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I. Introduction

During the last years reviews of the ever increasing number of

investigations into the salt absorption of plants or parts of plants

appear regularly (Lundegardh 1947; Burstrom 1951; Robertson

1950, 1951), so a few general remarks may suffice. It appears from the

literature reviewed that a division of the absorption process according
to physiological principles such as penetration into the cytoplasm or

accumulation in the vacuoles is seldom made. On the other hand the

analysis has been carried through so far already that physico-chemical
and biochemical processes and factors take up a great place in the

theoretical considerations as to the different mechanisms involved. The

relationship between the salt absorption and the anion-respiration has

been studied particularly and discussed thoroughly (Lundegardh;
Robertson and collaborators). For the sake of simplicity many

experiments have been performed with pieces of tissue (discs of

storage tissue, root-pieces, resp. excised root systems). Remarkable and

for methodical reasons explainable is the use of ions like bromide,

chloride and rubidium. It is clear that some care should be taken in

drawing conclusions from results obtained with these ions. This also
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At the starting point were two problems. First the course of the

uptake of phosphate and growth with low salt and high salt plants
was to be determined. To be able to explain the course of uptake
was the idea governing the planning of a series of experiments con-

cerning the significance of sugar supply and growth for the absorption.
Secondly, the relation between phosphate uptake and outer concen-

tration of phosphate was studied. The problem as to what may be the

nature of the first phase of the absorption and what is the cause of the

well-known “saturation-phenomenon” will appear, taking an im-

portant place.
In describing the experiments, they are arranged according to a

line of thought indicated below. At the end of every set of experiments
a preliminary discussion will be given. By doing so, the general
discussion can be restricted to the discussion of main principles and

the forming of a preliminary picture of the salt absorption by intact

plants.

An important question is, how far the root is permeable to the

anions. The data concerning the loss of anions by the root is of interest

in this respect. Intimately connected with this problem is the question
of the relation of uptake and metabolism. The extent to which the

metabolism plays a part, also in the very first phase of the absorption

process, may be deduced from the experiments over the influence of

phloridzin, sugar supply and ion-concentration of the medium.

It will
appear that other processes must be assumed to have an

effect on the uptake, in order to be able to explain the effect of the

addition of glucose and of the “saturation-phenomenon”. The cor-

rectness of this assumption will appear from the experiments about

the relation between growth and uptake.

Finally an attempt must be made to explain the behaviour of the

uptake in light and darkness with the aid of the data obtained in

the meantime.

The experiments were performed between 1948 and 1951 at the

Botanical Laboratory, Groningen. I am greatly indebted to Prof. Dr

W. H. Arisz for his constant interest and stimulating criticism. I also

owe many thanks to Prof. Dr J. J. Hermans for the instructive

discussions on the theoretical aspects of the relation between con-

centration and uptake. Finally, I wish to thank Miss D. L. Tolmie

B. Sc. [London] for her correction of the English text.

applies to founding hypotheses as to the absorption mechanism.

Since uptake and metabolism appear to be intimately connected, the

extent to which ions are assimilated by metabolism can be expected
to influence the way in which they are absorbed.

As was already stated by Alberda (1948), the uptake by intact

plants has as yet been studied very little. The experiments described

here are a direct continuationof Alberda’s. Intact maize plants were

used. Mainly the uptake of phosphate was traced but occasionally
the nitrogen absorption was traced. Unfortunately chloride was hardly
taken up at all.
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II. MATERIAL AND METHODS

In all the experiments maize plants were used. Grains were soaked

for two days and then allowed to germinate. When the coleoptiles
were 3—5 cm long, the seedlings were mounted on wooden discs

(11 cm diameter). In these discs were four holes. Two or three seedlings
were fixed into every hole, making sets of 8—12 plants. They were

grown for about four weeks on a half-strength Hoagland solution.

The solution was always made with tap water. Especially at the start

and at the end of the season some chlorose frequently occurred. To

avoid this as far as possible, the sets were put on a minus-phosphorus
solution with iron during the first week; then on a complete nutrient

solution without iron. (Olsen 1938 a, b). Better results were obtained

by extending the minus-phosphorus, plus-iron period (1950). During
1951 an attempt was made to avoid chlorose by lowering the pH

of

the solutions by adding diluted sulphuric acid. This provided the best

results (Franco and Loomis 1947). A full-strength complete Hoagland
solution could now be used without any trouble.

High salt material was obtained by renewing the solution twice

a week. Especially in experiments in the middle of the summer (when
the plants show a vigorous and rapid development) it appeared that

the plants did not attain an extreme high salt condition. Therefore,
in some experiments (1950, 1951) the solutions were changed daily

just before the experiment, the plants being already in the room at

constant temperature.

With low salt plants the solutions were no longer renewed after

the first week. The experiments of 1948 showed that there was only a

quantitative difference between the high salt and low salt plants as to

the course of the uptake (exp. 6a; fig. 10). Therefore, the low salt

treatment was intensified by putting the plants only once on a minus-

phosphorus nutrient solution with iron. It was necessary to replenish
the solutions frequently with tap water. A drawback of this last

method was the inhibition of the development of the low salt material,
particularly of the shoots. The rate of uptake by this material was less

than that of the high salt. Because of this during 1950 and 1951 this

extreme treatment was given up. It was attempted to make the high
salt material as saturated as possible.

As a rule the sets were used four weeks after their having been

mounted on the discs. The condition of the material at that moment

was determined by the treatment and the circumstances as indicated

above. Therefore, if necessary, with the description of the experiments
details of these two factors will be entered into. However, to avoid

any misunderstanding, we will speak of high salt plants, if the nutrient

solutions were renewed frequently, and of low salt plants if this was

not the case any longer after the first week. In some experiments
nutrient solutions were used of a rather different composition or

concentration. During the pretreatment as well as during the experi-

ments, this sometimes happened. The pH
of these various solutions

was always adjusted to 6 ■ 4—6 • 5. The nutrient solution used was as a
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matter of fact poorly buffered between pH
3 • 2—6 • 1. Above these

values there was a reasonable buffering capacity. In spite of this the

pH always rose as a result of the absorption. After absorption periods
of long duration values of 7-0—7-4 were attained. Neither iron nor

A—Z solution was present in the solutions, used during the experi-
ments.

The experiments were performed in a dark room at constant

temperature (21° C.). Figure 1 shows some details of the arrange-

ment and apparatus used. In the experiments with absorption

periods of 12—24 hours the sets of plants were placed on enamelled

jars of rather more than one litre capacity; eight jars being fastened

in a shelf (130 X 80 cm) and placed in a watertank. Moreover, on

the shelf a case was constructed with a glass top and aluminium sides,

allowing a good illumination. There were two compartments, which

Fig. 1. The arrangement and apparatus used in the experiments. A: The com-

plete arrangement with illumination by fluorescent lamps. Normal or carbon

dioxide free air can be led through the case. B: The illumination by incandescent

lamps, placed in running tap water. C: Root-chamber used in experiments with

short absorption periods.
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could be hermetically sealed. In this way it was possible to lead through
either normal or carbon dioxide-free air (fig. 1: A).

Originally the plants were illuminated by four fluorescent lamps
at a distance of 70 cm above the jars. The intensity of these lamps
was rather low (5.000 lux at most). Therefore, they were replaced
at an early stage by incandescent lamps. Above each set of plants one

lamp of 200 Watt was mounted. In order to carry away the heat

produced by the lamps by means of running tap water, they were

placed four and four in two small tanks with glass bottoms (fig. 1: B).
There was at both sides of the lamps a strip of mirror glass. With this

light source a maximum light intensity was attained of 16.000 lux;

at a distance of 70 cm 2.000 lux, the plants being illuminated by an

average light intensity of 9.000 lux.

The sets of plants were always placed on one litre of a nutrient

solution that was moderately aerated. The solutions were drained off

by careful siphoning every 12 or 24 hours. In experiments with

absorption periods of 1—4 hours a root-chamber was used as is

illustrated by fig. 1: C. It was a part of an arrangement as used by
Woodford and Gregory (1948) and Van Andel, Arise and Helder

(1950). It allowed a rapid changing of the solutions. Moreover, the

roots could even be rinsed by distilled water within a few minutes.

This is important to those experiments in which solutions of various

composition were used.

The rate of uptake was determined by analysing the medium at

the beginning and at the end of the absorption period. In most

experiments phosphate uptake was determined, in some experiments
nitrate was, and occasionally both substances were. Colorimetric

methods were applied: phosphate according to the molybdenum-
blue method (Parker and Fudge 1927), nitrate with the phenol

disulphonic acid method (Snell and Snell 1936).
In a few experiments the nitrate content of the solution had to be

determined in the presence of organic matter. The colorimetric

method was less suited to this. In this case samples of 10 cm
3 of the

solution were carefully evaporated to dryness. The total nitrogen
content of the residue was determined according to the micro-

Kjeldahl method (Loomis and Shull 1937). The results remained

rather variable. By applying both methods to the same solution

without organic substances, the Kjeldahl method proved to give

higher absorption values than that of the phenol disulphonic acid

method.

Plant material of the experiment of 1949 was also analysed. The

root systems were excised, rapidly dried with filter paper and weighed.
The shoots were weighed immediately and then cut into pieces.
Both shoots and roots were killed by heating for 20 minutes at

110° C., and then dried for 24 hours at 65°—70° C. At the end of

this drying period the dry weights were determined and the material

was ground in a waring blender and stored until the next winter

months. The phosphorus content was estimated colorimetrically on

samples of ± 100 mg dry weight. The dry material, especially that
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of the shoots, being rather heterogeneous, all determinations had to

be done in triplicate. In spite of this the determinations had to

be repeated three times before reliable values were obtained.

