it will be shown in 

more detail than would otherwise be necessary that: 

1. Auxin acts independently in promoting growth and in inhibiting 

bud development. 

2. The argwnents directed against the mechanism of direct inhibition 

by auxin are inconsistent with the experimental results, and are 

therefore invalid. 

3. The alternative mechanisms of indirect inhibition are inconsistent. 

4. The inhibition of buds as caused by auxin and by lack of food can 

be distinguished. 

5. The mechanism of direct inhibition is in agreement with the exper

imental data, and in terms of it all inhibition effects observed 

can be explained. 

B. Independence in action of auxin in growth promotion and bud :inhibition 

l. Relation of stem elongation to bud inhibition. 

In the experiments on bud inhibition described in Chapter I, 

it was found that the application of auxin every six hours had no 

effect on the mean growth of the stems. Not only were both sets of 

decapitated plants greatly behind the undecapitated controls, but the 

plants supplied with auxin grew no more than those supplied with plain 

agar. With the higher concentrations of auxin (1600 units) the exten-



Tabl e IX 

Table W.-Measurements of Average Stem Elongation in Plants with and 
without Growth Substance. 

I Plants treated with 
I 

Plant.s treated with 

No. Duration g.s. agar only. 

Experi· plants of Differ-
ment in experi· ence 
No. each ment Initial I Final Increase Initial Final Increase (cm.). 

in length length length length group. days. (cm.). I (cm.). (cm.). (cm.). (cm.). (cm.). 

I 
11 I' 

12·0 15·5 3·5 12·1 15·6 3·5 
.I 

0 3 7 10 I I. 

4 5 8 16 ·5 20 ·3 3·8 15·9 21·6 5 · 7 II -1·9 
5 6 5 14 ·0 17·8 3·8 15·2 19·1 3·9 Ii -0·1 
ti 7 9 14 ·9 18·7 3·8 15·2 21 ·3 6·1 

1! 

-2 · 

7b 8 5 14 ·9 19·6 

I 
4 ·7 14·9 19 ·4 

I 
4·5 +O·· 

(in dark) I I 

3 
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sion of the auxin treated plants was even less than that of the plants 

receiving plain agar. The length measurements of the stems in the 

different experiments are su.mm.arized in Table IX. It can be seen that 

over the total period of an experiment the application of auxin in 

the light certainly causes no increase in stem elongation. This raised 

the following points:-

(a) Does auxin have any effect on stem elongation in Vicia? 

(b) If so, under wha£ conditions? 

(c) Is it possible that growth hormone may be present in the 

agar treated plants in amounts sufficient to cause stem 

elongation but not bud inhibition? 

In regard to (a) it was observed that, although after 8 to 10 

days, the plants supplied with auxin showed no increase in length over 

the controls, yet during the first two days there was in each series a 

small increase. There is thus a small response at first, and the 

effect of auxin on stem elongation was,therefore,further studied. 

a. Effect of auxin on isolated stems. 

As shown in Table X, A and B, in Vicia and in Pisurn the elonga-
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Table X 

Growth of internodes in mm. (All figures means of 10 plants) 

A. Vicia. (Intact ) 

Day ., Bl-B2 
.... -~-·- ---···-~ ----·-. --------··-" _____ .,. ... __ ,,,h ·- ., ........ -· ~ •':' .... --·-·-- ............ ...... 

B2-11 11-12 12-13 L3-14 14-15 15-L6 16-L7 
... ____ 

- --.... ···-·· -- --------· ·- - - - ··-· · .:;..::;..;..-::::::.::...· ... --~----------~ ... ..: ...... -..··:.:=:.:::,:_--:.:=,;.:..~"::;...:;;.:::=......;..·.-=::.:=-....:.:::=--- .. -~ - ·~~? ..... ---------------- . --· - - -------- · 
0 11.0 19.0 21.0 33.5 26 . 0 8.2 1 Lengths 

+-- - --- --··------·----- --- ---·. -- - - .. ·-· ·--- -·····-- ·····--······ .... ---··-·-----· ··-···-·--·--------·-··........J_-·--~-
1 o.o 

2 o.o 

4 o.o 

6 o.o 

9 o.o 

9 0.0 

------··-·-·-~ 

0 8.3 

4 8.3 
--· - --·----

4 0.0 

0 8.5 

4 8.5 
'--

4 o.o 
-----·--· ·--· 

o.o 1.3 1. 3 6.3 5.1 3.0 Increase 

o.o 0.3 5.5 9.2 14.3 2.3 

o.o 0.3 4.5 12.l 13.5 11.5 

o.o 0.0 1.8 9.2 18.5 8.0 2.8 

o.o 0.0 o.o 11.0 29.7 22.7 2.5 

0.0 1.9 13.l 47.8 81.1 

B. Pi sum. (Intact) 

33.2 63.6 61.0 13.20 

33.3 63.9 66.1 37.8 15.9 i Final 
/, 

0.1 0.3 5.1 24.6 15.9 Increase 

(Decapitated) 

~~. 7 -:· - -~nitial . - .... 1 

i Lengt h9 1 

34.9 68.7 75.0 

34.8 68.7 79.4 19.8 , Final l 
• --• '•"'•" ••-·•••-----·-·- - ·-_J'. "" • •· •·l 
-0.l o.o 4.4 9.1 Increase ! 

~; 

! 
l 
; 
i 

_.per 
Interval 

_._[ 
I 

' 
J 

tion of the stem is localized to the upper internodes. The lower half 

of the plant undergoes no or practically no elongation. The upper 

half of the stem of young, rapidly growing plants was cut off, defolia-
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ted and placed in water with and without the addition of auxin. The 

lengths of the sections were measured at the start and then at inter-

vals up to 48 hours. The results of measurements at 24 hours, after 

which time practically no further growth was obtained, summarized in 

Table XI, are rather irregular, but they show that auxin definitely 

causes elongation in isolated stem sections of Vicia. It is therefore 

probable that in the experiments in which auxin was applied to whole 

plants no effect on elongation was obtained, because the controls were, . 
in fact, also receiving supplies of growth hormone sufficient to give 

a maximum elongation response. 

Tabl e XI 
Table V:lll.-Growth of Isolated 10 cm. sections of Vicia_Faba Stem, in Water 

and in Growth Substance Solution. 

Mean increase in length expressed as per cent. 
of the original length after 24 hours. 

Experiment No. of Conditions. No. sections. 

I In water. In growth substance, 
100 units per c.c. 

1 2 Light -0 ·9 +4·4 
2 2 Light +9·9 12·7 

3 5 {Light and dark } l · l 2·8 alternately 
4 6 Dark 0·5 2 ·9 
5 6 Dark 2·0 1·6 
6 5 Light 4·9 9·0 

Mean of all experiments ............ : .. ········ ·/ +2·9 +5·6 

In experiments on stem sections of young etiolated pea seedlings 

carried out sinmltaneously, it was found that the elongation in similar 

sections placed in given small concentrati ons of auxin solutions (40 

to 100 units per cc.) was considerable when the experiment was performed 

in the dark room in red light, but was hardly measurable when the 

experiment was performed in the laboratory in the light. 
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Now it was sho-wn in Chapter I, section 3 A that the leaves 

produce from 0.8 to 5.4 plant units per hour. The decapitated plants, 

treated with plain agar, thus receive from 10 to 15 plant units from 

their leaves. It is entirely possible that this amount of hormone 

when produced within the plant itself is sufficient to aJJow of normal 

stem elongation, so that the application of further amounts would make 

no appreciable difference. The effect of auxin on stem elongation in 

the absence of leaves was therefore determined, both in the dark and in 

the light, since this would provide an answer to point (c) above. 

b. Effect of auxin .2!! defoliated plants. 

Selected plants of an average height of 18 cm. were decapitated 

and all leaves and buds removed. The cut surfaces were covered with 

paraffin as described above. Agar blocks with and without auxin (800 

and 1600 units) were applied, and the stem lengths were measured every 

12 hours. The results are plotted as Curves II, III, and IV in Fig. 7. 

(Curves I and V will be considerea below.) 

Figure 7 

~/01---f--:17fL-~i-=-e-'=t-~~-t--~.lL.j-~~+-~---+~~+-~-l 

~ 
I z 3 4 5 6 7 8 9 

lime in d a ys 

Fm. 'l}.-Gro\vth of defoliated decapitated plants in t he light and in the dark with and 
without growth substance applied every 12 hours. I, dark (1600 units/c.c.) ; II, 
light (800 units/c.c.); III, light (HlOO nnits/c.c.); IV, light (agar cont.rol); V, diirk 
(agar control). 
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Firstly, it is clear that the application of auxin t o these 

defoliated plants increases stem elongation. The plants supplied 

with auxin (curves II and III) grow considerably more rapidly than the 

controls (curve IV). Secondly, it is clear that the amount of auxin 

applied is in excess of that required, since the application of both 

1600 and 800 units concentrations in equal volumes give the same rate 

of elongation. There is indication that the larger amolL~t of auxin 

causes some inhibition, as in Table IX. Thirdly, while the auxin 

treated plants reach a constant length after 3 to 4 days, the agar 

treated controls continue to grow at a very slow rate, and in 7 days 

closely approach the length of the auxin treated plants, after which 

time there is no further growth of the stems. 

The continued growth of the control plants to the 7th day must 

be due to the synthesis of small amounts of growth hormone in the stem, 

which takes place only in the light. This is shown by the growth of a 

set of plants exactly similar to those of curve IV, except that they 

were kept in the dark, carried out at the same time (curve V, fig. 7). 

These plants show practically no growth. Hence either (a) growth 

horinone is not produced in defoliated, decapitated plan·~s in the dark, 

or (b) it is produced but does not act in Vicia under these circwn

stances. But, as is shown by the results expressed by curve I, fig. 7 

representing the mean growth of the stems of a similar group of plants 

carried out at the same time, to which auxin (1600 units) was applied 

in the dark, it is clear that auxin is active in causing stem elongation 

in the dark. Hence, it is apparent that the growth hormone is not pro-
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duced in the dark. 
f rom pl ant s 

From a cpmparison of curves I and V, ~treated with equal 

amounts of auxin, it is, furthermore, apparent that the plant gives a 

higher response to auxin in the dark then in the light. Thus, there 

are two separate factors in relation to auxin which must be distin-

guished between, the production and the response. 

Tabl e XII 

Table ·EX.-Production of Growth Substance by the Terminal Bud in Dark 
and in Light. 

--- --------

Dark. Light. 

Series Test cnrried 
No. out nfter- No. of Menn growth substnn'Cc No. of Menn growth substance 

experi- production in plant experi- production in plant 
men ts. units per hour. men ts. units per hour. 

4 duy8 5 0·65 5 17·1 
8 days 6 O· l 3 5·0 

II 4 clays (j 2·7 4 14·8 

c. The relation of light to the production of growth hormone. 

The above deduction that growth hormone is only produced in 

Vicia in the light was confirmed by the following experiment (Table 

XII). A number of comparable intact plants were placed in the dark 

and in the light. After 4 and 8 days the terminal buds were removed 

and the growth hormone obtained by diffusion into agar was determined 

as in Chapter I, Table I. It is clear from the results that even 

after only four days in the dark the production has fallen almost to 

zero. 

In another experiment short sections of stem, 9 mm. long, were 
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cut from each internode of plants kept in the light and were placed 

on agar blocks. The amount of growth hormone diffusing out of the 

basal ends of the sections in one hour was then determined. It was 

found that when cut immediately after decapitation, 18 to 22 plant 

units may be obtained from each section after one hour of diffusion, 

but when cut during successive days after decapitation of the plants, 

the quantity of hormone obtainable decreases and reaches practically 

zero in seven days. The results ( .Fi gure a ·) f urther show that in 

the t opmost internode above the youngest leaf the growth hormone de-

creases most rapidly, as would be expected if the transport of the 

hormone is strictly polar from the tip toward the base. That this is 

in fact true is shown below. Now when the same experiment was repeated 

Fi gure 8 

Auxi n f rom internodes of decapitated Vicia pl ant s 

V> ..., ..., 
a: 
~ 16~~-t~~-t-~~f--~-l-~----i 
C'l 

:::: 
~ 121~\-""~~~~~~f---~-l-~~-1-~---L 
:::> 
I-

~ 
a: 
G B r--~-tt-~~+-_:::,~~~::::::j..~~J__ 

3. 

I i - ·-·- - ----· 
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but by placing the plants in the dark immediately after decapitation, 

the decrease in auxin was much more rapid. Although the values 

obtained were not very quantitative, they show that the hormone con

tent falls to zero within about three days. Thus while the consumption 

of hormone by the plant continues in the dark, its production ceases, 

and consequently the hormone supply is very rapidly depleted in the 

dark. 

d. Difference in response to auxin in the light and in the dark. 

Reference to fig. 7 shows that the application of auxin to 

defoliated plants in the dark causes a much greater increase in stem 

elongation than in the light. The same fact is also indicated in 

Table IX, in which the only positive response in stem elongation to 

applied auxin was obtained in experiment 7 b, carried out in the dark. 

In another experiment, blocks of 1370 plant units and of plain agar 

were applied every 12 hours in the dark. The average increase in stem 

length in the groups of 12 plants with average initial bud lengths of 

16. 2 and 16.8 cm. respectively were after 

24 48 72 and 96 hours 

11.4 17.8 23.9 25.0 mm. in auxin treated plants and 

5.6 9.8 11.8 11.9 mm. " agar " " 
Thus the mean difference in growth was 

5.8 8.0 12.1 13.1 mm. respectively at each daily measure-

ment. 

Hence the auxin treated plants grew about twice as much as the 

control plants throughout the experiment until growth stopped in all 
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plants. From a comparison of the amount of stem elongation obtained 

with and without auxin in the different experiments, it is thus also 

clear that the response to a given amount of au..."d.n is much greater 

in the dark. 

~ Bud inhibition in the dark. 

It was stated in Chapter I that the early experiments on bttd 

inhibition in Vicia in the dark were unsatisfactory. It was also shown 

that with young seedlings of Pisum complete inhibition of buds was 

obtained by a singie application of auxin, in the dark, whereas in the 

light equally high concentrations had to be applied d~ily in order to 

produce an effect. Thus in Pisum seedlings it is apparent that also 

with regard to bud inhibition the plant gives a greater response to 

auxin applied in the dark. 

An experiment was therefore attempted to determine whether a 

definite inhibition in response to auxin could not be obtained in the 

dark also in Vicia previously grown in the light as in the experiments 

above. It was found that the lateral buds of the decapitated controls, 

although they start to develop, show a steady decrease in growth rate 

from the first day on, whereas in the light the growth rate increases 

from day to day. Nevertheless, the rate of growth of these buds is 

significantly higher than that of buds in plants supplied with auxin. 

The mean increase of 16 buds in each group is given in Table XIII, 

which shows that up until the time of complete cessation of growth by 

both sets of buds, there is a marked inhibitio~ produced by auxin. A 
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Table XIII 

Table Y.-Daily Growth of Lateral Buds in the Dark. 

Average length per bud at the end Average 
No. of each day (mm.). increase 
of in 

buds. 

I I I I I 
length. 

0 1 2 3 4 5 

Decapitated 1400 units g.s. 
16 5·37 5·90 5·97 6·09 6·09 ~1 0·78 ±0·17 applied .....•• ••• •.. .••••.......••. 

----

7. 71 l l ·94 ±0 ·48 
Decapitated plain agar 

6·72 7·10 7·44 7 ·53 applied ............................ 16 5·84 

second experiment gave identical results. It must be concluded that 

this growth of the buds in control plants is due to auxin formed in 

the buds most likely from a precursor still present in small amounts 

in the seeds of these p~ants • 

.!.:. Conclusion 

The upshot of the experiments in light and in darkness in 

relation to the effect of stem elongation produced by auxin to its 

action in bud inhibition is summarized as follows:-

(1) The fact that the application of auxin does not give an 

increase in stem elongation in plants in the light is due to the fact 

that sufficient amounts of auxin are being formed in the leaves to 

allow of maximum growth of the stem ~ 

(2) Auxin can act both in the light and in the dark; but the 

response of the plant as measured either by elpngation of the stem or 

by bud inhibition is higher in the dark. This increased response might 

be largely accounted for by a faster rate of destruction of auxin in 

the plant in the light . 
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It has thus been clearly demonstrated that although a decapi

tated plant is able to produce enough growth hormone to allow of maximum 

growth of the stem, nevertheless, it is not able to maintain an inhibit

ing action on the development of late~al buds. It follows that the 

action of auxin is independent in the two processes, i.e., the inhibit

ing action of auxin on bud development is not through its action on 

stem elongation. The latter process requires relatively low concentra

tions of hormone; the former process requires relatively much higher 

concentrations of hormone. 

2. Epicotyl swellings and bud inhibition. 

The type of swellings of the epicot11 stump described by Laibach 

(193Q) were also obtained to a smaller extent in experiments on Pisum 

in the dark. However, they were not obtained in plants grown in the 

light. 

(a) Nature of swellings. 

The structure of the swellings has not been investigated in 

detail, but superficial exal'Ilinations by several people have shown them 

to be due to an abnormal enlargement in several directions of pith and 

parenchyma cells. In a few days numerous cell divisions occur as well, 

and large masses of new parenchyma cells are formed. Very possibly 

cambial activity is also stimulated, but this effect is certainly 

relatively insignificant in determining the size of the sv1ellings. For 

a given concentration of auxin applied the swellings produced are 

largest in the apical, most rapidly growing infernodes near to the 

terminal bud; the lower internodes which have practically ceased to 
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elongate produce at best relatively very small swellings, and as far 

as observed, do so only when the application is made to the very tip 

of the epicotyl stump in the dark. 

{b) The relation of swellings and bud inhibition to polarity 

Usually. in experiments with decapitated plants in the dark 

swellings were obtained by the application of high concentration of 

auxin in lanoline paste to the cut surface of the stem, and the swell

ings occurred immediately below the cut surface. However, if the paste 

is applied to the periphery of the stem at the cut surface, similar 

results are obtained. Now if to intact plants auxin paste is applied 

laterally to the stem at the corresponding place, large swellings a.re 

also produced. These are spindle shaped and taper in both directions 

from the point of application; however, frequently the amount of swell

ing is greater above the point of application than below it. In addi

tion swellings often occur some distance above the point of application 

just below the terminal bud. But, if auxin is applied to a freshly 

decapitated rapidly growing plant laterally 2 to 3 cm. below the cut 

surface, the swelling frequently occurs principally just below the cut 

surface in the same way as if the application of auxin had been from 

above onto the cut surface. 

From the experimental results described, it can be concluded 

that the locus of the stem swellings need not be in accordance with the 

normal basipetal polar transport of the hormone in the stem. The 

swelling may occur below, at, or above, the point of application of 

auxin. Whether in the latter case auxin is transported also in an 
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apical direction, or whether its action is indirect (not at the place 

of swelling) has not been determined. 

It will now be shovm that in the case of bud inhibitioD:JaUXin 

can act only when applied above or at the place of the bud, and not 

when applied below the bud. Young etiolated Piswn seedlings were de-

capitated in the upper half of the internode between the lowest leaf 

and the upper stipule (bud No. 2). To different groups of plants 

lanoline paste with and without auxin was applied to the stem some 

distance above Bud No. 2 and some distance below bud No. 1 resped.iively. 

The growth of the buds, measured seven days afterwards, is shown in 

Table XIV. The results show that whereas auxin applied above the buds 

Table XIV 

Lateral bud development in decapitated Pisum plants supplied 
with auxin or pure lanoline at different parts of the stem. 

All figures are the means of 14 to 22 plBnts 

(Experiment 1) 
I 

I Mean lengths of buds in cm. Place of 
applicati0n 

I 
! Substance l----~--------·-----------------1 

B 1 i B.a . Be .. BLn..(B3) 
Total 

On apex of stem 

Below B1 

Control 
i- -
1 Auxin I 
i 
I . ···- ..... ---·· 
I 
I 

Control 

' Auxin 
i 

' Control 
Between B1 and B2 -

Auxin 
(------··-·-·---··-

, o.1a 5.45 o.:e o.oa . , 6.07 

2.12 
·j ., 

0.17 5.19 0.66 0.17 6.19 
.i ......... -._. 

0.56 5.13 0.59 0.15 6.43 

(Exper?:ment 2) 
0.48 9.75 0.60 

0.36 9.74 0.43 
I -····------
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has a marked inhibiting effect on their growth, the same concentration 

of auxin when applied to the stem below the buds is completely ineffec-

tive. In anofher set of plants paste was applied to the stem in the 

middle of the internode between the t wo buds. The results, included 

in the table, confirm the above results. Bud No. 2, above the point 

of application, grows as much in auxin treated plants as in controls; 

bud No. 1, below, which although it grows very little also in the 

control plants, nevertheless, is definitely less developed in auxin 

treated plants. An independent proof of the fact that auxin is active 

in bud inhibition only when it is actively transported through the stem 

from the point of application to the buds was obtained by the following 

experiments. It was found by Thimann (1956) that two substances closely 

related in structure to hetero auxin, indene-3-acetic acid and coumaryl-

1-acetic acid, are active in promoting cell elongation. Thusihey are 

fully active in pea tests and give considerable activity in promoting 

elongation of :cril.eoptile sections immersed in solutions. But the±r 

rate of transport in the plant is very low, and consequently they 

produce only small apically situated curvatures in the Avena test. 

Of fhe two, however, indene-3-acetic acid is more readily transported. 

In accordance with this slow rate of transport, as shown in Table XV, 

these substances inhibit bud development in Pisum qualitatively 

inversely in proportion to the distance of the stem from the point of 
aci d 

application to the buds, and, furthermore, indene-acetic~ which is 

relatively more readily actively transported through the plant is also 

relatively more active in bud inhibition . The activity of hetero auxin 
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Table XV 

Inhibition of bud development by indene-"5-acetic acid, applied at t wo 

different distances from the bud. (All measurements are in c~.) 

.,..----------~----------------------~---~· - "'? 

Compound 
(Acid) 

I Indole-B-acetic 
1 (hetero auxin) 
i 

Indene-3-acetic 

' . I Control , l Experiment 
1 

.Concentra- ·i----------...:.i----------1 
·tion mg/gram I Distance from Length Distcince from,. Length,. 
:of lanoline j decapitation of bud decapitation 1 of bud 
i i point to bud after point to bud 1 after 

1 . I I 8 days , , 8 days/ 

! I I 
3.7 cm 15.3 ~ 2.5 - 3.5 0 

j, I 
Ii 

10 

11 
1' 

6.1 11.9 ~ 
(! 

1.2 i1.o ~I 
I 

ca 1 5.5 7.0 

0.9 1.5 [ 

5.5 15.4 I 
I 

5.7 I 9.5 I 

[ca 2.- 1 
Coumaryl-1-aceticl 10 

I 
0.6 23.1 i 0.7 

in bud inhibition, on the other hand, has been found from measurements 

on large numbers of plants to be independent of the length of the stem 

to the buds. Nevertheless1under suitable conditions these substances 

are fully able to inhibit bud development. The behavior of a precursor 

of hetero auxin (~-indol-ethyl amine), to be described in the last 

chapter, is also of interest in this connection. This substance which 

can be changed into auxin and will then produce very large curvatures 

on Avena is nevertheless completely lacking in bud inhibition activity 

whether applied to the stem above or below the bud. On the other hand, 

some experiments indicate that when supplied from below it may stimulate 

the growth rate of the developing buds. This latter point, however, 
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has not yet been definitely established. 

Relative to the mechanism of the action of auxin the above 

results are in complete agreement with the expectations · based on the 

polar transport of the hormone and the condition of our pvoposed 

mechanism that auxin should inhibit bud development only when present 

in relatively high concentration in the tissue of or immediately in 

contact with the bud. 

c. Absence of correlation between the ~ .2f swellings and amount 

of bud inhibition. 

That the swellings of the stem accompanying bud inhibition in 

the dark grown plants, produced by the application of auxin,are not 

the cause of its effect in bud inhibition is clear from the following 

measurements. The mean lengths of the lateral buds of the different 

sets of plants summarized in Table XVI are plotted against the logar

ithms of the concentrations of auxin applied, curve I, Fig. 9. 

At the same time as the bud lengths were determined, measurements were 

made of the diameters and lengths of the apical swellings of the stems 

in each set of plants. Approximate values for the mean relative 

volume of the swellings as calculated in terms of the product of the 

square of the diameter times the length are plotted in curve II, and 

to show that the calculated values are accurate enough for the purpose 

at hand, the volumes of the same sections as determined by Dr. Went 

by immersing equal numbers of sections of a given length from each set 

of plants in water are represented by curve III. 



Figure 9 

Effect of concentration 
of hetero auxin on bud 
development and stem 
swellings in etiolated 
Pisum. Curves I and IV 
bud lengths in mm. 
Curve II calculated, 
Curve III measured 
volumes of swellings. 

I ~ --j----j-----J--,,,-----::~=---+--~t..I 
0 
z 

3 --t----t----,.<'---.,..1"
(/) 

:I: 
~ ~ 
~ ~ 

5 z -T----T--t----,>'---+-----+--_L_--.l'.-----w 2 
w ~ 
~ (/) 

0 ~ 

7 ~-T-;>'--7'---t---+------h;.._+--J----0 

r---t-ft-Jf---f----+-'fil~L/-/~/.,L---1-~~ 
,,,.,,,.,,,. > 

50 

If the two processes, bud inhibition and production of swell-

ings of the stem, were caa;sally related, then (1) the curves I and II 1 

as plotted 1should run approximately parallel. On the contrary, it is 

evident that for a range of concentration of auxin where the rate of 

decrease of growth of the buds is most rapid, the rate of increase in 

swelling is relatively slow; ~ for the range of concentration of 

auxin where the rate of decrease of growth of the buds is most rapid, 

the rate of increase in swelling is relatively slow; and for the 

' 
range of concentration where the inhibition is almost complete, and 

thus, the rate of iecrease in length with concentration is very slow, 

the rate of increase in swelling is maximal. (2) Within each group 

of plants, supplied with a given concentration of auxin, in the range 
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Table XVI 

Bud development and stem swellings in etiolated Pisum treated with 
different concentrations of hetero ati.xin. Concentration 1/1 represents 
10 mg./gram of lanoline. All measurements are in terms of millimeters. 

t - ---,----------···--·----·-·--·····-- ·-
!Auxin Mean measure- /No. of I Bud . .--~-:--.§~~li:i.,~g-=~== ----d2-x i --1 
cone. ments of ~ plants length 1 diameter I length (volume) 

I : 
~···-· ------ . . -J.._ ...... __ ·---· ·-···- I ·--- -~ -~ - ·····-- ·-· --- .. ! 

