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WOORD VOORAF 

Veel van onze werkers bleken weer gegevens en gedachten uit hun lopende onder­
zoek beschikbaar te hebben voor verspreiding in ruimere kring. Deze zijn daarom ge­
bundeld tot het nu gereedgekomen Jaarboek 1964. De behandelde onderwerpen liggen 
ver uiteen, maar we verwachten dat onze lezers zich met ons willen inspannen om het 
vermelde een plaats te geven in het geheel van kennis en ervaringen rondom de teelt 
der gewassen en het gebruik van de producten ervan. 

Uit de auteurvermeldingen spreekt al een grote mate van samenwerking, doch daarin 
kon niet tot uiting komen dat de eindvorm mede te danken is aan de goede zorgen van 
Mej. A. H. VAN ROSSEM en de heren A. KLEINENDORST en G. BEEKHOF. 

Drs. MAKKINK heeft ongetwijfeld weer een aantal buitenlanders aan zich verplicht, 
die slechts via het Esperanto tot de inhoud van dit jaarboek toegang hebben. 

De Directeur van het Instituut voor 
Biologisch en Scheikundig Onder­
zoek van Landbouwgewassen, 

Prof. dr. ir. G. J. VERVELDE 

Wageningen, oktober 1964. 



NOTICE FOR FOREIGN SCIENTISTS 

As in preceding years a mimeographed issue has been prepared with summaries 
and the explanation of figures and tables in Esperanto for countries where English is 
not generally understood. It will be sent on request. 

AVIZO POR FREMDAJ SCIENCISTOJ 

Kiel en antaüaj jaroj mimeografita kajero estas preparita kun resumoj kaj la klarigo 
de la figuroj kaj tabeloj en Esperanto por landoj kie la angla ne generale estas kom-
prenata. Gi estos alsendata post peto. 
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Mededeling 235 van het I.B. S. 

RESPONSES OF BEAN PLANTS TO ROOT TEMPERATURES 

I. ROOT TEMPERATURES AND GROWTH IN THE VEGETATIVE STAGE 

R. BROUWER 

INTRODUCTION 

Though the effect of root temperature on the growth of various crops has been 
investigated relatively often, it is as yet impossible to gain a clear impression of the 
causal relations which are of importance in this respect. RICHARDS et al. (11) stated 
after an elaborate review of the literature on this subject: 'Very limited data are 
available for only a few plants in certain stages of growth and under given environ­
mental conditions'. As regards this little has changed since that time. 

More detailed and elaborate investigations should be carried out on this subject. 
In the first place various activities of the same plant species need to be included in the 
investigations in order to get some idea of the various responses to different root 
temperatures. Until now data are extremely limited in this respect. It is impossible to 
estimate from data on the influence of root temperature on the ion uptake of a certain 
plant species anything as to the growth of another species. Obviously, there are con­
siderable intervarietal differences, especially concerning the temperature responses 
(3, 9). 

Secondly, it is important to examine the interaction of root temperature and other 
external factors. This also is a field in which little research has been carried out, 
although indications are to be expected that may add to the appreciation of the causal 
relations, as has been found for other growth factors as well (4). Evidently, the in­
fluence of the root temperature will decrease as other growth factors are more limiting. 
The greater part of the discrepancies in the results in literature probably is related 
to this fact. 

Thirdly, the influence of root temperature should be investigated in the various 
growth stages. Literature generally assumes that the optimum changes to lower tem­
peratures as the plant grows older (11, 12). In some cases it could be proved that this 
is not a question of sensitivity, but a change in the trend due to the duration of the 
application period (1, 8). Thus a root temperature of over 25°C decreases the pot­
assium content in peas, because the potassium uptake initially lags behind as com­
pared to growth. In the long run, this content grows so low that growth inhibition 
occurs. Peas also show growth depressions at the transition from the vegetative phase 
to the reproductive phase. This depression starts earlier as temperature is higher. 
However, so long as this change-over has not been completely realized transference to 
a lower temperature will induce the expected growth depression. The plant keeps the 
same optimum. 

In so far as known the change of the optimum to lower values is always due to 
growth depressions caused in the long run by high temperatures. 

In view of the extensive data of this investigation the results are published in a 
series of articles. 
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METHODS 

The experiments were carried out with seedlings of Phaseolus vulgaris after germi­
nating in moist sand at 20°C. When the midrib of the primary leaves had reached a 
length of about 25 mm the seedlings were put on a Hoagland nutrient solution, 
750 ml per plant, refreshed three times a week. Air temperature in all experiments was 
20°C, air humidity 65% and light intensity 40.000 ergs, cm~2.sec~]. at a length of 
17 hours per 24 hours. 

In part of the experiments the various root temperatures, viz. 5°, 10°, 15°, 20°, 25°, 
30°, 35°, and when possible, 40°C were applied immediately after germination from 
the very beginning of the experiment. In another part of the experiments the various 
root temperatures were only applied after a preliminary period of 10 to 12 days at a 
root temperature of 20 °C. 

In both groups the nutrient solution was sometimes replaced by tap water in order 
to examine the influence of ion withholding on growth. 

Growth was measured by frequent fresh-weight and dry-weight determinations and 
by daily measurements of the length of the midrib. 

