
Botany. - On growth~accelerating substances in the caleaptile ot Avena 
sativa. By F . W . WENT. (Communicated by Prof. F. A. F. 
C. WENT. ) 

(Communicated at the meeting of June 26, 1926) .. 

The following communication is a preliminary account of the results I 
obtained in an investigation on the formation, the character and the effect 
of the growth~accelerating substances, produced by the tip of a coleoptile 
of Avena. 

PAAL (1919), on account of his experiments, has been thc first to assume 
a regulation of the growth in the coleoptile of Avena. This regulation is 
seated in the tip and must be caused by the local formation of a substance 
which, partly by diffusion , moves in a basipetal direction. Arrived in the 
growing zone it there accelerates growth. This substance .( or substances ) 
I shall for the sake of brevity call growth~regulators. Of late years the 
growth~accelerating effect, exerted by the tip on the base, has been 
confirmed by direct growth-measurements (SÖDlNG 1923, NIELSEN 1924) . 
PAAL also says: "phototropic perception is perhaps a growth-regulation, 
influenced by light." His idea is that the growth-regulators, which normally 
are continually being formed by the tip, are by illumination of the tip either 
prevented from being formed, or are photochemically destroyed, or perhaps 
have their motion impeded by illumination. 

In a former publication (1925) I showed that the reaction of growth to 
light has two components, a tipresponse and a baseresponse. For both I 
tried to give an explanation. The one for the tipresponse essentially agrees 
with PAAL's conceptions. It occurs af ter the tip of a coleoptile has been 
illuminated and consists of a growth-retardation, at first smalt then 
stronger, followed by a small acceleration. It is natural to think here of 
an influence of the light on the substances diffusing from the tip. In this 
way the reaction of growth to light is regarded as a special case of growth 
in the dark. If we wish to follow up the consequences of this conception 
the factors involved in growth must be known as weIl as possible. Among 
these we have in the first place the growth-regulators which will be dealt 
with in this paper. I succeeded namely in isolating them from 
coleoptile tips. ' 

Miss SEUBERT (1925) tried to do this by mixing the expressed juice of 
coleoptiles, in which these regulators must be present, with agar. Little 
blocks of this jelly were placed on one side of decapitated coleoptiles and 
from the resulting curvature it might be concluded whethel th is expressed 
juice had an influence on growth. It was found , however, that the juice 
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expressed from tipIets and that from coleoptile rings had the same eHect 
and always caused a growth-retardation. Hence nothing could be concluded 
as to a growth-accelerating action of the tip. 50 I made a different attempt. 
PAAL's experiments had proved that diffusion of a phototropic stimulus also 
takes place through gelatine. I therefore placed a number of tips of 
coleoptiles of Avena cIosely together with their cut faces on a thin layer of 
gelatine. Af ter about an hour I took oH the tips again and placed the 
gelatine, cut into small blocks, on one side of decapitated plants. Already 
one hour later these plants began to show a negative curvature which after 
3 hours had become strongly negative, sometimes amounting to an angle 
of 40° with the vertical. Gelatine on which na tips had been put, when 
placed on one side, gave na or a ",ery feebIe positive curvature, while 
gelatine on which coleoptile rings, cut oH just below the tip, had staad, 
also produced na perceptible curvature. It was evident that I had obtained 
the more or less hypothetical growth-regulators. For the curvature 
produced by placing gelatine blocks on one side, indicates the difference in 
growth-rate on the two sides of the coleoptile. This difference is caused 
by the influence of the gelatine on the underlying half of the coleoptile. 
The more the growth of th is half is accelerated the stronger the curvature 
will be. Already the firstexperiments showed that on this foundation a 
quantitative method could be worked out, in which the angle of curvature is 
the measure for the quantity of growth-regulators, diffusing from the tipIets 
into the gelatine. For, if the unilaterally placed blocks we re from the same 
portion of gelatine, also the curvatures of the stumps, expressed as angles , 
were pretty much the same. Taking an average of the angles with six 
plantlets, the mean error was as a rule not larger than 20 %, and sometimes 
much smaller. This is particularly striking , as phototropical curvatures 
aften diverge widely. Two conclusions maybe drawn: I. the effect of a 
certain quantity of growth-regulators on different stumps is the same, and 
2. the curvature of the stump is a means for quantitatively determining the 
amount of growth-regulators. 50 my experiments fall into two groups. 