Thedevelopment of the shoots was chosen as a measure of the growth
of the whole plants (Alberda 1948). For this purpose the distance

between the wooden disc and the top of the youngest visible leaf was

measured every 12 or 24 hours at the renewal of the solutions. The

average increase of this distance for the 8—12 plants of each set was

then taken as a measure of the growth of the plants. When a new

leaf appeared, the increase in length of this one was determined

henceforth. Table I shows the measurements of the individual plants
of the high salt set, used in experiment 6e (fig. 13). As could be ex-

pected, the course of the growth of a single plant, estimated in this

way, was rather irregular. Especially, when we passed on to a new

leaf, a sudden fall occurred. If with a number of plants of one set a

new leaf happened to appear, this irregularity occurred also in the

average value. With the set of tableI this was not the case; the course

of the average increase in length being therefore very regular. More-

over, the regularity in the results of the experiments was increased

by calculating the average growth rate of a number of sets. Of course,

the regularity was greatly reduced when the number of plants was

smaller (8 instead of 12) and the lapse of time between two deter-

minations longer (24 h. instead of 12 h.). For, the probability that

many of the plants produced a new leaf at the same time was in-

creased by the longer time period, the disturbing effect not being
mitigated by the greater number of the plants. This was the case

in the experiments concerning the relation of growth and uptake.
Therefore, in these experiments the number of young leaves which

had just appeared was also given. Both data gave ap impression of

the development of the shoots, a rather crude index of the growth of

TABLE I

The course of the growth of the shoots of nine high salt plants. The increase in

length (cm/12 hours) ofthe youngest visible leaves was determined. The appearance

of a new leaf is indicated by*. Compare exp. 6e and fig. 13.

Plant

number
1 day 2 days 3 days 4 days 5 days 6 days

1 3.8 2.9 3.6 3.1 3.7 3.8 3.5 2.9 3.2 2.0 2.4 2.4

2 3.1 2.6 2.8 2.8 3.4 2.7 3.4 3.4 3.5 3.0 3.4 2.2
3 3.5 3.4 3.4 2.7 3.5 3.3 4.0 3.7 4.3 2.6 3.8* 3.1

4 2.3 6.9 2.3 2.2 2.5 2.0 2.4 2.5* 2.2 1.3 1.4 0.9

5 1.2 1.5 1.8 1.4 1.1 0.8 1.4 0.8 1.3 0.6 1.3 0.9

6 3.8 4.2* 3.5 2.7 3.9 4.0 4.7 4.4 5.2 4.1 5.2 3.8

7 3.5 3.2 4.0 3.4 3.9 3.1 4.0* 3.1 3.6 2.9 3.6 3.3

8 3.1 2.5 3.4 3.1 3.5 2.8 3.4 2.5 3.5 1.4 2.6 2.6

9 2.9 3.0 2.5 2.3 3.1* 2.0 3.4 2.8 3.2 2.7 3.2 2.8

Average
growth

rate

3.0 2.8 3.0 2.6 3.2 2.7 3.4 2.9 3.3 2.3 3.0 2.4
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the plants, indeed. With these experiments an essential objection to

this way of measuring growth came to the fore. The growth measured

depends mainly on cell elongation. On the other hand, uptake proved
to be connected with synthetic processes. Therefore it is more closely
concerned in cytoplasmic growth. It is true that the extension growth

depends on meristematic activity but the quantitative relation is

rather weak. Hence, theextension growth may continue for some time,
the fundamental synthetic processes being nearly stopped. It will be

clear, that more exact methods of measuring extension growth

(McIntyre and Williams 1949), though perhaps giving more

regular results, would have failed to overcome this fundamental

difficulty. If it would have been possible to measure the rate of

protoplasmic growth (e.g. as an increase in dry weight or protein

content), no doubt, more striking results would have been obtained

regarding the course of the growth and the relation between uptake
and growth.

III. EXPERIMENTS

1. The loss of salts by the roots into the medium

Anions are generally assumed to permeate very slowly into the

protoplasm, an active absorption being necessary by which anions

are transferred from the medium through the membrane into the

cytoplasm. The phenomenon of leakage of salts, so often observed

in older plants, points however to an easy permeation in the opposite
direction. Such a loss also occurred in one of the experiments over

the relation of uptake and external concentration. This experiment,

together with some experiments in which an attempt was made to

obtain the phenomenon once more, will now be described and dis-

cussed.

Experiment la. A set of low salt plants was used to trace the effect

of the external concentration on the uptake. The results of this will

be described in section 4. It is important that the maximum absorp-
tion amounted to 2 • 4 mg P

2
0

6/2h. On the second day the absorption
was rather higher; the maximum rate of uptake was 3-0 mg P

2
0

5
/2h.

It was then attempted to bring the plants rapidly into a high salt

condition. For this they were placed for 2 2 days on a double-strength

Hoagland solution. At the same time the solution was vigorously
aerated and the plants were put under a weak illumination in order

to reduce the sugar content of the plants as much as possible. Then

the effect of the external concentration on the rate of uptake was

examined once more. The effect was studied successively of a 25,

50, 75, 100, 150 and 200 % Hoagland solution. The solution of the

lowest concentration was taken first. After an absorption period of

two hours it was replaced by a solution of a slightly higher concen-

tration etc. The rates of uptake were:

-11-4 -7-0 -0-2 2-2 2-8 2-8 mg P
2
0

5/2h.
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So a high loss ofphosphate at the start of the experiment was apparent.
Doubtless this was favoured by the low concentrations. It is striking
that, at the end of the experiment the same rate of uptake was attained

as was obtained a few days before. The results of the nitrate absorp-
tion were:

-10-0 -7-2 -6-0 -7-6 -12-0 -18-0 mg. N
2
0

5/2h.

Also in this case a high loss, decreasing during the first periods, but

increasing again with the higher concentrations, was obtained. This

last result is not so easily understood. At any rate this result shows

that there may be a loss of nitrate and a normal uptake of phosphate
at the same time. The next day the absorption of phosphate was

quite normal again. With rising concentration, the rates of uptake
were:

1-0 2-1 2-5 3-0 2-9 2-8 mg P
2
0

5
/2h.

The uptake at the highest concentiations again showed the same

maximum rate as it did at the start of the expeiiment.

Experiment lb. Just as for the first experiment a low salt set (culti-
vated August—September 1950) was used. It was put immediately
on a Hoagland solution of double-strength to bring it into a high
salt condition. Moreover, the light intensity was reduced after two

days. On the fourth day the set was placed on a half-strength Hoagland
solution. The solution was renewed every two hours. The course of

the uptake was:

-0-78 0-00 0-64 0-77 0-93 1 •
14 mg P

2
O

s
/2h.

Then the plants were placed in darkness for two days. A minus-

nitrogen nutrient solution (200 %) was used. After this treatment

the uptake on a 50 % Hoagland solution amounted to 0-32 and

0-21 mg P
2
O

s/2h. There was no loss of phosphate. The treatment

was continued immediately for another two days. The rate of uptake
was then: 0-00 and 0-40 mg P

2
O

s/2hours.
After this the set was placed on a double-strength complete Hoag-

land solution again. The next day the uptake was determined again
on a half-strength solution:

-1-57 -0-49 0-03 0-07 mg P
2
0

5
/2hours.

So there was a loss of phosphate after a dark treatment, the plants

being placed on a nutrient solution of high concentration. A high
nitrate concentration proved to favour particularly the loss of phos-

phate.

Experiment 1c. For this experiment a set of low salt plants was

used again (grown August—September 1950). As a result of the

unfavourable circumstances the vegetative growth was greatly
checked, so that the plants though being 7—8 weeks old, were but

little more developed than were the previous sets. On the other hand
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these plants showed an incipient flowering. In order to bring the

plants into a high salt condition they were placed for two days on

a full-strength Hoagland solution. The plants remained in the light
throughout the experiment. The uptake was studied on the same

day on two different concentrations. On a full-strength Hoagland
solution the course of uptake during three successive absorption
periods was:

-0-46 0-26 0-42 mg P
2
O

s/2h.

Immediately after this on a weaker solution viz. 25 % Hoagland
solution:

-0-36 0-04 0-12 mg P
2
O

s
/2h.

On lowering the concentration a loss was obtained which soon changed
into a normal active uptake again.

Then the pretreatment was continued; after this the uptake resp.
loss of phosphate was again estimated on three differentconcentrations

during nine successive absorption periods. The results were:

On the 200 % Hoagland solution:

-0-40 -0-20 -0-18 mg P
2
O

s
/2h.

Then on the 100 % Hoagland solution:

-0-22 0 10 0-08 mg P
2
0

5
/2h.

Finally on the 25 % Hoagland solution:

-0-09 0-07 0-07 mg P
2
O

s
/2h.

The increase of the uptake was less pronounced in this case as a

result of the highly diminished absorption activity. Because of this

the differences at the transition to a solution of lower concentration

were less striking.

Experiment Id. In this experiment a high salt set was used, grown
under artificial illumination (November 1950). The plants were three

weeks old and displayed a vigorous vegetative growth. Because of this

they were not in an extremely high salt condition. Therefore the set

was put on a complete Hoagland solution for four days and then in

darkness on a solution of double-strength for two days. No loss was

obtained either on a double-strength Hoagland solution or on a full-

strength solution or a half-strength one. The pretreatment was

continued for a week on a double-strength Hoagland solution in

darkness. After this the course of the uptake on a full-strength
solution was:

? -1-44 -0-88 -0-48 0-00 0-16 mg P
2
O

s/2h.

It can be concluded that only by a dark treatment of long duration

could a loss be obtained with young, vigorously developing material.
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Discussion

It has been known for a long time that roots may show a loss of

substances. Originally interest was directed towards the acids and or-

ganic compounds (dissolving capacity; interaction problems). Later

on, inorganic substances were also found to be excreted. It remained

uncertain for a long time if this loss was based on an injurious effect,
a dying off of the rootcells, or on a normal physiological function.