Above average(O): 
1/1 Below 11 

Mean 
! 

l 
9 

10 

Above average(o)' 6 
1/4 Below " 12 

Mean 18 

Above average 8 
1/16 Below 11 9 

Mean 17 

Above average 9 
1/64 1 Below " 10 

Mean 19 

Above average 12 
.1/256 Below 11 10 

Mean 22 

Above average 
1/1024 Below 11 

Mean 

13 
10 
23 

7.0 
o.o 
0.5 

18.4 
o.o 
5.4 

20.1 
1.6 

10.7 

42.3 
4.9 

22.6 

109.7 

I 
33.1 
74.9 

~ 

! 125.5 

I
i 28.5 

83.l 
i 

Above average 5 I 164.4 

l; ___ I t~~:~ 0 Below 11 
1 Mean 

~---·_J___ .. ---···- ······-··-·· 

i 
.. J, __ 

5.8 I 18.0 0.609 
5.54 I 9.0 0.276 
5.55 9.6 0.296 

5.2 
4.90 
5.05 

4.00 
3.96 ' 
3.98 

4.03 
3.49 
3.68 

3.58 
3.41 
3.50 

2.42 
2.16 
2.30 

8.4 
7.0 
8.0 

8.6 
5.7 
7.06 

5.3 
4.8 
5.1 

5.4 
5.3 
5.36 I 

2.8 
2.8 
2.83 

0.227 
0.168 
0.204 

0.138 ! 

0.090 
0.111 

0.086 
0.059 I 

0.069 

0.069 
0.062 
0.066 

0.016 
0.013 
0.015 

2.0 1.2 0.004 
1.9 1.0 0.004 
1.92 I 1.1 I 0.004 

··- ' - .1 --·- -· ·--·-· 

of concentration where the inhi bi ti on ·is measurable but· riot complete; · 

tnere should exist an inverse correla~ion between the length of buds 

and the amount 'of swelling in indiVidual plants. This possibility 

was tested by comparing separately for each concentration of auxin the 

average bud lengths and the average diameter and length of swellings 

in the plants whose individual buds were larger than the mean bud length 

of the entire group with. the corresponding values for plants whose 
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individual buds were shorter than the mean bud length of the group. 

(For cone. 1/1 and 1/4, where only a few buds developed and the 

majority of the buds remained completely dormant, the plants with any 

bud development were compared with plants without bud development). 

It is clear from Table XVI that no inverse correlation between amount 

of swelling and bud development exists. On the contrary, for each 

concentration, there appears to be a positive correlation. The plants 

which have larger than average buds have on the average larger than 

average swellings, and plants which have shorter than average buds 

have on the average smaller than average swellings. 

Conclusion. 

The only apparent possible interpretation of the above results 

is that (1) the action of auxin in producing swellings is independent 

of its action in producing bud inhibition, and (2) that the capacity 

(a second factor) for growth varies with the individual plants. 

Plants with larger capacity for growth (a) produce larger swellings in 

response to a given amount of applied auxin, and (b) produce larger 

buds. It is clear that the limiting factor in (a) has fo do with 

sensitivity to auxin, since by the application of higher concentrations 

of auxin to identical plants larger swellings are obtained. It is 

likely that the increased size of buds occurring in these plants is 

also due to a higher growth response to growth hormone formed in the 

buds. 

5. Opposition to and defense of the mechanism of direct inhibition. 

The conclusion, drawn from our early experimen~ on Vicia, that 
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auxin acts independently of its action on cell elongation in its 

effect on bud ~evelopment has been refuted by Laibach. His arguments 

against our view are included and extended in the work of his student, 

Muller (1935). After it has first been shown that the differences in 

technique employed in their experiments and in ours are not such as 

to have any essential effect on the mechanism of the action of auxin 

in bud inhibition, these objections will be considered. 

a. Difference in techniqµe. 

ti 
In the experiments of Laibach and of MUller the plants were 

cut off below the lowest .a.xillaries, thus only cotyledonary buds were 

left. In our experiments, frequently only the terminal bud was removed 

and the development of the <_ axillary buds was measured. However, exper-

iments were made to compare the effect of auxin on <..axillary and 

cotyledonary bud development. From one group of young Pisum plants 

the terminal bud was removed, leaving two de~eloped leaves on the stem 

intact; in a second group of plants the stem was cut below the lowest 

stipule, leaving only a short stump of the stem. Auxin in lanoline 

paste and pure lanoline were applied respectively to half the number 

of plants in each group. A single application of auxin in the dark, or 

daily application in the light, was found to cause complete inhibition 

of buds in each group, whereas in plants treated with lanoline, buds 

grew in each group of plants to an average length of between 20 and 25 
in the light 

cm. within a period of two weeks. 
I\ 

cm. in the dark and about 10 No 

visible difference in the appearance of the effect of the action of 
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auxin could be detected, and although some of the short epicolyl 

stumps showed a slight swelling at the point of application in res

ponse to auxin, the majority of them showed no measurable increase in 

size. 

( J.) Difference in source of auxin. Laibach and Mill.ler used 

Orchid pollen and also auxin extracted from urine, dissolved in lano

line. Our preparation included the auxins obtainable from urine but 

were highly purified. As already shown, we found all different prepar

ations of equal gro¥rth activity to be of comparable activity in bud 

inhibition. The fact that we used crystalline preparati ons can 

certainly not be a valid argument that our results are limconclusive; 

the fact tather makes them the more conclusive. Thus, as far as the 

mechanism of the action of auxin is concerned, the differences in 

technique employed is in favor of our view being correct and do not 

give cause for any exceptions either due to differences in the plant 

material or to possible impurities in the preparations. 

b. The further objections raised by Mliller to our proposed mechanism 

of action are as follows: 

1. The application of pollen did not cause complete inhibition in 

spife of the fact that at the end of the experiment the pollen was 

still active on Avena. 

2. Complete inhibition could also not be obtained with auxin in 

lanoline paste. Hence activity does not depend on the a.mounts and 

concentration of hormone used. 
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3. In order to attain complete inhibition it was necessary to stimulate 

successively new regions of the epicotyl stump by a successive removal 

of 3 to 4 mm. apical sections and the fresh application of hormone. 

4. The fact that the decapitated stem, i.e., the distance from the 

point of application of hormone has no essential eff ect on the inhibit

ing action of the hormone is in f avor of the view that auxin acts 

indirectly. 

5. If the action of auxin inhibition were direct (not through growth) 

then the buds closest to the point of application should be most 

strongly inhibited, which is opposed to all observations. 

6. The fact that auxin indirectly prevents leaf fall through promoting 

growth is in favor of the view that auxin acts through its effect on 

growth of the stem in its inhi bi ti on of bud development. 

That the above objections are entirely invalid is clear from the 

experiments described above, but will further be pointed out as follows. 

1. The fact that pollen does not give complete inhibition is attributed 

to the relatively low concentration of auxin (M-6'.ller in the same article). 

2. Against this argument are several facts. (a) 11Wie die Werte der 

Tabelle zeigen, erh~
1

hte sich die hemmende Wirkung, wenn such nicht in 

denselben Masse wie die angewandten Konzentrationen. Leider konnte 

die Konzentration nur bis zu einem bestimmten Grad gesteigert werden 

weil darm eine schgdigende Wirkung, Faulen des Epikotylstumpfes, durch 
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andere Bestandteile der Paste eintrat", (p. 507) of the same article 

and (b) (p. 505) "Mit Pasten der Konzentrationen, die sich wie 1:4 

verMhielten, behandelte Pflanzen zeigten, dass die L&nge ihrer 

susgetriebenen Axillarsprosse sich ebenfalls verhielten wie 1:4 

{0.24 cm. :: 1.09 cm.) (c) In our exyeriments complete inhibition 

was obtainable by the· application of auxin either in agar or in lano-

line paste both to plants with long stems, leaves and lateral buds; 

and to plants in which only a small part of the stem was retained. 

Furthermore as is shown in Figure 9, for a wide range, the amount of 
1 

inhibition is a '.fwiction of the concentration of auxin applied. 

Amounts of hormone 16 times higher than necessary for practically 

complete inhibition had no injurious effect on the plants. 

3. Experiments on Pisum in the dark in which it was possible to 

cause. complete inhibition by a single application for periods of 1 to 

2 weeks definitely invalidates this argument. 

4. The logic of this argument is not clear, However, it has been 

shown that the distance of the bud from the point of application may 

become important if the inhibiting substance is not readily transport-

able through the stem. 

5. The falsity of this argument is shown by the experiments of Dostil 

and also from a consideration of bud development in Vicia, showing that 

the localization of most active bud development is inversely correlated 

to the distribution of auxin in the plant. 

6. This argument is clearly irrelevant. 
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Conclusion 

All arguments proposed to overth~ow our interpretation that 

auxin inhibits buds independently of its effect on the growth of the 

main stem are invalid. 

4. The mechanism of inhibition £ti lateral buds through inhibition of 

cell division. 

The scanty experimental basis for the theo!"J that auxin inhibits 

development of adventitious buds through inhibition of cell division 

has been given in section A, 3. Even if auxin inhibits cell division 

in leaf cultures it is far from proved that this is a general property 

of auxin. On the contrary/ there is abundant evidence to show that auxin 

does not inhibit cell division. Thus for example in Vicia a high 

growth hormone content was found throughout the apical portion of the 

plant in which cell divisions ImlSt certainly occur, and in Tobacco 

leaves it was found by Avery (1935) that the region of most active cell 

division corresponds to the region of highest growth hormone content. 

There exists furthermore considerable evidence that the appli

cation of auxin will induce cell division, although the action of auxin 

in this process must almost certainly be indirect. Thus, (a) Snow 

(1955) has found hetero auxin to stimulate cambial activity; (b) In 

a large number of species auxin has been found to promote callus forma

tion, Laibach (1954), Michener (1935), etc.; (c) and similarly neo

formation of roots, Went (1934). In woody cuttings Michener has found 

bud inhibition, callus formation and root formation simultaneuusly 
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induced by the application of hetero auxin to the apical cut surface, 

and finally in exper,iments on Pisum in the dark, bud inhibition was 

accompanied by active cell division in the swelling on the stem. 

It should further be pointed out that the action of auxin in 

inhibition is not the prevention of the formation of buds but the out

growth of buds already formed. That cell division can be the limiting 

factor of growth in such a process does not seem likely. 

Inhibition of cell division by auxin, therefore, is not a 

general phenomenon and cannot be the cause of bud inhibition by auxin. 

(Whether through the application of auxin it is possible to 

shift the region of most active cell division within the plant is a 

different question.) 

C. Food and auxin.§:.§_ limiting factors in bud development. 

Lack of food of various kinds, particularly carbo-hydrates 

and nitrogen, has been considered by numerous investigators to be the 

cause of the inhibition of lateral bud development. 

Moreland (1934) from his experiments on Phaseolus draws the 

following conclusions: Inhibition of lateral bud development exer

cised by the terminal bud is probably due to its depletion of available 

food. Nutritive substances, espeoially nitrogen, is translocated to 

the apex past the lateral buds, which have relatively much poorer 

vascular connections with the stem. It is impossible to definitely 

show that inhibition is not due to a special inhibiting substance 

coming from the tip, as proposed by Snow. But, if such a substance 

is active, it is transported through living cells (phloem) and not 
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through t he xylem~ It must also be produced in developing leaves but 

only until they have reached their full size. 

In our experiments it was early recognized that food may be 

a limiting factor in bud development. Thus it was found in Vicia 

that in the absence of leaves the buds grow more slowly. For example 

in one experiment the axillary buds grew at an equal rate for the 

first five days but on the tenth day the mean bud length of defoliated 

plants was only 21.6 as against 59.8 mm. in controls with leaves1and 

on the 18th day after decapitation it was only 41.8 as against 151.2 mm 

in controls. Thus in our experiments~ ef~ee~~ lack of food does 

not become a limiting factor until after the development of the buds 

becomes very rapid. 

Furthermore, the conditions under which hormone should be able 

to prevent bud development as deduced by Moreland are precisely those 

under which growth hormone will be found in the plant. In fact it is 

possible to interpret nearly all experiments done by Moreland on 

Phaseolus in terms of the presence or absence of relatively large 

amounts of hormone as found experimentally in Vicia. It is thus clear 

that under ordinary growing conditions food is not directly the limit

ing factor in bud inhibition. 

D. Conclusion 

In the preceeding sections it has been shovm that the action 

of auxin in bud inhibition is not a stimulation of growth of the stem 

either through an effect on cell elongation or on cell division and 

that the bud development in our experiments is not limited by l ack of 
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food. In conclusion it remains to further point out that (1) the 

experimental evidence is in agreement with the proposed mechanism of 

direct inhibition through the prevention of auxin synthesis in the 

buds, and (2) to consider how the inhibition of auxin formation may 

be accomplished in the plant. 

1. Conditions essential for the inhibition of buds EJ: auxin. 

From a consideration of the various experiments described above, 

it becomes clear that auxin can act as an inhibi t ·or only when the 

following conditions obtain:-

a. The supply of auxin must be of relatively high concentration. (Con

centrations just high enough to cause maximal normal growth are not 

sufficient.) 

b. The supply af auxin must be continuous. (The intermittent applica

tion of concentrations higher than necessary to cause complete 

inhibition if the same amounts were supplied more frequently in 

smaller ;contr:aticins -have no ·eff~ct.) 

c. The auxin must reach the buds, or at least, the tissues of the stem 

in immediate contact with the basal end of the bud. (Applications 

below the bud are without effect, and such substances as are not 

readily transported polarly through the stem must be supplied 

immediately above the bud in order to have a maximum effect.) 

It will be seen that the above conditions are in complete agree

ment with the concept that auxin inhibits the formation of growth 

hormone when supplied in relatively high concentrations from above. 
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2. The prevention of auxin synthesis. 

As stated above, the presence of the coleoptile tip prevents 

the formation of growth hormone in sections below it, which, never

theless, are potentially able to form it. However, it will be evident 

from work described in~ '?cl.rt III -that auxin synthesis in the c~leop

tile is a special case in as much as the material for auxin synthesis 

is derived from the seed. What is the justification; t hen for the 

asswnption that the same condition obtains generally in green .higher 

plants? One piece of evidence in its favor is the fact follll.d above, 

that inhibited lateral buds contain practically no or very small 

amounts of growth hormone, whereas rapidly growing ones produce amounts 

comparable to production in the terminal bud of the main shoot. A 

second evidence which confirms our results and fuhus shows them to be 

no mere coincidence. was obtained by van Overbeek (1935) in Raphanus. 

He found that in the presence of cotyledons which are apically situated, 

and produce relatively large amounts of hormone, no h@rmone was actively 

formed in the tip of the hypocotyl, but a small amount was present. 

Now if the cotyledons were removed, the tip of the hypocotyl began 

within a period of five hours to produce considerable amounts of hor

mone. Van Overbeek concludesJ independently and in complete agreement 

with our viewJ that the formation of auxin in the hypocotyl can ta.lee 

place only after the inhibiting effect from the cdy-ledens has been 

removed. 

The evidence for the prevention of growth hormone synthesis by 

the presence of an apically located hormone producing center is thus 
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quite complete. In Avena Thimann and Bonner (1955) have brought for

ward evidence to show that the inhibition of regeneration is due to 

auxin, and also Heyn (1952) states that the application of an agar 

block with auxin has a similar effect on regeneration as has the tip. 

In regard to the mechanism whereby the synthesis of auxin in 

the buds is prevented,no further definite conclusions can be made. 

It cannot be due ·to a simple chemical equilibriUl!l since substances of 

different chemical structure and composition, some presumably identi

cal, others different from the hormone normally produced by the plant, 

are able to produce the same effect. It has been suggested by Czaja 

(1955) that auxin in addition to being polarly transported in the plant 

also is active in maintaining the polarity of the tissues. Of interest 

in this connection is also the theory extended by Lund (1951) that the 

difference in redox potential existing between the apex and the lower 

part of the plant is a factor in the direction of transport of sub

stances in the stem; and such a potential difference, which disappears 

and is taken over by1he lateral buds, has been studied by his student, 

, in Phaseolus. There is in addition other evidence, 

not well enough established to be described here, indicating that auxin 

plays a role in the transport of substances in the plant. Thus, for 

example, Snow is now of the opinion t hat the action of auxin in bud 

inhibition is the control of the transport of some specific bud inhibit

ing substance. It might equally well be inferred that auxin controls 

the transport of some substance necessary for the synthesis of growth 

hormone or merely indirectly affects the conditions under which 
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synthesis can proceed. I~ any case this kind of transport is not a 

question of making food available. 

Whatever the details of mechanism of the action of auxin may 

be, it is clear from the work presented above that auxin controls 

the development of buds, and the conditions under which auxin is active 

in inhibition are in complete agreement with our originally proposed 

concept that auxin prevents the synthesis of growth hormone when supplied 

to the buds from above in relatively high concentrations. 

This work, then, finally proves the theory that the inhibition 

of buds is due to the action of a hormone. On the other hand, it also 

demonstrates that alternative hypothesis proposed to account for bud 

inhibitionJ such as polarity, transport of nutrient substances, differ

ence in metabolic rates, and potential differences, although insuffi

cient in themselves to account for bud inhibition, nevertheless are 

not irrelevant, but may be important factors in the mechanism through 

which the effect on bud development,controlled by auxin *is brought 

about in the plant. From the experiments on the production of growth 

hormone and the growth response to auxin of the plant in light and in 

darkness it has further been shown that in green plants auxin is 

formed only in the presence of light but the growth response to auxin 

is high~ in the dark. 

Finally by experiments with defoliated plants it has beencde.moa

sti:ated that in the stem of Vicia as in the Avena coleoptile auxin is 

essential for elongation. However experiments not described here also 

indicate that auxin is not the only hormone controlling the growth of 

the stem. 
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PART II 

THE EFFECT OF X-IRRADIATION ON AUXIN AND PLANT GROWTH 

CHAPTER III 

INTRODUCTION 

A. STATEMENT OF PROBLEM 

During the work on bud inhibition, described in Part I, it 

was noticed t hat the effect of auxin on bud development appeared to 

be exactly opposite to the reported effects of X-irradiation. For 

example, Lallemand (1950) showed that if the terminal bud of a seed

ling was irradiated in such a way that the lat,eral buds were shielded, 

then the latter would start to grow out. 

The action of X-rays on living organisms has been investigated 

by an increasing number of workers during the last forty years. Many 

interesting observations have been r ecorded regarding the effects pro

duced by irradiation on growth and development, but very little has 

become known about the mechanisms of the action of X-rays on the living 

cells. As shown in the works of Johnson (1926) and Bersa (1926) which 

also include extensive references to earlier work, it has long been 

established that X-irradiation inhibits the growth of higher plants. 

Since it is now also well known that the plant growth hormone, 

auxin, is essential and within limits controls the growth of higher 

plants, and since X-rays and auxin also both affect bud development, 

it seemed reasonable to suppose that one effect of X-irradiation on 
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growth would be in connection with its effect on auxin in the plant. 

This assumption was found to be correct. Hence, especially, since at 

this time the experiments on bud inhibition had to be discontinued 

due to lack of funds, and an opportunity became available to study 

the effect of irradiation in relation to auxin, this work was contin-

ued.* 

In the following five chapters will be presented in some 

detail the results of experiments designed to determine the role of 

auxin in the immediate effects produced by x-irradiation on growth 

and development of higher plants. The effect studied is primarily in 

relation to the control of growth by the growth hormone. Correspond

ingJ.y; the eArpression growth used here refers largely to cell-elongation7 

which is the phase of growth controlled by auxin. The part pl ayed by 

cell division in growth must be treated separately; but effects on 

growth of factors such as water, nutrient substances, temperature and 

light have, as far as possible, been eliminated. 

B. AP-~J\.EJ .. TU·.S. AND N'lATERI ALS 

The high voltage tube of the Kellogg Radiation Laborator ies 

was used as a source of r adiation in all experiments. A descri ptllion 

of its construction and operation is given by Mudd et al. (1934). It 

need only be stated here that this tube supplies a unif or m beam of 

hard -Y-rays at constant voltage and intensity measured in Rontgen 

units. All soft radiation is eliminated by successive lead, steel, and 

aluminum filters. In most experiments the t ube was operated at 900 
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kilo-volts and 3 to 4 milliamperes. 

The auxin obtained in highly active purified preparations by 

Thimann from Rhizopus suinus and from urine have been used. For com

parison a synthetic product, Hetero auxin, or p -indolylacetic acid, 

which is identical to the extract from Rhizopus (1935, 1933) has also 

been used in some experiments. In addition one sample of auxin A, 

with activity greater than 300,000 plant units per milligram at time 

of experiment, has been irradiated in solution . 

·The plants were grown in the greehhouse or in dark rooms at 

constant temperature and humidity as specified for the Avena test method 

(Went, 1928). Seedlings and very young plants were used exclusively. 
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CHAPTER IV 

THE EFFECT OF X-RAYS ON AU~IN IN SOLUTION 

A. Inactivation of auxin in agar blocks 

Auxin in highly active solutions of kno~m purity, about 

500,000 plant units per milligram of dry weight, was diluted with 

distilled water to a concentration of between 10 and 20 units per 

milliliter. This is the upper range of the concentrations directly 

measurable by the Avena method. Details of the technique need not be 

given here, since the method described by Went (1928) and as applied 

by Dolk and Thimann (1932) has been used throughout, and will be pre

sented in some detail in Chapter VIII. From the solutions 1. 5% agar 

blocks of the st.andard size used in the tests were prepared and placed 

on glass slides in Petri dishes lined with moist filter paper. Series 

of such dishes were exposed to the X-rays for different lengths of 

time, and the blocks were subsequently tested on Avena coleoptiles in 

the usual way. Some blocks treated in the same way, but not exposed 

to the X-rays, were tested at the same time and were used as controls. 

The amount of auxin found in the non-irradiated blocks was always 

taken as 100%. The reduction in activity found in irradiated blocks 

was then expressed as the percentage of inactivation produced by irrad

iation. This method eliminates any error resulting from the variations 

in the plants from day to day. The accuracy of the determination 

therefore is largely dependent on the uniformity of the curvatures of 

plants in each test. By the use of a row of 12 plants or moreJthe 
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curvatures of the plants seldom have a mean error exceeding 1 degree, 

i.e., it is usually less than 10%. With a series of experiments it 

is thus possible to determine with certainty even quite small changes 

in the activity of the auxin solutions. 

TABLE XVII 
The per cent of auxin destroyed by x-irradiation in agar blocks 

EXPERI- CONTROL TIME OF EXPOSURE IN MINuTES 
MENT CUR.VA 

NO. TURES 0.5 1 2 3 5 7 10 15 20 40 45 60 120 

I 14.5 30 30 33 34 57 44 
II 22 20 16 25 27 40 

III 18.4 38 36 32 40 
IV 12 33 25 22 43 47 
v 17.7 47 41 

Experiments done July to September, 1933. Dosage 50 Rontgen units per 
minute at 600 kv. and 3 to 4 m.a. 

Results from experiments are summarized in Table XVII. From 

them it can be seen that the auxin in 1.5% agar blocks is definitely 

inactivated by irradiation. The rate of inactivation is very fast at 

first, but decreases with time of exposure, so that complete inacti-

vation would require a very long exposure time. It should be noticed, 

however, that about a third of the activity is destroyed almost 

immediately, and nearly half by moderate dosages under these conditions. 

No definite conclusion can be drawn regarding the mechanism of the 

inactivation. It appears from the table that (1) the solution contains 

t wo active auxins of different stability, or (2) the inactivation is 

indirect, i.e., some substance taking part in the inactivation reaction, 

at first present in relatively high concentration, is used up and 

becomes the limiting factor. 

B. The mechani~ of inactivation 

1. Inactivation in water solution. In order to investigate 
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the role of the above t wo possible factors in the effect of irradia-

tion it was convenient to use direct exposure of water solutions con-

taining kno¥m high concentrations of auxin . A volume of 0.50 milli-

liters of auxin solution, usually of 1000 units per milliter concen-

tration was placed in series of small glass tubes with small capillary 

openings which could be sealed with a flame without heating the 

solutions. The tubes were exposed to the X-rays for different lengths 

of time and subsequently diluted with a given volume of water, such 

as to bring the concentration of auxin of the non-irradiated control 

solutions within 10-20 units per milliliter, and from these solutions 

blocks tested on Avena coleoptiles were prepared as above. 

TABLE XVIII 

Th e per cent of auxin destroyed by x-irradiation in water solution 

EXPERI· CONTROL TIME OF EXPOSURE IN MINUTES 
MENT ClJRVA 

NO. TURES 1 5 10 15 20 40 60 80 100 120 180 240 

A. H etero auxin from Rhizopus 
I 12.6° 14 15 29 54 54 60 

II 18.2° 22 28 35 43 48 
III 16.5° 30 
IV 14.o• 38 43 55 57 
v 11.0° 27 27 23 32 64 

Via 9.2° 57 
b 17.0 ° 62 

B. Synthetic hetero auxin ( (3-indolyl acetic acid) 

I 10.1° 24 28 57 68 59 80 
II 6.3° 45 85 92 

III 18.2° 27 41 38 
IV 18.1° 19 33 33 29 39 

All solutions exposed in concentration of about 1000 units per milliliter. Ex-
posure to 50 R. units per minutes at 900 kv. and 3 to 4 m.a. 
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a. Comparison of different preparations. In Table XVIII A 

and B are summarized results obtained by exposing highly purified 

preparations of the hormone from Rhizopus and the identical synthetic 

product, indolyl acetic acid, respectively. They show that the inac-

tivation by the X-rays is similar to that in the agar blocks. However , 

with comparable concentration the inactivation becomes rrrubh more 

complete with increasing dosages in the water solutions (see Table XIX) 

Furthermore, since the inactivation is similar tn the extracted and 

synthetic preparations, it is clear that there is only one active 

substance present in the extract and that possible impurities have no 

effect on the inactivation. Thus possibility (1) above is excluded. 

b. Effect of concentration. The second possibility was next 

studied by irradiation of different concentrations of a given auxin 

solution. The tubes for exposure were prepared from an auxin solution 

of known activity by successive dilutions _so: that the lowest concen-

tration would be within 20 to 10 units/ml. After exposure this solution 

was tested without further dilution and the stronger solutions were 

TABLE XIX 
The per cent of auxin destroyed by x-irradiation in water solution at different 

concentrations 

A B 
HETERO AUXIN (THIMANN) AUXIN A (KOOL) 

DOSAGE 900 KV., 3.1 M.A., 50 R./MIN. DOSAGE 900 KV. , APROX. 3 M.A., 50 R./MIN. 