RESULTS 

Growth of the young seedlings 
The plants were put on nutrient solution at various root temperatures immediately 

after germination. Fig. 1 shows the fresh weights reached after 12 and 20 days re­
spectively. Over a period of 12 days the optimal root temperature appeared to be 
30 °C. This holds for root growth as well as for shoot growth. During the next 8 days 
there was some change. At the end of this period there appeared to be only very 
little difference between the weights at the root temperatures 20°, 25° and 30 °C during 
the whole 20 days' period. This means that the relative growth rate in the last part of 
the period was highest at 20°C (fig. 2). Fig. 2 also shows that the relative growth rate 
at root temperatures of 15° and 20 °C was constant during the whole period. At the 
other root temperatures the growth rate at the beginning was higher than at the end 
of the period. This change was greatest at the temperature which was optimal during 
the first 12 days (30 °C) so that the optimum temperature decreased gradually to 

g/p i 
30H 

20 

increase in leaf f resh weight 

• • 0-12 days 
-o 0-20 days 

g/pL 
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20 

10 

35°C 

increase in root fresh weight 

• • 0-12 days 
o o o-20 days 

25 30 35 °C 
root temperature 

FIG. 1. Increase in fresh weights of bean plants grown on aerated Hoagland solution at different 
temperatures during 12 or 20 days after germination. 
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FIG. 2. Fresh weight of roots and leaves of bean plants grown r oot fresh weight 
at different root temperatures plotted against time. g/pi 
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25° and perhaps to still lower values when the experiment had been prolonged. 
Fig. 3 reflects matters as they are when the length increase of the leaf is taken as a 

growth measure. Immediately from the beginning of treatment considerable differ­
ences occurred. At a root temperature of 5 °C there was only some leaf growth in the 
first two days. In that period only cell division took place which was hardly influenced 
by root temperature. The succeeding cell elongation was completely inhibited at 
5°C and more rapid as root temperatures were higher with an optimum at 30 °C for 
the primary leaves, while the optimum for the first trifoliate leaf was 25 ° to 20°C. 
Growth at 35°C was about equal to that at a root temperature of 15°C as far as the 
primary leaves are concerned. However, this only holds if the final length is taken as a 

FIG. 3. Length of the midrib of the primary leaves of 
bean plants grown at different root temperatures 
plotted against time. 
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measure. The growth trend in time was most divergent and clearly showed that growth 
at this high root temperature gradually retarded. This effect is due to the fact that 
there hardly was any root growth at all and the roots gradually were loosing all 
uptake capacity as a result of the formation of impermeable layers (6). 

Measuring the growth in length of the leaves is attractive as a growth measure, 
because this allows an examination of the growth responses to changing external con­
ditions on the same plants. When plants have to be harvested the variability of the 
plant material will cause less clear cut results. 

Growth responses to changes in root temperature 
As has been mentioned above leaf growth is one of the most satisfactory properties 

to use in determining a rapid response of growth to changes in external conditions. 
In fig. 4 the length of the primary leaves has been plotted against time. After three 
days of growth at four different root temperatures the plants of each root temperature 
were distributed over all four root temperatures. Leaf growth during the first three days 
showed the normal response. After transferring the plants there were immediate changes 
in growth rate. Each symbol is the average of four plants. In transferring plants from 
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FIG. 4. Growth of the primary leaves before and after a change of root temperature (symbols as in 
fig. 3). 
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5° and 10 °C to higher root temperatures growth was accelerated. At 10°C the growth 
rate normal for the new root temperature was immediately reached, at 5°C it seems 
to take somewhat longer. Apparently, the root system has changed to such an extent 
in the first three days of pre-treatment at 5°C that recovery of the normal activities 
demanded some time. A treatment of three days at 10°C was not long enough for this 
phenomenon to occur, but it did show after a prolonged treatment. 

At transferring from higher root temperatures to those of 5° and 10°C immediate 
and complete growth depression took place. The plants showed immediate wilting at 
these temperatures, at 10°C recovery took place within the first 24 hours, while at 
5°C after 5 days only the original leaf length was recovered. There was no question of 
growth being resumed at this temperature. 

Fig. 5 represents the fresh-weight increase after changing the root temperature. In 
this experiment a great number of plants received a pre-treatment during 10 days at 
root temperatures of 10° or 20 °C. On the tenth day both these groups were distributed 
over a range of root temperatures as indicated in the figure. The fresh-weight increase 
during the subsequent period of 10 days was determined. After a pre-treatment at 
20 °C the growth rate in the second period was almost the same at root temperatures 
of 20°, 25° and 30 °C. The growth rates at all other root temperatures were lower, this 
being more apparent in root growth than in shoot growth. Plants transferred to the 
different root temperatures after a pre-treatment at a root temperature of 10°C show­
ed a completely different response. The plants clearly showed differentiation over the 
whole temperature range with a root temperature of 35 °C as an optimum. 

The above has proved that growth at 20 °C was logarithmic during the whole 
growth period of 20 days. At higher root temperatures the relative growth rate de­
creased with age. A comparison of fig. 5a with fig. 5b shows that this phenomenon in 
all probability was not directly related to the age of the plants. Apparently, the size of 

root fresh weight 
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20.0 h 

leaf f resh weight 

g/pL 
20 

root f resh weight 

g/pL 

leaf fresh weight 

g/pi 
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FIG. 5. Fresh weights before and after changing root temperatures plotted against time. 
a. start at 10°C b. start at 20 °C 
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the plant was more important. The decrease in relative growth rate may be due to 
mutual shading of the leaves. A shift in the optimum is less mysterious in this way. 

Dry-matter content in the leaf 
In the preceding the weight increase has been determined by fresh weight, because 

it is supposed to be the best growth indicator. In climate rooms where growth condi­
tions are constant the use of fresh weights is quite well possible. Plotted against root 
temperatures the effect on dry weight does not seem to differ much from the effect on 
fresh weight (fig. 6). At closer inspection, however, some interesting differences emerge. 
Fig. 6b shows that these differences may be quite considerable. A low dry matter per­
centage was usually associated with rapid increase in fresh weight, a high one with a 
slow increase. This phenomenon is frequently found under all kind of conditions 
(3, 7 and 10). This is due to the fact that under less favourable conditions increase in 
fresh weight is much depressed or terminates completely, while photosynthesis con­
tinues. Accordingly growth measured as increase in fresh weight is more sensitive to 
changes in environmental conditions than assimilation. The leaf surface present con­
tinues photosynthesis, though at a retarded rate, even if there is no further increase in 
fresh weight (4). The relationship between dry matter content and fresh weight 
(fig. 7), may be considered as the relation between dry-matter content and growth, as 
all plants have been harvested at the same age. The plants grown at a root temperature 
of 35°C were an exception; considering their growth they had a surprisingly low 
dry-matter content. In view of this due care must be taken in the interpretation of the 
relation between the dry-matter content and growth, since the time factor is of 
importance. When growth is suddenly terminated the dry-matter content will gra­
dually rise. Fig. 8 reflects how this dry-matter content increased with time when the 
plants were transferred to a root temperature of 10° or 35 °C. The figure also shows the 
trend in the growth rate of the leaves. It is obvious that not growth and dry-matter 
content, but growth and increase in dry-matter content were each others opposites. 
After growth inhibition the dry-matter content continued to rise until a sort of 
maximum value was reached which is about 18 to 19% in beans (not shown in the 