That the latter probability may apply was proved by an extensive

investigation of Achromeiko (1936).
Many investigators have pointed out the importance of the phase

of development to the rate of uptake and loss. This conclusion has

been mainly based on analysis of material at various moments during
the development. Mostly it is only the aerial parts that have been

harvested and analysed. The amount of inorganic substances was

often found to diminish during the flowering stage. There must have

been a loss of salts from the shoots to the roots. Though a proof has

not been given of the hypothesis that ions are lost by the roots, this

is very probable. The salt content of the roots is tending to decrease

rather than to increase during this stage (Achromeiko).
It is obvious that the occurrence of leakage depends on the external

conditions e.g. the availability of nutrients. Besides this however, the

type of the plant is important. Loss of substances is generally found

with plant species showing a marked difference between the vegetative
stage and the flowering one (Maximov 1938). Potassium is always
lost very easily but a loss of phosphate is often obtained too (Horn-
berger 1882; Burd 1919; Wilfarth, Romer und Wimmer 1906;
Achromeiko 1936; Deleano und Andreesco 1932; Asana 1949;
Knowles and Watkin 1931; van der Paauw 1948; Williams 1948).

In physiological experiments a loss by the roots was also met with.

Thus, Humphries (1950, ’51) found with excised root-systems a loss

of phosphorus, nitrogen and potassium. Particularly potassium is

readily given off e.g. as a result of a dark treatment (Luttkus und

Botticher 1939; van Andel, Arisz and Helder 1950).
In accordance with this evidence from the literature it was found

that with plants already in the flowering stage, a loss of phosphate
appeared easily. Younger vigorously developing material being used,

a check of the development e.g. by a dark treatment was necessary. A

second condition was a pretreatment with a nutrient solution of high
concentration. The effect of the nitrate concentration was remarkable.

The meaning of this is not yet quite clear. Achromeiko pointed out

the fact that an excretion by the roots during the flowering stage main-

ly occurred with plants rich in proteins. He assumed a relationship
between protein metabolism and loss of minerals. This enhanced the

impression of the plants having to be in a condition comparable
with that of plants in the flowering stage. Then dissimilation is

dominant, resulting in an increase of the concentration of non-

metabolized substances. As soon as the external concentration is

lowered a certain amount of salt will be given off until a new equi-
librium has been established.
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Where the phosphate lost came from was not traced. From the

literature mentioned above it can be concluded that with plants in

the flowering stage the shoot particularly looses the substances. This

concerns however a loss during a prolonged period. Luttkus und

Botticher showed that the potassium excreted by theroots in darkness,

was mainly derived from the shoot. However, potassium is generally
assumed to be easily transported. Anions will be transferred much

more slowly. Hence, the phosphate given off in these short experiments,

may be supposed to come nearly exclusively from the roots. By this it

is not yet decided whether the ions come from the symplasm or from

the vacuoles.

The exosmosis of substances by cells or tissues may be the result

of an injurious effect e.g. by a sudden change of temperature of the

medium; by using unbalanced solutions, narcotics or toxic substances.

By this the semipermeability of the cytoplasm is lost most often, so

that substances of the vacuoles may permeate outwards e.g. the

anthocyanin of the beetroot. It is not very likely that the loss by the

roots of the experiment mentioned here, would be the result of

damage, for the rate of loss of phosphate decreased rapidly, and

changed into an uptake that could be as high as the uptake was before

the plants had been brought into a condition favourable to loss.

Moreover a loss of nitrate was found to occur, the phosphate being
absorbed actively at the same time. Hence it may be concluded that

the loss of salts from the symplasm is mainly or perhaps exclusively
concerned. This might mean that the symplasm is highly permeable
to salts. Arisz (1945) and Wiersum (1947) arrived at the same con-

clusion. For a complete exposition of the subject and a discussion of

the literature these authors may be referred to. With the exception of

the data about the loss of ions they point to the experiments of Rufz

de Lavison (1910); the promoting effect of the transpiration stream

on the absorption (Freeland 1937; Schmidt 1936); the exchange
phenomena as they have been especially studied with radioactive

substances (Overstreet and Broyer 1940; Brooks and Brooks

1941) The resistance so often found in experiments on permeability
must be situated mainly in the tonoplast. Meanwhile, Robertson

(1950, 1951) also cautioned against an overestimation of the impor-
tance of an outer membrane of the cytoplasm. He points to the possi-
bility that a slow diffusion rate of anions may also depend on the

presence of large indiffusible organic anions in the cytoplasm. He

puts greater value on explanations based on the Donnan-theory.
The picture of the process of loss of ions j ust mentioned, is in accordance

with this. The plants being in a normalactive condition, the free anion

content of the cytoplasm will be low (Arisz 1945). Only at special
conditions, when metabolic activity is low, can the concentration

increase and an obvious loss may occur, the external concentration

being considerably lowered. Especially the fact that the leakage
was dependent on the external concentration made it seem likely to

be a passive process.
Attention should be drawn to one difficulty in this concept. One
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condition for the occurrence of a Donnan equilibrium between tissue

and medium is that the cytoplasm may be considered a gigantic,
immobile and polyvalent colloid ion (Frey Wyssling 1948). In such

a cytoplasm, transfer of anions can be expected to be highly impeded,
and Briggs and Robertson (1948) found diffusion of anions in tissue

discs to be very slow indeed. The rate of loss found in these experiments,
seems to be in conflict with these findings. However, it is uncertain

whether the salts were lost as molecules or as ions. Moreover, it is

unknown where the salts came from, so that it is impossible to decide

if there has been a transport over a long distance. Compared with the

absolute amount of phosphate in the roots (at a rough estimation

20—30 mg P
2
0

5
) the amounts given off were not high. But to this

amount the phosphate, not available or not easily available for loss

also belongs. It is impossible therefore, to get an impression of the

quantitative meaning of the loss found. No more do the experiments
of Wiersum (1947) give clear results, the data concerning the precise
anion permeability of the root tissue being far from complete. In the

opinion of the author, they point to a low passive permeability;
the phosphate and nitrate transfer obtained can be considered as a

normal active secretion into the xylem vessels. On the other hand

experiments over the exchange with isotopes point to a rather rapid
transfer possibility. Therefore principles other than passive diffusion

may play a part e.g. surface migration (Brooks and Brooks 1941;

Jenny and Overstreet 1939). To what extent such phenomena of

accelerated diffusion are important, is difficult to say. It may be that

it has -a meaning for the transport in the walls of the cells of the cortex

(Rouschal und Strugger 1940), by which the whole of the cortex

cells is in direct contact, so to speak, with the medium (Prevot and

Steward 1936; Wiersum 1947). The surface of the cytoplasm now

being permeable to anions, the ion content of the symplasm can be

brought rapidly into equilibrium with the external concentration.

The leakage is generally assumed tobe a passive process.
In agreement

with this assumption it has been attempted up to now to explain the

processes with the aid of physico-chemical principles such as diffusion

or accelerated diffusion. This does not exclude other transport

principles more closely related to metabolism. Thus, protoplasmic

streaming will be of direct importance to the loss of ions, because of

its levelling concentration gradients arisen from that loss. The con-

nection between absorption and metabolism will come up for dis-

cussion in the next sections. To what extent the leakage has to be

considered in an analogous way will be discussed in details in the

general discussion.

2. The influence of phloridzin on the uptake

The view that metabolism, particularly of respiration, is of impor-
tance to the salt absorption is nowadays generally accepted. The most

important facts that have led to this view are: the capacity to accumu-

late ions against a large concentration gradient; the necessity of a

good oxygen supply; the high dependence on temperature. In these
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experiments also the effect of the air supply on uptake was clearly
demonstrated in those cases where some stagnation of the aeration

occurred. Even in experiments with absorption periods of only two

hours, the uptake of phosphate decreased immediately and could

sometimes even stop.
In particular, the investigations with inhibitors (Lundegardh,

Machlis, Robertson, Arisz) have demonstrated the connection

between ion absorption and metabolism very clearly. On the grounds
of such investigations Lundegardh holds the cytochrome-oxydase

system responsible for the absorption mechanism. Robertson and

collaborators have been able to corroborate this view with discs of

storage tissue and pieces of roots, as also has Arisz with Drosera

tentacles and leaf strips of Vallisneria.

It was quite natural that it was asked, to what extent the phos-

phorylation processes, being so closely coupled to the dissimilatory

processes, have significance for the uptake too (Hoagland 1948;
Nance 1949). Robertson, Wilkins and Weeks (1951) therefore

traced the effect of 2,4-dinitrophenol on the active salt absorption.
As a matter of fact, they obtained an obvious inhibition. However,

they point out the fact that the inhibition may be due to some injurious
effect on protoplasmic structures essential to the absorption mecha-

nism.

It is clear that phosphorylation processes may have a binary

significance on the uptake of phosphate, phosphorus being used up in

these processes too. That is why the influence of inhibition of these

processes on the uptake of phosphate was studied. As an inhibitor,

phloridzin was used, as it is generally considered to be a harmless

substance. Only weak concentrations were used. The experiments
were performed in the same way as was described in the previous
section. A complete, full-strength Hoagland solution (p

H
: 6-4—6-5)

served as a nutrient solution. Phloridzin was added up to concentra-

tions of 10-4—10-3 molarity. The substance is poorly soluble at

room temperature. By heating up to 60° C. this trouble can easily
be overcome. It is of primary importance to trace the influence on

the uptake of other anions along with the influence on the phosphate

absorption. Therefore, in some experiments both the uptake of phos-
phate and of nitrate were determined. The presence of phloridzin

gave some trouble because of its disturbing effect on the phenoldi-

sulphonic acid method. Therefore, a nitrogen determination by the

micro-Kjeldahl method was occasionally made. The precision of the

determinations of the nitrate uptake was not very high.
This examination had to be cut short. For that reason, results

and conclusions are highly preliminary. However, they are in full

agreement with the results obtained by Arisz (1952) with Drosera

and Vallisneria.