Per cent loss in activity at Per cent loss in acjivity at 

Dosage 
concentrations of 

Dosage 
concentrations of 

R.units R. units 

640° 160° 32° 10.5 ° 1125° 375° 125° 62° 20.s 0 

- ------------- - - ------------
500 24 45 75 90 500 14 33 (96) 43 52 

5000 29 67 86 84 3000 22 46 (94) 57 59 

0 
0 0 0 

0 0 
(10.2°) (10.8°) (20.7°) c20.8°) 
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diluted so as to have the same original concentration as the last 

dilution. The means of the activities of control tubes from the 

highest and lowest concentrations tested at the same time were taken 

as 100% activity. The results are illustrated by the experiment given 

in Table XIX A. They show that the total amount of auxin destroyed by 

a given dosage is greater in the more concentrated solutions, but the 

percentage of auxin destroyed increases with dilution of the solution. 

Thus the view that the inactivation is indirect is supported by these 

experiments. 

2. Oxidative inactivation. It is known that auxin is readily 

destroyed by peroxides. It has also been shown that when water is 

irradiated in t he presence of air a considerable concentration of 

hydrogen peroxide is produced (Risse, 1930, Taylor et al, 1953). It 

therefore seemed likely that the auxin would be destroyed by the hydro

gen peroxide formed by irradiation in the solution. That this is in 

fact the mechanism of inactivation is borne out by several experiments. 

a. Effect of oxygen. Series of tubes containing auxin at a 

given concentration in freshly boiled water solutions were prepared. 

After bubbling oxygen~.free nitrogen gas saturated with water vapor 

through capillary tubes into the solutions for eight to ten minutes 

the vessels were sealed in an atmosphere of nitrogen. They were then 

exposed to the X-rays together with similar sets of tubes containing 

the same concentration of auxin in the presence of air. All the solu

tions were diluted to a given volume and tested on Avena at the same 

time. The percentage inactivation in each case is shown in Table XX. 



TABLE XX 

The per cent of auxim destroyed by x-irradiation in the presence and absence 
of oxygen 

EXPERIMENT 
T IME OF EXPOSURE IN MINUTE S 

N O. 1 5 10 15 20 75 80 

I 27 27 22 32 64 
Air 

II 36 41 54 56 

I 0 0 0 0 27 
Nitrogen 

II 11 11 11 11 11 33 

Aqueous auxin solutions, 1000 units/mL eon., in the presence of air or nitrogen 
gas in sealed glass vessels exposed to 50 R. units/min. at 900 kv., and 3.5 m.a. 
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From the resuilits it is clear that in the absence, or in the very low 

concentrations of oxygen attained, there is no i mmediate inactivation 

of auxin comparable to that in the presence of air. The fact that 

prolonged irradiation gives rise to some inactivation is probably to 

be ascribed to incomplete removal of oxygen. A 1000 unit per milli

liter hetero auxin solutions contain 1 to 2 x lo-8 mols per milliliter. 

If the solubility of oxygen is taken as that from air at 20°0, the 

solution saturated with air contains 2.6 x lo-7 mols per milliliter of 

oxygen. Assuming ~ that two molecules of auxin react with 1 molecule of 

OA'Ygen to become inactive, then the amount of oxygen required to reduce 

the activity 53% is only about 3 x lo-9 mols per milliliter, or about 

1 percent of the amount present in water saturated with air. With the 

simple method of removing oxygen from the solutions used above it is 

likely that enough oxygen would be left to have an effect after pro-

longed irradiation. However, since this point does not invalidate 

the results, no attempt has been made to use a more refined method. 

3 . Inactivation in chloroform solution. In the above experi-

ments the rate of inactivation in aqueous solution of high concentration 
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rapidly decreases with time of exposure, so that complete inactivation 

was not obtained. If the indicated mechanism of oxidation is correct, 

however, it should be possible to increase the destruction by the use 

of a suitable solution givli.ng rise to larger quantities of oxidizing 

agents on exposure to radiation. It is well known that when chloroform 

is irradiated it decomposes, giving rise to peroxides and other strong 

oxidiaing agents. Chloroform is particularly suitable for these 

experiments, because it has been used for keeping highly active auxin 

preparations for long periods of time in this laboratory. When such 

chloroform solutions were irradiated and tested in the same manner as 

the water solutions above they were found to be almost completely in

active after 40 minutes exposure, either in the presence or absence of 

air. In fig. 10 curve I (continuous line) representing the mean of 

several experiment~percent inactivation is plotted against time of 

exposure. The fact that the destruction here is complete strongly 

supports the view that the inactivation is caused by oxidation. The 

uniform rate of the reaction also indicates that the hormone solution 

contains only a single active component. 

Since a chloroform solution contains the auxin in only the 

undissociated form, the possibility exists that the ions might be 

stable and thus account for the less extensive inactivation in water. 

However, this possibility is excluded by the fact ·t,hat in buffered 

water solutions the inactivation is at least as great in pH ranges well 

above the pK of the acid as in the range below it. 
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Further proof ·Ghat the inactivation of auxin is only indirect 

was obtained by the following experiments. When the gl as s tube con-

taining the chloroform solutions of auxin were sealed with a small 

amount of sealing wax of which a trace dissolved in the solution, 

there was no inactivation produced by the X-rays even after very lon'g 
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exposures. The same is true if a trace of sealing wax was dissolved 

in the solution in glass sealed vessels either in the presence or 

absence of air. The mean values of such experiments are expressed by 

Curve II (continuous line) in fig. 10. It is assumed that some com-

ponent of the wax present in the solution in minute concentration 

stabilizes the activity of the auxin through its action as an anti-

oxidant, because it is known that the addition of small amounts of 

certain organic compounds prevents the photochemical production of 

oxidizing agents in chloroform (Chapmen, 1955). Moreover the addition 

of finely dispersed sealing wax to a water solution does not prevent 

oxidation, but, on the contrary, as shown in Table XXI, makes the 

destruct ion of the auxin more complete. 

Table XXI 

The effect of addition of finely dispersed sealing ~ _QQ the inactiva
tion of auxin J:?;y: irradiation in water solution 

!Time of Substances present Curvatures I Loss in·-11 
;exposure 

. ·- --·-·--·· in degrees activi~yl 
I min. Air Sealing wax I in% 1 

-l . - l 
0 + ·11.0 .... .....__ 

0 + + 11.5 0 

60 11.7 0 
60 + 9.8 16 
60 + + 8.8 22 

60 + + 4.2 63 
60 + + + 1.8 84 

Thus inactivations of 63 and 84 per cent were obtained with small and 

large amounts added compared to about 20 per cent in tubes without 
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sealing wax, and no inactivation in tube& "with sealing wax but not 

exposed to the X-rays. 

4. General occurrence of auxin inactivation . It has been 

shown that extracted and synthetic hetero auxin are similarly inacti-

vated by X-irradiation. In order to show that this occurs generally 

and is not dependent on the individual preparations, one experiment 

with auxin A, kindly submitted by Professor Kogl (1935) is given in 

table XIX B. Furthermore, in order to show that the inactivation is 

not limited to high voltage X-irradiation, one ex-periment was carried 

out with a small quantity of radium. The auxin vessels were so placed 

Figure 11 
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that the dosage in Rt ntgen units would correspond to that from the 

X-ray tube. In this experiment the initial, fast rate of inactivation 

was determined by maJ(ing some of the exposure times very short. The 

results, Figure 11, show that the inactivation is comparable to that 

produced by the X-rays, and that the rate at first is very fast. 

C. The photochemical inactivation of auxin in dilute eosin solutions. 

In work on irradiation of various substances it has been shovm 

that eosin and similar dyes catalyze photochemical oxidation reactions. 

Furthermore it has been shown by Boas (1933) that Avena seedlings 

gro1J1m in eosin solutions in the dark have a :mearly normal growth rate, 

but when exposed to light they gail to give a phototropic response. 

It is knovm that the phototropism in the Avena coleoptile depends on 

the distribution of auxin. Therefore , if it could be shown that auxin 

in the presence of eosin is inactivated in the light, and only in the 

light, this would be a case of inactivation similar to that by the 

X-rays but by a different method. 

Experiments were done as follows. Two identical sets of tubes 

containing a given concentration of auxin and various dilute concentra

tions of eosin were prepared in weak red light. One set was exposed 

either to sunlight or white light, and in one experiment to X-rays for 

different lengths of time. The other set was kept in the dark. One tube 

of each set containing no eosin was kept as control. The solutions were 

subsequently tested at the same time by the Avena method. Results of the 

experiments are summarized in Table XXII. It can be seen that a solution 

containing as little as 1 x lo-5 parts of eosin was completely i nactivated 



TABLE XXII 

Photo-cheniical inactivation of auxin in presence of eosin in water solution 

EXPERI- CONCENTRATION TIME OF 
CURVATURES 

LOSS IN 
MENT DATE DYE EXPOSURE IN ACTIVITY !N 

NO . (1934) PER CENT X ] 0' MINUTES 
IN DEGREES PER CENT 

I 1/14 0 s 18.2 ± 1.6 0 
0 X40 13.1 ±1.6 28 

25 X40 0.0 ± 0.1 100 
25 DlO 1.6± 1.4 93 

II 5/26 0 s 15 12.2 ± 0.8 0 
25 Dark 12.8±1.5 0 
75 Dark 11.7 ± 0.8 4 
25 s 15 0.1 ±0.1 99 
75 s 15 0.7 ± 0.8 94 

III 5/28 0 s 15 17.6 ± 0.9 0 
0 Dark 17.6 ± 1.2 0 

50 Dark 14.6 ± 1.2 17 
50 815 0.0 ± 0.7 100 

I V 6/4 0 D 14.3±1.4 0 
50 Dark 15.4 ± 1.3 0 
50 E 0.5 15.9 ± 0.9 0 
50 E5 10.9 ± 1.4 24 
50 DlO 8.0 ± 0.8 44 

V' 6/7 0 818 13.2 ± 1.1 0 

a{ 

50 Dark 11.5 ± 0.6 13 
50 85 0.9 ± 0.7 93 
50 815 0.7 ± 0.9 95 

b{ 

50 Dark 13.2 ± 1.1 0 
50 85 2.9 ± 0.9 78 
50 815 2.8 ± 1.1 79 

VI' 6/8 0 815 13.5 ± 0.8 0 

a{ 
25 815 0.2 ± 0.5 99 
10 815 1.4 ± 1.3 90 

1 815 1.1 ±1.2 92 
0.1 8 15 3.6 ± 0.7 73 

b{ 
25 815 2.3 ± 0.8 83 
10 815 1.1 ± 0.9 92 

i 815 1.4 ± 0.9 90 
0.1 815 3.3 ± 1.2 76 

The source of light used for exposure is designated as follows : S, sunlight; 
D, diffuse daylight; E, light from 40 watt Mazda lamp at a distance of 20 cm.; 
X, x-irradiation 50 R. units per minute at 900 kv. and 3.5 m.a. 

1 I n experiments V and VI the tubes marked b contained a concentration of 
0.0025 and 0.0100 normal Ti,(80,),, respectively. 
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in the light, whereas a solution containing no eosin remained fully 

active. The tubes in the dark (red light), on the other hand, showed 

no, or practically no, inactivation in the presence of eosin. It is 

therefore clear that the eosin causes a complete destruction of auxin 
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in the presence of light or X-irradiation. 

After these experiments were completed a paper by Boysen

Jensen (3) appeared which shows that the action of eosin in preventing 

growth or phototropic response is in fact through its destruction of 

auxin in the plant. 

D. Conclusion 

From the above experiments it is clear that auxin is inactivated 

by X-irradiation. The mechanism of the inactivation is an oxidation. 

Thus in aqueous solutions the presence of oxygen is necessary, and the 

extent of the reaction is limited by the strong oxidizing agent made 

available by the X-ray treatment. In chloroform solutions where 

appreciable concentrations of oxidizing agents are produced through 

photochemical decomposition, the inactivation is complete even in 

relatively strong auxin solutions both in the presence and absence of 

air, but can be prevented by anti-oxidants. A similar inactivation in 

water solution is carried out catalytically by eosin in the light. 
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CHAPTER V 

THE EFFECT OF X-RAYS ON AUXIN IN THE PLANT 

A. Loss of auxin 

Since auxin is inactivated in solution by X-rays, experiments 

were performed to determine to what extent it will be af'fected by X

irradiation in the plant. It is well known that auxin was first iso

lated by placing tips of Avena coleoptiles on agar blocks, thus 

allowing the auxin to diffuse from the tips into the agar (Went, 1928). 

This procedure was followed. The amount obtainable from one tip per 

hour is quite small, but when a set of 12 tips are placed on a standard 

fullsize agar block subsequently divided into 12 equal test blocks, the 

amount obtained is usually enough to give a good quantitative test. 

It must be borne in mind that in the plant the loss of auxin 

resulting from irradiation may be due to any of three different cause~. 

(1) Inactivation as in the water solutions above, (2) inhibition of 

auxin transpo'rt in the plant, and (5) damage to the auxin synthesizing 

system in the plant. After it has been established that auxin is lost 

by irradiation of the plant, the nature of the effect in relation to 

the above three processes will be studied separately. 

The first experiments were on Avena coleoptiles. The plants 

were grown in zinc boxes containing a mixture of leaf mold and sand in 

the dark room under standard conditions. On the third day after the 

beginning of germination when the coleoptiles were 2.0 to 2.5 cm. long, 

the boxes were covered with black paper envelopes and brought to the 
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X-ray tube room. Half of them were exposed to the X-rays. The others 

were used as controls. Immediately after treatment the boxes were 

returned to the dark room. The tips were cut off and placed on standard 

agar blocks, twelve tips on a block, and allowed to diffuse for a given 

time, usually two hours. The blocks were then divided into twelve 

Table XXIII 
The effect of irradiation on the amount of auxin diffusing out from Avena 

coleoptile tips 

EXPERIMENT D.\TE DOSAGE DIFFUSION NUMBER OF CURVATURES 
PER CENT 

NO. (l.934) IN R.U. TIME PLANTS LOSS 

minutes 

I 3/7 0 90 24 14.9 ± 1.1 .. 
1200 24 12.9 ± 0.8 14 

II 3/16 0 180 11 25.8±1.2 .. 
1200 24 17.4 ± 0.7 32 

III 3/22 0 120 22 15.6 ± 0.9 .. 
1200 23 12.9 ± 1.1 18 

IV 6/29 0 120 23 4.3 ± 0.6 .. 
600 23 2.8 ± 0.4 35 

1200 23 2.0 ± 0.4 53 

v 7/2 0 90 21 5.5 ± 0.6 .. 
600 22 4.6 ± 0.5 17 

1200 32 2.7 ± 0.3 51 

VI 7/19 0 120 24 4.4 ± 0.4 .. 
1200 23 3.3 ± 0.5 25 

VII 8/7 0 150 23 11.l ± 0.6 . . 
2100 22 9.0 ± 0.6 19 

VIII 8/8 0 180 22 10.6 ± 0.5 . . 
1800 22 7.3 ± 0.6 32 

IX 8/9 0 120 18 6.9 ± 0.8 .. 
1200 18 2.7 ± 0.7 61 

Plants grown in dark room at 25°C. exposed at 900 kv. and 3.5 to 4 m.a . at 
30 R. units/min. Lapse time between exposure and placing on blocks 10 to 30 
minutes. Twelve tips placed on a full ·size block. 
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equal parts and tested in the usual way. The effect of X-irradiation 

on the amount of auxin diffusing out from Avena tips is shown in 

Table XXIII. The percentage of auxin lost varies considerably in the 

different experiments. This variation might be due to several causes 

such as the temperature of the tube room and variation in the material 

from day to day. It is therefore impossible to express the amount of 

inactivation as a function of the dosage, although it appears to in-

crease with increasing dosage. However, by taking a mean of all the 

experiments it can be said that in the Avena coleoptile one third to 

one half of the auxin is lost by treatment of the plant with a moderate 

dosage. 

Figure 12 
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It has been shown in Chapter I, Table I, that the terminal 

buds of young Vicia faba plants, grown in the light, yield relatively 

high concentrations of growth hormone by diffusion into agar in the 

same manner as the Avena tips above. In figure 12 are shown the results 

of determinations of the amount of hormone obtained from tips (A) and 

stem sections (B) of control and irradiated plants. Results of exper-

iments with Pisum, which is very similar to Vicia in regard to auxin 

are shown in Figure 15. The resuits show that both in Vi cia and in 

Pisum between 30 and 40% of the auxin was lost by irradiation under the 

conditions of the experiments. It is thus clear that in the plant the 

loss of auxin is quite large and compares favorably with the order of 

inactivation in water solutions by the same dosages. 

Figure 13 
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B. The effect of X-irradiation .Q.!1 the transport of auxin. 

It has been shown that the transport of auxin in the plants 

used is strictly polar. Auxin. formed in the tip of the plant or in 

the leaves is transported basipetally. If the plant is inverted the 

transport will remain from the tip towards the base, thus against the 

force of gravity and not in the opposite direction. The same behavior 

is shown by isolated short stem sections. As in the experiments of 

van der Wey (19321 the amount of transport was quantitatively determined 

by standing stem sections on standard 1.5% agar blocks and placing 

blocks of agar containing a given concentration of auxin at the upper 

cut surfaces of the sections. Subsequent determinations with the Avena 

test of the amount of auxin in the lower blocks after a given time of 

diffusion give the amounts transported. Such experiments were made 

using sections from the t wo topmost internodes of Pisum and from the 

upper halves of the hypocotyls of Helianthus. These plants were grown 

in the light and irradiated under the same conditions as those used 

for the auxin determinations above and for other eiperiments below. 

In these plants the stem sections themselves yield appreciable amounts 

of auxin. The amount actually transported, therefore, was determined 

by the difference in activity in the lower blocks when auxin was supplied 

to the upper surface and that of controls to which pure agar was applied. 

Alternate sections from the same plants were used for transport and 

controls. Since irradiation affects the auxin content of the stem 

sections (see figure 13 B) these controls were carried out separately 

for irradiated and non-irradiated plants. In order to get uniform 
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results and a large amount of transport in a short diffusion time, 20 

sections of Pisum and 12 sections of Helianthus respectively were 

placed on a single block. In some cases an identical set of experiments 

containing the sections in inverse position was carried out at the same 

time. All sections were kept in the same large Petri dish lined with 

wet filter paper to prevent drying out during the time of di£fusion, 

which was usually t wo hours. About an hour after the sections had been 

TABLE XXIV 
The effect of irradiation on the transport of auxin in Pisiim and Hclianthus 

TIME OF AUXIN BLOCKS APPLIED PURE AGAR BLOCKS APPLIED 

EX PERI-
:MENT DATE I rradiated Controls Irradiated Controls 

NO. Ex- Dif-
posure fusion 

Norm. , Norm. I Norm. I Norm. I Inver. I nver. Inver. Inver. 

minutes minutes 

I 3/23/24 60 120 11.2 0 14.4 0.2 2.5 0.1 2.8 0.0 

II 3/9/34 40 150 11.1 12.5 1.0 2.6 
9.2 11.0 1.6 

10.2 11.8 1.2 2.6 

III 5/20/34 40 120 4.6 6.1 2.3 4.4 

IV 6/ 12/34 20 150 8.9 1.0 9.8 1.8 4.9 5.8 
- ------- - - ---- - ---

Mean total diffusion 9.2 0.5 10.9 1.0 2.2 0.1 3.6 0.0 -- - -----------------
Amount of transport 7.0 0.4 7.3 1.0 

- ---------- ---- - --
Difference in transport 0.3 0.6 

I 

1

2/7/34 I 
40 120 

II 2/14/34 40 120 

9.0 0.9 4.6 0.2 3.1 0.0 

7.2 0.2 10.4 0.0 0.5 0.0 0.9 0.0 

9.0 0.8 

Mean total diffusion 

Amount of transport 
-~----------ST 02 9.7 ---o:41.8 ---o:42.8" 0:0 

~ - 0.2 (3.9---o:4 __________ _ 

Difference in transport 
-o.6- ---o.6 -------- --------

A. Pisum 

Alternate secti.ons cut f:om the two topmost internodes of young Pisum plants exposed to 
30 R. Umts per ~mute at 900 to 925 kv. and 3.0 to 3.5 m.a. Twenty sections 

6 mm. (except m I , 10 mm.) placed on a full-size agar block. Standard 40 to 
50 u./cc. auxin blocks used for application. All figures are the 

means of twelve or more test plants 

B. Helianthus 

Alternate ~ections cut from the upper halves of hypocotyls of seedlings exposed to 30 R./units 
per mmute at 925 kv. and 3.3 to 3.5 m.a. Twelve sections placed on full"size agar 

block. Standard 50 u./ml. full -size bloeks used for auxin application. All 
figures are the means of about twelve t est plants 
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removed and the auxin had become distributed throughout the blocks, 

they were divided into t welve equal parts and tested on Avena. 

Results of experiments are given in Table :XXIV A for Piswn and B for 

Helianthus. The amounts of auxin diffusing out from the sections 

themselves are quite small, but there is a definite loss of hormone due 

to irradiation, and this corresponds to the difference in total amount 

of hormone obtained in blocks on which had been placed sections, supplied 

with auxin, from control and irradiated plants respectively. When 

correction is made for the hormone derived from the sections themselves, 

therefore, the amount of auxin transported in control and irradiated 

plants is so closely the same that it can be said with certainty that 

the transport of auxin in the plant is not at least immediately affected 

by moderate dosages of irradiation. (There is some indication from 

other experiments that a long time after irradiation, the transport may 

have become decreased.) From the experiments with sec~ions inverted , 

it is also clear that the transport is strictly polar and that the 

polarity is not influenced by X-irradiation. 

It will be shown from a consideration of the growth response 

to auxin in irradiated Avena coleoptiles that also in these the trans

port is not affected. 

The loss in growth hormone in the irradiated plants must, there

fore, be due either to its destruction, to the inhibition of its forma

tion, or to the combination of both in the plant. 

C. The effect of X-irr adiation ,2E. the formation of auxin, 

In order to determine whether the mechanism of formation of auxin 
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in the plant is affected through the action of the X-rays either of 

two methods may be used. (1) A direct determination of the amount of 

auxin present in the plant at different successive intervals after 

exposure. (2) A comparison of the growth rates of control and irradiated 

plants. The latter method, however, is only applicable when it is known 

that the amount of auxin produced by the irradiated region strictly 

limits the growth rate. This condition is approximated in the growth 

of the Avena coleoptile in the dark at constant temperature and humidity. 

However, if intact coleoptiles are irradiated, only a small decrease 

in growth is to be expected from the experiments of Thimann and Bonner 

(1935), in which are shown the relative growth rates of decapitated 

coleoptiles with the application of different small concentrations of 

auxin. Furthermore, even in the Avena coleoptile at least two factors 

control growth, one of which is the auxin concentration. In the apical 

portion the hormone is in excess and does not limit the growth, so that 

in irradiated plants the auxin destruction is likely to be greater 

than is indicated by the decrease in growth. Nevertheless, if the 

measurements are continued for some time after treatment, it is at least 

possible to determine whether a permanent effect on the formation of 

auxin has been produced. Measurements were therefore made on a large 

number of control and irradiated celeoptiles. The plants were grovm 

and inall respects treated in the same manner as those used for auxin 

determinations above. They were measured with a horizontal microscope 

just before irradiation, and then at intervals. In figure 14, curves 

I, one of five essentially identical experiments, is represented by 
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plotting the increase in lengths of the coleoptiles against time. 

(The growth of the pri mary leaves is also included ~ curves II). It 

is seen that there is a definite but very small immediate decrease in 

growth due to irradiation. 

However, after treatment the plants quickly Jregain their 
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normal growth rate and soon overtake the controls, so that some time 

after irradiation the total lengths of the aposed coleoptiles .ar e "tbe 

greater. This apparent stimulation of growth is a secondary eff ect of 

irradia.tion. It is mainly due to the fact that t he growth of the 

primary leaf is much retarded by the action of tllle.'.~rays, so that it 

will break through the coleoptile some time later in the greated plants, 

thus allowing them to continue growth for a longer time. It has been 

shown cinematographically that as soon as the coleoptile is broken 

through~he primary leaf its growth immediately decreases very fast and 

soon ceases. Vice versa, the retardation of the growth of the coleoptile 

by decapitation results in increased elongation of leaves subsequently 

developed. Thus there is an inverse balanced relation between the 

growth of the coleoptile and of the leaves. It might also in part be 

due to the effect of irradiation . on the activity of enzymes in the 

plant . known to be destroyed by i rradiation, so that the effective 

auxin concentration becomes increased. By experiments with maize seed-

lings van Overbeek (1955) has demonstrated enzyme inactivation of auxin 

in the plant, and has shown that the rate of this inactivation may 

become the limiting factor in growth. 

The above results indicate that the mechanism of auxin formation 

in the coleoptile tip is not destroyed by irradiation. Moreover, since 

the percentage of auxin lost in the coleoptile is of the same magnitude 

as that destroyed in water solution by a comparable dosage, it is con-

eluded that the loss in auxin is due entirely to its inactivation by 

irr adiation. 



90 

In green plants, although auxin is known to control growth, 

the quantitative relationship between the amount of auxin and growth 

is less well worked out. But, since in green plants such as Pisum 

auxin production continues for a long time at about a constant rate, 

it is here possible to estimate the effect of X-irradiation on the 

formation of auxin by a series of determinations at different times 

after treatment. For this purpose 15 - 20 day--old Pisum plants grown 

in the green house as above, were divided into two identical groups. 