Leaf fresh weight 
g/pl o o 

0 L 

Leaf dry weight 
g/pL 

-0.8 
°/o dry matter content of Leaves 

07 1 7 -

-0.6 16-

10 15 20 25 30 35° 10 15 20 25 30 35°C 
root temperature 

FIG. 6a. Fresh and dry weight of bean plants grown at different root temperatures. 
FIG. 6b. Dry-matter content of the leaves. 
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FIG. 7. The relationship between dry-matter content 
and leaf-fresh weight. 
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figure). It may be that photosynthesis terminates at that value. After some time 
however, the dry-matter content starts to increase again, but this time due to water 
loss caused by early maturation of the leaves at unfavourable root temperatures. The 
trend under different conditions has been treated more elaborately elsewhere (4). 

Transferring plants from one root temperature to another effects a change in the 
growth rate and also in the dry-matter content. Under constant external conditions, 
extreme temperatures excluded, this leads to a kind of balance which is characteristic 
for the constellation of external conditions concerned. Obviously, the preceding his­
tory is of some importance as shown in fig. 9. This figure represents the dry-matter 
content of the leaves of plants which received a pre-treatment of 10 days at root tempe­
ratures of 10°C or 20°C. After this pre-treatment both groups of plants were distri­
buted over the various root temperatures. Arrows in the figure indicate the dry-matter 
content directly after the pre-treatment. Evidently, the percentages changed during 
the experiment, that is they were higher as growth conditions were more unfavourable, 
while they decreased as conditions were more favourable. The data is from the expe­
riment the fresh weights of which have been represented in fig. 5. After 10 days at 
various root temperatures there still proved to be differences due to the pre-treat-

leaf dry weight 
g/pL 
3.0(-

FIG. 8. Leaf-dry weight plotted against leaf-fresh 
weight; 1 to 5 subsequent harvest times; circles: 
root temperature 20°C throughout; black dots: 
over to a root temperature of 10°C at harvest 
times to which they are connected by a dotted 
line; crosses: over to a root temperature of 35°C 
at harvest times to which they are connected by a 
dotted line. 

30 g/pl 
leaf f resh weight 
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% dry matter content of the leaves F]G- 9. Dry-matter content of the leaves of bean plants grown 
for 10 days at a root temperature of 10°C (black dots) or of 

13h \ 20°C (circles) and during the subsequent 10 days at different 
root temperatures. Arrows indicate dry-matter content at the 
time of transference. 

L W // 
12 r-

10 

10 15 20 25 30 35 °C 
root temperature 

ment. These differences, however, were small as compared to the changes taking place 
as a result of the treatment. The leaf material, present at the moment of transference, 
which had a high dry-matter content at 10°C is included in the average of all leaves. 
When the new leaves are taken separately these differences disappear. Evidently there 
is a fixed dry-matter content belonging to certain growth conditions. Any deviations 
are due to material present at the moment of changing, which was fully grown or 
which at least had terminated its participation in the growth process. In this respect 
there is much correspondence between the dry-matter content and the shoot/root-ratio. 

Relation between leaf weight and root weight 
Like the relation between fresh weight and dry weight at various root temperatures 

the relation between leaf growth and root growth was influenced in a similar way 
(fig. 1). Closer inspection, however, proves that there are considerable differences in 
the relation also in this case (fig. 10). It is striking that the ratio was much higher at 
10° and at 35°C than at the other temperatures, with an intermediate value at a root 
temperature of 15 °C. At both harvest times the ratio was the same for the root tem­
perature 15° up to and including 30°C. At 10° and 35°C there was a clear difference 
between the two harvest times, indicating that the balance had as yet not been reached 
at these extreme temperatures. Comparison of the fig. 1 and 10 shows that the shoot/ 
root-ratio was lowest at the root temperature with the most rapid leaf growth. This 

leaf fr, wt. 
root fr. wt. 
4.0 \- • "12 days old 

o o 20 days old 

3.0 

2.0 

1.0 10 i5 20 25 30 35°c FIG. 10. Leaf/root-ratio of bean plants grown at different 
root temperature root temperatures. 



FIG. 11. Leaf/root-ratio of bean plants grown for 10 days at a Leaf fr.wt. 
root temperature of 10CC (dots) or 20 °C (circles) and during the root fr. wt 
subsequent 10 days at different root temperatures. Arrows 
indicate ratios at the time of transference. 

10 15 20 25 30 35 °C 
root temperature 

means that the 'root value' was smallest when root growth as well as leaf growth was 
most rapid. The conception 'root value' suggests some sort of valuation number. In 
this case it means that the root under favourable growth conditions shows the slight­
est activity, expressed in leaf formation. Yet removal of a part of the root system un­
der these conditions will immediately result in depressed leaf growth (4). Conse­
quently, there is no surplus root formation, as sometimes suggested under similar 
conditions in literature. The phenomenon as such, however, is not explained in this 
way. 