Experiment 2a. In this experiment two sets were used, each con-

sisting of twelve, three week old plants. To be sure of a sufficient

rate of uptake, absorption periods of three hours were taken. During
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the first day the plants were intensively illuminated. There were

four absorption periods. During the second and the fourth period,
phloridzin was added to the solution.

The first set was placed first on a concentration of10~3 mol. phlorid-
zin and then on a concentration of 3-2.10~4 mol. The rates of up-

take were:

Phloridzin concentration :

0 10-» 0 3-2. IO“ 4 mol.

Uptake:

1-73 1-42 MO 1-08 mg P
2
(D

6/3h.
18-2 ? 20-1 ? mg N

2
O

s
/3h.

There was an obvious inhibition of the uptake of phosphate at the

higher phloridzin concentration. The inhibition was continued during
the third absorption period when phloridzin was no longer applied.
Hence there was an after-effect. The low concentration did not show

any influence.

The nitrate determinations of this experiment were made colori-

metrically. Phloridzin proved to interfere. Hence, the nitrate uptake
could not be determined during the second and fourth absorption
period. There was no inhibition of the nitrate uptake during the third

period, as was the case with the uptake of phosphate.
The second set was placed first on a low concentration of phloridzin

(10~4 mol.) then on a rather higher one (3-2.10~4 mol.). The course

of uptake was:

Phloridzin concentration:

0 10~4 0 3-2. IO“ 4 mol.

Uptake :

1-32 1 32 1-36 1-31 mg P
2
0

5
/3h.

18-2 19-2 22-3 ? mg N
2
O

s
/3h.

There was no question of any inhibition either of the phosphate
uptake or of the nitrate uptake.

Summarizing, it can be stated that phloridzin could have an inhi-

biting influence on the phosphate absorption. Whether the nitrate

absorption can be inhibited too, could not be settled. In any case the

nitrate absorption turned out to be less sensitive to the addition of

phloridzin.
Both sets were subsequently placed in darkness. The next day the

inhibiting effect of phloridzin was investigated again. At the same

time the influence of glucose addition (2 gm per 300 cm
3 solution)

was examined. The first set was successively put on a Hoagland
solution, a solution with phloridzin (3-2.10 -4 mol.), a solution with

both phloridzin and glucose, and a solution only with glucose. The

rates of uptake were:

1 17 0-77 0-88 M3 mg P
2
O

s
/3h.

As a result of the dark treatment the level of the uptake activity
was lower than it was the day before. Moreover, there was an in-
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hibition of the uptake at a phloridzin concentration of 3-2 -10-4 mol.

By adding glucose the uptake was but little increased. The phloridzin
being removed, the uptake rose immediately however and there was

no after-effect.

The second set was treated in the same way only the phloridzin
concentration was slightly higher viz. 5-6-10~4 mol. The course of

the uptake was:

1-04 0-42 0-73 0-99 mg P
2
O

s
/3h.

The course was comparable with that of the first set. The inhibition

was much stronger and so was the favourable influence of the glucose,
even in the presence of phloridzin.

In all cases in which phloridzin had been added, the solutions

were faintly yellow in colour after having been in contact with the

roots. The colour intensity was proportional to the phloridzin con-

centration used. With the lower concentration (10 -4 mol.) the colour

could hardly be distinguished. If the solutions used were stored, the

colour turned deeper. Contrary to this, solutions with phloridzin,
not having been in contact with the roots, were only after days
coloured very faintly. Also the solution without phloridzin, used after

a period in which phloridzin had been added, were obviously, though
more faintly coloured. This could not be a consequence of some

residue of the solution used before, for the roots were rinsed thoroughly
when changing the media. Street and Lowe (1950) impute this

colouring to some impurity of commercial phloridzin: in their opinion
it cannot be due to hydrolysis of phloridzin. At any rate, both the

velocity at which colouring appeared in these experiments and the

fact that an obvious after-effect sometimes could be seen, do point
in that direction. Phloridzin has a large molecule and permeates
passively with difficulty, as does raffinose. But the after-effect of the

inhibition and the colouring of the solution without phloridzin used

afterwards, pointed to a permeation of the phloridzin.
The same sets were used in the next experiment, the plants being

five weeks old. Phloridzin concentrations of 10~4—10~3 mol. were

successively added. The maximum inhibition amounted to 41 %.
This was already attained at 4-6.10~4 mol. There was an obvious

after-effect. On the second day there was even some stimulation of

the uptake at a low concentration. Such a stimulation also occurred

after the addition of glucose. If besides, phloridzin was added to this

solution with glucose no alteration of the uptake was observed.

Experiment 2b. From the previous experiment it appeared that

there can be an after-effect of the phloridzin inhibition. Because of

this it is impossible to trace the influence of the phloridzin concentra-

tion by putting the plants successively on solutions with varying
amounts of phloridzin. Therefore on five consecutive days of this

experiment the uptake was determined during five absorption periods

every day, on a complete Hoagland solution, phloridzin being added

during the third absorption period. In this way the effect of four
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different concentrations of phloridzin was studied. Two sets of twelve

plants were used, a high salt set and a low salt one. They had been

grown under unfavourable circumstances (August—September 1951).
That is why they were put into the room of constant temperature
five days before the experiment and cultivated under artificial light.
They must have been in a high sugar condition. The results are

summarized in table II. With 10~4 and 2-1.10-4 mol. there was a

stimulating effect on the phosphate uptake; with 4-5.10-4 and 10-3

mol. an inhibition. Again there was an after-effect of the phloridzin
treatment. It was striking that this after-effect, on the first two days
consisted of an inhibition, though a stimulation was found in presence of

phloridzin. On the last day, as a stimulation was obtained too, the

decrease afterwards was less pronounced. Hence in spite of this

decrease the rate of uptake remained a little higher than it was

during the first two absorption periods. The absorption level on this

day however, was somewhat lower than it was during the previous

days.

Experiment 2c. The last experiment, in which an inhibition was

obtained, was performed in October 1951. It was necessary to grow

the material during the last week in the room of constant temperature
under artificial light. The uptake during five periods of two hours was

determined. During the third period phloridzin was added in a con-

centration of 5-10“4 mol. The uptake of nitrate was also determined

by analysing samples with the aid of the micro-Kjeldahl method.

The results were:

Set I 0-80 0-80 0-64 0-80 0-83 mg P
2
0

5
/2h.

Set II 0-50 0-51 0-33 0-53 0-66 mg P
2
0

5/2h.
Set I 92-9 92-3 89-4 91-6 91-8 mg N

2
O

s/2h.
Set II 94-7 94-0 90-8 104-0 104-0 mg N

2
O

s/2h.

TABLE II

The influence of various phloridzin concentrations on the uptake of phosphate.
The phloridzine was applied during the third absorption period of each day at

the concentration indicated.

Phloridzin

concentration
1 2 3 4 5

10-4 1.44 1.49 1.70 1.28 1.26

High sah

mg P
2
O

ä/2h
2.1 X 10- 4 1.36 1.32 1.60 1.19 1.17

4.5 x 10-4 1.39 1.45 0.87 0.91 0.81

10-3 1.17 1.49 1.04 1.10 1.14

10-4 1.05 0.95 1.30 1.12 1.08
9i

10-4 0.04 0.43 0.47 0.36 0.43

Low salt

mg P
2°5/2h

2.1 X 10-4 0.70 0.75 1.02 0.66 0.74

4.5 x IO“4 1.07 0.85 0.44 0.34 0.31

io- 3 0.84 0.94 0.51 0.68 0.71

io- 4 0.72 0.72 0.95 0.84 0.85
99
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No doubt, the nitrogen determination supplied absolute values

too high for the nitrate uptake. These figures have therefore only a

relative value. At any rate, both the phosphate and the nitrate

uptake were inhibited. The inhibition of the phosphate uptake
amounted to 20— resp. 37 %; the values for nitrate were 3

— resp.

± 5 %. There was no clear after-effect.

Discussion

In an occasional supplementary experiment no inhibition was

found. The material of this experiment was in bad condition (grown
October 1951) and showed only a slight absorption. It was remark-

able that the solutions were not coloured in these cases. Thus, there is

a relation between inhibition and after-effect on the one hand and the

colouring of the solutions on the other hand. This needs further

examination. The importance of the condition of the material may
be derived from the results concerning the influence of light and

darkness and of the glucose supply on the action of phloridzin. This

last might point to some competition between sugar and phloridzin,
as was assumed by Street and Lowe (1950), as to the phosphoryl-
ation processes, enabling the sugar absorption to take place. This

assumption too requires further investigation.
This preliminary study has clearly shown the possibility of checking

the uptake of phosphate, while at the same time perhaps the uptake
of nitrate is checked to a far lesser degree. This last does not neces-

sarily imply that phosphorylation processes are without importance
to the nitrate absorption. It only makes it seem very likely that the

phosphate uptake is dependent on this process to a much higher
degree. This is quite understandable if the phosphate uptake is

assumed to be determined by the measure in which phosphate is used

up in these phosphorylation processes. This assumption is in accord-

ance with that which is known about phloridzin action. Though
there is no agreement as to the way in which phloridzin checks these

phosphorylations, it is certain that the direct or indirect result is a

blocking of the formation of hexose-phosphate (Shapiro 1947).
Besides this, investigations with radioactive isotopes have shown that

instable phosphate esters (gel-P: Green 1951), adenosine tri-phosphate
and hexose-phosphate belong to the first and very rapidly formed

products of the phosphate metabolism (Haurowitz 1948). It seems

legitimate to conclude, that the formation of an organic phosphorus

compound constitutes an essential part of the phosphate absorption

process. Moreover, it must be primary in every form of phosphate

uptake, since inhibition by phloridzin occurs with low salt as well as

with high salt material. This view will be further dealt with particu-

larly in the section on the relation between uptake and external

concentration.