One was irradiated, the other was used as control. The amount of 

hormone obtainable from the terminal buds by diffusion into agar 

blocks wa.s determined on successive days after exposure. Six buds were 

placed on one full size agar block in each case. Results are given 

in Tables XXV A, B, and C, representing exposures of 10, 20, and 40 

minutes respectively. From these it is evident that in Pisum there is 

a definite permanent inhibition of auxin formation produced by irradia

tion. It also appears that the large decrease in auxin obtained 

immediately after irradiation is due largely to the inactivation of 

auxin in the tevminal bud of Pisum in the same manner as in the tip 

of the Avena coleoptile. This conclusion is drawn because firstly, 

the immediate loss in a~tivity is much greater than would be expected 

simply from an inhibition of formation of the hormone in view of the 

subsequent, relatively slow rate of decrease in formation, and secondly, 

the fraction of auxin lost is of the same order of magnitude as that 

destroyed by comparable dosages in irradiated stem sections (see Figures 

12 and 13) in which there is no synthesis of the hormone. Set A was 



Table YXV 

The effect of irradiation on the amount of auxin diffusing out from Pisum tips 
at different times aftei· exposure 

DAY LAPSED NUMBER OF CURVATURES, AUXIN PER J NACTIVA· 
TIME PLANTS DEGREES HOUR TION 

hours per cent 
0 0.5 23 17.5 ± 0.9 8.8 . . 

34 13.0 ± 0.6 6.5 26 

1 24 33 9.0 ± 0.7 4.5 .. 
35 4.6 ± 0.2 2.3 49 

2 47 36 3.6 ± 0.5 1.8 .. 
34 0.6 ± 0.2 0.3 83 

A 3* 72 30 8.8 ± 0.5 3.5 .. 
34 1.3 ± 0.3 0.5 85 

4 96 28 6.7 ± 0.7 3.4 . . 
35 0.6 ± 0.2 0.3 91 

5 120 23 4.9 ± 0.5 2.5 .. 
24 0.8 ± 0.1 0.3 89 

9* 216 24 10.2 ± 0.7 4.1 .. 
23 2.5 ± 0.5 1.0 76 

0 0.3 34 18.5 ± 0.8 9.3 .. 
35 14.5 ± 0.8 7.3 22 .. 

14.0 ± 0.6 1 24 36 7.0 .. 
35 9.9 ± 0.6 5.0 29 

2 48 23 9.5 ± 0.8 4.8 .. 
B 21 6.3 ± 0.6 3.2 34 

3 72 35 13.0 ± 0.7 6.5 .. 
35 8.6 ± 0.7 4.3 38 

4 96 33 11.0 ± 0.7 5.5 .. 
35 4.1± 0.3 2.1 63 

13 312 48 4.1±0.5 2.2 .. 
48 1.0 ± 0.3 0.5 76 

0 0.5 22 13.1 ± 0.8 6.6 .. 
23 8.2 ± 0.6 4.1 37 

1 24 34 13.6 ± 0.7 6.8 .. 
35 3.1 ± 0.5 1.6 77 

2 48 20 13.8 ± 0.9 6.9 . . 
c 36 0.8 ± 0.2 0.4 94 

4 96 34 11.7 ± 0.7 5.9 .. 
36 0.8 ± 0.3 0.4 93 

7 168 32 8.5 ± 0.6 4.3 .. 
24 0.5 ± 0.3 0.3 9·1 

8 192 22 9.6 ± 0.8 4.8 .. 
A. Star ted 7 /27 /34, 10 minutes irradiation at 900 kv. and 4.0 m.a., 30 R./min. 

Dosage= 300 R. 
B. Started 6/13/34, 20 minutes irradiation at 900 kv. and 3.4 m.a ., 30 R./min. 

Dosage = 600 R. 
C. Started 5/29/34, 40 minutes irradiation at 925 kv. and 2.9 m.a., 30 R./min. 

Dosage = 1200 R. 

Diffusion time = 120 minutes except * = 150 minutes. 
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done in July when the daily maximum temperatures were above 95 to 100 

degrees F. during several days. Under these conditions the plants 

have an unsteady, abnormal growth rate, and the amount of auxin obtain

able by the Avena tests varies greatly from day to day. Nevertheless, 

since control and irradiated plants were always tested together, the 

results of each experiment are consistent among themselves, but the 

three experiments are not comparable with each other. Thus no conclu

sion can be drawn regarding the exact relationship between the amount 

of inactivation and the dosage. 

Several attempts .to determine the difference in the amount of 

auxin diffusing out from the tips of irradiated and control Helianthus 

seedlings have been unsuccessful, because the amounts of auxin obtained 

have been so small that the difference is of the same order as the 

experimental error. It will be .clear from other experiments, however, 

that also in this plant auxin is inactivated by irradiation. 

Conclusion 

From the above results it is concluded: 1. Moderate dosages 

of X-irradiation produce an immediate inactivation of from 20 to 40% of 

the auxin obtainable by diffusion from both the tip of the Avena 

coleoptile and from the terminal buds of Vicia and Pisum. 2. These 

dosages do not affect the mechanism of auxin formation in the Avena 

coleoptile. In Pisum, on the other hand, they produce a gradual, 

almost complete inhibition of the auxin synthesis. This difference 

be tween the two will be discussed later in relation to the source of 

auxin in the plants. 



CHAPTER VI 

THE RELATION OF AUXIN INACTIVATION TO THE INHIBITION 

OF GROWTH BY X-IRRADIATION 
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The purpose of the experiments to be described in the follow

ing chapter is to determine how far the inactivation of auxin and the 

prevention of its formation in the plant are responsible for the 

inhibition of growth produced by X-irradiation. It is possible that 

the main action of irradiation on growth is not the destruction of 

auxin but that the cells are affected in other ways which would result 

in a decrease in growth. This possibility can be investigated by 

measurements of the response of irradiated plants as compared with 

controls to applied auxin. 

A. The effect .Q!! the sensitivity to applied auxin. 

It is, for nstance, possible that the X-rays would cause a 

decrease in the sensi ti vi ty of the growth response of the eel.ls to 

applied auxin. If, on the other"harld, the inhibition of growth is 

due only to loss in auxin, then the growth response to applied auxin 

should be as great in irradiated as in control plants. 

1. Experiments~ Avena. 

The curvatures of the Avena test gives an accurate measure of 

small amounts of growth in the coleoptile. The first experl.ments were 

therefore to determine whether irradiated coleoptiles give quantitatively 

the same auxin curvatures as non-irradiated controls. Plants about 3 em, 
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long were decapitated and treated similarly to those used above. 

Immediately after the exposure they were redecapitated, and blocks 

of a given concentration of agar were applied as in standard tests. 

Results of such experiments are given in Table XXVI in which are also 

included experiments on coleoptile sections mounted on thin glass rods 

with the bases in water, and one experiment on geotropic sensitivity. 

From the table it can be seen that the irradiated plants have the same 

capacity for growth as the controls. Indirectly the experiments also 

show that the transport of auxin in the coleoptile is not affected. 

Table XXVI 

The effect of irradiation on the sensitivity of growth response to applied auxin 
in Avena coleoptiles 

DOSAGE 
EXP>:ll.I-

LAPSED 
NUMBER. DIF-

MENT DATE OF ]'ER- OURVA-

NO. TIME PLANTS ENCE TURES 

At In R. 

----- -------
hours 

I 10/33 ~-1 750 kv. 0 9 5.4 
30 R./m. 300 9 

-1.0 
6.4 

Sections 

II 10/33 ~-1 750 kv. 0 16 5.4 
30 R./m. 300 18 

0.2 Sections 
5.2 

I 
II After 5 hours 0 16 15.0 

300 18 
-1.3 

16.3 
Sections 

----- -----
III 11/33 ~-1 900 kv. 0 15 13.0 Intact 

30 R./m. 700 19 
-0.7 

13.7 seedlings 

IV 11/33 ~-1 900 kv. 0 44 16.1 Intact 
30 R./m. 900 26 

-0.2 
16.3 seedlings 

----- -----v 8/34 0.15 925 kv. 0 16 35.5 Geotropic response 
I 30 R./m. 2000 26 

-1.6 
37.1 in intact seedlings 

Thus if auxin be supplied to the plant in such a way that the 

partial inactivation by irradiation is counteracted by the presence of 

an excess concentration, then there should be no decrease in growth 

resulting from exposure to the X-rays. In order to show the effect of 
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applied auxin to irradiated plants it is necessary to work with 

material that on the one hand exhibits a marked decrease in growth 

due to irradiation, and that on the other hand has a marked growth 

response to applied auxin. It has been shown that the decrease in 

growth of the intact irradiated coleoptile is slight, and that the 

sy-Dthesis of the hormone in the plant continues. In order to show a 

decrease in growth by irradiation it is necessary as far as possible 

to stop the formation of new auxin after treatment. Since the earliest 

work on auxin the view has been held (see also Part III) that the hormone 

formed in the extreme tip is derived from a precursor transported from 

the seed to the tip. In acco~dance with this, the upper part of· the 

coleoptile removed from the lower portion of the plant will exhaust its 

supply of auxin. · If such coleoptile sections exhibiting a decreasing 

rate of auxin synthesis are X-~edsoon after they have been cut, and 

while they still contain appreciable amounts of auxin, they should 

show a marked decrease in growth compared with similar non-irradiated 

sec:Eions. 

Sections of given lengths, 2.00 or 1.50 .:cm. were mounted on 

small glass rods projecting from the bottom of small vessels coated 

with a thick layer of paraffin and partially filled with water, so that 

the bases of the sections were below the liquid surface. Two other 

sets of two vessels were also prepared at the same time containin~ 

sections of the same lengths as the above, but differing from them in 

that 1 to 2 millimeters of the tip was removed. They were mounted 

inversely so that the apical end was projecting into the liquid. In 
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one case the liquid phase consisted of a 20-unit per millilit er auxin 

in tap water solution, in the other set only of tap water. The vessels 

were covered with black paper boxes brought to the X-ray tube, and one 

vessel of each set was exposed as above. In order to keep the auxin 

supply nearly constant the solutions were changed immediately after 

treatment and then twice daily. An exampl e of results of measurements 

of growth at intervals after the exposure is shown in figure 15. It 

can be seen that especially in the period immediately after irradiation 

there is a marked difference in growth between control and irradiated 

plants with tips intact but not supplied with auxin. In the decapitated 

Figure 15 
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Time 210 420 1320 3000 

c 

/, ~ / " I 
0 o"'Conlr. 2.2±.1 3.6 4.6 4.9±.1 
;?.I lrrad. 1.6±.1 2.6 3.7 4.1±.1 

fj I/ 
·1-

II ~a'"" l.4:t.I 2.8 4.1 4.4±.1 

f /;ti' ::::: .;;f lrrad. 1.5± .I 2.9 4.3 4.5±.1 

i- 0 Contr. 1.0± .1 1.8 2.4 2.5±.1 a· IlI · :r" I rrad. 0.8±.1 1.6 2.2 2.4±.1 

2.0 

I I 

f I Time in minutes 
1-i. 400 600 1200 1800 0 24 0 3000 

Fig. Effect of irradiation on growth of 1.50 cm. sections of Avena coleoptiles, 
dosage 30 R./min., 900 kv., 3 to 4 m.a. for 40 minutes. Each curve the mean 
of about forty plants. 
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sections to which auxin was added there is on the other hand no de

crease in growth after irradiation. In some experiments the sections 

were not placed in auxin solution until after irradiation. Under 

these conditions there is at first a decrease in gowth in the treated 

plants, but this loss is recovered soon after the addition of the 

hormone. However, by such treatment the total growth of the sections 

is .slightly less. In decapitated sections not supplied with auxin 

the growth is so small that a difference between the control and irrad

iated plants cannot be determined with certainty. 

Conclusion 

From these experiments, therefore, it is clear that the des

truction of auxin by .irradiation will cause a decrease in growth, and 

that if auxin is supplied tn excess to the:llrradiated plants, they are 

able to grow as much as non-irradiated controls. Thus the decrease in 

growth of the Avena coleoptile caused by irradiation is due entirely to 

the destruction of auxin in the plant. 

2. Experiments with Helianthus 

Many investigators have used Helianthus in X-ray work. It was 

found that decapitated Helianthus seedlings give a marked growth res

ponse to applied auxin. They are therefore a very suitable material 

for determining whether the decrease in growth produced by X-irradiation 

can be counteracted by the addition of auxin to the plant. Seeds were 

soaked for a few hours, peeled and planted in a mixture of leaf mold 

and sa:ad in small zinc boxes in the green house. When the hypocotyls 

were on the average 4 to 6 cm. long, the plants were divided into two 
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equal groups. One was irradiated, the other used as control. Each 

group was further subdivided into three sections, ~' .£, and .£· The 

plants of~ were left intact; those of.£ were decapitated within a 

millimeter below the point of insertion of the cotyledons, and blocks 

of auxin were applied to the cut surface; those of.£ were similarly 

decapitated and blocks of pure agar were applied. The blocks were of 

the size of standard test blocks but contained as much as 800 and 1000 

units per milliliter concentration of the hormone. To insure contact 

between the block and the hypocotylJ th.e cut surface was moistened with 

a minute drop of water. To prevent drying out, the block was sealed to 

the plant with a layer of l ow melting paraffin. New application of 

the hormone was made twice daily. It is well known that the growth 

rates of individual seedlings are quite variable, but by the use of a 

number of plants very consistent measurements may be obtained. Thus a 

large number of plants were used, and repetition of the experiment 

four times gave essentially identical results. Determinations with 40 

and 20 minutes exposures are given in Table XXVII A and B and C and D 

respectively. They demonstrate that although irradiation produces a 

marked decrease in growth of the intact plants, especially immediately 

after treatment, decapitated seedlings to which auxin has been added 

immediately after treatment show no effect of irradiation, but have at 

least as great a growth rate as similarly treated control plants. In 

decapitated seedlings with only pl.U'e agar blocks applied there is very 

little growth, so that it is hardly possible to measure a difference 

in growth between control and irradiated plants, although, in one 
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Table XXVII 

The effect of irradiation on the growth of Helianthus hypocotyls with and without application 
of awi;in · 

A. Plants exposed for 40 minutes at 30 R./min. at 920 kv. and 3.0 m.a. Auxin applied 
1000 units/ml. blocks twice daily. Auxin application stopped on fifth day 

NUMBER 3/31 4/13 DATE 
SET OF 0 1 2 3 4 5 6 13 DAY 

PLANTS 0 24.5 49 72 103 125 150 319 HOUR 

----
a, 

_ 3_9_ 
6.01 0.94 1.61 2.34 2.75 3.18 3.48 ± 0.22 3.89 9.90 

a, 40 6.79 0.56 1.17 1.65 2.10 2.42 2.72 ± 0.01 3.13 9.92 
I b, 41 6.56 0.42 0.73 1.01 1.15 1.26 1.33 ± 0.03 1.36 7.92 

b, 39 6.73 0.47 0.78 1.08 1.24 1.34 1.41±0.02 1.43 8.16 
c, 4 6.08 0.07 0.15 0.22 0.25 0.25 0.27 ± 0.05 0.45 6.53 

-- --I o.38 0.44 0.69 0.65 0.76 II ai-a2 0.76 0.761 
b,-b, -0.05 -0.05 -0.07 -0.09 -0.08 -0.08 -0.07 

B. Plants exposed for 40 minutes a t 30 R./min., 920 kv. and 3.5 m.a. Auxin applied 
800 units/ml. blocks twice daily 

NUMBER 2/28 3/10 DATE 
SET OF 0 1 2 3 4 5 6 8 10 DAY 

PLANTS 0 21 45 69 94 117 141 189 238 HOUR 

----
a, 

_3_6_ 
5.32 I 0.80 2.04 2.85 3.29 3.52 3.71 3.91 ± 0.17 4.10 I 9.42 

a, 30 4.59 0.44 1.18 1.98 2.24 2.49 2.58 2.68 ± 0.17 2.81 7.50 
I b, 40 4.54 0.28 0.96 1.33 1.46 1.57 1.59 1.66 ± 0.09 1.67 6.21 

b, 44 5.23 0.27 0.95 1.32 1.48 1.58 1.60 1.65 ± 0.06 1.65 6.88 
c, 6 4.77 0.06 0.11 0.21 0.31 0.31 0.31 0.31 ± 0.13 0.43 5.20 

-- --
0.36 0.85 0.87 1.05 1.03 1.13 1.23 1.29 II a1-a2 

b,-b, 0.01 0.01 0.01 -0.02 -0.01 -0.01 0.01 0.02 

C. Plants exposed for 20 minutes to 30 R./min. at 750 kv. and 4.8 m.a. Auxin applied 
300 units/ml. blocks twice daily. Last applicatidn 10/16 

10/14 10/18 DATE 
SET 0 0 1 1 2 3 4 DAY 

0 8 19 32 44 68 95 HOUR 

b, 5.39 I 0.24 0.47 0.72 0.91 0.95 0.97 6.36 

I 
b, 4.92 0.29 0.60 1.01 1.12 1.17 1.17 6.21 
c, 3.49 0.05 0.07 0.08 0.10 0.11 3.60 
c, 4.96 0.01 0.02 0.04 0.04 0.05 5.01 

II b,-b, -0.05 -0.13 -0.29 -0.21 -0.22 -0.20 
C1-C2 0.04 0.05 0 0.04 0.06 0.06 I 

D. Plants 8 days old exposed for 20 minutes to 30 R./min. at 910 kv. and 4.0 m.a. 

1/10 1/16 DATE 
SET 0 1 2 3 4 6 DAY 

! 26 50 71 98 122 HOUR 

I a, 3.84 

I 
2.15 3.78 4.70 5.01 5.28 I 9.12 

a, 3.96 1.81 3.14 3.94 4.33 4.54 

I 
8.50 

II a,- a, 0.34 0.64 0.76 0.68 0.74 

The plants are arranged in the following sets : 
a, Intact controls b, Decapitated + auxin c, Decapitated, no auxin 
a, Intact irradiated b, Decapitated irradiated + auxin c, Decapitated irradiated, no auxin 

All measurements are in centimeters. Cotyledons are not included in measurements. 
I. Mean total growth of hypocotyls in the different sets. The mean initial and final lengths 

of the hypocotyls are given in the first and last columns. 
II. Decrease in mean total growth due to irradiation. 

experiment where measurements were made, there appears to be a signi-

ficant difference. A few plants of group .£ were included in all exper-

iments merely to show the effect on growth of the application of auxin. 
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From a comparison of the growth per intervals of the intact plants 

it is also clear that the effect of the X-rays on the growth of the 

hypocotyls is only temporary. Three to four days affer treatment the 

growth rate of the irradiated plants is again about the same as that 

of the controls. 

The growth of the epicotyls were also measured. In this portion 

of the plant recovery is slower. For example, in the plants of Table 

XXVII B on the nineteenth day after treatment, the lengths of the stems 

from the cotyledons to the first leaves were 3.70 and 5.97 cm. in 

irradiated and control plants respectively. The irradiated plants 

also showed abnormal development of leaves, and in many cases splitting 

of the stems, etc., as described by Johnson (1926). The flowers and 

seeds produced by these plants were also abnormal. 

3. Experiments _QQ growth of Pi sum 

In Pisum grown in the light it is harder to study the effect of 

irradiation on growth in relation to auxin, firstly, because the stem 

grows in sections (the internodes near the terminal bud grow rapidly, 

whereas the more basal internodes show hardly arty increase in. length , 

(see Table X B) ; secondly, because there is a continuous formation of 

new tissue at the apex of the plant; and thirdly, because after the 

removal of the terminal bud the growth of the stem is still independent 

of the amount of auxin artificially supplied at the apical end. In 

Vicia jaba, which is similar to Pisum, it has been shown (in Chapter II) 

that in decapitated plants in the light the leaves supply as much auxin 

as can be utilized in stem elongation. Only by compiliete defoliation 
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of the stem it it possible to obtain a growth response to applied 

auxin . Addition of auxin was therefore not attempted. Instead} mea-

surements were made on the relative decrease in growth produced by 

different dosages of X-irradiation. From the results, summarized in 

Table XVIII , it can be seen that within the same group of piliants the 
J 

decrease in growth is a function of the dosage applied. The 10 

minutes exposure group is given in parenthesis, because some of these 

plants wef;e attacked by insects and were thus damaged considerably. 

Table :XXVIlI 

The effeot of different dosages of irradiation on the growth of young Piswm 
plants 

A. Mean growth per interval of the different sets. Mean initial and final total 
stem lengths are given in fi~st and last columns 

EXPERI- NU~fP.ER 8/10 8/23 DATE 
MENT OF 0 1 2 4 5 8 13 DAY 

NO. PLANTS 0 22 53 97 126 189 319 HOUR. 

I 50 10.97 2.54 3.32 3.44 2.91 4.27 4.66 I 32.11 
II 18 12.51 2.33 2.40 1.83 1.59 1.91 0.97 23.54 

III 33 10.49 2.36 2.72 2.13 1.11 1.76 1.27 21.84 
IV 25 . 11.90 2.26 2.16 1.28 0.40 0.32 0.01 18.27 
v 22 12.04 1.99 2.00 1.01 0.30 0.20 -0.07 17.48 

B. Mean lengths of the internodes of the plants in the different sets on 8/23 in 
order from the base to the apex of the plant. The internode between 

the two scales, about 2 cm., is not included 

EXPERI· NUMBER. Ii II• 
MENT OF ~ 

NO. PLANTS b.-L1 L1-L2 L..-La L,-L, L 4-L5 L,,-L0 L,-L7 Lr-Ls L.-L9 

---
I 50 2.37 4.42 6.73 6.65 6.29 4.50 1.43 0.12 0.002 

II 18 2.64 4.96 6.43 5.46 3.14 0.65 0.04 
III 33 2.53 4.54 6.75 4.80 2.37 0.66 0.05 
IV 25 2.61 4.94 6.08 3.71 0.48 0.01 
v 22 2.53 4.56 6.43 3.36 0.29 

Seeds planted 7 /30, irradiated 8/10 at 30 R. units/min. at 900 kv. and 3.5 m.a. 
The plants were arranged according to dosages as follows: I, controls; II, III, 
IV, V, irradiated 10, 20, 40 and 60 minutes, respectively. All measurements of 
length are in centimeters. 

1 I, development before irradiation. 
2 II, development after irradiation. 
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The effect of t wo di fferent dosages , in the most sens i tivo ran..<s e, on 

t he rate of growth i s shown by additiona l exp eriments presented in 

figlU'e 16. Each curve is the mean increase in l ength of f ifty or more 

pl ants. CtU'ves I show temporary or partial, curves II irrevers i ble 

i n...11.ibi tion of e;rowt h . 

Jle asurements o f the number a nd mean l e ngths of the internodes 

of the pl ants of the different sets are i nc luded in part B of Table 

XVI II. They show that there i s more than one singl e effect pro duced 

by irradiation. 'rhe internodes 111hich were developed before the time 

of the treatment (L1) are of approximately eq_ual l ength in all groups. 

The internodes (L3 to L5) vrh ich were slightl.Y developed at the time of 

e:imosure s how a decre e.se i n length accordi ng to tbe dosage applied. 

This effect of irradi ation is most probably due to the loss of a uxin 

which occurs, s ince it has been s hown in Chal)ter I I that auxin is 

necessary f or the elongation of i nternodes . A very conside r ab l e decrease 

in growth, ho-rrever, seems to be due to the fact tha t fewe r leaves a nd 

internodes are formed in treated pl ant s. Al though atj.xin n;ay a lso be 

indirectly involved in t his process , it i s more like l y that here a 

dii'ferent fac t or i s affected by irradi at ion. In Pisum the problem of 

the grmrt h of the stem is furthor complica t ed by t he fact t h.at as soon 

a s the auxin supply in the :pl ant is reduced , the la t eral buds in t.he 

st i pul es be gin to deve lop and t hus may interf'e:re .-:it h t h e growth of the 

main stem. Therefore, a l though it appears tha t the r emova l of alL"'(in 

pl ays an i mportant part in t he i nb.i bit ion, it is i mpossibl e t o conclude 

from t l1ese expe riments whether or not it i s t he main c ause of i ILhi bi tion 
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of growth. 

4. Conclusion 

From the results of the application o1' auxin to irredia ted 

Avena and Helianthus seedlings it can be concluded that in t hese pl ants 

1 ) the growth r esponse to auxin is not affected by irradiat ion, ancl 2) 

the loss o f auxin is mainly res);lons i ble f or t he i mmedi at e inhi bi t i on 

of' growt h produced by irradiat ion. Determina tions of the growth of 

irr adi a t ed Pisuro. plants s how that here the i nac t ivation a nd l ack of 

f ormation of a uxin proba bly a ccounts for a part of the i nhibi t ion, but 

the effect oi' irradi a tion on other fac t ors is, a s ne ll, of i mporta nce in 

the inhibition of gro 1.'lth . In the inmie d i a te inhi b i tion of growth by 

irr a di a tion the effec t can be r e ferred to definite rea c t ions on a s pe c
' 

i f ic subs tance r a t her than to the morphological structure of t he tissues. 

And since the distribut i on of auxin and auxin f or mat ion in the plant 

are corr·e l ated with the regions o f h i t;hest sens itivity to irradi at ion, 

t he effect of irra diation on uux in is a l s o capabl e , a t least i n part, 

to account for the difference in sensitivity so freque nt ly reported. 
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THE IBLA'l'ION 0 .'.." AUXI N TO 'l'BE DEVELOP1VJEN'l1 OE l.J;.T.iliJi.L BDDS BY I RPJ:.DIATION 

Many workers have reported that the outgrowth of la te1·al buds 

is promo tea by the treatment of the p l ant with r a dhim or X-rAys . The 

l)roblcm has not been investigat ed in de t ai l as t o the mecha ni sm of the 

a cti on of X-rays . However , s ince the time of the exper iment s of 

Ido1isch (1912) , who could a l s o obtain s i milar effec ts with application 

of hot water , etc. in woody cut tines, th i s type of effec t has been 

referred to generally as a st i mulat ion of g r owth caused by irradi ation . 