Fig. 11 shows how this relation is formed after transferring from one root tempe­
rature to another. The data are from the experiment of which fig. 9 represents the dry 
weights and fig. 5 the fresh weights. After transferring the plants to another root tem­
perature the relative growth rate of the root and shoot changed in such a way that the 
relation associated with the new root temperature was reached as soon as possible. 
The values at the beginning of the experiment are indicated by the arrows. Comparison 
of the fig. 9 and 11 also shows the extent of the correspondence between the dry-weight 
percentage in the leaf and the leaf-root-ratio (4, 8, 10). At the same time it can be 
observed that the change from one relation into another takes place in the same way. 

Growth on nutrient solution and tap water 
Beans carry a considerable amount of nutrients necessary for growth in the cotyle­

dons. This also holds for the minerals. To find the share of the ion and water supply 
in the effect of root temperature on shoot growth young seedlings have been placed at 
various root temperatures on nutrient solution and on tap water. The fresh-weight 
increase (fig. 12) did not show any difference between Hoagland solution and tap 
water during the first three days. Afterwards differences occur in favour of the nutrient 
solution. During the time of the experiment (12 days) growth on the nutrient solution 
was about logarithmic. The only exception was at a root temperature of 35 °C. Leaf 
growth at this temperature was rapid initially, but an obvious depression occurred 
after six days. Thus it is evident from this experiment that growth was not limited by 
ion uptake in the first three days. Despite this a great difference in growth was found 
at the different temperatures which may be considered as due to the influence of water 
balance on growth. Without excluding any other causal relations at this moment, it is 
assumed for the time being that the influence of root temperature on the growth of 
beans for a great part was due to an influence on the water balance in the plant. 

At a root temperature of 10°C there was no difference between the tap-water series 
and the Hoagland-solution series during the whole period of twelve days. Water 
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FIG. 12. Fresh-weight increase of roots and shoots of bean seedlings grown on Hoagland solution 
(dots) or on tap water (circles) at various root temperatures. 

supply is supposed to be the limiting factor. A plausible inference was that the mo­
ment at which the difference between the two series showed for the first time should 
be earlier as growth was more rapid, for the ion supply in the cotyledons in all cases 
was the same and therefore should be sooner exhausted as growth was more rapid. 
However, the contrary was the case. It seems that a difference showed sooner at 
15°C than at 25° and 30°C. This may be related to the fact that the transport from the 
cotyledons becomes the limiting factor. These things will be discussed in a separate 
article on radio-active phosphate applied to plants. This experiment proved that the 
transport of phosphate applied to the leaves was influenced to a great extent by root 
temperatures. 

The influence of root temperatures on the growth of older plants during longer 
periods evidently was as large as that described here now for seedlings. A consider­
able number of plants is necessary to estimate this difference on basis of weight in 
short time experiments, however. Therefore, only leaf measurements were carried out 
in these experiments. Plants aged 15 days, which had formed a second and third 
trifoliate leaf were grown up to this time on nutrient solution at a root temperature of 
20°C. The length increase of the leaves present was measured daily. At an age of 
15 days they were transferred to the various root temperatures on tap water or nu­
trient solution. The average growth rate was 20 mm per 24 hours on the day before 
transference and is given in fig. 13 (crosses) together with the growth rate on the 
first two days after transference. Obviously, there was an immediate response at trans-
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FIG. 13. Rate of increase in leaf o—o Hoogland solution 
length (2nd and 3rd trifoliate leaf) • tap water 
of bean plants grown on Hoagland mm/24 hrs increase in leaf length 
solution at a root temperature of 201-
20 °C before (crosses) and after 
transference to various root tempe­
ratures (circles and dots). 
a. first day after transference 
b. second day after transference 
circles: before and after transference 
Hoagland solution 
dots: before transference Hoagland 
solution, after transference tap 
water. 

n L ÎL L I I I I L L I 
15 20 25 30 35°C 

root temperature 

ference from one root temperature to another (fig. 4). This already suggests that a 
growth factor was involved that may change very rapidly. As such the water balance 
is more likely than the ion balance. This was completely confirmed by the slight differ­
ence in response between these two groups of plants. The partial recovery of growth 
at 10°C and 15°C during the second day also indicates this. At transferring from 
20° to 10° and 15 °C water uptake is immediately hampered and as a result suction tension 
in the leaves increases. Due to this increased suction tension growth decreases (5). A 
secondary increase in the osmotic value of the cell sap induces a partial recovery. This 
recovery is supposed to continue until ion uptake becomes the limiting factor. Whether 
this stage is ever reached depends on the other conditions and will be treated in a next 
article. 

DISCUSSION 

On account of the experiments described above the following outline of the in­
fluence of root temperature on growth may be given. 

The differences in root weights induced by root temperature prove to have conse­
quences for shoot growth. It appears that weight increase of shoot and root roughly 
shows the same response to root temperature. Closer inspection furthermore shows 
that the quantitative response of the shoot is less than that of the root. This seems 
natural at first, for root growth is directly associated with the unfavourable environ­
ment, while shoot growth is only indirectly involved. On the other hand, it may be 
assumed that the shoot grows under all conditions in a measure as the supply of 
essential nutrients, provided by the root, allows (4). Seen in this way the relation as 
observed here is less rational. Obviously, the root is less developed at unfavourable 
root temperatures, while it may be expected also that it is less active per gram weight. 
This happens to be indeed the case (see subsequent articles in this series), and the more 
so, as the root forms impermeable layers under unfavourable conditions (6), which 
intensify the effect of temperature on its activity. The relation found in this case be­
comes more surprising as all these facts are taken into account. As has been found 
earlier for peas, these experiments have proved that root activity expressed in shoot 
growth per gram of root weight is largest at unfavourable temperatures (8). This is due 
to the fact that there is no straight-line relationship between root growth and shoot 
growth, when it is considered on a basis of weight. Root as well as shoot show anato­
mical and morphological differences at various root temperatures (6). This brings 
about great differences in the field of the various physiological activities as well. Thus 
the leaves grown at a root temperature of 10°C have a much more xeromorphic 
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morphology than those grown at a root temperature of 20°C (6). The above-described 
relation is less surprising if the equilibrium between root and shoot is considered as 
a functional balance. More data concerning the water balance and ion balance will 
draw special attention to this aspect. 