3. The importance of the sugar supply for the uptake of

phosphate

If the uptake of phosphate is so intimately connected with metabo-
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lism (respiration, phosphorylation), the sugar condition of the plants
can be expected to be of primary importance. The significance of

the salt condition for the uptake is well-known (Hoagland and

Broyer 1936). Many experiments, for that reason, are performed
with high salt as well as low salt material. Now the roots of both

types of plants differ in sugar content too. As could be expected,
Alberda (1948) found roots of low salt plants to have a higher sugar

store than have high salt plants. Therefore, one can wonder if the

differences between the uptake, in particular between the uptake
of phosphate of low salt and high salt plants should not be ascribed

to the sugar condition rather than to the salt condition. In this

relation Phillis and Mason’s finding (1940 a, b), that with cotton

plants the uptake is to a high extent dependent on the supply of

substances from the shoot, is important. Ringing the plants depressed
the uptake of bromide by the roots within a few hours. When the

plants had been amply illuminated, the effect was much less.

Alberda investigated the influence of light and darkness on the

phosphate uptake of high salt plants. In darkness the rate of uptake
decreased rapidly. However, the growth of the shoots showed a

similar course. Since the plants were in a high salt condition, Alberda

assumed the growth of the shoot to have a determining influence on

the uptake by the root. As a result of the diminished utilization, a part
of the phosphate supplied by the roots, was carried back to the roots,
which had a damping effect on the uptake from the external solution.

So in the first place the salt condition was held responsible for the

course of the uptake found.

In order to trace the importance of the sugar supply for this course

of the uptake a few experiments were performed, in which the plants
were brought into a carbon dioxide-free atmosphere. As will appear,
results could be obtained virtually equal to those obtained by a

dark treatment. Besides, further inquiries into the influence of glucose
addition to the nutrient solution were made. As was found already
by Van Andel, Arisz and Helder (1950), the phosphate absorption
is increased by sugar supply even in the light. These experiments
were only carried out with high salt plants. They were continued and

extended by the author. In addition to high salt, low salt material

was also examined. Moreover, an attempt was made to trace the

extent to which the growth of the shoot may have an influence on the

uptake, at the same time.

Experiment 3a. To trace the influence of the withdrawal of carbon

dioxide on the phosphate uptake, two sets of twelve high salt plants,
six weeks old, were used (grown June—July 1948). Use was made of

the complete arrangement, shown in fig. 1: A. On the first day the

uptake was determined with the case opened. After this the case was

closed. Carbon dioxide-free air was led through for four days. Finally
normal air was used for six days. On the last day the case was opened

again. Figure 2 represents the average result of the two sets. It clearly
shows that the uptake immediately fell on carbon dioxide deficiency.
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The course can be completely compared with the behaviour of the

plants coming into the darkness (fig. 12, 13). The increase of the

uptake, the plants being in normal air again, was slight but steady,

so that in the end the original level was nearly obtained. It is possible
that the isolation of the shoots in a confined space constituted less

favourable circumstances.

Experiment 3b. A corresponding experiment was also made with

low salt plants. The plants were in the closed case throughout the

experiment. With two sets, normal air was led through during the

first two days and then carbon dioxide-free air during the last two

days. A third set was placed immediately in carbon dioxide-free air

and afterwards into normalair. The results are represented by tableIII.

Low salt material has a higher sugar content and as a matter of

fact only a slight effect from the withdrawal of carbon dioxide was

obtained with set I. The other sets showed an obvious decrease as

did the high salt sets. This gradual difference between low salt and

high salt material has also been found in the experiments concerning
the influence of light and darkness (fig. 10).

TABLE III

The influence of the withdrawal of carbon dioxide on the course of the uptake of

phosphate by low salt plants (exp. 3b)

Fig. 2. The course ofphosphate uptake by high salt plants in normal and carbon

dioxide free air. The plants were illuminated continuously.

1 day 2 days 3 days 4 days

+ co
2

— co
2

Set I 10.5
—

9.8 9.0
— 8.4 P

2
O

s /24h
Set II 10.6 — 10.4 10.4 — 6.2

>>

—
co

2 + co
2

Set III 13.0
— 7.7 5.8 — 6.7 mg P

2
O

s/24h
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Experiment 3c. A low salt set was grown under artificial light.
The plants were then in a high sugar condition. With these plants
the effect of sugar supply was traced. The set was placed on the root

chamber (fig. 1: C) with 400 cm
3 nutrient solution. This solution

was changed every two hours. In this way the uptake was determined

during seven two-hours periods on one day. The set was placed in

darkness throughout the experiment. This is why the sugar supply
could be expected to decline gradually. The course of the uptake was

determined on the first, third, fifth and seventh day. On these days
glucose was added (2 gm per 400 cm

3 solution) during the third,
fourth and fifth absorption period (fig. 3). To prevent the plants as

far as possible from getting into a high salt condition, they were put

on tap water during the remaining days.
In spite of their being in darkness, the plants showed a larger

uptake on the third day than they did on the first one. Such an in-

crease of the phosphate uptake was always found with low salt

material, as will
appear from the next section. It depends on the lack

of salts, in particular, on phosphate deficiency, by which the growth
and the absorption activity is impeded. The increase occurred in the

dark in this experiment. This means that the sugar supply was not yet

a limiting factor. Accordingly it is understandable that addition of

glucose as yet had no effect. Moreover, it is remarkable, that the up-

take showed a decreasing tendency at the start of the third, fifth and

seventh day. It is possible that this higher uptake during the first

absorption period depended on the plants having been on tap water

continuously for about 38 hours. The influence of glucose adminis-

tration was becoming more pronounced during the course of the

experiment. Whereas hardly any influence could be observed on the

first and third days, there was a more obvious effect on the fifth day.
And on the last day as the plants had been in darkness for a week,

the effect was very striking.

Experiment 3d. A high salt set was used, grown under the same

circumstances as the low salt set of the previous experiment. As will

appear, this set had at its disposal a sufficient amount of sugar. With

respect to methods this experiment was like the previous one. On the

first day it was traced to see whether the administration of various

Fig. 3. The influence of glucose addition (•—•) on the phosphate uptake by
low salt plants in darkness.
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amounts of glucose brought about an enhancement of the uptake.

Successively 0 • 5, 2 and 4 gm glucose were added to 400 cm
3 nutrient

solution. None of the concentrations used had any effect (fig. 4).
The next day the shoots were excised at the end of the first absorp-

tion period. If a part of the amount of phosphate supplied by the

roots was transported back from the shoots, owing to the dark treat-

ment, an enhancement of the uptake from the medium could be

expected to occur as soon as the shoots were removed. In fact, the

uptake continued undisturbed at the same rate during the whole day.
For that reason, an important loss from the shoots did not occur

under the given conditions. Some exudate appeared at the stumps,

that was blotted with filterpaper. The amount of phosphate present
in this, was determined. The volume of the exudate decreased rapidly

during the course of the day. At the end hardly any exudate was to

be seen. As figure 4 indicates, the total amount of phosphate decreased

too. (The method of estimation was rather a crude one).
On the third day the rate of uptake had become much lower. At

this time the addition of 2 gm glucose enhanced the uptake immedi-

ately. It was very striking here that the enhancement continued to

increase, so that finally the absorption rate of the intact plants on the

first day was surpassed. The next day the uptake was low again

(not represented by fig. 4). Addition of glucose had but slight effect.

Experiment 3e. The previous experiment was repeated in a some-

what different way with an older and more developed high salt set.

After the uptake of the intact plant had been determined, the three

uppermost, rapidly growing leaves of all eight plants were drawn

loose. There remained on every plant three full-grown leaves. During
the three following periods no marked influence was to be seen.

At the end of the fourth period shoots were entirely excised as was

done in the previous experiment. In this case the uptake fell immedi-

ately. This fall could be changed into an increase by adding glucose
during the last absorption period. The exact course of uptake was:

6-0 6-0 6-2 5-6 2-2 3-4 mg P
2
0

5/2h.

Fig. 4. The influence of glucose addition (•—•) and the removal of the shoots

on the phosphate uptake by high salt plants.
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This result supports the assumption that the sugar supply from

the shoot has a strong influence on the phosphate uptake from the

medium.

Discussion

All experiments mentioned, confirmed the supposition that the

sugar supply is very important for the phosphate uptake. Humphries

(1950, 1951) found with excised root systems of barley plants that

the uptake of nitrate and phosphate was enhanced by the adminis-

tration of sugar (Broyer 1951). In particular, the phosphate uptake
was sensitive.

Street and Lowe (1950) studied the inverse relationship. They
found sugar absorption by root cultures of tomato plants to be

favoured by increasing the external phosphate concentration. Hence

they assumed the sugar absorption to be coupled with phosphory-
lation processes. This idea was supported by the inhibitory effect of

phloridzin on the growth of the cultures. Such an absorption of sugar

means at the same time an absorption of phosphate. Whether the

first phase of the phosphate absorption can be explained completely

by this, cannot yet be decided, though it renders the intimateconnection

of phosphate absorption and the sugar relations understandable. On

the other hand the experiments of the previous section pointed to

the significance of phosphorylation processes, so that a chemical

binding of the phosphate as an essential step in the absorption process

became likely.
In any case, the stimulating influence of sugar addition also on the

uptake of other ions, indicates that sugar influences the absorption

process in a more general way as well, e.g. by enhancing the growth.
Prevot and Steward (1936) found the uptake of bromide by excised

high salt roots to be enhanced to such a degree by 2 % glucose, that

even the absorption level of low salt roots was attained. They hold

the limited growth of excised high salt — low sugar roots responsible
for the low absorption velocity. With intact plants growth of the roots

is possible as a result of sugar supply from the shoots. At the same

time a transport of salts into the shoots is possible.
The effect of the growth of the shoots could not be demonstrated.