As raentioned, above , the effect of irradi ation o f bud development l ed 

to t he view that auxin rri..i e;ht be affected by irTadi at ion. Thl'lt auxi n i s 

in fact affe cted by X-irradi at ion has bee n sh own above . It remains t o 

show t hat the oT. i t; i nal assumpt ion of the i ndirect effect of irradi at ion 

on bud deve lopment through its effect on auxin is correct. 

1. Bud development pr oduce d by i rradi at ion<!'. terminal bud and ~· 

'l'hat t he development of lateral buds in irradi ated pl ants i s 

not due to a stimulation of gro yrth by t he X-1·ays , but i s an i ndirect 

effec t due t o t he destruction.of the gr owth hormone i s i ndics.ted by 

t he next experiment. 

From a l ar ge group of y oung Vic i a J!'aba plants , about 20 cm. in 

he i ght, and with '.; lD~ee leaves fully developed, t we 1'Te identical pl ants 

shov1ing no bud deve lopment were se l e cted and di v i ded into f our equa l 

groups~'~._£, a nd E:_. From t he p l ants of~ the terminal buds were 

r emoved . 'l'he plants of b and c were i rradiated. In b t he t erminal 

buds a nd the upper portions of the stems, in ~' only the mi ddl e por t ions 

o f the sterns r:rere exposed. The terrntnc:i. l buds in c were shi e l ded vri th 
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seve1'a l i nches of lead , but i t is poss i bl e tha t they a ls o r eceived a 

very small amount o:t sca t tered radi at i on. The plants o f ~ were lef't 

inta c t , and t ogethe r n i th those of a vrnre used a s controls . The 

l engths of t l1e buds He r e measuxed at int erval s . 'rhe f i nal measurements 

o n t he :fourte enth day a fter irradi at ion , gi ven in TAble :xxrx, show t hat 

in ~ where the hormone suppl y f rom t he: termina l buds was i nnnedi a te l y 

s t opped , the deve lopment of the l ater a l buds i s the great est . I n E_, in 

which the s uppl y oi' hormone was pract i cally stopped w:i. thin t wo days, 

'.L'ab l e ::-cax 
The effect of irradiation on bud development in Vicia faba 

LENGTH OF BUDS IN CENTIMETERS 

GROUP PLANT TOTAL 

1 2 3 4 5 

1 15.25 2.15 1.65 0.85 .. . . 19.85 
a 2 8.75 2.00 .... . . .. . ... 10.75 

3 10.00 2.00 .... . ... . ... 12.00 

1 3.15 0.75 0.45 . . .. 2.85 7.90 
b 2 7.00 1.75 1.15 0.65 .... 10.55 

3 5.50 1.65 0.50 ... . . ... 7.65 

1 3.80 0.55 . ... . ... . .. . 3.35 
c 2 1.55 0.85 0.55 .... . ... 2.95 

3 0.95 0.80 .... .. .. . .. . 3.60 

1 0.65 1.00 .... . . . .. . ... 1.65 
d 2 0.95 0.55 . . .. . .. . . .. . 1.50 

3 1.40 0.80 . ... .. .. . ... 2.20 

a Mean 11.33 2.05 0.55 0.28 . ... 14.22 
b Mean 5.22 1.38 0.70 0.22 0.95 8.47 
c Mean 2.72 0.73 0.18 ... . . ... 3.63 
d Mean LOO 0.79 .... . ... . .. . 1.79 

The plants are grouped: a) Decapitated, not irradiated. b) Intact, terminal 
bud irradiated. c) Intact, short sections of stem only irradiated. d) Intact 
controls. 

The x-rayed plants exposed for 2 hours, receiving about 2000 R. units at 750 kv. 
and 4 m.a. The buds are numbered from the base up as 1, 2, 3 and 4. Buds 
coming from cotyledons are marked as 5. At the time of treatment buds 1 and '2 
in the stipules were not protruding, but had a mean length of 0.5 cm. Other 
buds had not reached a measurable size in any plant. Measurements made 
14 days after treatment. 



109 

the development i s a l s o very g1·eat, but , as s houl d be expo cted , less 

t han that in a. In ~' whe1·e the hormone supply vrn.s only partially 

disturbe d , t be development of the buds is much l ess and only slightly 

mor e t ha n that of t he intact controls in d. 

;Uthough tl:e number of p l ant s in each g roup wa s small, a nd the 

re sults mi ght be :merely a cm·ious coincidence , it should be pointed out 

t ha t a l s o the bud development in the J..eaf ax ils is in complete a ccorda nce 

wi th expectations from an e ffe ct of irradi a t ion on auxin . Thus, in 

group ~ ' where t he supply of hormone f rom t he upper leaves is not 

affe cted , only t ho tno lowest leaf axillary buds o f one p l ant deve loped; 

in b whe1·e t he :10rrnone supply from the l eaves is also affec·t;ed a ll t h e 

pla n t s s hov s ome developme nt o f leaf axillarie s; in c where the hormone 

supply from t ho up:per :port ion of the p l a nt has not bee n affe c t ed , only 

a singl e leaf a nd the: bud be low t he IJOint of exposure gr ew; a nd in~' 

where t he ho r mone supply nas not affe cted , no lea f axillary buds gr ew. 

2 . Bnd development :tmoduced by d i ffe r e nt d?. sages of irradi a t ion 

I t h a s been sh own (fi gure 13) th::: t when t h e apex of a young 

PistUn plant is exposed to X-rays . th e p1·oduc tion of cro;.-1 th hormone by 

the ter1:iina l b tj.d is i n21ibi ted , a nd the growth of t he ma in stem is 

:reduced. Para llel wi th this t he buds in the stipules beein to grow 

rapidly. li.leasm·ement ,J of t he mean t o tal l engths of th e lateral buds 

o f the pl ant s , used in Table XXVIII , rece iving di fferent dosages of 

r adiat ion are give n in Table :xxx: . They s how tha t f or small dosages 

t he l en.:; ths of t he l ate r a l buds are rouf.;hly an inverse func t ion of the 



Tabl e XXX: 

The effect of different dosages of irradiation on the growth of lateral buds 
of Pisum 

GROUP NUMBER.OF EXPOSURE IN 
DUD NO. 2 BUD N0 . 1 AXILLARY TOTAL 

PLANTS MINUTES BUDS BUDS 

I 50 0 <0.2 ... . . .. . <0.2 
II 18 10 0.51 0.23 ... . 0.74 

III 33 20 3.43 0.72 0.03 4·.13 
IV 25 40 6.28 1.54 0.04 7.86 
v 22 60 6.07 1.65 0.06 7.78 

Mean lengths in centimeters of the lateral buds on the thirteenth day after 
treatment, 8/23, in the different groups of table 11 irradiated O, 10, 20, 40 and 
60 minutes, respectively, at 30 R./min. 

llO 

dosage. :E1oweve r , t~ftsr an optimum dosage has been reached , additiona l 

i rradi ation do e:::; not cause a fur th!E' r incre&se in t he grmTth of the 

buJ s a lthour;:h it does cause a fi..U'ther de crease in the growth of the 

main stem. 'l'his behavior i s in a ccordance wi th the experiments in 

Chapter II, which showed that in decapitated pl ants t he growth of the 

l a-t;eral buds i s independent of the gro11th o f the main s tem, and depends 

only on the extent of remova l of the gr owth hormone from the plant. 

3 . Inhi bHion of buds in i rradi ated plants by applied auxin. 

The results of the preceding sections show that the bud develop-

ment in irradiated pl ants must depend on the destructi on of auxin and 

the mechanism of i ts format ion. An independent proof, alt houg..~ not 

absolute l y ess ent i al, for t he correctness of the above statement, shoul d 

most like l y be obtained and was in fact f ound by counteractin~ the 

effect o:f.' i rradiat ion on bud deve lopment by t he application of aux:Ln 

to i r r adi ated pl ants. 

Young Pi sur.!! plants , grmm f irst in the dark and the n i n the 

light , were di vi ded into two groups. The t ermina l buds a nd the upper 
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portion of the stems of plants in one group were irradiated; the other 

group was used as control. Hi3.lf the number of plants of the former 

group, and two thirds the number of the latter group were decapitated, 

and in each (except intact controls) of the four different groups 

thus obtained auxin was applied to the uppermost portions of stems 

and to the rest pure lanoline was applied within about thirty minutes 

after the exposure to X-rays. The results of the experiment, Table 

XXXI, show that it is possible to inhibit the development of buds in 

irradiated both intact and decapitated plants in the same way as in 

normal decapitated plants by the administration of auxin in high con-

centrations. 

Table XXXI 

Inhibition of lateral buds by applied auxin in irradiated plants 

I 
I 

Decapi
tated 

, Intact 

Plants 

Controls 
Irradiated 

Controls 
Irradiated 

! Mean increase in length of buds ; 
i 8 days after treatment (in cm.) 
j ------ ---- ----- ··-·· . - . I ·----- ----
\ 

without auxin with auxin 

11.9 
12.2 

o.o 
5.0 

0.9 
1.0 

0.2 

Pisum, 18 days old dark grown and light adapted seedlings, irradiated 
20 min. at 900 K.V. and 3 m.a. Total dosage about 600 R. units. 
Crude synthetic hetero auxin applied in lanoline. Cone. 10 mg./g. 
Each figure mean of about 10 plants. 
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In another experiment in the green house, partial but not 

complete inhibition of bud development was obtained in irradiated 

intact plants supplied with hormone. In a similar experiment carried 

out in the dark room with young ei;i.olated plants hardlV- any effect 

was obtained, as also intact irradiated plants without auxin added 

showed hardly any bud develo~ment. It might be that in these plants 

hormone is derived from the seed and that the X-rays in this case as 

in the Avena coleoptile have no influence on the synthesis of hormone. 

This possibility, however, has not been investigated. Nevertheless, 

it is clear that the application of auxin tends to completely counter

act the effect of irradiation on bud development. 

4. Conclusions 

It is clear from the material presented in this chapter that 

the development of lateral buds in irradiated plants is not due to a 

stimulation of growth by the X-rays, but is directly dependent on the 

removal of the relatively high concentrations of auxin normally derived 

from the terminal buds and apical parts of the pl ants . It is thus only 

indirectly due to the action of the X-rays. 

Furthermore, the results obtained are in complete accord with 

the mechanism of action of auxin in inhibition proposed in Chapter II. 

In view of these facts it is now possible also to account for the 

often observed but hitherto not understood difference in the effect 

of a single and successive dosage on bud development. A single dosage 

will give rise to the development of one or a few buds, which grow 
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out strongly and inhibit further development of others. However, if 

a second dosage is administered a day or two after the first one, then 

a large number of buds develop, none of which grow very strongly. 

Evidently the first dosage only affects the hormone supply from the 

main shoot; a second dosage, on the other hand, affects also the 

synthesis of hormone in the buds which have started to develop most. 

There is then, due to the second treatment, a longer interval without 

inhibition in which all buds may start to develop until they become 

large enough to seriously interfere with the development of each other. 

The same type of effect has been quantitatively studieq by Di~son (,19:'32) 
advantfbus growing points 11 buds/ from 

with regard to the formation of~gemrni in Marchantia, the development 

of which he also established to be inhibited by a polarly transported 

substance derived from apical growing points. From the above point 

of view his results are also readily understood. 
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It is difficult to compare the results of the experiments 

described here with the literature on the effects of irradiation on 

plants. Most work generally deals with the effects produced' on the 

structure of the cell, cell division, and especially the effects pro

duced on the nucleus. These experiments on the other hand deal 

primarily with the effects produced on cell elongation. 

Because of the indirect way in which auxin is destroyed by 

the action of the X-rays, and because of the difficulties in carrying 

out experiments under exactly comparable conditions, no attempt has 

been made to determine any physical or chemical constants i nvolved in 

the inactivation reactions. This could be done only under more rigidly 

specified conditions, hardly obtainable without the installation of 

X-ray equipment at the place where the plants are grown and studied. 

However, it is clear that so many factors control the extent to which 

auxin in the plant will be affected by a given dosage of X-radiation, 

that little could be gained for present purposes except by very 

extensive such investigations. 

In view of the many variable and dif~erent observations that 

have been recorded from irradiation of plants, and furthermore, in 

view of the nature of the effect of irradiation on auxin itself, it 

would be :futile to suppose that all the effects produced by irradiation 

in plants were the results of the destruction of auxin. Still, it is 
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also evident that the growth hormone directly or indirectly influences 

many processes in the growth and development of the plant, and it is 

worth considering how far the destruction of auxin will be in agree

ment with some of the frequently observed facts. It is known that 

very young cells are extremely sensitive to irradiation, whereas older 

cells are relatively resistant. 

Similarly auxin is produced exclusively in the young cells and 

is distributed throughout the plant by a polar transport, so that 

relatively only small amounts are present in older cells. In general 

the stages in which the most rapid growth is taldng place are the most 

sensitive to irradiation. This has been ascribed to a greater rate of 

cell division 'activity'. It may as well be associated with greater 

auxin growth •activity'. This is especially true since in view of the 

recent work of Went and Thimann (1934) on the action of auxin on neo

formation of roots in cuttings it is evident that this hormone exerts 

a definite influence on the early stages in the development of cells 

in addition to its promotion of cell elongation. Furthermore, it has 

been generally established that dry seeds are very resistant to 

irradiation, but after being soaked in water they become extremely 

sensitive. Komuro (1924) and others have showu that the sensitivity 

increases with increase in water content of the seeds. Parallel with 

this it has been shown by Choloc4IY (1935) that in dry seeds auxin is 

not present. But as the seeds are soaked in water large quantities 

of the hormone are set free in the endosperm. Even if the auxin should 

be present as such in the dry seed, it is likely to be less sensitive 
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to irradiation than in the presence of water. According to work on 

the effect of X-rays on the development of Helianthus, it has been 

shown that many of the normal functions of the cells are changed by 

irradiation. Moreover,some of the effects on development that were 

produced by X-ray treatment such as fasciation and dichotomous 

branching of the stems, etc., could be obtained by three other methods: 

1) By mechanical injury to the growing point; 2) by insect attack of 

the growing point, and 5) by certain environmental conditions conduc

ive to very rapid growth. Since the growth hormone is essentially 

supplied from the growing point, all three of these methods as well as 

X-irradiation will have a severe effect on the hormone supply in the 

plant. It is reasonable, therefore, to suppose that the main effect 

of these agents is the destruction of the normal supply of hormone 

in the plant, and that this defect in turn leads to the subsequent 

abnormal development. The closely analogous case of la:£eral bud devel

opment so frequently observed, has already been treated above in terms 

of the knovm i nhi bition of buds by auxin and is definitely to be 

ascribed to the destruction of the auxin in the plant. As for malforma

tion of l eaves it can only be pointed out that auxin i s present in 

leaves and, although its function is not clear, exerts some influence 

on their growth. 

The much disputed question of stimulation of growth by irradia

tion might also be considered in terms of auxin inactivation. Although 

the claims for a stimulative effect by weak dosages of X-rays are 

numerous, the only well- established cases are those in which a rearrange-
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ment of chromosome material has been produced by irradiation. In 

such material the effect is on the genes and is thus hereditary in 

nature. It is clear that this kind of stimulation of growth is an 

accidental, indirect rather than a normal specific effect of irradia

tion. Other reported cases of stimulation of growth have been found 

inconclusive when studied statistically, as is shown for instance in 

the work of Johnson (1931). Nevertheless, the experiments of Bersa 

have shown that in some species a local stimulation of growth at the 

expense of some other part of the same plant can be produced by X

irradiation. The increase in size of intact irradiated coleoptiles 

over controls as shown above may come under this type of stimulation. 

However, as was also pointed out by Bersa, this shifting of the growth 

from one region to another in the same plant cannot be called a real 

stimulafion. 

Cholodny (1934) and others have investigated the functions of 

auxin in the growth of roots. It has been established that also in 

these photo- and geotropisms are controlled by auxin, but the mechanism 

of the action is opposite to that in the stem of the same plant, i.e., 

the application of auxin will cause an inhibition of the growth of the 

roots. Especially in view of this dual action of the auxin, it is 

conceivable that small amounts of irradiation administered at the pro~er 

time may have an effect on auxin inactivation and auxin formation that 

could be utilized advantageously for growth by the plant. In this 

connection it is of interest to note that in experiments by Kisser and 

Passing it has been found that the administration of hydrogen peroxide 
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to plants in very low concentrations cause a stimulation of growth 

but in higher concentrations cause an inhibition of growth. 

In the experiments described, admittedly not especially 

adapted to the purpose, no real stimulation of growth could be 

observed. The question of stimulation of growth by irradiation in 

relation to auxin must, therefore, be left open until a more complete 

knowledge of the mechanism of the action of the auxin in the individ

ual cells of the plant has been obtained. However, as has also been 

pointed out by others, the function of auxin in the plant is not 

merely promotion of cell elongation, but also a control and mainten

ance of balance in the development of its various organs. 

It is, lastly, of interest ~o compare the described auxin 

destruction mechanism to other proposed mechanisms of the effect of 

irradiation on the living cell. This mechanism does not fit in with 

the old concept of direct mechanical destruction of a small living 

body7 at first assumed to be the nucleus, later, on the basis of 

statistical studies of lethal dosages, etc., assumed to be a still 

smaller body such as a centrosome, within the cell. 

It compares more favorably with the more recently proposed 

theories postulating that the mechanism is a linked chemical reaction, 

the first step Qilf which is photochemical, and which results in the 

formation of toxic substances . Such a view is proposed from the 

experiments of Schechtmann and Klupfel (1932) on dividing eggs of Rana 

esculenta, and from the experiments of Fischer (1951) on tissue cultures 

in vitro. 
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It is in some respects similar to the view of Hammett (1932) 

that the effect of irradiation on the growth of animal tissue~ is the 

oxidation of sulfhydryl compounds within the cell that normally stimu

late cell proliferation. 

The mechanism of auxin inactivation by X-irradiation is, 

finally, closely in agreement with the results of experiments on the 

protozoon Colpidium campylum by Taylor, Thomas and Brown (1935). They 

demonstrated that the lethal effect of X-irradiation on this organism 

is due to the production in the medium of the presence of air of small 

quantities of hydrogen peroxide which in turn cause the death of the 

organism. 

Chesley (1935) has already considered indirect evidence for 

and against the proposed role of auxin in x-ray inhibition of growth. 

His conclusions as to the action of auxin may be relavent but do not 

necessarily follow from his experiments. On the assumption that light 

promotes the formation of auxin, based on evidence from other plants, 

he studied the effect of light as a protecting agent against X-mrradia

tion in wheat seedlings. He found in agreement with predictions that 

exposure to light before X-irradiation protects against small dosages 

and is without effect against large dosages. However, he measured 

growth in terms of respiration. It is now clear that auxin does not 

affect respiration. The effect of auxin can, therefore, be measured 

only in terms of linear growth unless previously shown to be correlated 

with other processes. Furthermore, his experiments are meaningless 

with regard to the action of auxin, because the effect of X-rays and 
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light on auxin growth cannot be interpreted merely in relation to the 

formation of auxin. It is well known from the work of van Overbeek 

(1933) and has been shown above (Chapter II) that light markedly de

creases growth ~esponse of the plants to auxin. Critical evidence of 

the kind intended by Chesley can be obtained only from direct deter

minations of the amounts of auxin formed and the amounts of growth 

obtainable with corresponding amounts of applied auxin in the light an1 

in the dark and under such conditions that auxin ·is the limiting factor 

in growth. 

B. Summary 

Since the experiments have already been considered in ~lation 

to the role of auxin in X-ray inhibition of growth it is only necessary 

in conclusion to give a short review of the main results. 

By the use of a high voltage X-ray tube operated at about 900 

kilo volts and 3 to 4 milliamperes the effect of hard '(-rays on the 

plant growth hormone in solution and in the plant has been studied. 

Auxin is inactivated in solution indirectly through the oxida

tion by peroxides and other possible strong oxidizing agents formed by 

irradiation in the solvents. In aqueous solution, therefore, immediate 

inactivation ta.lees place only in the light. A comparable inactivation 

can be aarried out also in whit e light by the use of small concentrations 

of eosin as a catalyst. Extracted and synthetic hetero auxin, as well 

as auxin A seem to be qualitatively similarly inactivated by irradiation 

in water solution. 

In the plant auxin is affected by irradiation in t wo ways. 
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Through the partial destruction of the hormone present and through 

the inhibitbn of its formation, ihe mechanism of transport of harmone 

in the plant is not immediately affected by irradiation. In organs 

such as the Avena coleoptile, where the precursor of hormone is derived 

from the seed, and in the Helianthus hypocotyl the effect of destruc

tion of the hormone is apparently the only important one involved in 

the inhibition of growth by irradiation. In the Avena coleoptile the 

formation of hormone is not affected. And the application of auxin 

to decapitated Avena coleoptiles and to Helianthus hypocotyls shows 

that the capacity for growth is as great in irradiated as in control 

plants. 

In green plants, on the other hand, such as young Pisum and 

Vicia and presumably also in the epicotyls of Helianthus and the leaves 

of Avena, where the storage materials from the seed have been depleted, 

and the growth hormone is synthesized in the terminal buds and in the 

actively growing regions only in the light, the mechanism of inactiva

tion of hormone, although present, is of relatively less importance. 

Here the major effect of irradiation in relation to auxin growth is the 

more or less permanent inhibition of hormone synthesis. Measurements 

of growth of irradiated Pisum plants show that the decrease in growth 

is a function of the dosage. The mechanism of the effect, however, 

is complex involving the destruction and the inhibition of formation 

of growth hormone with a corresponding inhibition of the elongation of 

the internodes as well as markedly reduced formation of new tissues in 

the apex of the plant. 
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The development of lateral buds caused by irradiation is 

correlated directly with the removal of growth hormone from the plant 

ans is not the result of any stimulation of growth by the x-rays. 

It is concluded from the experiments that the effect of irradia

tion on auxin and on the process of its formation is a major factor in 

the immediate inhibition of growth generally obtained by x-ray treat

ment of plants. 

In accordance with this view the possibility of explain~gg 

some frequently observed effects of irradiation in terms of the above 

processes is discussed in relation to 1) sensitivity and resistance 

to irradiation, 2) the parallelism between the processes influenced 

by auxin and by irradiation, and 5) a possible stimulation of growth 

by irradiation. 

Finally the relation of the demonstrated auxin destruction 

mechanism of inhibition of growth to other proposed mechanisms of the 

effect of X-irradiation on the growth and development of living 

organisms is briefly considered. 
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125 

The chemical nature and the structure of the growth hormones 

auxin A and B have been made clear by the work of Kogl et al. These 

substances were obtained in crystalline form from urine and from corn. 

A third hormone, hetero auxin, (3 -indolacetic acid, was also obtained 

in crystalline form from urine. This substance was found to be 

identical with the hormone obtained from extracts of culture media of 

Rhizopus suinus by Thimann (1935). Since the three active substances 

were found to have different stabilities when treated with acid and 

alkali etc. they could be readily distinguished, and a comparison of 

the behavior of growth hormones obtained from various natural sources 

with these crystalline preparations showed that auxin A and B are 

produced in Avena and generally in higher plants, whereas hetero auxin 

is produced by lower organisms. The structure of the hormones in 

higher plants indicates a relationship to sterols but has given no 

clue as to the specific source or mechanism of formation of the growth 

hormone in higher plants. 

The work to be described was started on the suggestion of Dr. 

Went in 1934 as an attempt to determine the origin of auxin in the 

Avena coleoptile. At this time it was known from the work of van Overbeek 
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op ~ph~us . and from the work described above, Parts I and II, that 

there are in the plant two sources of auxin and connected with each 

of these sources is a different mechanism of auxin synthesis. In 

green plants auxin is produced only in the presence of light,presum

ably directly from special products obtained in photosynthesis. In 

young seedlings where the storage material~ from the seed has not 

been exhausted auxin can be produced, usually especially in the apex 

of the seedling, also in the dark. The latter process of auxin forma

tion, which applies to the Avena coleoptile, may for convenience be 

represented as a transformation of inactive precursor into active 

auxin, in ~he saJne sense as the break-down of inactive tryptophane 

into active hetero au."<in carried out by Rhizopus as l ater described 

by Thimann, and also by the plant as will be shown below. It should 

be pointed out, however, that the types of reactions may be completely 

different in the two cases. 

In accordance with this view are several f~cts. It has been 

shown by Went (1928) that the active production of hormone is localized 

within the uppermost 0.5 mm. of the tip of the coleoptile in intact 

plants, and to the uppermost zone of decapitated plants. Furthermore, 

he found that regeneration of auxin in a decapitated plant could be 

prevented by placing the cut surface in contact with a large volume of 

water or aqueous solutions. Similarly Gorter (1927) already had attri

buted the positive curvatures obtained in coleoptiles by the application 

of agar blocks containing various chemicals to the cut surf ace as due 

to an inhibiting effect on regeneration of hormone rather than to 
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inhibition of growth. Went, therefore, on the be.sis of this evidence 

and that from polar uptake of dyes originated the concept that auxin 

is synthesized in the tip of the coleoptile and is derived from a pre

cursor, different from auxin in its properties, transported from the 

seed. 

Within the l ast two years, however, attention has been 

focused on the fact that large amounts of hormone can be obtained from 

seeds. Thus according to Cholodny (1935), auxin is not present in 

the dry seed, but immediately upon soaking it is formed from a carbo

hydrate in the endos~erm. Laibach (1935) on the other hand, who 

objects to this work, claims that auxin is present also in the dry seed 

and (in corn) not in the endosperm but principally in the al~rone 

layer. Pohl (1935), who extracted growth hormone in small runounts 

electrolytically from seeds in water, mbtli8'~ that auxin is trans

ported as such first up the coleoptile to the tip and then downward. 

Similarly Avery (1936) proposes that auxin is carried as such in the 

trachea in solution to the tip of the coleoptile where it becomes 

dispersed and is transported polarly downward. In short, the evidence 

or views most recently brought forward point out that there is no 

actual synthesis of hormone in the tip, but merely transport of auxin 

in both apical and basipetal directions in the coleoptile. However, 

no experimental evidence has been presented showing apical transport 

of auxin. 