In the first place I am studying the formation and change of the growth
regulators by various external circumstances, the curvature of the stumps 
af ter one-sided application of the gelatine being used as the means of 
analysis, and secondly I am examining how the stump reacts on the presence 
of growth-regulators under different conditions. The methad is briefly as 
follows: Coleoptiles are raised in a dark room at a constant temperature· 
of 20° C. All manipulations are there made with red light. When the 
plants have attained the desired length (10-30 mm above the ground) 
the tips, having a length of I to 2 mm are cut oH and placed for a few 
moments on moist filter-paper, in order to remove as weIl as possible the 
contents of the injured cells. They are th en put close to each ot her on a 
th in slice of 10 % gelatine. It is important always to place the same 
number of tips on equal surfaces, the tips shouid therefore all be cut off at 
the same length. They are removed from the gelatine af ter about an hour. 
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The gelatine obtained in this way is then cut into sm all blocks of about 
equal size, which by means of melted gelatine are stuck on one side of 
coleoptile stumps. Decapitation is carried out in the manner indicated by 
STARK and DRECHSEL (1922), the length of the cut-off portion being about 
5 mmo The primary leaf is partly pulled out , so that it will not lift the 
gelatineblock from the stump when it grows larger. After this treatment the 
plantlets are left to themselves for about half an hour, because within this 
time the curvatures resulting from the operation manifest themselves ; · only 
those plants are used for the experiments that are still perfectly straight 
then. Already one hour af ter the gelatine with the growth-regulators has 
been put on, a distinct curvature is observed in the upper part of the stump. 
This is gradually transmitted downwards, so that af ter 3 hours a zone of 
± 15 mm is curved. Af ter 3 hours the plants are photographed by casting 
their shadow on sensitive paper. It is very easy to measure the curvature 
on the paper. A line is drawn on the photo parallel to the uncurved basal 
portion of the plant and a tangent to the extreme tip. The angle between 
these two lines is the total curvature. The figure is a reproduction of such a 
shadow-image. The plants have bent themselves from left to right over 
angles of 20, 19, 18, 17, 18 and 17°. 

Small blocks of gelatine containing growth-regulators, were placed on the right 
side of stumps ·of coleoptiles of Avena. The resulting negative curvature was photo

graphed after 3 hours. 

This is an average of 18° with a mean error of 0.3° . In the tab les will he 
found the average angle, with the mean error, of groups of 5 to 6 plants, 
3 hours af ter the beg inning of the experiment. These figures cannot claim 
absolute value, since the circumstances under · which the experiments were 
made were rather unfavourable. But they may prove the value of the 
method and they also contain some new results. A number of con trol 
experiments may be mentioned only. 

If pure gelatine is placed on one side negative curvatures never occur ;. 
50 % of the plantlets remain straight and 50 %' bend slightly in a positive 
direction. The same result is obtained when coleoptile ring:> have previously 
stood on the gelatine, and it makes practically no differencc whether these 
rings are cut out close under the tip or from lower parts of the coleoptile. 
Hence we infer that neither from the sectional surface nor from the ordinary 
coleoptile cells substances, having a marked influence on growth, diffuse 
into the gelatine. 
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I had also to make out whether the tips of long er plants excrete less or 
more growth~regulators than those of shorter plants. M y experiments have 
not proved as yet that there is a marked difference between them, so it is 
sufficient in practice if for a series of experiments the length of the plants 
does not diverge too much. 

Another question was whether the length of the stump h<lS any influence 
on the amount of the reaction. This appeared not to be the case; if the 
stumps were 10-15 mm long the curvature was 18°.5 -+- 2° .7; at 
20-30 mm length the curvature was 20° -+- 2° .3. As the length of the 
stumps 1 employed always lay within these Iimits, we may state that the 
stumps are practically equally sensitive, independent of their length. 

With a view to the regeneration of a new physiological tip, which was 
studied by DOLK (1926), I never decapitated my plantiets for analysis 
much longer than half an hour before using them. If they are decapitated 
12 hours before, and if then the regenerated physiological tip is cut oH 
before the experiments, the stumps so obtained react much more feebly 
than freshly ope'rated stumps. From these preliminary experiments I now 
proceed to a discussion of some results. 