It will be clear that the dominating significance of the sugar supply
for phosphate uptake does not mean that the growth of the root and

shoot are of no importance to the uptake. On the contrary, the in-

fluence of sugar may depend entirely or partly on its effect on the

growth. Further evidence is necessary however. This will be produced
in the next section.

4. The relation between the rate of phosphate uptake and

the esternal concentration

Many investigators have determined the relationship between

external concentration and the absorption velocity. It was generally
found that this relationship could be represented by an absorption
curve of the shape of the adsorption-isotherm. For this reason, van
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den Honert assumed the first stage of the absorption process to consist

of an adsorption process (1933, 1936).
Alberda (1948) studied this relation with high salt and low salt

plants. A remarkable difference between these two types of material

was that high salt plants attained their maximum rate of absorption
at a lower concentration than did the low salt plants. To be able to

explain this difference, Alberda assumed that, by raising the external

concentration, the uptake became so large, that the transfer of

phosphate into the shoots surpassed the fixation by growth. The

surplus will be returned to the roots, having a damping effect on the

uptake from the medium (Mason and Maskel 1931; Van de Sande

Bakhuyzen 1937).
Seeing that low salt and high salt plants also differ in sugar content,

these experiments were repeated. At the same time the influence of

addition of sugar on this relation and on the saturation phenomenon
was traced. All experiments were carried out using the root chamber

(fig. 1: C). This rendered a rapid replacement of the solution possible.
The sets of plants were placed on 400 or 350 cm

3 Hoagland solution

of various concentrations (6-25—200 %). The pH
of the solutions

was adjusted to 6'2—6-4 with sulphuric acid. To trace the effect of

sugar, 2 gm glucose was added to the solutions. As a rule six different

solutions, of increasing concentration, were successively applied. No

essential differences were found if the solutions were applied in an

inverse sequence.
The absorption periods being short, the amount of phosphate

taken up was but slight. With low concentrations especially, the error

of the determination of the phosphate uptake can become significant.
It amounted to 0 • 12 mg P

2
O

s
/2h. at a maximum, as far as it depended

on the precision of the phosphate determinations of the solutions

used. At the lower concentrations it was somewhat less.

A regular periodicity of the phosphate uptake did not occur

during the course of the day, but a more or less sudden change
could occur. This rendered a great number of experiments necessary.

In spite of this it is not possible to illustrate the regularities in the

relation between concentration and uptake and the effect of glucose

supplied by a single experiment.
To judge the relationship existing between the rate of uptake and

the external concentration, the rates of uptake with the corresponding
concentrations had to be determined. As a result of the uptake the

concentration alters during the absorption period together with the

rate of uptake. The velocity, obtained by analysing the solution at

the start and at the end of an absorption period gives, as a matter

of fact, only an average value. Now the question arises, which external

concentration does this average rate of uptake belong to. As a first

approximation the arithmetic mean of initial and final concentration

may be used. To judge whether the points, plotted in this way, fit

into an adsorption-isotherm, we can make use of the empirical
formula of Freundlich:

i

u =kc n
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Whether the relation between the rate of uptake u and the external

concentration c may be represented by Freundlich’s equation can

easily be seen by plotting both data logarithmically. If they satisfy
this equation, a straight line will be found, for:

log u =~

t
l°g c + logfc

The curve of the closest fit may be calculated and hence the

coefficient k and the exponent 1 \n are known and the absorption
curve can be calculated and drawn.

As will appear from the experiments, the relation can certainly
be represented by Freundlich’s equation, at least within a certain

range of concentrations. However this means at the same time that

the choice of the arithmetic mean of initial and final concentration

is, theoretically, not a correct one. It is possible to make an estimation

of the error.

As a result of the uptake u, the concentration c of the solution

falls. The intensity of this alteration depends on the volume V. The

amount of phosphate absorbed during a time interval dt amounts

to u.dt or k.c 1,n dt. The resulting change of the concentration ct
can

be represented by:
i

k.c n

dc
t
=

j
-

; • dt

Hence :

V 1
,dt =

-j-
— -dc,

cî

Integration gives:

V f 1
,

V ( n
S=! _\

1
T ] ~V'

dc
‘ Të\îT-i

* c
* +c7

Assuming the initial concentration at t =o to be c
0,

the integration
constant C follows from:

n —1

n _

n
r

~

C
~ ~\°»

The relation between t and c now becomes:

r7 / n-1 w—1\

'“T-JT! ('•’ -«•*)
The average value of the absorption velocity belongs to some

concentration c, lying between c
0

and c
t
.

The rate of uptake at this

concentration is k.c lln
.

If this uptake takes place at this constant rate

during the time t, a concentration decrease is obtained equal to
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c
0
—c

t,
so that the formula becomes:

i

k c" t

~y
c

°
~ c >

Hence:

n
C

o
~ C t

0
/ n-1 n-1\

Thus it is possible to calculate the correct concentration that the

average rate of uptake obtained belongs to. Meanwhile, it appeared
that there was only a slight difference between this correct value of

the concentrationand the mean value of initial and final concentration.

This was mainly due to the short absorption period, as a result of

which only a slight lowering of the concentration occurred. Only
with low concentrations could the mean value occasionally turn out

to be a little too high. In this case the correction gave an obviously
better result. As to the figures, this implied a better fitting of the

points at the lower concentrations, in the absorption curve. In view of

the slight significance of the correction to the result mentioned below,

it was omitted. Thus all absorption rates were plotted against the

mean value of initial and final concentration. The calculations were

also based on these values.

From a theoretical point of view, Langmuir’s equation is of more

importance. As to the relation between the rate of uptake u and the

external concentration c, it is given by:

k, c

u = -——

1 + k
2

c

It follows from this equation that there is a rectilinear relationship
between the reciprocal values of absorption 1 ju and concentration

1/c. Thus, it can easily be found how far the data are in agreement
with Langmuir’s equation. The constants k

x
and k

2
follow immedi-

ately from the calculation of the straight line, for:

u k
l

c k
x

A formula can be derived from Langmuir’s as well as from Freund-

lich’s equation, which gives the correct concentration, to which the

uptake found belongs. The result is:

c _

C
o

ci

In c
a

— In c

where ct
and c

0
again represent the concentrations at the start and at

the end of the absorption period.
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Of great theoretical interest is the fact, that according to Lang-
muir’s equation, if the external concentration is increased infinitely,
a “saturation value” for the rate of uptake will be obtained. This

value equals kj/k
2 .

It is possible by this to compare the experimental
saturation value with this theoretical one in those cases where a

maximum uptake was obtained.

In all experiments mentioned below, both the Freundlich and the

Langmuir equations were calculated. Along with the description of a

few experiments, the difference between these equation as to their

ability to represent the data, will be discussed. In practical aspects
Langmuir’s equation is preferable because it requires far less tedious

calculations. The theoretical significance of this expression will be

fully demonstrated in the discussion.

Experiment 4a.Experiment 4a. This first experiment was carried out with a set

of twelve old low salt plants. The plants were vigorously developed.
Moreover, the absorption period lasted for three hours. An enormous

uptake took place, causing a large alteration of the concentration

(fig. 5: A).

During the first day four solutions of increasing concentration

were tested. The relation between the rate of phosphate uptake and

the mean values of initial and final concentration can be represented

by a Freundlich equation [u— 1-71 c
0,476) or a Langmuir equation

(u = -——The two corresponding curves have been drawn
v

1 + 0-0144-c' r

in fig. 5: A. At the very low concentrations Freundlich’s formula

produces values a little higher than Langmuir’s. The same applies
to the high concentrations. It will be clear that it cannot be decided

which curve gives the closest fit.

On the second day the experiment was repeated. Glucose was now

added to every solution. There was an obvious enhancement of the

phosphate absorption. An absorptive relation applied only to the

first three concentrations. For this concentration range the equations
0-966 c

give: u = 1-02 c0M
, resp.: u —

.

,
„

•
It follows from the

° r

l+O-OObar

high value of the exponent of Freundlich’s equation, that the curve

was nearly rectilinear.

The alterations of the concentrations during the absorption periods
were very large. The correct concentrations were calculated together

with the Langmuir equation u = -—■—

nnor]
— As is shown by

1 “P U * UUOU Cm

fig. 5 : A, the error was considerable. In the other experiments this

was not found, as a result of the use of a smaller number (8—10)
of young plants, which were only allowed to absorb for two hours.

From the Langmuir formula the saturation value was calculated.

On the first day it amounted to 94 mg P
2
O

g
/3h., on the second day,

when glucose was added: 153 mg P
2

0
5/3h., resp. 417 mg P

2
0

5/3h.

As a matter of fact the uptake on the second day proved to rise not

above about 14 mg P
2
O

s
/3h. This pointed to a limiting factor.
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Experiment 4b. A set consisting ofyoung high salt plants (June 1950)
was used. On the first day the uptake on a full-strength Hoagland
solution during four successive absorption periods amounted to:

0-34 0-30 0-42 0-30 mg P
2
O

s/2h.

This variability falls within the error of the phosphate deter-

minations.

On the second day the uptake on six solutions of increasing con-

centration was studied (fig. 5: B). During the fourth absorption
period aeration was insufficient. The immediate depressing effect on

the uptake was striking. During the fifth period the uptake had not

yet attained its original rate. It is not very likely that the uptake
would have been much higher during the sixth period, in view of the

absorption rates found the next day. For the three lower concen-

trations we obtained: u = 0-097 c
0 ' 715

, resp. u = —

From the last expression a saturation value follows; 2-3 mg P
2
0

5/2h.
The maximum rate obtained was ±0-95 mg P

2
O

s
/2h. that was

already attained at a concentration of 24 mg p
2
o

5
/i.