There are a few more aspects in the above-mentioned experiments that are interest­
ing with regard to growth analyses. 

Under certain conditions the dry-matter content of a plant is a very good indicator 
of growth conditions, i.e. both magnitudes are negatively correlated. However obvi­
ously, the time factor is most important in the quantitative relationship between these 
magnitudes. If the growth depression has occurred only recently it will not be imme­
diately expressed in the dry-matter percentage. In prolonged treatments it will grow 
more apparent until it reaches an equilibrium value. This value is easier to handle in 
growth depressions occuring at a constant level, as e.g. with a root temperature of 
15°C. This is probably why application of this percentage in practice, where more 
factors play a part in the realization, still meets with difficulties. However, the prin­
ciple is of so much importance that closer investigation into this subject is justified. 

The same holds for the shoot/root-ratio. 

SUMMARY 

Experiments are described in which the influence of a series of root temperatures 
(5°-40°C) at a constant air temperature (20°C) on root growth, shoot growth, 
shoot/root ratio and dry matter content was investigated. Quite considerable differ­
ences in each of these values were found. 

It is assumed that the reduction in shoot growth reported was due to an unfavourable 
water balance induced by the treatments. 
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RESPONSES OF BEAN PLANTS TO ROOT TEMPERATURES 

II. ANATOMICAL ASPECTS 

R. BROUWER and ATJE HOOGLAND 

INTRODUCTION 

In earlier papers it has been assumed that at each set of conditions a functional 
equilibrium exists between shoots and roots. This might imply that at favourable root 
temperatures the shoot/root-ratio would be higher than at sub-optimal and supra-
optimal root temperatures. The reverse appeared to be true (2, 3). It may be assumed 
that in evaluating the functional equilibrium the weight ratio is not always a reliable 
magnitude. Since in the functional equilibrium root functions play an important role 
several features may be of interest. Behind physiological features e.g. carbohydrate 
supply, also anatomical and morphological properties of the various plant parts may 
be of importance. This paper will deal with the latter aspect of the influence of root 
temperature on the growth of plants. 

METHODS 

The plants were grown at different root temperatures (2). The anatomical and 
morphological data were collected at different harvest times and compared with yield 
data. 

RESULTS AND DISCUSSION 

Roots 
In fig. 1 a photograph is shown of root systems of plants grown at different root 

temperatures for 8 days after germination. As a comparison the root system of a seed­
ling at the start of the experiment is shown. It is clear that hardly any growth takes 
place at root temperatures of 5°, 10° and 35°C, whereas at 40°C a decay of the root 
system and the base of the stem can be seen. This may be due to dying and subsequent 
contamination with micro-organisms. The optimal temperature was between 25° and 
30°C. In addition to growth in length of main-, branch-, and adventitious roots 
there was also a clear influence on branching. 

Fig. 2 shows different anatomical details of a root grown at 20°C at different dis­
tances from the apex. The diameter of the whole root as well as the diameter of the 
stele was about the same from the apex up to a distance of 20 cm. Roots grown at this 
temperature showed only suberization of the casparian strips up to 8 or 9 cm from the 
tip. At greater distances suberization of the other parts of the walls of the endodermal 
cells increased rather quickly. At a distance of 15 or 20 cm from the tip, practically 
the whole wall of these cells was suberized. Only the endodermal cells opposite the 
xylem rays remained unsuberized (passage cells). 

Suberized endodermal cells are here considered to be cells the walls of which show 
distinct uninterrupted colouring with Sudan III. 
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FIG. 2. Diameter of whole root 
and central cylinder of bean 
plants grown at 20 °C at different 
distances from the root apex. In 
addition the suberization of the 
endodermal cells is indicated. 
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At this root temperature the first branch roots appeared at a distance of 5-6 cm 
from the apex. This was about the same distance at which the suberization of the 
endodermal cells rapidly increased. It is shown in fig. 3 that this distance was about the 
same between 15° and 35°C, but smaller at root temperatures of 5° and 10°C. These 
small differences in the distance between apex and the first macroscopically visible 
branch roots may be due to an after-effect of germination at 20°C. 

There was a distinct difference in differentiation at the various root temperatures as 
shown in fig. 4. Compared with a root temperature of 20 °C the suberization of the 
endodermal cells penetrated more closely to the apex at the lower as well as at the 
higher root temperatures. This was especially clear at 35 °C. It appeared that there was 
complete suberization at this temperature at the distance of 5 cm from the apex. At 
10°C this distance amounted to about 10 cm and at 15°C to 15 cm. This situation 
applies to plants that were pre-grown at 20°C during 7 days after germination. At 
root temperatures of 10° and 35°C there was hardly any growth in length and the 
suberization reached eventually the root tip. This was realized much more rapidly at 
35°C than at 10°C. In addition to the suberization at 35°C the induction of meristems 
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FIG. 4. Suberization of endodermal cells at different distan­
ces from the root apex of bean roots grown for 10 days 
at the root temperatures indicated after germination at 
20 °C. 
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FIG. 5. A topographical drawing of a root tip 
10 days after the seedlings were placed on a 
nutrient solution of 35 GC. 

1. pith 
2. phloem 
3. xylem 
4. developing meristems of branch roots 
5. endodermis 

of branch roots in the pericambium proceeded steadily as well. It was a remarkable 
phenomenon that while at this temperature at which the meristems of the main roots 
lost all activity (cell division and cell elongation) in the centre of the same root cell di­
visions continued. In the absence of cell elongation the main roots contained a great 
number of meristems lying close together. These meristems made the roots ultimately 
somewhat angular (fig. 5). This figure shows that four meristems of branch roots were 
visible at the same height. 

After transferring the plants from a root temperature of 20 °C to a root temperature 
of 35 °C leaf growth proceeded initially at the same rate or even at a somewhat higher 
rate. After a couple of days however a reduction of leaf growth appeared, ultimately 

suberization of endodermis 
cm from apex 

X 
o 

leaf growth rate 

0 5 10 days 
t ime after transference to 35°C r.t. 