In the first place a few words must be said on the constancy of the 
growth~regulators. If gelatine into which they have diffused is left to dry 
in the air (with a constant moistness of 85 %) they remain active, at least 
partly, also when kept for a longer period. After 2 days' drying of the 
gelatine they gave a curvature of 18° .2 ± 0°.2; after having been kept dry 
for 11 days the curvature was still 10° -+- 1 °'.2, and even after 43 days it still 
produced negative curvatures. When diluting the gelatine containing the 
growth~regulators with an equal quantity of pure gelatine, its activity 
diminishes proportionally to the dilution. Undiluted it gave a curvature of 
22°.5 -+- 2° .0 (in another case 19°.5 ± 7°.9); diluted thc curvature was 
12° -+- 1° .6 (8° -+- 1°.6). This also points to their individuality as 
substances . 

. The experiments of FITTING (1907), who found that no stimuli were 
transmitted through a coleoptile di sc that had been heated to 43 ° c., induced 
me to heat the gelatine to 40°, 60° and 90° . These experiments have a 
qualitative value only, as I did not make sufficient control experiments. 
Gelatine that had been heated for 1 minute to 90° was still quite ab Ie to 
produce curvatures, even as strongly as gelatine heated for 1 minute to 40° . 
Also when heated to 60° very fine curvatures were produced. Hence in 
FITTING'S experiments only the transport of the stimulating substances, 
in th is case the growth~regulators, can have been stopped, without 
the substances themselves having been destroyed. And this transport 
must for the greater part be ascribed to the living cells , as diffusion is not 
nearly sufficient to explain the rate of transport. BRAUNER (1922) 
therefore regards the protoplasmic streaming observed by him as a chief 
factor of transport. A theory of PAAL to explain the transport~rate 1 consider 
less probable. Transport of the growth~regulators 1 understand as diffusion 
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from protoplast to protoplast through the cell-wal!. and for the rest as a 
mechanical distribution in the cell by protoplasmic streaming. 

If by heating above 41 0 C. the protoplasmic streaming has been 
irreversibly checked, no transport of growth-regulators can take place in 
perceptible quantities. 

Illumination of gelatine containing growth-regulators does not check their 
activitity, but I have no quantitatively certain results on this point as yet. 

I will deal now with the influence of external circumstances on the form
ation of the growth-regulators in the tip. It has already been stated that the 
leng th of the plantlets has scarcely any influence on the quantity produced. 

One of the principal questions that may be answered by the present 
method is : what influence has light on the formation of growth-regulators? 
The result of the experiments on this point might have been foreseen 
after VAN DILLEWIJN 's latest publication (1926). The growth-retardation 
observed by him af ter illumination from three sides with 800 metre-candle
seconds and the growth-acceleration stated af ter 80.000 p.C.S. could only 
be caused by a smaller and by a larger formation of growth-regulators. 
RAMAER (1926) could prove this growth-retardation and acceleration in a 
different way. And finally SJERP (1921) came to the same conclusion from 
his experiments. Because the growth-regulators formed during the illumina
ti on want some time before they have been so far conveyed downwards 
that an increase or diminution can make itself feit in the gelatine, I waited 
30-40 minutes af ter illumination before cutting the tips and then kept them 
45 minutes on the gelatine. The results of a few series of experiments are 
given in table I. Only one series gave a completely discordLmt result, which 
I can only explain by assuming that the numbers of the experiments were 
interchanged by accident. I always illuminated vertically from above. 

From these data it appears very clearly that during a time of 35 to 80 
minutes less growth-regulators diffuse from the tips (having a leng th of 

TABLE 1 (for explanation see text). 

Quantity of ligh~ 

o M.C. S. 

1000 

10000 

100000 

1000000 

Curvature of the stumps 

Series 1 Series II Series III 

11.5 ± 1.9 11 ± 1.8 8 ± 0 .7 

6 ± 1.7 5.5±0.5 i .5±1.4 

11 ± 1.3 

15.5 ± 1.5 16 ± 1.1 10 ± 0.5 

14 ± 0.3 

1-1.5 mm) into the gelatine af ter applying 1000 m.c.s., but more af ter 

100.000 m.c.s. 
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It was now also possible to imitate phototropic curves. 1'0 do this I first 
placed, as in all former experiments, on one side of the stump gelatine, 
treated with tips to which an illumination of e.g. 100.000 m.c.s. had been 
applied . Then on the other side a gelatine block was placed, on which tips 
had stood that had been ilIuminated with ten times less light. In this way 
a gelatine system was placed on the stump which, according to BLAAUW'S 
theory, as nearly as possible approached the unilaterally illurninated tip. The 
plantlets indeed bent themselves in perfect accordance with the figures 
obtained by ARISZ (1915). With a difference of 1000 versus 0 m.c.s. a 
positive curvature (in 7 out of 9 plants, 2 remained straight) occurred, 
reckoned towards the 1000 m.c.s. With 10.000 versus 1000 ,m.c.s. the 
curvature was negative. With 100.000 versus 10.000 m.c.s. I found a positive 
curvature again, i.e. towards the 100.000 m.c.s. 