Fig. 5. The relation between the rate of the phosphate uptake and the external

concentration, before (o—o) and after (•—•) glucose addition. A; by a set of

large low salt plants; B: by a set ofhigh salt plants. F: Freundlich
curve; L: Lang-

muir curve; L*: corrected Langmuir curve, belonging to corrected concentration

values.
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The next day glucose was added to the solutions. For the two

lower concentrations we obtained: u —

0 • 182 c° ' 829

, resp.:

u =

°

n

1
In this case also

>
the relation was almost recti-

1 + 0-03 lb c.

linear after the addition of glucose. The saturation value was also

much larger viz. 51-3 mg P
2
0

5
/2h. The uptake was found not to

increase in practice any longer above a concentration of 8 mg P
2
0

5/1.
It did not differ significantly from the maximum rate of uptake the

day before, when no glucose was administered. Hence, by addition

of glucose the amount of phosphate that can be utilized maximally

by the plant was not increased, although the ease with which phos-

pate can be taken up from the external solution was increased.

Experiment 4c. This experiment was performed with a high salt

and a low salt set, grown under
very favourable conditions (July—

August 1951). During the first two weeks of cultivation both sets

received a high salt treatment. Then the low salt set was put on tap

water, the solution of the high salt set being renewed every other day.
After one and a half week the sets were used for the experiment.

They were brought into the room of constant temperature under an

intensive illumination. The day before the experiment was started,
the high salt set was placed in darkness to reduce the sugar content

as much as possible. During the first three days of the experiment
the low salt set continued to be in the light and the high salt set to

be in darkness. Figure 6: A represents the relation between the uptake
and the concentration of the low salt set on the first day. The seven

solutions were applied with increasing concentrations. There was a

0-432 c

regular increase of the uptake {u = 0 • 273 c 0-384
, resp. u ~

] _j_ q 5Q2~P '

Quite a different result was obtained with the high salt set on this

day (fig. 6 : B). At low concentrations the uptake rose with increasing
0 632 c

concentrations (« = 0-471 c 0-341
, resp. u = -.—-—■). But at a

v r 1 + 0-516 c

concentration of about 14 mg P
2
O

s/l. the maximum rate of uptake
was attained. At higher concentrations the uptake remained

1-12 mg P
2
O

s
/2h. The theoretical value derived from the Langmuir’s

equation, amounted to 1-22 mg P
2
O

s/2h.
The next day this experiment was repeated. Higher concentrations

up to 66 mg P
2
0

5/1. were used. They were used in decreasing con-

centrations. Fig. 6: C and D represent the results (the absorption
values at the higher concentrations have been omitted, in order to

bring the figure into accord with the other ones). With the low salt

set the uptake was again found to increase over the whole range of

concentrations used {u = 0-457 c
0-252). The rates were rather higher

than they were on the first day. At the lowest concentrations the

values were even higher than could be expected theoretically. This

could be explained by assuming an increase in the absorption activity

during the last two absorption periods on this day. For on the next day
the uptake proved to be much higher than it was on the previous days.
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The result for the high salt set on the second day was quite different

to what it was on the first day (fig. 6: D). The absorption velocity
was greatly decreased. Moreover, there was no maximum uptake.
At the highest concentration (66 mg P

2
0

5
/1.) the rate of uptake was

1 • 06 mg P
2
O

s/2h. (not represented by the figure). This equalled
the maximum rate of the first day. Hence, the rate was not very

likely to increase with still higher concentrations. Thus, by a pro-

longed stay in the darkness the maximum amount of phosphate was

not diminished but the ease with which phosphate could be absorbed

from low external concentrations was (m = 0-107 r
0-542

, resp.

u = The efficiency of the absorption mechanism was
1 -f 0-0812 c

diminished. The theoretical saturation value had also been lowered

only little, it amounted to 0-94 mg P
2
0

5/2h.
On the third day the influence of the addition of glucose was

traced. As a check, the uptake was first determined on a Hoagland
solution without glucose. After this the sets were placed on a solution

of the same concentration to which glucose was added. Then four

more solutions of decreasing concentrations, also with glucose, were

used.

The uptake of the low salt plants (fig. 6: E) was much higher than

it was the days before (u = 1 -002 c
0-179

, resp. u =-.—!
„An

) •’ v > r 1 + 0 ■ 849 c'

However, as will appear from a comparison with the control, this

enhancement was not the result of the sugar supply. It must be due

to a normal increase in the absorption activity of the low salt plants
(see irregularities at the end of the second day). It is remarkable

that this increase was obtained at all concentrations. The ratio

between the rates of uptake on this day and the rate on the first

day follows from the Freundlich equations. It amounts to 3 • 7 c~
0-2

.

This means that the lower the concentration the higher this ratio:

i.e. the enhancement of the uptake. The absorption mechanism had

become more efficient. This follows immediately from the falling
values of the exponents of the Freundlich equations (0-384, 0-252,
0-179). From the Langmuir equations it can be seen that the satu-

ration values were also raised (up to 1-78 mg P
2
0

5
/2h.).

With the high salt set the effect of the glucose supply was obvious

(fig. 6: F). The effect increased during the course of the day and

especially during the second part. The result was an irregular relation-

ship between the concentration and the uptake: the uptake at a lower

but later applied concentration could be higher. It is difficult to give
the theoretical relationship but rather arbitrarily it is indicated in

two ways viz. for the uptake at the higher concentrations (curve a)
and for the uptake at the lower concentrations (curve b). The Freund-

lich equations were: u = 0-127 c 0-608
, resp. u = 0-633 c 0-349

.

The uptake without glucose at a concentration of T; 32 mg P
2
0

5/1.
was not significantly different from that of the previous day, so a

continued decrease as a result of the dark treatment had not occurred.
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Therefore, the relationship between the uptake and concentration

may be assumed not to be changed very much, so that it can be

represented approximately by the same curve (curve r). It appears
from a comparison of curves a and c that by the addition of glucose
the uptake was enhanced. The enhancement gradually decreased

with the external concentration. The same result was obtained with

experiment 4a and 4b (fig. 5). The Freundlich line was less curved.

Quite different conclusion can be derived from a comparison of

curves b and c. The enhancement was much higher. This result can

be compared with that of the low salt set of this experiment (a stronger
curvature of the Freundlich line). The conclusion seems to be justified
that the glucose had a complex influence on the phosphate uptake.
How far the occurrence of the secondary effect (which was not

obtained in the previous experiments) was connected with the different

sequence in which the concentrations were used needs further examin-

ation. At any rate, the high salt plants showed a decrease of absorp-
tion in the darkness, especially at the lower concentrations. Probably
the maximum uptake possible did not change very much. The uptake
was enhanced by sugar supply. The effect increased during the course

of the day.

At the end of these first three days of the experiment the low salt

set was placed in the dark, the high salt set in the light. The nutrient

solution of the latter set was renewed daily; the former one was put
on tap water. This treatment lasted for three days. Then, on the

sixth and seventh day of the experiment, the relation between uptake
and concentration was once more determined; on the sixth day
without and on the seventh day with addition of glucose.

Figure 6: G shows the result of the low salt set without glucose
{u = 0 • 466 c

0-325 ). The relationship between the concentration and

uptake was virtually similar to that of the first day. The rates at all

concentrations were 1 -7—1 -8 times those of the first day. There was

a slight irregularity in the rate of uptake at 17 mg P
2
0

5/1. which

was a little higher than could be expected. The Langmuir curve

0•346 c

(u =-r ) fitted much closer to the data than did the
v

1 + 0-224 c'

Freundlich curve. The theoretical saturation value was 1 ■ 54 mg

P
2
0

5/2h. Thus this showed a decline.

The result of the high salt set was more irregular, because of the

increase in absorption activity during the course of the day. During
the first three absorption periods the uptake rose in spite of the decreas-

ing concentration. Figure 6: H shows the relation for the lower four

concentrations (u = 0 -941 c0-310 ). The maximumrate of uptake found

(2-15 mg P
2
O

g
/2h). was attained at a concentration of 14 • 5 mg P

2
O

b
/ 1.

This was very likely to be the highest possible uptake, as can be seen

from a comparison with the results of the next day.
The addition of glucose had a very strong effect with the low salt

set (fig. 6:7). The uptake had become very low as a result of the

dark treatment (0-6 mg instead of 1-4 mg P
2
0

5/2h.). The increase
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Fig. 6. The relation between the rate of the phosphate uptake and the external

concentration with high salt and low salt plants, in light and darkness without

(o—o) and with (•—•) glucose addition. In all graphs, Freundlich curves have
been drawn.
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of the uptake due to the glucose addition, increased during the first

absorption periods. During the second part of the day a normal

relationship was found (u = 0-259 c
0-714).

The results obtained with the low salt set were according to ex-

pectations. It could not be established whether there is a maximum

rate of uptake within the range of concentrations used. The influence

of the glucose increased during the course of the day, as had been the

case with the high salt set in darkness (fig. 6: F).
The uptake of the high salt set was on the last day less than on the

previous day. The uptake increased after glucose had been added.

At lower concentrations the equations were: u = 0-497 r
0,537 and

0-420 e

U ~

1 + 0-151 c
*

A maximum absorption rate of 2-19 mg P
2
0

5/2h. was attained.

It amounted to 2-15 mg P
2
0

5/2h. on the previous day. So it was not

increased significantly. In experiment 4b. also the maximum uptake
was found only to change little, the uptake at the lower concentrations

being markedly enhanced. Moreover, in both cases the Freundlich

curve was more rectilinear.

The data of the last two days showed that the rate of uptake was

much higher than it had become during the first days of the experi-
ment as a result of the dark treatment. At the same time the saturation

phenomenon, that had disappeared during the dark treatment,

returned.