In the present work, on the other hand, both the source and 

the transport of the hormone were investigated. A new quantitative 
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Fig. 17. Diagram of steps in deseeded test showing plant 

A. ready to be deseeded; B. deseeded and replaced in holder; 

C. after second decapi ta ti on; D. after application of 

block and ready for photographing. 
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become largely free from hormone, and so that any individual plants 

that might show curvatures due to handling can be detected and re

moved. At this time small agar blocks of stand~d size containing 

the hormone solution to be tested are applied to the cut surface on 

one side of the coleoptiles. After 110 minutes of applica~ion the 

plants are photographed as shadow pictures on bromide paper. The cur

vatures produced by the unilateral application of the hormone can then 

be measured with a goniometer from the pictures. For a single test 

the mean value of the curvatures of one row of 12 test: plants is used . 

A complete description of the technique is given by Went (1928) and 

also in some detail in Bot.Rev. (1935a). 

It has been established by van der Weij (1932) and by Thimann 

and Bonner (1932) that under the conditions of the standard test the 

curvature is proportional to the concentration of hormone in the 

blocks of a given siz~ in the range of concentrations from 1 to 15 or 

25 degrees depending on the daily variation in the maximum angle. The 

amount of hormone diffusing from the block into the plant in the given 

110 minutes of application, however, varies with the size and hormone 

concentration of the agar block in two respects; through the difference 

in contact surface and through the decrease in concentration gradient 

during the time of appiication. The point is illustrated in the 

original experiments by Went in which small agar blocks were used and 

from which 90 per cent of the hormone disappeared during the test, 

snd those by Thimann snd Bonner in which standard (8 times larger) 

blocks were used and from which .only about 15 per cent disappeared in 
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the same time. Thus in the former experiments the curvatures were 

indeed roughly a linear function of both the concentration and the 

amount of hormone applied, and therefore also with these blocks 

smaller amounts of hormone could be determined. For other reasons, 

however, such as ease of manipulation and especially less susceptibil-

ity to change in volume by drying out, larger blocks are superior and 

have been adopted for standard tests. In this work in accordance with 

the specifications and units defined by Dolk and Thimenn (1932) 1.5 

per cent agar blocks of the dimensions .§. x 10.7 x 1.£ mm. = 10. 7x.W0.-3 ml 
5 4 

have been used. The amount of hormone in one such block that will 

give a curvgture of 1 degree under the above conditions corresponds to 

0.4 A. E. (Avena Einheiten) and is therefore about 1 x lo-8 m.ill~gre.Iils. 

It should be noticed that under the above conditions only a 

fraction of the hormone applied has been utilized by the plant in the 

test, which must be completed within 2.5 hours after decapitation. 

After this time synthesis of auxin is resumed in the new physiological 

tip of the coleoptile, and since regeneration takes place especially 

on the side not in contact with the agar block the rate of bending of 

the coleoptile no longer remains proportional to the concentration of 

auxin applied. Hence changes in the procedure have been introduced. 

Most notable are those described by van ·der Weij (1931), who has 

developed special tools for decapitation and has introduced the use of 

a second decapitation one hour after the first one. This technique 

has also been used in the experiments below . It has been shown by 

Dolk (1926) that successive decapitations at 2 hour intervals prevent 
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the regeneration of auxin in the plant. In accordance with this 

effect the double decapitation delays regeneration of auxin, and makes 

it possible to work with a larger number of plants. But the actual 

time of application of the bl~ks cannot be markedly increased by this 

method. 

2. The deseeded method. 

It will be shown below that the auxin synthesized in the tip 

of :Ehe coleoptile is derived from a precursor transported from the 

seed. By deseeding the source of auxin is removed, thus regeneration 

is prevented, and as a result more sensitive test plants are obtained. 

Hence, the changes in the standiiid procedure are as follows: On the ..... 

second day after germination, when the coleoptile. is about 1.5 cm. 

long, the plant is taken from the holder, and :Ehe entire seed with..; th~ . 

exception of the lower ha.J.;t' of the scutellum is removed. A small 

piece of cotton is wound around the lower portion of the seedling which 

is then reinserted in the holder with a pair of bent forceps (eye 

forceps). The cotton serves both to hold the plant and to insure a 

good water supply to the coleoptile. Twelve to eighteen hours later, 

as in the standard procedure, the plants are ready to be used for tests. 

Photographs may be taken singly or·repeatedly at intervals at any time 

up to 5 or 7 hours after application of ~he blooks. 

3. Comparison of the deseeded and the standard test. 

A comparison of results obtained by the two methods is shown 

in figure 18 . For the sake of clearness the higher concentrations . 
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are given in Fig. A and the values for the lower concentrations are 

plotted separately on a larger scale in B. These curves, obtained 

in one of six experiments with practically identical results, repre

sent curvatures in degrees plotted against time in hours of unilateral 

application of hormone of different concentrations to deseeded and to 

normal test plants. In this experiment the deseeding was done 15 

hours before the time of the ~irst decapitation. Photographs were 

taken after 110 minutes of application and then at successive intervals. 

a. Regeneration and temperature effects. 

By comparing each continual.re line (deseeded plants) with its 

corresponding broken line (normal plants), it becomes clear that for 

moderate concentrations of hormone, above 3 degrees, the curvatures 

are for a given concentration the same in both tests for the first 

two hours. However, after this time regeneration sets in. As a result 

in normal plants the rate of bending is decreased, so that the curva

tures recede, remain constant, or continue to increase at a slower 

rate, according to the concentration of hormone applied. In deseeded 

plants, where regeneration is practically completely lacking, the 

curvatures continue to increase linearly with time for several hours, 

or if the concentration of hormone is smaller, until the supply of 

auxin from the blocks has been largely depleted. As a matte r of fact, 

in normal plants a small amount of regeneration takes place earlier 

than 2.5 hours after the second decapitation. Thus in the standard 

test, when blocks of low concentrations are applied, practically no 

curvatures will appear; when blocks of very low concentrations or pure 
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agar blocks are ~pplied positive curvatures, i.e., in the direction 

towards the blocks will occur. The cause of these positive curva

tures will be clear from a consideration of the precursor of auxin, 

which diffuses out into the agar blocks and is not immediately con- · 

verted into auxin. Also in deseeded plants small positive curvatures 

may be obtained by the unilateral application of pure agar blocks, but 

the effect is much less than in non-deseeded plants. Thus for deter

minations of small concentrations of hormone deseeded plants are 

relatively even more sensitive than for higher concentrations. This 

additional sensitivity, appearing already within the first t wo hours 

of application, is clearly brought out in figures 19 and 20 in which 

the curvatures obtained in two experiments as determined by deseeded 

and standard tests are plotted against concentration of hormone applied. 

The curves obtained by the use of normal planfs intersect the abscissa 

some distance away from the origin, whereas the curves obtained with 

deseeded plants come very close to the origin. The distance from the 

origin to the point of intersection of the curve with the aµscissa 

for normal plants increases very rapidly with increase in temperature 

as does regeneration. But the question whether regeneration is the 

entire cause of the decreased sensitivity or whether there is in addi

tion a small destruction of auxin by the plant (see Van Overbeek, 1956) 

must be left open, because the curvafures involved are so small that 

the t wo effects cannot be clearly differentiated in these experimentsa 

Jthigher temperatures (27°C) autotropism, perhaps due to regeneration, 

becomes noticj}.ble also in deseeded plants, so that after about four 
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Fig. 19. Comparison of curvatures obtained by deseeded (solid line) 

and standard (broken line) tests plotted against concantra-

tion of hormone applied. 

A, photograph taken 110 minutes; B, 390 minutes after application. 

Fig. 20. Experiment similar to Fig. 19 showing lower concentrations 

on a larger scale. 

A, photograph taken 110 minutes; B, 390 minutes after application. 
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hours the linear relationship between curvature and time of applica

tion becomes less pronounced. 

b. Less ph;y:siological aging. 

Also contributing to the higher sensitivity of deseeded p~ants 

especially long times after decapitation, is the decrease in physio

logical aging. Du Buy (1933) and iWent (1935b) have shown that decapi

tated coleoptiles prevented from synthesizing auxin and not supplied 

with auxin for some hours, gradually become less sensitive to subse

quently applied auxin. This effect, 11physiological aging11 is due to 

the increase in thickness and loss of plasticity of the cell walls. 

By deseeding, the materials for secondary cell wall formation are 

largely removed, and the walls of the coleoptiles remain thin and 

plastic even though the actual amount of auxin in them is less than in 

normal plants. 

c. Limits for concentrations and amounts .of hormone. 

In general it can be said that Wlh.th the deseeded method about 

ten times as small concentrations can be determined as can be detected 

with the standard test. This fact is readily understood, if we con

sider that in the standjad test only 15 per cent of the auxin passes 

from the agar block into the plant, whereas in the deseeded test if 

photographs are taken after about 5 hours, nearly all the auxin in the 

block is utilized. For example, if two blocks containing very low 

concentrations are placed one on top of the other on a deseeded test 

plant about t wice as large curvature is obtained as by a single block. 
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represented by cire!es (solid links) are from repeatedly 

exposed plants. Values represented by friangles {broken line) 

are from differen~ sets of plants of the same group and not 

previously exposed. 
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In the standard test on the other hand van der Weij found the curvature 

to be independent of the size of the block. However, it is clear that 

-in the deseeded, as in the stand~ test, there is a distinct limit to 

the concentration of auxin that can be detected. If the limit for 

the standard method is taken as 1 x io-8 mg. per block, then the limit 

for the deseeded method is about 1 x lo-9 mg. per block. 

d. Effect of light. 

Since white light has a marked effect on the growth of the 

Avena coleoptile, its influence on curvatures when successive photographs 

are taken must also be considered. These experiments, which have a 

bearing on the light growth reaction, have ;.he.en done by Van Overbeek, 

and the data given in figure 21 have been kindly contributed by him. 

In the standard test the plants are not exposed until the end of the 

experiment. In the deseeded test, however, it is often desirable to 

make a series of e .Sittht<iti-DJrsof the curvatures of a given set of plants. 

Van Overbeek (1956) has shown that the araounts of light necessary for 

taking photographs partially inhibit regeneration in the plants of the 

standard test. In accordance with this as shown by curves A, figure 

21, the increase in curvature with time obtained from a series of 

photographs at consecutive intervals of a given set of normal plants is 

greater than that obtained from plants of the same group, but of which 

a different set of pl ants, not previously exposed to light, is used at 

each corresponding interval. Curves B of the figure represent the 

identical exper iment with similar plants deseeded 20 hours be~ore the 

auxin was applied. From the close agreement between the curvatures of 
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successively exposed and not exposed plants it is clear that the 

amount of whiie light necessary for photographing has no effect on 

the rate of bending of deseeded plants. 

4. Application of the deseeded test .for auxin determinations. 

As illustration of the rdeseeded test two examples will be given 

which include some data previously not easily obtainable. 

a. Determination of auxin in primary leaves of Avena. 

Primary leaves of four day old plants grown in the dark room 

were pulled out of the coleoptiles and placed with their bases on agar 

blocks, 12 leaves per 12 blocks, for 2.5 or 4.0 hours. The blocks were 

then tested on deseeded plants. Control agar blocks on which no leaves 

i-- ' 
'1 I Exp. 1 

l ,, 
~ 
l 
l 
l 
( 

No. 

1 

2 

Table XXXII 

Auxin from primary leaves 

' 1 ~ i 
Time in hours of Mean curvatures from 

diffusion \ appllcation[\ bl~~ks with-dif-
1
\ ~l~.i~--~gar ~· 

into block i in deseeded 1:_ fuf.'ate i.~. test . in deseeded\ 
test Jdeseeded standard \ test 

2.s 8.0 

4.0 6.0 

3.5 5.0 

1: \ 

ii 
ii- B.9 
I 
- 4.5 

1 - 2.3 
I 2.1 1-

11 - 2.6 
11 - 2.8 
I: 

o.o 

+0.7 
+o.7 

+O.l 

+0.4 

+0.7 

are 
* In exp. 3, 18 leaves per 12 blocks were used but values divided 

by 1.5 to give degrees in terms of 12 leaves per 12 blocks. 
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had been placed were tested at the same time. For comparison one 

standard test was also made. The results of three experiments with 

leaves grown under different conditions, and which are therefore not 

compar2ble with each other, are summarized in tab&e XXXII. With1the 

deseeded test the presence of auxin is clearly demonstrated, whereas 

with the standard test none can be found, and, in fact, has been 

thought to be absent. Furthermore, the close agreement between the 

values obtained in different tests of the same experiment shows that 

the method gives quantitative results. 

2. Determination of auxin in coleoptile sections. 

It has been shown by Thimann (1934) by the use of chloroform 

extractions from a lar~e number of plants that in coleoptile sections 

auxin is present in small amounts. This finding has been confirmed 

by placi ng 0.3 cm. long coleoptile cylinders on agar blocks, which were 

subsequently tested with deseeded pl ants. As shown in Table XXXIII, ·· 

the amounts of auxin obtained are large enough to give quantitative 

measurements. Comparable experiments with the standa~d test give at 

best only a perceptible curvature. 

For a computation of the actual amounts of hormone obtained in 

the above experiments it is best to compare the curvatures directly 

with those obtained in sim.l~~ tests of successive dilutions of an 

auxin solution of known, relatively low concentration. It was estimated 

that the auxin obtained from the primary leaf is of the order of 0.05 A.E. pex 
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Table XXXIII 

Auxin from coleoptile sections 

Three mm. long sections placed 20 sections per 12 blocks 

Expj Time of I ________ Me~-'-~~vatll!:.~ from ' Time after I r diffusate blocks I plain agar'" applicatlion I No. diffusion 
into block 1st photo 2nd photo 2nd photo of blocks to! 

2nd photo 
I 

la 4.0 hrs. -2.5 -5.9 
b -2.7 -6.2 +1.2 5 hrs. 

2 3.2 " -1.2 -4.8 +1.4 8 n 

5 3.5 " -0.4 -3.4 +1.8 7 " 
4a 4.0 II -1.6 -5.7 

b -1.3 -5.5 +1.6 10 II 

5a 4.0 " -1.0 -4.l 
-0.7 -2.7 +2.2 5 n 

6a 4.0 It -0.5 -3.0 
b -0.5 -3.4 +2.6 9 It 

leaf per hour, and .that from sections about 0.03 A.E. per section per 

hour. These amounts are only 5 or less per cent of the amount obtain-

able from the coleoptile tip per hour. 

The above experiments, although not carried out in detail, 

indicate the possibilities of the application of the deseeded test to 

work concerned with the presence and relative distribution of the growth 

hormone in plant tissues. They also bring out the fact that the high 

sensitivity of the deseeded test holds for auxins in general and is not 

limited to synthetic hetero auxin, which was used exclusively above in 

the development of the method. 
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CHAPTER XI 

Formation of Auxin in .the Avena Coleoptile 

A. Physiological factors affected ]?x. deseeding 

If auxin obtainable from the tip of the coleoptile is derived 

either directly or from a precursor transported from the seed, then 

by removal of the seed the supply of auxin in the tip of the coleoptile 

should be affected. The effects of the ~moval of the seed on the sub

sequent development of the coleoptile are of course manifold. They 

will be discussed here mainly in relation to the growth response and 

the formation of auxin. 

l. Effect of deseeding on linear growth. 

The effect of deseeding on linear growth has been studied by 

Went (1955b). He finds that the growth rate in deseeded plants is 

decreased about 40 per cent, and that this decrease is due to the lack 

of two factors, auxin and food. Furthermore, the application of high 

concentrations of auxin to intact deseeded plants causes about the same 

percentage increase in growth as in normal plants, but in deseeded 

plants the growth is more limited to the upper part of the coleoptile. 

In accordance with this behavior is the fact that in deseeded, decap

itated coleoptiles much sharper apical curvatures are obtained by the 

unilateral application of the hormone, i.e., the basal parts do not 

grow and thus remain straight even after long times of application of 

the hormone. 
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The effect of deseeding on regenerative linear growth is 

sho'm in figure 22, in which is represented one of five similar exper

iments. Measurements of growth were made with a horizontal microscope 

on plants which had been marked with india ink into three zones. Each 

curve is the mean of 3 or 4 plants. The ordinates represent the sum of 

the total increase in length of t wo zones, which include almost the 

entire coleoptile in the decapitated plants and the corresponding t wo 

zones in the intact plants. Measurements were started one hour after 

decapitation. Curves I A and B represent intact and decapitated con

trol plants respectively. Curves II and III A and B represent corres

ponding sets of plants which had been deseeded one and ten hours 

respectively before the time of decapitation. From these curves the 

fol~owing facts are clear~ By deseeding, growth is decreased both in 

intact and in decapitated plants. The amount of decrease is a function 

of the time after deseeding. In plants that were deseeded only one 

hour before decapitation the regenerative growth .in decapitated plants 

is only slightly reduced. In plants that were deseeded ten hours 

before decapitation regenerative growth is markedly inhibited. However 

how far the decrease in regenerative growth depends on the lack of 

auxin alone or in addition on the lack of other factors, food, cannot 

be safely determined from the above curves. 

2. Effect of deseeding on geotropic and auxin curvatures. 

It will be shown that curvature growth, i.e·., the difference 

in the relative growth of the t wo sides of the coleoptile, in deseeded 

and non-deseeded plants under the conditions described for the deseeded 
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Fig. 22. Linear growth of normal and deseeded intact (solid line, A) 

and decapitated (broken line, B) plants. 

Curves I nor mal; curves II and III deseeded 1 and 10 hours 

before decapitation respectively. Measurements started 

1 hour after decapitation. 
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test is independent of food and is a function only of the amount of 

auxin present in the coleoptile. The following three types of exper

iments demonstrate this conclusion. 

a. Decrease in auxin synthe$is after deseeding. 

Beginning on the second day after germination, plants were de

seeded, 36 at a time, at successive intervals. Then at a given time 3 

mm. long coleoptile tips were cut off and placed on standard agar 

blocks, 15 tips per 12 blocks, for t wo hours. The amount of hormone 

diffusing out from the different sets of tips was determined by the 

standard Avena method. All the blocks were tested at the same time with 

24 test plants for each set of deseeded tips and 48 plants for the 

controls. The amount of hormone produced by deseeded plants expressed 

as per cent of that produced by normal plants is plotted against time 

after deseedin~ in curve II, figure 23, which represents the mean values 

of several experiments. The curve shows hhat there ~ a continuous 

decrease in the rate of auxin synthesis after deseeding, and at least 

for a considerable period this decrease is closely a linear function of 

time. 

b. Sensitivity to auxin. 

The relative sensitivity to auxin of deseeded plants at differ

ent times after deseeding, i.e., the capacity to produce curvatures in 

response to auxin applied unilaterally in blocks of moderate concentra

tions (5 to 20 degrees) for 110 minutes as in the standard test, and 

compared with the curvatures produced by the application of the same 

concentrations of hormone to normal plants of the same group, is 
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Fig. 25. · Effect with time of deseeding on I Sensitivity to auxin ; 

II Synthesis of auxin in 

intact; IV Inhecapitated 

tips; III Geotropic response in 

col eoptiles. All values ar e 

expressed as per cent of normal controls. 
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shovm in curve I, figure 23. In this curve, which represents the mean 

values of many experiments with over 600 plants, the curvat,ures of de

seeded plants expressed as per cent of the curvatures obtained in cor

responding control plants afe plotted against time after deseeding. 

It is clear that the sensitivity of deseeded plants is at least as great 

as that of normal plants. Only when the interval between deseeding and 

the test is made very long (not included in the graph) and also, which 

is probably more important, when the plants are deseeded in a very 

early stage of development, is there evi~ence of a distinct decrease 

in sensitivity. It appears from the curve that the sensitivity of 

deseeded plants may be slightly higher than of normal plants. If this 

increase be real, it is probably due to the fact that in normal plants 

regenerating has begun less than 2.5 hours after the second decapitati&n 

(see also Figures 19 and 20). However, it should be pointed out for 

moderate concentrations of hormone that this difference is so small that 

unless a very large number of tests are made, it is well within the 

experimental error. 

c. Decrease in geotropic curvatures in deseeded plants. 

It has been shown by Dolk (1926) that the geotropic curvature 

in normal intact and decapitated coleoptiles is controlled by the 

amount and relative distribution of auxin in the organ~;i and is propor

tional to the concentration of hormone applied. Fu:bthermore, the 

amount of hormone obtainable by diffusion from the upper and lower sides 

of geotropically stimulated coleoptiles is proportional respectively to 

the growth of the t wo sides. Since it was shown in E. that the sensitivity 
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to auxin is not decreased by deseeding, it can be said with fair 

certainty that the relations between auxin and geotropic curvature, 

established by Dolk for normal plants, hold also in deseeded plants. 

Thus, i n conjunction with the experiments of sections~ and .£, a large 

number of determinations were made of the relative geotropic response 

in deseeded plants. At definite times after deseeding, deseeded and 

normal plants of the same group were placed horizontally . The geo

tropic curvatures produced in a given time, 1 hour for intact plants 

and 4 hours i mmediately after decapitation for decapitated plants, 

were measured ffom photographs taken at the end of the specified times. 

The curvatures of deseeded plants expressed as per cent of those of 

normal plants and plotted against time after deseeding are shown in 

curves III and IV, figure 23, representing intact and decapitated 

plants respectively. The curves demonstrate that in both intact and 

decapitated coleoptiles of deseeded plants there:ts a decrease in geo

tropic response proportional to the decrease in aijxin synthesis. Thus, 

if the plants are decapitated about 15 hours .af.ter deseeding, subse

quent regeneration of auxin is nearly completely prevented. 

From a consideration of the data in figure 23 as a whole , it 

is possible to draw one further conclusion: The decrease in geotropic 

curvature in deseeded pl ants is independent of ~he sensitivity of the 

coleoptiles and thus depends only on the decrease in auxin synthesis. 

Now it also appears that the relative decrease in auxin synthesis in 

regenerating decapitated coleoptiles is very nearly the same a s that 

in decapitated tips and proportional to that in intact tips. Hence 
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it follows that the mechanism of auxin synthesis in the tip of the 

intact coleoptile and the mechanism of regeneration of auxin in the 

new physiological tip of the decapitated coleoptile are identical. 

3. Conclusion 

It can be concluded from the above experiments that the re

moval of the seed influences the growth of the coleoptile in several 

ways, but its effect on the subsequent formation of auxin can be 

independently followed either by means of geotropic curvatures or 

direct determinations of auxin diffusing out into agar from the tips. 

It is clear that the removal of the seed gradually prevents the forma

tion of hormone in the tip of intact pl ants and prevents the regener

ation of auxin in decapitated plants. The source of auxin is thus in 

the seed. The results furthermore indicate that eµxin present in the 

tips of the coleoptile must have been formed there and is not derived 

as such from the seed. If auxin were transported from the seed to the 

tip in the earlier stages of growth, as postulated by Avery, then there 

should not be a gradual decrease in auxin formation with time after 

deseeding, but, on the other hand, a sharp break at some place in the 

curves . If auxin were continuously supplied from the seed, then there 

should be no concentration gradient from tip to base as established 

by Thimann (1934). Hence indirect evidence supports the concept of 

the formation of auxin at the tip of the coleoptile from a precursor 

transported from the seed. 