FIG. 6. A comparison between suberization of the endodermal 
cells, exudation rate and leaf growth of bean plants after 
transfer from a root temperature of 20 CC to 35 °C. 
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FIG. 7. Dimensions of various tissues within the radius ret radius 
of the whole stem. I5r 
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leading to a complete stop. Fig. 6 shows a comparison between rate of leaf growth, 
rate of exudation and suberization of the endodermis after transference from 20°C to 
35 °C. There is a striking similarity between the three curves. No other anatomical or 
morphological features were found that showed such a close relation to leaf growth 
and root activity as suberization. It seems justified to conclude that the endodermis 
plays an important role as a transport barrier in the root, this in contrast to the 
assumption of various investigators (5) in recent papers. 

Stem 
At optimal root temperatures the cortex as well as the pith and the vascular tissue 

showed the largest diameter (fig. 7). The differences were small as far as the cortex was 
concerned and greatest for the vascular zone. Microscopic determinations revealed 
that the difference in diameter was predominantly determined by a difference in num­
ber of cells. Comparing the area of the cross section of the stem with the stem-fresh 
weight (fig. 8 A and B) reveals that these magnitudes do not parallel each other. This 
is due to the fact that both stem diameter and stem length react upon the root tempe­
rature. 

x x vascutar area 
. . stem diameter 
o o area of transverse stem section 

FIG. 8. A. Stem dia­
meter, area of trans-
versestem section, and 
cross-sectional area of 
vascular tissue direct­
ly above the cotyle­
dons at different root 
temperatures. 
B. Fresh weight of 
stems and leaves at 
different root tempe­
ratures. 

25 30 35 40 °C 
root temperature 
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leaf fresh weight FIG. 9. Relation between leaf fresh weight and cross-
I 0 r9 2\°/ sectional area of conducting tissue at the root tempera­

tures indicated. 
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rel vascular area 

From the thickness of the various layers the area of the vascular zone can be cal­
culated. This area is in a way a measure of the transport capacity of the system. Fig. 8 
indicates that there was a close correlation between the areas of the vascular zone and 
the leaf surfaces (compare 4). In fig. 9 the leaf surface is plotted against the vascular 
area and the relation appears to be rectilinear with an intersection with the abscissa, 
possibly corresponding with the amount of tissue which is not essential for transport 
or the amount of conducting tissue present after germination before the unfolding 
of the leaves. If this is the case it means that the relation between transpiring surface 
and cross-sectional area of conducting tissue is independent of root temperature. As 
SINNOTT (6) states this relation, contrary to the assumptions made bij various inves­
tigators (6), may be without causal significance for the differentiation of vascular 
tissues and may therefore be simply another instance of a non-causal developmental 
correlation. 

Leaves 
The influence of root temperature on leaf development (2) is almost as great as the 

influence on root development. In fig. 10 photographs are shown of plants grown for 
8 days at different root temperatures. The temperature effect was clear in the tap water 
series as well as with the use of nutrient solutions. Besides the differences in leaf area 
there were great differences in colour. At sub- and supra-optimal temperatures the 
leaves were deep-green, at optimal temperatures light green. As in the aeration expe­
riments (1) in this case too a difference in elongation of leaf cells was the cause of these 
differences in colour. In fig. 11 some features are collected that give an impression of 
the relative dimension of leaf cells. The leaf surface followed an optimum curve 
{cf. fig. 12), whereas the stomatal density showed just the reverse. It has been shown 
(7, 1) that stomatal density in bean leaves is negatively correlated with the size of the 
leaf cells. Multiplying the number of stomata per mm2 by the leaf surface gives the 
total number ot stomata per leaf. As was the case with growth inhibition due to lack of 
aeration it appeared that root temperature had hardly any influence on the number of 
stomata per leaf and therefore also on the number of cells per leaf. The influence of 
the various root temperatures on the leaf area therefore can be fully attributed to an 
influence on cell elongation. 

As postulated elsewhere (3, 2) the influence of root temperature is mainly due to an 
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FIG. 10. Bean seedlings grown for 8 days (following germination at 20 C) at the root temperatures 
5. 10. 15. 20. 25. 30. and 35 C (from left to right). Upper series nutrient solutions, lower series tap 
water. 
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number of stomata FIG. 11. Leaf area, stomatal density, 
and number of stomata per leaf of bean 
plants grown at the root temperatures 
indicated. 

root temperature 

influence on the water balance of the plant. It may be expected therefore that plants 
grown at unfavourable root temperatures will show a more xeromorphic character. 
Colour and stomatal density confirmed this assumption. The leaves were thickest 
however at optimal growth conditions. This applies for both types of leaf parenchyma 
(fig. 12) and was due to the larger intercellular cavities. As far as the epidermis is 
concerned there are no differences. In preliminary experiments it was found that there 
were large differences in uptake of radio-active phosphorus and radio-active rubidium, 
applied to the leaves, due to root temperatures. At the same time it appeared that the 
cuticular transpiration of the leaves grown at high and low root temperatures was 
reduced (unpublished results). This may indicate that there was also an influence of 
root temperature on the development of the cuticular layer. 

SUMMARY 

Root temperature has a distinct influence on root growth and cell differentiation. 
Growth reduction in general is coupled with a reduction of the distance between the 
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FIG. 12. A. Dimensions 
of various tissues in the 
leaf between the veins. 
B. A comparison of leaf 
area and leaf-fresh weight 
of a primary leaf of bean 
plants grown at the root 
temperatures indicated. 
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root tip and the region where differentiation is completed. This is especially the case 
at 35 °C. At this temperature the induction of branch roots penetrates into the apex 
proper. It is remarkable that although the growth of the tip meristem, including both 
cell elongation and cell division, has fully stopped, cell divisions continue in the centre 
of the roots. 