This method is an improvement on that of BOYSEN JENS~N and NIELSEN 
( 1925), who placed a tip on both sides of a stump and illuminated only one 
of them. Another advantage of the present method is that w hile the 
gelatine stands on the stumps, no fresh growth~regulators are formed , which 
might spoil the result. RAMAER already showed in 1926 that JENSEN and 
NIELSEN 'S conclusions were wrong, especially because thcy did not take 
into account the quantity of light applied. I provided a L~w plants in the 
above described manner with two small pieces of gelatine, on which tips 
had stood, that had been illuminated with the same quantities of light which 
RAMAER had used. The result was that with 0 versus 1000 m.c.s. a 
curvature towards 1000 m.c.s. was observed, while with 0 versus 
100.000 m.c.s. the curvature was reversed and turned away from the 
100.000 m.c.s. This is in complete agreement with RAMAF.R 'S results. 

More remarkable is perhaps the result I obtained concerning the influence 
of one~sided or many~sided geotropical stimulation of the tip of a coleoptile 
on the excretion of growth~regulators . The method was essentially' the 
same as that for studying the influence of light. In this case, however, the 
plants were placed horizontally during 40 minutes or were rotated 
horizontally for 25-50 minutes on a clinostat, af ter whïch the tips were 
cut oH and remained standing on the gelatine for 45 minutes. The results 
are given in table 11. 

TABLE 11. 

Stimulated tips . 

40 min. horizontal 

25 min. 

50 min. 

rotated 

13 ± 3.3 

8.5 ± 0 .5 

H.5 ± 4.0 

Control : 
unstimulated tips 

11.5 ± 1.9 

10 ± 1.0 

15 ± 0 . 3 

From this table it is seen that the formation of growth~regulators is not · 
stopped by geotropie stimulation. Hence we should not ex peet a geo~ 
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growth-response, which must be based on a change in the quantity of 
growth-regulators. What has until now been published on this point is 
very contradictory (ZOLLIKOFER 1922, KONINGS BERGER 1(22) so that no 
certain conclusions can be drawn from the geo-growth-response. I shall 
presently return briefly to this question. 

We have now seen how the formation of growth-regulators depends on 
certain external factors and how they react themselves on light, heat. etc. 
I shall finally give some observations on some factors that may influence 
the transport of growth-regulators in the stump; I mean light and gravity. 

I started from the fact that the typical action of the tip. namely the 
formation of growth-regulators which are conveyed downwards, can . be 
imitated by a little gelatine block in which these substances are accumulated. 
If such a block is placed on the whole stump. growth-regulators will move 
downwards everywhere and will accelerate the growth of the whole 
coleoptile. just as happens in an uninjured plant. In th is way we have at 
our disposal an Avena coleoptile which is entirely likea normal plant. but 
in which no perception of stimuli in the tip is possible any longer. as the 
tip has been replaced by a physical system. This affords particular 
advantages for investigating the phototropic and geotropic sensitiveness 
of the base of a coleoptile. The whole plant can alway~ he stimulated 
without any perception in the tip. 

As regards phototropy the base had already been studied lang ago (by 
ROTHERT 1893) with unilateral illumination only; a curvature is 
observed although there can be no change in the quantity of growth
regulators. Also with a gelatine tip I obtained positive. though feebIe. 
curvature towards unilaterallight (continuous application of 32 or 50 m.c.). 
Control plants which had also been decapitated. but on which no gelatine 
with growth-regulators had been placed. showed no curVé'ture at all. It 
th us appears that there must exist a difference in concentraUon if curvature 
is to occur. I supposed a diminution in the rate of conveyance of the 
growth-regulators at the strongly lighted proximal side of the coleoptile. 
I could confirm this supposition by placing gelatine blocks with growth
regulators unilaterally on stumps. One half of the operated plants were 
continuously illuminated bilaterally with about 20 m.c.,the other half 
remained in the dark. Table 111 gives the curves obtained. 