B. Demonstration of .§:. precursor of auxin in the Avena coleoptile. 

It has been shown above that there is a limit to the concentra-
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tions of hormone that can be ~etected by the standard ~est. If the 

concentrations of hormone applied are so small that they will not 

cause distinct curvatures to appear within the first 5 hours after 

application, curvatures will not appear at any time later. Further-

more, the transport of auxin in the coleoptile is strictly polar in 

the direction from the tip toward the base. Even with the deseeded 

test no detectable amount of hormone has been found to be actively 

transported ·d.~ the opposite direction , ~10 to 50 degrees)., when moder- · 
~~~~~~~:::>-

ate concentrations of hormone~a¥e. applied in agar blocks c.tt;> the basal 

surfaces of the sections. If extremely high concentrations (about 

2000 units or more) are applied, however, auxin is obtained in the 

apically placed agar block. Whether this auxin has been actively trans-

ported through the section or its presence is due to leakage along the 

surfaces of the cells _has not been determined. Nevertheless, it is 

clear that for a range of concentration far higher than that obtaining 

in the plant, there is no apical transport of hormone through sections. 

Now when to decapitated coleoptiles with the primary leaves 

removed, agar blocks are ~11e~ over the entire cut surface of the 

stumps, for t wo or more hours, and these blocks are then tested on 

.deseeded plants, as expected in accordance with the above facts, no 

visible curvatures were obtained within the first five hours after 

application. However, within ten to twenty hours after application, 

distinct negative curvatures can be observed (Table XXXIV). In the 

determinations made so far, the magnitude of the curvatures have varied 

greatly from one experiment to the next, but frequently the mean curva-



1Exp. 
No. 

1 

2 

3 

4 

5 

Table XXXIV 

Precursor of auxin from coleoptiles 

i 

Time in hours of ;Mean curvatures from 1 

1 diffusion ;·-; pplication I apicaily t plain - , 
into blocks in test [ applied 1 agar '/

1 

I blocks blocks I 
5.0 

3 to 4 

17 
20 
20 
20 

24 

-2.6 
-6.0 
-4.-
-7 .-

-6.0 
-7.2 
-4.6 

·I 
l 

I 
j 
i 

+0.4 

+0.3 

1 1.5 or 3.5 16 -6.5 I 
-4.9 
-4.0 
-5.9 I +0.2 

? ? -1.6 
-2.3 +0.8 

2 hrs. 18 hrs -3.1 
-5.3 

' 
I 
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tures have been between 4 and 8 degrees. This variability in the 

results is to be expected, since the optimal experimental conditions 

must be gover ned by several f actors whose nature is as yet unknown. 

Thus, for example, in some experiments the curvatures sta~t to appear 

later than in others, and within a single test the maximum curvatures 

of the individual plants occur at different periods after application, 

although in practically every plant the maximu.~ curvature is reached 
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a long time after application. These results show that a growth 

substance, different from auxin is obtainable at the apical cut sur

face of the coleoptile. It should also be pointed out in this con

nection that the amount of substance obtainable in contra distinction 

to auxin derived from the basal cut surface,,in the results so far, is 

about the same regardless of how far from the tip the coleoptile has 

been cut off. 

In some experiments the progress of the curvatures was followed 

by the use of the 11 kimograph11 developed by Dr. Went. By this procedure 

not only can the rate of bending with time be determined but it is 

also possible to detect much smaller curvatures than by the usual 

method. In one such experiment represented in figure 24 the curvatures 

seem to appear at an earlier time than was usually observed in similar 

ordinary deseeded tests. However, whereas the curvatures produced by 

small concentrations of auxin begin to recede also in deseeded tests 

after 4 to 5 hours, (see figure 18), it is clear that on the average 

these curvatures continue to increase at a slightly increasing rate 

for over 15 hours after application. Thus, with respect to time of 

appearance of maximum curvatures and duration of increase in size, the 

materi al derived from the apical :surface of the coleoptile or mesocotyl 

is certainly different from auxin itself. 

Perhaps a more striking way of demonstrating the presence of 

a precursor of auxin in the plant, and which brings out the difference 

between it and auxin, is by the ;t;:ollowing arrangement. Sets of 20 

coleoptile sections of given lengths usually 3.0 mm., are placed with 
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Fig . 24. Precursor from ~'"( Curve IY (11 plants) blocks previously 

on apical surface of decapitated plants; Ourve II (7 pl ants) 

control agar blocks. 
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the bases either down or up, but all of a given set in the same direc

tion, between two full size agar blocks. After a given time, varying 

between 2 and 4 hours the agar blocks are removed, cut into t welve 

standard test blocks each and tested on deseeded plants. The amount of 

substance obtainable from the basal and apical ends respectively can 

be seen from columns UfJ'Land l'4J_'i respectively) Tables ::X:U::and XLII. The 

mean values of some 15 separate determinations are shown in figure 25. 

In this figure the curves I and II represent curvatures plotted against 

time of application in the test obtained from. blocks previously -_in 

contact with the basal and apical ends of the sections respectivel y; 

curve III shows ~he corresponding curvatures obtained by the applica

tion of the pure agar blocks. A survey of the data in the tables and 

a comparison of the curves in the ffugure show essentially the same 

things as was obtained above. 

From the data as a whole, then, the conclusion is drawn that 

the growth promoting substance from the "apical" blocks is a precursor 

of auxin capable of being transpo~ted in the apicai direction in the 

plant and capable of undergoing a chemical change into auxin, whereas 

auxin itself can be transported in the plant only in the basipetal 

direction. 

2. The relation between positive curvatures and the precursor. 

It was shown above that by unilateral application of plain agar 

blocks to decapitated plants small positive curvatures are produced. 

As mentioned, Gorter pointed out that these curvatures are not due to 
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Fig. 25. Curvatures obtained in deseeded plants by the application of 

blocks containing auxin from coleoptile sections (curve I); 

precursor of auxin from coleoptile sections (curve II); pure 

agar (curve III); tryptophane (curve IV), and indolethylamine 

(curve V). 
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growth inhibiting substances, but are correlated with the regeneration 

of auxin in the new physiological tip. Why and by what mechanism 

regeneration is affected has not been made clear. From a determination 

of the amount of regeneration in coleoptiles with and without agar 

blocks, and from a consideration of the precursor of auxin these ques

tions will be answered. About 150 plants were decapitated. To half 

this number plain agar blocks were applied to the entire cut surf e.ce 

of the coleoptiles immediately after decapitation; the other hal~ wa s 

used for controls. Between t wo and three hours later 1.5 to 2.0 mm. 

long apical sections were cut off and placed on agar blocks, 24 

sections per 12 blocks, for two hours. The amount of auxin produced 

by the sections was determined by testing these blocks on deseeded 

plants. The results of three experiments are included in Table XXXV. 

They show that in the apices of plants on which agar blocks had been 

placed the production of auxin was significantly less than in the con

trols without agar blocks. Furthermore, tests of some agar blocks 

which had been placed on the apical surfaces showed no trace of auxin, 

but on the other hand indicated the presence of the precursor. The 

mechanism of the formation of positive, differential regeneration 

curvatures is, therefore, as follows: On the side of the coleoptile 

in contact with the agar block a considerable fraction of the precursor 

of auxin diffuses out into the agar block and will not be iwJnediately 

converted into auxin. On the opposite side of the coleoptile precursor 

accumulated and is converted into auxin. The relatively larger auxin 

production on this side makes possible a corresponding increase in growth. 

Hence a positive curvature is produced. 
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Table XXXV 

Regeneration in decapitated coleoptiles with and 

without agar blocks applied to the cut surface 

-- T;~;--lnt.h~~~~---;fi · ·- Me~ curvatures with \Difference 
application of . mean error from sec- in degrees 
blocks I- tions previou~~Y _ . 

..) wi_t.E_ ~~OC!<:S without blaks I 

3.0 

2.5 

2.-

· r - -~1 

-4.1 .i 1.2 

-2.8 :Jc 0.8 

-4.9 .;;!;. 0.6 

-9.4 ± 1..2 
i -5.3 ± 1.7 

-9.8 = 1.2 -7.0 ± 1.4 

-7.1~1.2 -2.2 ± 1.3 ' 

Curvatures with plain agar blocks +1.4 ± 0.3 

1.8 to 2.5 -1.1 1-~2~ 

2.5 
(apx) 

+0.4 

-0.5 

+0.1 
I 

Mean -0.2 
L 

I 
I 
! 

-7.0 

l -0. 7 
I 

! -2.9 

-4.6 

-2.6 

-10.0 

-1.0 ! -7.6 

-0.6 -6.8 

-2.2 

-3.3 

-0.5 

Mean --2.4 
I 

-5.3 

-6.9 

-3.8 

-6. 7 

-2.4 

-4.3 

I 
. ; 
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3. Attempts to obtain precursor from the seed. 

The experiments described above indicate that it might be 

possible to isolate the precursor of auxin from seeds and different 

attempts have been made to do so. However, the results are hardly 

conclusive and will be described only briefly below. 

a. Alcohol extractions. 

If, as stated by Cholodny, auxin in the seed is present only 

after soaking mn water, it might be possible to extract a precursor 

of auxin from ground seeds by means of other solvents. Soxhlet 

extractions with absolute alcohol or chloroform were performed for 

periods of 3 or 4 days, but each day with a new portion of about 175 cc. 

of solvent. Five grams~inely ground corn meal was placed in a porous 

thimble and the apparatus was so arranged that the thimble was drained 

about every 7 to 8 minutes for periods of 5 to 10 hours daily. The 

extract was then ta.ken over into water solution by means of evaporation 

of the solvent at reduced pressure and heating to about 80 degrees. 

Small fresh amounts of water were added to prevent complete drying out 

of the residue. These water extracts were then tested on Avena in 

different dilutions. Results of such experiments are shown in Table 

XXXVI. They show that at least after the extract has been transferred 

to water, auxin must be present. The fact t hat especially in the 

first extract nearly the same curvatures are obtained with le times 

diluted extract as with the highest concentration might indicate that 

auxin is gradually being formed; on the other hand it might be due to 

a phase equilibrium of auxin between water and small a.11ounts of oil 
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Table XXXVI 

Activity of extracts from corn meal 

I -

·_!_~:-r1_· -; . ::rac~ ~olume I · -~a¥'V~bt;ainii~o J:ro1m ~iiutionV~~ -, 
1 1----t in2:":-l -1~ .4-t ~10. 4 ~ :g''.-~: . 1_-__ - _-__ -6. ~---

I 

II 

III 

2 ~ 15 I -15.5 !I -6.6 +0.2 __ ,_ _____ .. ______ --- 
! 
I l I 

l 15 I -15.3 I -16.5 

1--· -- - -·----·---~------··-·-

4 -0.9 

1 55 -14.3 -6.6 

2 15 -4.3 +0.2 

3 5 -4. 7 

1 25 -7.3 
-2.7 

-5.4 -5.0 
-2.5 i Des. test 

( 2 hrs) 

3 5 +0.8 
-0.5 -1.8 Des. test 

1 25 •6.4 +0.2 
- 7.2 -4.2 Des. ·test 

( 5 hrs) 
3 5 +O.l 

-3.l -5.5 Des. test 

which could not be entirely removed. When water solutions are made 

directly the curvatures are proportional to the concentration. Normal 

plants seem to give higher response than deseeded plants immediately 

after application. However, this might not be generaily true. The 
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corn meal used in experiment III, which on the third day of extraction 

gave practically no further hormone by alcohol extraction nevertheless 

later and after complete drying, when placed in water, l gm in 6.o: cc. 

for three hours in the ice box, the decanted water gave curvatures of 

~4-. 5 degrees. However none of these :results ·is· conclusive evidence 

for the presence of a precursor. 

b. Transport of substance from Avena seeds Qr. .£9..!'.£ meal through 

coleoptile sections. 

It was next attempted to isolate the precursor by allowing it 

to be transported apically through coleoptile sections. Sections were 

placed on the surface of agar containing large amounts of ground Avena 

seed or corn meal. On the apical surfaces were placed plain agar 

blocks, and these were tested on deseeded plants after given times of 

transport either in the dark room at 24°C or in the ice box. Although 

in some experiments the blocks produced delayed precursor curvatures 

greater than corresponding control blocks from similar sections placed 

on pure agar, in other experiments no increased curvatures were ob

tained. Thus from the mean of 7 different such experiments on the whole 

no significant increase in transport was obtained. 

c. £.!2plication of seeds to deseeded plants. 

Various attempts to increase the production of auxin in de

seeded plants by placing soaked seeds at various times after the 

beginning of germination in contact with the base or more apical regions 

of the coleoptile have likewise proved unsuccessful. However, these 
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negative results do not disprove the presence of a precursor of auxin 

in the seed. It is known that auxin itself is very easily destroyed 

especially at cut surfaces of the plant. It should further be noticed 

that all experiments have to be done with the substance in presence 

of water and air, and it is likely that the precursor under these 

conditions is even more unstable than auxin itself, and might either 

be transformed into auxin or become inactivated. Furthermore, by the 

artificial application of the precursor to the plant as in its deter-

mination above it is possible that only a small fraction of the avail-

able substance can be detected. That the normal formation of auxin in 

the tip of the coleoptile can be easily interfered with, presumably 

through the nterruption of the supply of precursor from the seed, can 

be seen from the following experiment shown in table XXXVII. It was 

Table XXXVII 

The effect of different extent of removal of the seed 

Each figure is the mean of t wo comparable tests 
Plants deseeded 18 hours before the first decapitation 

1 ... _. __ J.'re~tment l e~d;·~p~rm 
. L-Q_urv~ t-~~.e__ g,:ft_~;r _ t;J.mfiLQf_ §..QpJ.,;i_<;_~:~j,op . i_n _miJ.l-! 

I scutellum 135 195 255 315 I 1045 
l-- ... I 

( l present i absent -12.4 -21.4 -29.2 -39.7 -23 apx.\ 

\ absent u 
I 

ti -18.3 -26.6 -31.7 -27,5 
i I 

l 

I ti ! present -13.8 -18.8 -24.9 9.6 
!• 

\present punctured -16.0 -20.l -22.6 + 0.4 

11 present -12.3 -14.2 -14.7 -17.1 + 0.8 
f 
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shown above that the rate of increase in curvature with time is 

correlated with the amount of decrease in r egeneration of auxin. 

Thus, when a given concentration of auxin is applied to a series of ~ 
the.. Ld/11.//2. th t.Wtv-. 4 

differently treated test plants, as shown in table XXXVII, Athe less 

regeneration of auxin has occurred. It can be seen that merely a 

small puncture of the seed coat produces nearly as large decrease in 

auxin formation in the tip as does the removal of the scutellum. But 

either operation is considerably less effective than the complete 

removal of the endosperm. 

4. Conclusion. 

From the material presented in this chapter ft can be concluded 

that the growth hormone present in the tip of the coleoptile is 

synthesized there from a material transported from the seed. The 

effects of deseeding on the production of auxin, the gradient of auxin 

in the coleoptile, as well as direct transport experiments demonstrate 

that auxin (in its active form) is not transported apically through the 

coleoptile. Whether auxin is synthesized directly from a precursor or 

whether it is formed from a more general metabolite from the seed is 

not clear. 
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CHAPTER XII 

Precursors of Hetero au.~in 

Since it was impossible to get large amounts of precursor 

from the plant by the experimental technique used above, attempts were 

made to find a possible chemical source of hormone. With respect to 

auxin A these attempts have been unsuccessful. However, two substances, 

tryptophane and ~ -indolethyl amine have been found to be converted 

into hetero auxin by the action of the plant. These substances which 

behave very much like the precursor described above have, therefore, 

been studied in some detail. 

1. Activation of tryptophane 

It has been shown by Thimann that chemically pure tryptophane 

will not produce curvatures when tested by the standard Avena method. 

But when applied to sections in solution or to decapitated plants from 

below, it will promote elongation. Furthermore, from experiments on the 

synthesis of hetero aUY..in by Rhizopus suinus, Thimann has shovm that 

tryptophane is a precursor of hetero auxin. The mechanism of the trans

formation is an oxidative dearn.ination and decarboxylation. 

What happens when very dilute tryptophane solution in agar 

blocks are applied to deseeded test plants? It is evident from curve IV 

figure 25 that tryptophane behaves in exactly the same manner as the 

precursor from the plant (curve II). By choosing the proper concentration 

of tryptophane, which however varies from day to day, the same type of 
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curve can also be obtained with normal test plants. In this case the 

amounts of active hormone formed from tryptophane are large enough to 

more than balance the effect of regeneration and auto-tropism, and may 

in fact under very suitable conditions cause the plant to be in a state 

of active bending for more t han 50 hours. An approximate idea of the 

curvatures produced by tryptophane can be obtained from the figures in 

columns S, ~ and /}, /tt table XLI. It has been shown by Kogl and Kostermans 

(1955) that indol pyruvic acid has auxin activity. Thus the possibility 

exists that this acid rather than hetero auxin (indolacetic acid) is 

formed from tryptophane. However, these authors point out that the 

apparent activity on Avena of indolpyruvic acid is likely due to its 

b~eak dovm into hetero auxin. They calculate that one per cent break 

down will account for the measured activity. On the other hand from the 

experiments of Went on the different h&mologous acids of this type, the 

acetic radicle does not appear to be the only active one, and it is 

possible that more than one active substance is derived from tryptophane. 

2. Activation of Indolethylamine 

For the above reasons and especially for an investigation of 

the possible apical transport of the precursor it was desirable to have 

a precursor not possessing a carboxyl group, but instead in accordance 

with the t..~eory of Went, a basic group. For this purpose it was thought 

indolethyl amine might be used. This substance was therefore kindly 

synthesized by Dr. Koepfli, and it has been found to be very suitable 

for precursor experiments. It is completely inactive in growth promoting 

activity on ~' as determined by the standard test, but in contact 
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with the cut surface of the plant it can become activated and will then 

produce curvatures (see curve V, figure 25). Advantageous properties of 

this compound are shortly as follows: It does not contain a carboxyl 

group which is supposed to be a prerequisi·te for activity; it is a weak 

base (gives ·blue coloration of red litmus); its only known active 

possible degradation product is hetero auxin (lower degradation products 

are, according to the work of Kbgl, inactive); its molecular weight is 

nearly the same as that of hetero auxin. 

a. Curvatures in normal plants 

It was stated above that the minimum active concentration of 

tryptophane varied greatly from one experiment to the next. The sapie 

behavior is exhibited by the idolethyl amine. Numerous experiments were 

made to establish a minimum active concentration by different types of 

tests1and the results obtained will be given below in some detail. 

In table XXXVIII is shown an example of the type of curvatures 

obtained in standard test plants. It can be seen that in the early part 

of the test large positive curvatures are obtained especially with the 

higher concentrations of amine. These curvatures evidently result from 

an inhibitive effect on regeneration of hormone in the plant. They may 

perhaps in part be explained by a pH effect, but not entirely so, because 

the application of .agar blocks containing phosphate buffers in the range 

from pH 3 to pH 8.5 produced no marked effect of this kind, although 

occasional plants supplied with the most alkaline buffer showed higher 

positive curvatures than plants supplied with plain agar blocks. And on 

the other hand, the acid buffers did not cause any distinct negative 
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Table XXXVIII 

Activity of indolethyl amine = in test with normal plants 

Plants decapitated at 2:45 and 3:20 Blocks put on 4:00 

Concentration Mean curvatures in degrees after! 
in mg/cc different time in hours of test 

1.9 - l 6.1 18.-
-·---·----·-·-· ··-·-· ·- - I ... 

Amine 1/1 +5.4 +6.5 +6.0 

ti 1/3 +2.5 +2.9 -1.5 

ti 1/9 +1.4 +2.1 -3.6 

ti 1/27 +1.7 +1.8 -6.2 

II 1/81 +2.9 +1.8 -5.2 

II 1/243 +1.7 +1.8 -5.4 

It 1/729 +2. 7 +l.4 -4.3 

ti 1/2187 +1.8 +2.3 -5.3 

Agar +1.4 +1.7 +1.0 

Auxin 1/9 -0.5 0 ? ? 

It 1/81 -2 to -3 -1.8 ? 

ti 1/243 -12.6 -13.2 -34.6 

It 1/1458 -21.8 -31.4 -19.9 

II 1/8750 -3. 4 - 6 .8 0.-

II 1/80000 +l.9 +1.7 0.-
·· ···· --···~•k·• · -----· --..... .... --·-



166 

curvatures, when applied in the same way. Furthermore, it is not a 

toxic effect, since the cells are subsequently able to elongate and 

show no visible injuries as i:s observed from the application of toxic 

substances or high salt concentrations. In the later stages of the test 

normal curvatures are produced, so that plants which at first exhibited 

large positive curvatures now assume the shape of question· marks. How-

ever, there is no marked linear correlation between the concentration 

of amine applied and the amount of curvature produced. 

b. Curvatures in deseeded test 

In table XXXIX is shown the type of results obtainable by the 

use of deseeded plants. By this method, as should be expected, the large 

positive curvatures are usually entirely avoided. Nevertheless, marked 

negative curvatures do not occur immediately after application, as do 

auxin curvatures, but start to appear slowly and then rapidly increase 
of 

in size. Furthermore, the rangel\ active concentrations is much higher 

than for auxin, although . the limiting concentration is from 10 to 100 

times higher. There is an optimum range of concentration in which the 

highest curvatures are obtained. This is also true for auxin itself, but 

the cause of the effect is not the same with respect t:o the t wo substances. 

The fact that higher concentrations of auxin give small curvatures is due 
ii: { b i' 

to lateral transport and when this occurs distinct curvatures /in the basal ,. 
I 

regions of the plants. Amine on the other hand gives no such curvatures, 

but will after a very long time produce apicei curvatures. 

c. Curvatures in sections. 

Although it is possible to get large curvatures of the precursor 
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Table XXXIX 

Activity of indolethyl amine in deseeded and normal test 

Plants deseeded 17 hours before 1st decapitation 

I f oncentration _M_e~-~ __ 01.~rvatures in degreef! -~ter _ _i:.i.me -~__!1-~mrs of__~~st 
! in mg./cc. Deseeded plants ·! Normal plants 
I l 
i I 

I I 1.6 I 3.5 5.5 16.- 1.6 3.5 5.5 16.-I i 
1 

--·~.. . ';·····- ·--- -----1 

Amine 1/10 
; 

-2.2 -0.3 +1.- -1.7 

II 1/40 +O.l -0.3 -0.4 -7.5 

" 1/160 -0.4 - -6.7 -12.3 I -8.8 +0.5 +0.7 -1.7 -6.0 

II 1/640 -2.4 -11.l -20.9 -14.3 .:r-0 .2 +2.0 +1.6 -3.5 

II 1/1280 +0.1 -0.7 -0.4 -4.6 -0.4 +O.l -0.l -4.5 

II 1/2560 +0.3 +1.1 -0.2 +G.2 

Tl 1/5120 -0.2 +0.7 ' +0.2 -0.l +o .• 1 +3.2 +2.6 +0.4 

Tl l/10240 -0.3 -0.0 +0.7 +0.2 
f- I 

Agar +1.3 +0.4 +0.8 +0.6 +0.9 +1.9 +0.5 +1.0 

Auxin! 3/500 -2.8 -17 .6 -31.8 -43.5 

II 3/5000 -6.8 -20.1 -31.0 -11.9 
I 

Tl 12/5000 . -4.5 -14.5 -20.5 -18.4 
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type by the above methods, the results obtainable by a given concentra

tion var~ tremendously from one experiment to the next. By the use 

of decapitated cel e ptiles pl aced in paraffin holders as described by 

Dolk (1930) it was finally possible to obtain fairly uniform and 