Suberization of the walls of endodermal cells reduces the uptake strongly and leads 
to decreased leaf growth. 

Similar as in literature for other treatments, a close relation between leaf growth 
and development of the cross sectional area of vascular tissue was found in these 
experiments as well. The leaves show xeromorphic characters at unfavourable root 
temperatures. 
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IN FLUENCE OF SOME ENVIRONMENTAL FACTORS ON GROWTH 
AND FIBRE FORMATION IN FLAX 

A. G. HAVING A-VAN DER MOLEN 

INTRODUCTION 

In the course of time many investigat ions have been published on flax. For the 
greater part they concern practical proble ms as manuring, methods of harvesting etc. 
Particularly in the older literature far less attention has been paid to the more funda­
mental problems of fibre formation in plants as h emp and flax. 

In this respect work on the anatomy of flax and origin of fibres by TAMMES (12) and 
ESAU (4) has to be mentioned as well as that of Opitz et al. (8) and CROZIER (2) on the 
relation between anatomical properties of fibres and fibre quality. SCHILLING (9) 
tried to find some relation between the internode length of different flax varieties and 
their quality. 

Nowadays JACQUEMART (5) and SZYMANEK (11) work on anatomical problems, 
LARSEN (6) on physiological problems and in Russia the effect of various climatical 
factors is under investigation (Sizov 10). 

Some years ago research on the effect of environmental factors on fibre formation in 
flax was started on the I.B.S. BLOK (unpublished results) tried to find a method for 
growing flax on a nutrient solution in climate rooms. The present publication deals 
with the effect of temperature and drought on plant development and fibre production 
in flax, using BLOK'S method of cultivation. 

METHOD 

Seeds of two varieties, Wiera and Fibra, were germinated in sand at 20°C. After 
emergence 120 seedlings were placed on 9 1 of a Hoagland solution at half strength 
(pH 5.7-5.9). The solution was not aerated. BLOK found that alternation of normal 
Hoagland and Hoagland without nitrogen, repeated 3 times during the growth period, 
gave better results than plants grown on a complete Hoagland throughout. Under the 
last mentioned conditions the nitrogen supply was too liberal. In the nitrogen free so­
lution the N0 3 ' was replaced by an aequivalent amount of CI'. The volume of the 
nutrient solution was maintained by adding tap water when necessary. The plants 
were grown at a daylength of 16 hours and illumination was provided by 400 Watt 
HPL lamps. The light intensity amounted to 7.104 erg/cm2/sec or more on the tops of the 
stems. When the plants reached the glass plate that separated them from the lamps 
they had to be placed on a lower level. This procedure was repeated several times 
during the experimental period. 

The temperatures under investigation were 12.5°, 16.5°, 20.5° and 25 °C. 
Eight sets of 120 plants of Wiera and Fibra were placed at each temperature respec­

tively. Three times a week the height of the longest stem of each set was measured and 
the average of those lengths gave an impression of the growth rate. When the average 
length of the variety Wiera, which grows more rapidly than Fibra, had reached 25 cm 
at a certain temperature, it was harvested for the first time, the second took place at 
50 cm and so on. 
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At each harvest one set of Wiera and one of Fibra were reaped and fresh and dry 
weight of shoots and roots were determined. Of 20 stems the length was measured and 
the number of internodes counted and 10 of these were anatomically investigated on 
the 30th and on the middle internode. At the last harvest one set was used for chemical 
analysis and one was sent to the LB. V.L.1) for the examination of fibre quality. 

RESULTS AND DISCUSSION 

The general appearance of the plants was very luxuriant as compared with field 
grown plants, leaves being dark bluish green and large, stems being thicker and the 
plants being far taller. Possibly the amount of nitrogen applied was still too large 
(MEYER and ANDERSON 7). The flax grown at 25 °C had the most normal appearance. 

At all temperatures development was irregular, partly due to the fact that during the 
growth period the plants had to be placed repeatedly at a greater distance from the 
light source; the slowest growing individuals became more and more retarded. This 
had an effect on duration of flowering as will be shown below. 

Looking at the effects of temperature it can be seen that both Wiera and Fibra had 
the highest growth rate at 20.5°C, followed by 25°C and 16.5°C, whereas at 12.5°C 
the flax grew but very slowly (see fig. 1). Not only growth in length but also the in­

stem Length 
cm 

stem length 
cm 
180 r 

FIBRA 

T8/2 18/3 15K 13/S 10/6 

FIG. 1. Growth rate of Wiera and Fibra at various temperatures as increase in stemlength in the course 
of time from „emergence" to maturity. 

*) Institute for Research on Storage and Processing of Agricultural Produce. 
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FIG. 2. Increase in total dry weight of Wiera and Fibra at various temperatures in the course of time. 
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crease in fresh and dry weight was the highest at 20.5°C, though the difference between 
the flax at 25 °C and that at the other temperatures was far more pronounced (fig. 2). 
This is a consequence of the fact that the stem diameter at 25 °C was quite normal but 
at the other temperatures very large. Comparing the ultimate lengths it can be seen 
that not 20.5°C gave the greatest length but 12.5°C (fig. 3). This may be explained as 
follows. 

It may be assumed that there are two effects of temperature ; one on growth rate and 
another on the rate of development of the plant (BROUWER 1, VAN DOBBEN 3). Fig. 4 
shows the duration of different stages in the development of flax. 

FIG. 3. Technical length measured from cotyledons to in­
florescence, in cm at maturity. 
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Apparently the vegetative stage was drastically shortened by increasing temperature. 
Now, plant height is the result of growth rate and of the time during which the plant 
may grow. In this experiment the conditions happened to be so that the result was a 
kind of two topped curve (see fig. 3). 