TABLE IJl. 

Series I Series II 

I Af ter 3 hours IAfter JI /4 hourl Af ter 3 hours 

plants in darkness 17 ± 6. 1 

.. under conto illum. 15 ± 4.6 

15 ± 0.2 

8 ± 0.4 

21 ± 5.2 

24 ± 2.0 
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Af ter 1 hour the plants of series I also showed a distiuct difference in 
curvature, which, however, had disappeared af ter 3 hour.:;. So it appears 
that during the first hour the rate of transport is greatly diminished by 
the iIlumination, af ter this it is equalised, so that at last it makes no 
difference whether the plants have been illuminated or not. The influence 
of light on a coleoptile of Avena therefore appears in this investigation as 
in the former to be twofold: in the first place it has an effect on the 
formation of growth~regulators in the tip, and secondly it temporarily 
diminishes the transport~rate of the growth~regulators. 

The first phenomenon gives rise to the tip~response, the second probably 
has something to do with the base~response. But this rcquires further 
investigation. BRAUNER (1922) seeks in the same direction an explanation 
for curvatures of the base. He says, however, that light increases the 
~rmeability and so accelerates the transport of growth~retarding substances. 
Although his hypothesis will explain the positive curvature of the base, my 
experiments prove it to be untenable. 

These facts also enable us to explain why with stronger intensities a 
positive bending precedes the negative one. From the outset more growth~ 
reg\1lators are formed at the front than at the back. During the first hour, 
however, the transport~rate is smaller at the front than at the back, so that 
a positive bending must occur first. Later, when the transport has become 
norm al again, more growth~regulators will he present at the front than at 
the back and the plant then bends negatively. ARISZ (1915) also obtained 
purely negative curvatures, not preceded by a positive one. He then 
y,rorked with illumination of the tip only, so that the rate of diffusion at the 
base was not altered and the acceleration could at once manifest itself. 
Viewed in this light the results obtained by Miss SEUBERT with unilateral 
illumination of stumps on whieh agar mixed with saliva had been stuck, for 
which she wanted several auxiliary hypotheses, are easily explained. We 
have again a case here in which a growth~accelerating substance is from the 
agar conveyed downwards in the coleoptile. By illumination the transport 
at the exposed side is impeded, so that a positive ben ding must result. 

Lastly I have to speak of the geotropie stimulation of the base. 
GUTTENBERG (1911) was already able to prove by PICCARD's method 

that also the base of a coleoptile can perceive centrifugal forces. BRAUNER 
( 1923), SEUBERT (1925) and CHOLODNY (1924) tried more or less success~ 
fully to stimulate the base only, the first~named by replacing the cut~off 
tip on the stump af ter geotropic stimulation of the base, SEUBERT by placing 
agar blocks with saliva on the base, the last~named by stieking the tip on 
the base at an angle of 90°. The two former could show that the base 
really is geotropieally sensitive; CHOLODNY'S method presented difficulties 
that could not be surmounted. 

I cut the tips of plants at various lengths, some at lmm, some at 5 mmo 
Instead of the cut tips a little block, containing growth-regulators, was 

2 
Proceedings Royal Acad. Amsterdam. Vol. XXX. 
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again put on the whole surface. The plants were then placed horizontally. 
After 1 Y2 hours all the plants with gelatine we re geotre'pieally curved, 
those that had been curtailed 5 mm only feebly , the others very strongly. 
The bending of these latter plants was about as strong as with uninjured 
plants. We may infer firstly that geotropie curvature depends on a 
concentration gradient of growth~regulators, and secondly that it is 
perceived by all zones of the coleoptile (perhaps with the exception of the 
extreme tip) , while the greatest sensitiveness must !ie a !ittle below the tip. 

On account of the above~mentioned facts I think we are justified in 
concluding that geotropie perception is caused by apolar alteration in the 
coleoptile cdls. Instead of an evenly distributed rectilincar transmission 
of the growth~regulators from the tip to the base, the transport in each cell 
undergoes apolar alteration and instead of moving rectilinearly the growth
regulators are more strongly conveyed towards that side which under 
geotropic stimulation was turned downwards. It is not necessary to assume 
a direct transformation of energy by gr~vity, and each Cl::)!. either at the 
under or at the upper side, reacts in the same way. I hope to be able later 
toextend these ideas by further experiments. 
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