reproducible results. Decapitated coleoptiles were cut at the base 

and mounted in suitable holes in a paraffin block: with a shallow layer 

of water at the base of the sections. The plants were then redecapitated1 

and the test blocks were applied as in the ordinary test. The plants 

were kept under a bell jar saturated with water vapor,and photographs 

were taken of the plants at intervals. Results of two such experiments 

are shovm in Table XL. It can be seen that with this technique, which 

is a compromise of the former two, on the one hand, the large positive 

curvatures obtained in a are largely avoided, and on the other hand, 

an effect noticed throughout this work that plants wri.ich had been de

seeded at an early stage of development, although giving large curvatures, 

have a smaller capacity to activate the amine~ was also at least partly 

removed. Furthermore, in these experiments the agar blocks remain in 

better condition, so that the curvatures of the individual plants, 

although nof as good as in auxin tests, were quite uniform. By this 

method it was therefore possible to maintain l arge curvatures for periods 

of six or more days by a single application of high concentrations of 

amine, whereas the application of lower concentrations results in 

curvatures which disappear after a shorter time, and even very large 

curvatures produced by auxin disappear almost completely within one to 

two days. 
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Table XL 

Activity of indolethyl runine in section test 

Exp. III. Plants decapitated 1st time 4:00 p.m. Feb. 20, then cut 
at base and placed in holders, redecapitated 5:00 and 
blocks applied immediately af~erwards. 

Exp. IV. Plants decapitated 1st time 3:00 p.m. Feb. 22, then cut 
at base and placed in holders, redecapitated 4:00 p.m. 
and blocks applied. 

--------...-------------------------~---/ 

i Concentration : Mean curvatures in degrees after time in hours in testl 
! in mg./cc. I I ,Exp. III ___ T ------~ ~ __ -~~- ry . --,- -~ 

3.0 I 15.3 I 2y.2 45.- I 65.- li 3.7 ; 14.0 i 25.5 I 

Amine 1/6.67 

11 1/20. 

II 1/60 

11 1/180 

II 1/540 

II 1/1629 

I I ! (l I 
-1.3 . -13.o -26.3 i -35.o !-32.0 rj +2.6 -16.5 -61.5 . 

+0.9 -15.0 ! -28.4 -20.6 

+0.4 -11.5 -14.7 - 8.6 

+1.0 - 4. 5 I - 1.6 - 0.9 
+1.0 - 5.7 · -l.8 - 1.7 
+LO - 4.9 - 1. 7 - 1.2 

+0.6 - 3.5 . - 1.7 - 1.2 
+1.0 - 2·.8 ' -- 1..6 - 2.0 
+0.8 - 3.2 . - 1.7 - 1.6 

+1.3 - 1.8 ' - 0.4 + 0.2 
+0.6 0.0 - 0.7 0.2 
+ 1.1 - 1.2 - 0.5 + 0.1 

; Ii -0.9 ·,. -17. 7 -54.0 I 

11 +0.9 -17.1 -57.8 ! 
•I I !I ' r +o.8 - 8.8 -21.1 

+0.6 '. -14 .8 -25.9 
-1.4 i -13. 3 -36.1 ' 
+1.0 ' -14.1 -31.0 I 

+2.6 - 4.0 - 4.5 

I 

+4. 6 j - 5. 3 - 2 • 2 li \ 
+3 • 0 I - 3 .1 - 8 • 8 
+3.8 l - 4.2 - 5.5 l 

I l 
i1 +1.8 I - 1.1 - 1.4 \ 

:: II I• 

i! 
II J./4860 ' +2.8 - 0.6 + 0.4 0.1 :

1 

+2.5 + 0.2 - 1.2 ! 
!! I jl +0.4 - 1.6 - 2.2 1.8 

+2.0 - 0.9 - 0.5 - 0.7 

11 

Agar 

Jl_uxin l/? 

t! 1/2? 

i 
i I 11 
ii 
~ 1 
ii 
tf 1 

--·- - . ·-·- ·- -· -----
. I 

'i +l.5 1+0.4 . + 0.4 ;l. -- --j- - ----~-------~--

-6. -;i -17 .6 , - 6.2 - 5.8 

I 
- 3.1 + 0.5 + 0.3 

I 
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o ~···)'-.. .. _ .. ~·· : - ,.,.. I ', --
" \\ .;;.·;:.:' / I Tf. -- --- ----- ' 

..:o··_,.....- I TIM E IN HOURS 

:~ I ~ !_I / Yjv, 
-2.0 ~ : 1, I I -/ -·1 -.-~1 - --- --

.; 1' I I I ,// 2 I ! r ,./ 

-1.' ~~ Ii I - - I -<="' ?:.:o·".~--+--+--'-----1 , '.". - - ,--- / " I 

i I / IIJ/ I '• II 

C> I I / / / I/ I 
I , : .. j 

- 1.0 1- - "I I / - :'-/'--,----.~ ··-1 ....... 1 i · .. ____ .. -----v- ---. . / ,J I , 
-Oo ! I ~.£ . .-'';;f----.+iy-,_',1 ____ ~-l---+--·+-t ~ 

; .. /1 I > ~1 ·· 1'>:rm -"'-
)/;:>\. . : . .... t I", 

--

24 0.5 z 4 12 I < 0 

Fig. 26. Curvatures obtained in sections tests with 11Kimograph" 

Curves I, II, III, IV and V produced by indolethyl amine 

in concentrations of 3/100, 3/500, 3/2500, 3/ 12500 and 0 

respectively. Curve VI represents auxin curvatures obtained 

in a similar experiment. Each curve is the mean of 4 to 9 

plants. 





Exp. 
No. 

I I 
I M- ··- ~--·--- -"--·---------------------..., , r ... ··-····· ----- - -- --··--·------,·-·- ·-TABLE XLI. Transport and activation of tryptophane. 

ag
ar Plain trypto- Plain : Hormone from · Transport ~f trypto_rhane-~ITransp: I Applied tryptophane Applied Horm~ne from 

1 
Transport of Tryptophane con

verted by sections 
apical basal 
block blocks 

Cone. of Length ~~~~ in ::t,-b!::n Stan--: ___ . ___ P-ha.ne . -· --~ auxin __ s!?_~!-.:Lons I(-fob--ralns._aall - ·T-·· · ·r(·~vpei_· rc· as~ ~~v:~!n , - (~~t~~f-1--(bas-;,_l) a:~ ::ors pre- -,~ -~~~-al.t~~~~~,--· l (.a;~~) 
trypto- sections t t dard . Des. Stand~ auxin pre- ~ bl k bl } I ~ 
P

hane in mm. fus- es block) block) ~ o_c ..J..;.,_~··: ocks 1blocks cursor 

--_.:~~:_:._-~~-~~-0~n:__~~-~~-~~t:e:s~t~t~e~s~t'.___t~e:s:t:__~---:::--:---c-u~r~s:o_r_~-:;~~-:;;-~~-;~~ .. ~- , :. mg/cc. , 
o 3. o +o 7 +1.8 +o.5 +o.s -o.5 -0.2 1.5 +0.2 +0.2 -1.6 ~4.s ---- -6.4*: ---- -1.2 1-0.9 -1.0 t :+0.4 +0.3 

-1.8 

I 

l --- ! -1. 7 -4.6 
--- ( -5.0 -5.8 1 

2 

i 5 

, 4 

5 

·. 6 

· 7 

.0.25 4. 5.0 
5 

O +l •• O +l. 6 +0. 2 -O.S -1.2 .tO.O -2.5 -0.8 -1.5 -2.8 -6.8 ----- -8.l*( ---- ,
1

1-2.2 !' -0.7 
. l I ' I 

' J 

:0.5 4.0 4.0 
i 
\ 
i 

' 0.3 4.0 3. 5 

.0.5 5.0 3.5 

0.5 5.0 4.0 

0.5 3.0 3.2 
to 
3.5 

I 0 • 5 3.0 5.5 

2.0 +0.3 +0.5 -0.5 
15.- +0.4 +1.4 -2.0 

2.0 -0.l +1.3 
15.- +1.8 

2.0 +1.2 
5.0 +2.9 

19.- +3.3 

2.2 
7.3 

18.-

2.0 
7.7 

22.-

1.9 
7.-

17.5 

-0.l 
-0.0 
+0.7 

+2.0 
+2.1 
+4.2 

+1.6 
+1.8 
+0.9 

-2.7 
-9.9 

--- -18.5 

-0.6 
-9.7 

-16.9 

--- -0 .9 
+1.5 -17.3 
--- -14.0 

+1.5 . -0.4 
+l.l i -8.4 
+o.4 '-12.0 

+0.5 
-2.5 

+2.2 

+l.3 
-1.6 
-8.0 

-0.4 

-0.4 
-2.8 
-5.9 

-0.5 
-0.0 

-0.4 -0.l 

-2.7·0.2 +0.4 
-6.2-1.1 +0.3 
-2.4 -2.1 -2.4 

-10.3 -2.3 
- 59.5 -5.9 

-3.7 

-4.7 -1.2 
-40.2 -4.8 
-19.0 -0.2 

-0.4 
-3.2 
+0.4 

+0.6 
+2.0 
-1.6 

+G.9 
-5.4 
-6.6 

+1.5 
.to.a 
-0.2 

-5.8 -2.4 --- +2.5-J~ -1.6 -·2.3 ---- +Oc7*) ---- ii -0.8 I ---
-5.4 -3.6 --- +o.~- -8.0 ~~.1 ---- -2.3*! ---- '.1 -0.4 l 
-1.6 
-5.9 

-1.6 
-6.5 
-1.5 

~3.3 

-6.8 
-1.3 

-0 .4 --- +OW &l~ 

-o. 7 -o • 9 +o .1 · 
-3. 5 -1. 6 -0. 2 : 
-3.9 -2.6 -5.3 i 

+0.7 
-1.l 
-2.7 

+O.l -0.2 
-2.8 +O.l 
-4.4 -4.2 

! 
I 

--- i +O 1 ' . 
--- i +0.5 
--- : +0.2 

--- ; +l 9 I • . 
--- i -1.0 

' 
--- -2.l 

+2.0 +0.7 --- +0.7 
+0.4 -4.7 ---- , -2.4 
+0.6 -1.4 ---- ' -1.4 

-0.5 
-~-

---
---
---

-2.0 
-11.5 
-18.6 

---
---

-3.0 
-16.4 
-13.6 

-1.6 
-9.8 

-6.9 
-16.l 
-14.l 

-6.4 
-21.8 
-17.5 

-5.4 
-35.6 
-21.8 

-5.5 
-25.4 
- 18.3 

l ---- -0.2*; 
--- --1.9*! 

i 

I 
-5.1 -3. 7 ! 

-17.7-16.5 ; 
-19.4-21.1 I 

-6.l 
-23.6 
-6.3 

-5.1 
-22.l 
-9.0 

I 
I 

--- I 
--- l 
--- I 

i 
--- l 

l 
--- I 
--- I 

' i 
i 

' 
--- I 

-0.3 -0.0 
I ---

---- ' -5 .9 -0.8 -1.411 
---- , -9.1 -2.6 -4.om 
---- ; :_5. 7 -5. 7 -s.4m 

I, 
' 

-12.0 -2.2 +0.7 -
-41.l -5.9 +2.0 
---- -4.4 -2.3 

t 

-6.4' -3.2 -1.l 
-45.0 -6.9 -5.5 
-11.1 -4.4 -10.8 

-7. 6: -2.0 . -0 . l 
I 

-17 .o· -5.o . -1.8 
-7.0J -1.5 -1.1 

I 
i 

-0.9 

-5.3 
-3.4 

I 
i -1.1 
; 
I 

-1.2 -0.3 

-1.1 
-3.8 
-1.5 

+0.7 -0.1 
-0.6 -3. l 
+2.4 -1.3 

--- -0~ 8 
--- -0. 8 
--- +2. 2 

-2.9 +0. 3 
-3.6 +0. 3 
-0.9 +0. 8 

I l --- . -1.l -1.5 
l -- -6.0 -7 .1 

11 

=== 11 -0.4 =~:~ 
-o.sm f I --- i --- 1 -0.9 

-1.9 i+o. --- 1

1 

--- j -o.8 
-0.2 --3.4 --- i --- +5.1 

~ 1' !• 

-s.sm 
-o.2m 

-1.l 
+3.5 
+2.4 

-0.8 
-4.7 
-1.2 

--- : -0.11-2.0 . -5.5 
--- I -l. 1[1-5.81 -6.2 
--- +1.~ . -0.1 1 +3.1 

+1.~t I. -1.3 
+2.41 -- -15.5 

•l 
+4.5 ' -7.6 

-4.0 
-1.5 
+3.9 

( J . 
-0.~ ) -4.1 -4.7 -4. 3 

q 
+2.~ j -8.0 -11.8 -10.5 
+l. i -1.4 -6.7 +2.6 

I 

8 0.5 3.0 3.5 2.1 
5.1 

+1.6 -1.3 
+0.9 -6.9 

11 12 13 14 
··-·- •• ·--·-~-.. ·-- ~·-.--... ·-·"'· .......... .._. ......... ·· - • .... ! 

16 15 17 18 I 19 20 
'( ll-6) ( 12-6) 

21 
i (13-11~! 

22 23 24 , 25 I 
(14-12) 

1 
(15-13)1 :16- 8+12 r> (17 -{.8+1J) 

1 

I 9 0.5 
I 

. 1 2 
,. 
t-----· _.,.._-.---~ .. -----

3.0 3.5 

3 4 

2.3 
5.-

5 

' +0.7 +0 .4 . +1.0 
+1 0 --- -2.0 _,_. 

6 7 8 
. ... _____ ·• .. . -~ . 

-0.5 

9 10 

. . J -· ' 

All tests are with deseeded plants except those 
20 sections used on each full size agar block 
m mesocotyl sections 

l . -·-z.··-· . ····-····-· .. ... -- -· _..l_L_._ ------·---
of columns 7 and 9,annd l4*and 17~ 
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Exp. Cone. of 
No. a.-rnine 

in mg/cc 

Lengths 
of 

sections 

Time in hrs. 
Diffn. test 

- . ·-· 

Plain agar 
Des . Stand. 
test test 

Plain 
Des. 
test 

TABLE XLII 

Transport and activation of t1-lndolethyl amine 

~~d-~ ,_ Hormone. from s~~~i-~~~ --- ,. _ --~f -. - -~ · T;~s~o~t-~f~---TAmin;-bi~ks _,~p~lie.d Hormone from-sections. -------~-~-:-'-5"Amin~ ~tran~si)oft6if"'"' ·- [ \ Amine ~~~-:;:erted I --· -_______ T _________ · ---~---- -...... , ---- -~~·-,_- · -(-<alix:j.n) 
11 

by sections l 
auxin precursor I I at basal su:rfacej test auxin ~-~cursor \_:_---'-'----(~p=; totai), __ 

1 
t 9 ,base of: sections. 

=============================::::::::====::::i:::==========- ==~-=================:: ~===================l:~I =============== ! 
1 

2 

3 

4 

5 

6 

I 
I 

Ii I 
' 

0.50 

0.05 

0.50 

0.005 

0.05 

0.50 

G.50 

0.005 

0.025 

0.05 
( apx) 

2 

3.0 

3.0 

3.0 

4.0 

4.0 

4.0 

4 .0 

3.2 

3.2 

3.0 

3 

4.0 

4.0 

4.0 

2.0 

2.0 
5.0 

14.5 

2.5 
4.7 

15.5 

2.5 
5.0 

15.5 

2.1 
6.6 

17.5 

2.0 2.1 

2.0 

2.0 

3.0 

3.0 

4.0 

6.6 
17.5 

2.1 
6.6 

17.5 

14.-

2.5 
5.8 

18.-

2.5 
5.8 

18.-

3.5 
17.0 

. +1.4 
+2.2 
+0.9 

+1.5 
+1.6 
+0.5 

-0.4 
+0.4 
+0.9 

+0.9 

0 
0 

+1.0 

+2.1 
+1 .. 6 

+0.9 
+2.7 
+2 . 5 

+2.6 
+2.3 
+l.O 

+0.4 
+0.8 
+1.5 

-1.9 
-3.2 
-3.8 

+2.0 
+2.2 
+3.1 

-0.8 
-1.0 
-3.7 

+0.4 
-0.5 
-1.0 

+0.5 
+4.6 
+1.3 

pos 
0 

-6.0 

pos 
0 

-11 ') 
·~ 

-0.4 
+5.9 

+2.9 
+4.7 
+8.1 

-1.1 
+0.4 
-0.l 

+3.8 
+3.0 
+3.1 

i l 
I ' 
I 
' j 
'. 

-1.0 -0.7 
-4.1 -1.7 
+5.1 •2.5 

-0.5 
-2.8 
-5.0 

-0.5 
-2.1 
-3.2 

-1-.-a 
-0.6 
- 2.1 

-2.5 

neg 
neg 

-1.7 

•0.5 
-1.4 
-3.4 

; 1-1.6 -1 ~ 3 
: i-5. 7 

' 
I 

- ---·-3.5 

+0.6 0.0 
-0.6 -0.3 
-3.7 -3.4 

+1~2 +2. 7 
-0.5 +2.7 
-1.6 -3.2 

+2.0 
+1.1 
-2.4 

+1.3 
-9.0 
-2.5. 

-3.l 

0 0 
neg neg 

-4.l -3.0 

+0.8 
-4.3 

+0.8 
. -2.4 

,,.:5.6 
-3.9 

-1.0 
-0.6 
-4.9 

-1.9 
-1.8 
-4.4 

+0.1 
-1.8 
-4.8 

+0.7 
+2,.5 
-6.2 

+0.7 

-2.7 

-7.7 
(top) 

0 
r: neg 
! -4.0 

pos 
0 

-2.2 

,-,3 7 
~ . 
-5.0 
_-3.9 

+0.9 
+1.5 
+1.5 

-3.5 
-5.2 
-5.4 

+0.4 
-0.0 
-6.8 

-0.8 
-0.3 
-2.4 

-3.5 
(mid) 

0 
neg 

-4.l 

neg 
neg 

-5.8 

-1.5 

-5.l* -0 . 9 I -2. 7-:E- . 
I -4.0 

-1.6* I -8.3 

[-0.~0 +0.5 
+0.5 
- . 

'[-2. 7]' -3.5 
-4.9 

+0.3u 
-0.9 : 
-5.8 

I 
I 
! 
i 

i 

-7.8 
-14~7 
-18.8 

i -7.7 
i-12.6 
' 

-1.7 
; -4.5 

-8 ') 
·~ 

-5.0 
-5.2 

' -15.4 

+o.o~ -5.4 
. i 
-0.4 l . -12.6 
-2.6 . -9.3 

-3. 7-r..
(mes) · 

-2.0 
(t-m) 

neg 
neg 

-2.0 

neg 
neg 

-14.5 

-16.8 

-2.9 -5.7 
-6.8 -5.4 
-2.6 -5.4 

I 
" 
:) <) • 
i' -1',.4, 
i -6. 5; 
! -6.0; 
! 

-9.9 ,-- -8.9 ! -2.0; 

~
: 

'~, -15. 7 ! -4.4; 
-19.6 ) -3 .5 ; 

-16.7 
-20.3 

-2.3 
-4.8 
-9.4 

+o. 7-l:-* 
+l. 7~~ 
+ l. 5-Y-~*-

-3.3 
-10.6 
-9.5 

-1.7* 
(mes) 

neg 
neg 

-4.7 

neg 
neg 

-4.7 

-12.8 

' 

-0.9 
-1.0; 
-3.0; 

-3.4 

neg 
neg 

-2.7 

-3.7 
-6.7 __________ , _____ i +0.9 

-2.6 -5.0 -19.7 -13.6 

4 5 6 7 8 

10 11 12 13 

Exp. 5 1st set of figures for transport at 2°c, second set at 24oc 
~- mesocotyl sections; )(~- Standard test plants. 
20 sections used on each full size agar block. 

14 
(10 

-5.9 
-3.4 

-2.0 
-3.0 
-3.9 

-5.4 
-5.1 

6) 

-0.8; 
-2.8; 
-4.6; 

-0.3; 
-2.l; 
-2.l; 

+1.7; 
-0.4; 
-3.4; 

-4.0 

0-
neg 

-5.l 

-1.4 
-2.5 
-4.l 

+l.2; 
+1.1; 
-3.7; 

o.,
neg 

-0.4 

-1.3 -1.3 
-5.9 -4.0 

15 
(ll - 6) 

-5.7; 
-6.1; 
-0.4; 

-3.0; 
-2.5; 
-4.6; 

-3.9; 
-3.9; 
-4.1; 

-1 .2; 
-1.8; 
-2.3; 

-0.6 
-2.5 
-3.7 

-0 LL• . ~, 
-0.5; 
-0.2; 

-4.6 

0.-
? • 

+O.l 

pos 
? 

+1.9 

-2 .5 
-3.l 

-4.0; 
-4.5; 
-0.4; 

-1.1 
-0.6 
- 4.1; 

-4.5; 
-6.3; 
-5.l; 

-0.9 ; 
-0.0; 
-4.3; 

-2.l; 
-0.3;· 
+0.1; 

0.1; 

-1.1 

neg 
? 
• 

-0.5 

-0.2 
-1.5 

16 
(12 - 8) 

-5. ~ 
-2.2 1 
+l.~ j 

Ii 

[2.~ll 
-1.61

' 
i -4. : 
' 

[-4 . ~ ; 
-5.6 : 
-4.6 ; 

' 

r ~ ; 1-1.1 . 
-0.9 
L~3 .3 , 

[

-1.3 
-0.4 
-0.1 

9.6 

i : 
l. 
! 

-1.3 -5.4 
-2.l -4.5 
-1.9 -0.8 

-6.5 
--10.4 
-12.0 

-3.9 
-6.4 

-10.9 

-2.l 
-4.1 

-12.3 

-2.6 
-16.6 
-10.l 

+4.4 

-2.4 

-14.7 
-21.0 

17 
( 13 - (s + l Oj ) 

i 
l 
I 

l 
·1 

l 
l 

l 
l 
} 

J 

i 
\ 
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which has already been converted into auxin. 

In the experiments with amine the amount of actual transport 

appears slightly higher. But also here the results are not conclusive. 

In the first place, the differences are small, and secondly, it is 

necessary to use relatively much higher concentrations than for auxin 

transport. Leakage of substance by diffusion along the surfaces of the 

sections are therefore more likely to occur. In con~rol experiments 

with auxin it was found that no auxin was transported apically under 

the conditions of the experiments as long as moderate concentrations of 

hormone were used. But with higher concentrations (about 10,000 and 

20,000 units/cc) large auxin curvatures were obtained in the apical 

blocks. 

The possible effect of diffusion of substance is reduced by the 

fact that relatively higher concentrations of amine than of auxin are 

necessary to produce curvaturee. It is impossible to determine and correct 

for the possible diffusion of substance until it becomes possible to 

establish more definitely the minimum active concentration under the con

ditions of these experiments. The fact that sections of mesocolyl or 

half coleoptile half mesocolyl also give similar transport indicates 

that possible transport of substance by diffusion along the surface of • 

the sections might be negligible. 

Various attempts to determine apical transport of either amine 

or of auxin by inducing curvature with unilaterally applied blocks have 

not been successful. In such experiments with auxin applied unilaterally 

to the basal surf ace of the upper half of the coleoptile no trace of 



175 

curvature was obtained, whereas similar application of blocks to the 

apical ends of the lower halves of the same .coleoptiles or to the 

upper halves of identical coleoptiles resulted in curvatures of over 

20 degrees. These results then definitely show that auxin itself is 

not apically polarly transported within the plant. From the negative 

results with the amine, on the other hand, no definite conclusion can 

be drawn. 

From the above transport experiments , however, one definite 

result appears. By a comparison of the curvatures produced by the amine 

and tryptophane blocks which had been placed in contact with sections to 

the curvatures produced by the corresponding control blocks not previous

ly placed in contact with sections, it is clear that substance in blocks 

has become activated by the sections, and thus these blocks produce 

relatively larger curvatures immediately after application. That this 

increase in curvature is not due merely to the auxin derived from the 

sections is clear from t wo facts. 1) Apical and basal surfaces have 

been found to activate the blocks to about the same extent, and 2) the 

auxin derived from the sections is not enough to account for the increased 

curvatures. These results confirm the above evidence that (3 -indol

ethyl amine and tryptophane are activated by the plant. 

4. Activation produced 1:?z the plant 

In order to show that the activation of the substances is through 

the action of the plant some additional experiments were carried out. 

a. Effect of micro-organisms. 

It is well known that micro-organisms are able to break down 



indol derivatives, and several investigators since Salkowski (1885) 

have been able to isolate- hetero auxin as an intermediary product. That 

micro organisms can play a part in the activation process under certain 

conditions in these experiments was indicated for example in one exper-

iment where the grass stalks stuck into the coleoptiles had not been 

sterilized in alcohol before they were used, and a considerable growth 

of fungus appeared. In this experiment the time of appearance and size 

of curvatures were very irregular and abnormal. However, that the effect 

of micro organisms ii n the activation is in general only of secondary 

importance is indicated by the following experiments. 

Blocks of amine in different concentration were placed in con-

tact with apical and basal sections of etiolated Pisum stems for differ-

ent lengths of time up to four hours. These blocks were then tested. 

These blocks showed no activation but produced curvatures only .a long 

time after application in the same way as control blocksJwhen allowance 

was made for the auxin derived from the basal ends of the sections. 

If the activation were due to micro organisms, then Pisum sections 
as 

should beAeffective as Avena sections, and the apical blocks from Pisum 

should also pIDoduce curvatures immediately after application. Thimann 

has recently studied the possible effect of micro organisms in relation 

to the activation of tryptophane in sections in solution and finds it to 

have· no primary importance (private communication). It is thus reason-

able to conclude that the activation is brought about mainly through the 

action of the plant. 
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5. Test of activity of amine in solution. 

That indol-ethyl a.mine can produce cur~atures only after it 

has become activated by the plant, and that the delayed curvatures are 

not due to a slow rate of transport of the substance can be deduced 

from the transport experiments above and will now also be shown in a 

different way. 

Avena coleoptiles were decapitated, slit longitudinally for 

about half their lengths, and placed in solutions of various concentra

tions of amine as in pea tests. The curvatures produced were qualita

tively estimated at different times after immersion. The results of one 

such experiment are given in table XI.III. The results of a regular pea 

test are given in table XLIV. It is clear that also this 11 pea test" 

method in which the capacity of transport of the substance is not an 

important factor, only the very high concentrations produce visible 

curvatures within the early part of the test, but after longer times 

also the more dilute solutions appear to be effective. This behavior 

indicates that the delayed curvatures obtained in Avena tests is due to 

gradual activation and is not due to a possible slow rate of transport 

of the amine. If the substance were active in itself, furthermore, all 

curvatures should appear, as in standard pea tests, at least within the 

first eight hours after application. And lastly, since all substances 

2nalogous to hetero auxin which produce curvatures to different extent 

in Avena, nevertheless, mol f or mol give the same amount of curvature 

appearing within a relatively short time (as found by Dr. Went) t~e 

different behavior of amine in this respect strongly indicates that it 
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is itself inactive. 

An explanation for the apparently contradictory results on 

activation of amine in pea tests but not by pea sections placed on agar 

blocks cannot yet be given. 

Conclusion and discussion 

The results obtained with tryptophane and indol-ethyl amine 

show that these substances do not possess the properties of auxins but 

can be activated when in contact with the -plant into true auxins. Thus 

the delayed curvatures produced by these substances in Avena tests are 

not due merely to a slow rate of transport of these substances in the 

plant, but they are typical auxin curvatures gradually produced after 

a chemical transformation. The chemical nature of these substances as 

well as other evidence indicates that the activation process involves 

an oxidative deamination and in the case of tryptophane presumably also a 

decarboxylation in the side chain of the molecule. Most likely the 

activation talces place extracellularly, since if it occurred exclusively 

intracellularly no active material would be recoverable from a block 

applied apically to sections. Nevertheless, the activation must be caused 

mainly by agents from the plant. 

Although these substances are evidently not identical with the 

precursor from Avena, they lend strong support for the evidence given 

in Chapters X and XI for its existence and behaviors. How far the rela

tionship existing between these synthetic precursors andl\Etero auxin can 

be extended to explain the relationship between the precursor and auxin 

in the plant is still a speculative matter. 
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The evidence presented shows that auxin is not likely to be 

transported as such apically through the coleoptile either in its rela

tively early or later stages of growth. On the other hand indirect 

evidence obtained from deseeded plants as well as more direct evidence 

from the behavior of the material obtainable by diffusion into agar at 

the apical cut surf ace of the coleoptile or mesocotyl strongly point .to 

the conclusion that a precursor of auxin is transported through the 

plant. 

The question whether the precursor is transported polarly to 

the apex of the plant, or whether it is translocated in some different 

manner, cannot yet be answered. The necessity of chemical change in 

tryptophane and especially indolethyl amine to become active on Avena 

is in accordance with the view that a terminal carboxyl group is a pre

requisite for aUJC..in activity. However, Glover (1936) has reported skatol 

to be active in Avena tests, but the data presented do not indicate what 

kind of curvatures were obtained. 

Zimmerman and ~Vilcoxon: (1936) report that a-na~talene-aceto 

nitrile is active in causing epinastic movements of tomato leaves in the 

same way as naphtalene-acetic acid, but the effect is produced a day 

later. They suggest that the nitr~le is inactive but undergoes hydrolysis 

into a-naphtalene acetic acid. 

It has been pointed out by Thimann (1935b) and by Haagen-Smit# 

and Went (1935) that a clear distinction must be made between true auxins 

and such substances as may promote growth but are not capable of being 

polarly transported through the plant. It appears that the substances 
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studi ed here do not belong to either one of these t wo groups, so that 

in addition it is necessary to consider a third group of substances, 

inactive in themselves , but capable of becoming changed into true 

auxins by the action of the plant. 
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SUMMARY OF THE l\fiAIN RESULTS 

The results or the experiments are included in the conclusions 

at the end of different chapters and in the last chapter of each Part. 

It is therefore only necessary to summarize the main results. 

Part I. 

Part II. 

1. The inhibition of lateral bud development in Vicia and in 

Pisum is controlled by the growth hormone produced by the 

tterminal bud. 

2. The inhibiting effect produced by the terminal bud can be 

completely substituted by a continuous application of auxin 

in relatively high concentrations to the stem of decapitated 

plants. 

5. The inhibiting action of auxin is due to its prevention of 

synthesis of hormone in the buds and is independent of the 

action of the hormone in promoting growth of the stem. 

4. In Vicia older than seedlings auxin is produced only in the 

presence of light, but the growth response of the plant to 

auxin is higher in the dark. 

5. Auxin is an essential factor for the growth of the stem. 

1. Auxin is destroyed by x-irradiation both in solution and 

in the plant . 

2. Inactivation of auxin in solution is indirectly through the 

oxidation by strong oxid~tiog agents formed by irradiation. 



183 

3. In the Avena coleoptile X-rays cause only a temporary 

decrease in auxin. 

4. In green plants (Vicia and Piswn) grovm in the light the 

mechanism of formation of auxin is additionally destroyed 

so that a gradual permanent decrease in auxin is produced 

by irradiation. 

5. The destruction of auxin and the mechanism of its formation 

in the plant is a major factor in the immediate inhibition 

of growth of plants caused by irradiation. 

6. The development of lateral buds in irradiated plants is due 

to the removai of auxin and is not due to a direct stimula-

tion of growth by the X-rays. 

Part III. 

1. A quantitative 11 deseeded11 Avena test method for small amounts 

of auxin and precursors of aUY..in has been described. 

2. The presence in the Avena coleoptile of a precursor of auxin 

transported from the seed has been demonstrated. 

3. Tryptophane and (3 -inciol-ethyl amine, which lack auxin 
been 

activity, have~shown to be changed chemically by the action 

of the plant into hetero auxin. 

4. The physiological behavior of these substances in distinction 

to auxin has been studied. 
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