Sizov (10) showed in field experiments under various climatic conditions in differ­
ent zones of Russia that a high temperature and also drought during the vegetative 
stage shortens that period in flax. The result was a shorter length. Fig. 4 also shows 
the long duration of flowering, especially at 25 °C. This will partly be caused by the 
earlier mentioned irregularity in growth, but at 25 °C there is another factor involved. 
The inflorescence was longer and more branched than at the other temperatures, so 
that there were more flowers per stem. Seeds were not produced, however. Possibly, 
the failing of the normal termination of the cyclus gave rise to abundant flowering. 

The water uptake was measured in order to determine the transpiration coefficient. 
The results are shown in table 1. 

TABLE 1. The transpiration coefficient of Wiera and Fibra expressed in ml water per gram dry 
matter; the vapour-pressure deficit (v.p.d.) is given in mm Hg. 

Temp. CC V.p.d. 
Transpiration coefficient 

Wiera Fibra 

12.5 
16.5 
20.5 
25 

2.9 
4.6 
7.9 
8.9 

330 
444 
528 
700 

364 
512 
586 
880 
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The coefficients are very high and distinct differences occur. In how far this is 
caused by the difference in vapour pressure or by a specific temperature effect has not 
been determined, since the v.p.d. could not be maintained at the same level for the 
four temperatures. LARSEN (6) found a transpiration coefficient of about 300-400 for 
Wiera in pot experiments under natural light and temperature conditions. 

The relation between increase in dry weight and water uptake during the course of 
time is shown in fig. 5 for 20.5 °C only. 

The question rises in how far temperature affects fibre formation. The excessive 
nitrogen application must be considered as a factor of great importance. It is known 
that too much nitrogen lowers the yield of fibre and reduces fibre quality. 

Fibre formation in flax takes place at an early stage (TAMMES 12) in the protophloem 
(ESAU 4, JACQUEMART 5) together with the formation of sieve tubes and the companion 
cells. In Linum perenne (ESAU) the ultimate number of fibres is present when the first 
sieve tubes of the protophloem are crushed but the fibres are in a different stage of 
development. In Linum usitatissimum the number is also fixed at an early stage (TAM­
MES). The first fibres are longer than the later-formed ones (JACQUEMART). According to 
Sizov fibre formation ceased at the end of flowering and 90% of the total amount of 
fibres should be present at that moment. The results of an earlier experiment gave the 
impression that thickening of the cell walls is also almost completed at that moment. 

It is generally assumed that the thickening of cell walls occurs centripetally and 
usually begins after elongation has ceased but ESAU showed for Linum perenne that 
formation of secondary walls already begins at the formation of secondary tissue. As 
it is known that several factors affect fibre content and quality the percentage of 
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fibre cells with thickened walls was determined by counting the total number of fibre 
cells and the number of thickened fibres in a transverse section of the middle inter-
node of 10 stems. The results of the last harvest are given in table 2. 

TABLE 2. Summary of various examinations. Quality-index number after CROZIER'S method, deter­
mination of quality and fibre yield (fibre in % of straw weight under standard conditions). See further 
in text. 

Nr. exp. 

Temp. °C 12.5 

1363 

16.5 20.5 

Wiera 

1360 

25 20 

Blok I.B.V.L. 

15^20 field 12.5 
grown 

Fibra 

1363 

16.5 20.5 25 

I.B.V.L. 

field 
grown 

CROZIER 10 8 
I.B.V.L. 6.5 7 
% thickened fibres 72 77 
Yield in % 16.4 16.3 
Diam. stem \ 2.2 2.38 
Length intern. ] m m 6.9 6.7 

* -— examination was not possible. 

11.5 12 10-11 12 12-14 9.5 12.5 
6.5 

70 
13.2 
2.15 
6.4 

3 
63.4 
11.6 
1.15 
6.3 

83 
17.9 

± 2 
5.5 

66.8 
9.2 

±2 
6 

9 
85 
24.7 

1.5 
9 

5 
66 
14 
2.2 
6.0 

5.5 
77 
16.2 
2.2 
6.0 

5 
70 
15.4 
2.35 
4.9 

13 
3 

65 
8.9 
1.35 
5.0 

9 
84 
27.7 

1.5 
8.5 

In the same table the results are shown of an estimation of fibre quality by the 
method of CROZIER (depending on different anatomical properties of bundles and 
fibres) and a technical examination bij the I.B.V.L. As a comparison field-grown 
Wiera and Fibra were used as an example for good quality (highest mark according to 
the I.B.V.L. is a 10; in CROZIER'S method a lower figure indicates a better quality). In 
the present experiment the flax at 16.5°C showed the best quality and the highest 
percentage of thickened cell walls. In comparison with the field-grown flax it appeared 
that the quality was low and the fibre yield was also abnormal. This is due to two 
factors at least : the low percentage of thickened fibres and the large stem diameter 
(not for the flax at 25 °C). The amount of fibre does not increase proportionally with 
increasing stem diameter (TAMMES). 

The fibres of the flax at 25 °C had large lumina and were irregular of shape and size, 
the cell walls showed distinct layering. The flax at 12.5°C also had rather large lumina 
but this could have partly been caused by the fact that the last harvest occurred at a too 
early stage. In any case this was true for Fibra. The Wiera of an earlier experiment, 
1360, had a high percentage of thickened cells but was of a poor quality. There was 
not enough material for an examination by the I.B.V.L. ; according to CROZIER it was 
not too bad. It may be possible that the very short internode length played a role 
here. The field-grown flax had an internode length of about 9 mm, but all the flax 
grown in the climate rooms, 1360, the BLOK experiment included, had too short 
internodes. At higher temperatures this length decreased even more. Drought can also 
have this effect (LARSEN 6). SCHILLING (9) examined different varieties of flax and 
found that in general a short internode length was associated with poor quality. 

For the moment it cannot be said by what factors these short internodes are caused. 

SUMMARY 

Two varieties of flax, Wiera and Fibra, were grown in climate rooms on nutrient 
solution at different temperatures: 12.5, 16.5, 20.5 and 25°C. The amount of nitrogen 
applied appeared to be too high, which may partly be the cause of the lowered fibre 

38 