Experiment 4d. In this experiment a set of high salt plants was used,

grown under very favourable conditions of light and temperature
(July—August 1950). As a result the plants were well developed and

their uptake was high. During the experiment the plants were inten-

sively illuminated.

On the first day the uptake was determined for six increasing
concentrations. On the second day this was repeated, 2 gm glucose

being added to the solutions. As figure 7 : A shows, the uptake was

the same over the whole range of concentrations on both days
{u = 3-33 c

0-190 ). The uptake rates were large, particularly at the low

concentrations (where the absorption curve is very much curved),
as is expressed quantitatively by the low value of the exponent of

c, viz. 0-190. A simular result was obtained in the previous experi-
ment in those cases where the absorption activity, also without sugar

supply, was high. The fact that glucose had no effect, indicated

that the plants were in a high sugar condition. The absence of a

maximum absorption rate is particularly striking, though very high
concentrations were used. Thus there was no limiting factor with

these rapidly growing plants.

Figure 7 : A also shows the Langmuir curve (u =

£
)

•

Its closer fit to the data, especially at the lower concentrations, is

remarkable. This was a normal result with plants showing a high
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absorption rate also at low concentrations. This is connected with

an essential difference between the two types of curves. The curvature

of the Freundlich curve continues to increase with lower concen-

trations. It attains its maximum at c = o. This does not apply to

Langmuir’s equation. The concentration at which its curvature is

highest, follows from: c = (k* —l)/k
2. Depending on the value of

k
1;

this concentration may
be either negative, zero or positive. The

last possibility is significant as it gives a picture ,differing from Freund-

lich’s curve. In figure 7 : A the Langmuir curve shows its highest
curvature (for the given method of plotting) at 7-0 mg P

2
O

s/l. The

relationship is more rectilinear below this value as well as above this

value. In principal by experiments such as this one, a decision is

rendered possible as to which equation, Freundlich’s or Langmuir’s,
gives the closest fit to the data.

Experiment 4e. A few weeks after the previous experiment a similar

experiment was carried out with a low salt set. The results are

represented by figure 7; B. Solutions were applied with increasing
concentrations, on the first day without and on the second day with

glucose. The uptake seemed to be stimulated by glucose addition.

Fig. 7. The relation between the rate of the phosphate uptake and the external

concentration before (o—o) and after (•—•) glucose addition.A: high salt plants;
B: low salt plants.



394 R. J. HELDER

But it is quite possible that it was the normal increase of absorption
activity as had been generally found with low salt material (e.g.

experiment 4c; fig. 6: E). Moreover, sugar supply was not very likely
to be a limiting factor with low salt plants, which normally are in a

high sugar condition. The most striking result was the finding of a

concentration above which there was no further increase of the

phosphate uptake. This result was no longer obtained on the second

day, when the absorption activity had been increased. This suggests
that the saturation phenomenon on the first day was due to some

physiological factor allowing only a restricted uptake. This limitation

was removed the next day. This renders the factor likely to be con-

nected with the low salt condition. The most striking feature of the

low salt plants, in contrast with the high salt ones, was their inhibited

growth particularly in the shoot. Hence, as a preliminary explanation
of the saturation effect, the limiting influence of the growth, due to

the low salt condition, may be used.

The Langmuir equations were on the two consecutive days:
0-327 c

,
1-033 c

_

u = t and u =
„,

„■■■. from these the saturation
1 + 0-097 c 1 + 0-310 c

value can be derived: 3-40 mg and 3-33 mg P
2
O

s/2h. No change of

this value had occurred. But whereas this value was indeed attained

on the second day at the highest concentration used, this did not

happen on the first day. This pointed once more to the omitting of a

limiting factor.

The concentrations at which the Langmuir line was most curved,
were 6-4 and 6-0 mg P

2
0

5/1. No absorption value being available

at concentrations below these values, it was not possible to judge
whether these curves gave a closer fit than the Freundlich curves.

Discussion

If no irregularities occurred, the absorption curve, representing
the relation between the rate of phosphate uptake and the phos-
phate concentration of the medium, was always found to have the

appearance of an adsorption-isotherm. Sometimes this applied to the

whole range of concentrations used (up to 60—70 mg P
2
O

s
/l.).

Sometimes a maximum rate was already attained at a lower concen-

tration. This “saturation phenomenon” is quite a normal one with

ordinary adsorption processes. Therefore, the conclusion seems to be

legitimate that, as Van den Honert expounded, the first stage of the

uptake consists of an adsorption process, by which equilibrium is

rapidly established. The ions adsorbed in this way have to be trans-

ported further at a constant velocity. Therefore, to the whole process
of uptake the ’picture of the conveyor belt can be applied.

But, though the general relation between concentration and uptake
becomes understandable in this way, it is not possible to explain all

the facts obtained in these experiments. For instance it was found that

glucose supply enhanced the uptake. This might be explained by

assuming the glucose to be partly phosphorylated. However it is
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then difficult to see why the relationship between the concentration

and the resulting uptake (now consisting of the normal uptake and

the utilization by phosporylation) has again an adsorptive nature.

Also the fact, that sometimes no influence at all was found of the

glucose supply at the higher concentrations, speaks against this

assumption. It must be assumed that the normal uptake has been

increased. To use the picture of the conveyor belt: either the loading
of the belt or the rotation velocity has been altered. It is obvious

first to think of the rotation velocity, as it is closely connected with

metabolism. But if this is correct, the uptake can be expected to be

enhanced relatively to the same extent at every concentration. The

relation between uptake and concentration being represented by
u = k.c 1,u

, only a change of k can be expected as a result of the

addition of sugar. Such an alteration of the relation was found by
van den Honert as to the influence of temperature. Moreover as far

as a maximum rate of uptake had occurred, this should have been

found to happen at the same concentration.

As a matter of fact the uptake was always found to change in a

different extent at different concentrations. Such a change not only
occurred as a result of glucose addition. By a dark treatment the

uptake was diminished especially at the lower concentrations. Low

salt plants showed an increase in the absorption activity during the

first days of the experiments. This increase happened again mainly
at the lower concentrations. On the other hand, if the uptake was

enhanced by glucose addition, the higher concentrations were

favoured. The relation became nearly rectilinear.

This means it had to be assumed that the first stage of the uptake:
the “adsorption” (the loading of the conveyor belt) can be changed
too e.g. by glucose addition. This consideration can easily lead to the

hypothesis that this first stage involves a formationof hexosephosphate.
At any rate, the experiments with phloridzin pointed to the fact that

phosphorylations are significant in the uptake of phosphate. If this

hypothesis is correct, it means that the first stage of the phosphate
absorption by plant roots is enzymatic in nature. For many enzy-

matic processes it is known that the relation between the reaction

velocity and substrate concentration can be represented by a Langmuir
equation. This is explained by the theory of Michaelis and Menten

(Höher 1945; Schwab 1941).
The hypothesis, that the phosphate uptake begins with the for-

mation of a hexose phosphate, was the very starting point of the

exposition given below. Meanwhile, this hypothesis did not prove

to be a necessary condition to give an explanation of the phenomena
obtained. For this it is sufficient to generalize the picture of the con-

veyor-belt followed till now. Meanwhile, the strong resemblance

between the Langmuir treatment and the Michaelis-Menten formu-

lation of enzyme kinetics is evident from this (Bull 1951). This

need not surprise us since the Langmuir equation has a veiy general
form so that it applies to various processes and reactions (Hinshel-
wood 1946). For a critical discussion of the principles, involved in
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catenary processes and limiting factors, reference may be made to an

excellent survey of Booy and Wolvekamp (1944).

Phosphate P, present in the medium, is assumed to be bound in

a reversible way to a substance X, which is present in the symplasm
of the root only in a limited amount. Thisprocess can be represented by:

P + X ■$* PX

k"

It should be added that this representation may be a simplified

expression of a more complicated chain of reactions. The “velocity
constants” k' and k" may appear to depend on many factors e.g. on

the sugar metabolism. Moreover X may also represent some proto-
plasmic particle.

Secondly phosphate must be transferred at a constant rate. It may
be that the complex PX is immediately broken down. However, it

is equally probable that phosphate is transferred as PX and that the

decomposition occurs after some time. In both cases some X becomes

again available for binding phosphate of the external solution.

Attention should be drawn to the fact that phosphate can be liberated

from PX into the medium as well as into the symplasm of the root.

The former process will be referred to as dissociation of PX. The latter

process
constitutes the uptake and will be referred to as transfer of

phosphate. The rate of this transfer (it is the rotation velocity of the

conveyor belt) can be expected to be dependent on the glucose
concentration. As to the velocity u with which phosphate is absorbed;

U —
k C

px
* Cg

now applies, where c
PX

and c
G represent the concentrations of the

compound PX and of glucose.

During a steady state the concentration cPX
has a constant value.

The velocity with which the compound is formed then equals the

velocity with which it is broken down by dissociation and transfer.

Hence :

k c
P

c
x

—■
k c

i‘x.
k CgCpjç

If the total available amount of the substance X equals C, so that:

C = cx + cPX

the concentration of PX can be derived from the two last formulae:

k'C cP
Cpx =

k" + kc
G
+ k'c

P

Substitution of this value of cPX
in formula concerning the absorp-

tion rate gives finally:

u = k'C k ca
r- ——

k +kc
a

+ k'c
P
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This expression can easily be written in the of Lang-
muir’s equation: at

lC-t Cp i
u 11 —s—-

1 -f- Ä*2 Cp

if:

,
kk'c

G
C

, ,
k'

k, = rrj. 7 and k„ = z-r. ;
—

] k + k c
a

2 k + kc
0

The maximum possible rate of uptake k- i jk2
now tends to k c

0
C

This could be expected, since this rate of uptake only occurs if the

whole available amount of substance X is continuously bound to

phosphate, so that cPX equals C. This saturation value is always
proportional to C. The same applies to the absorption velocity at

lower concentrations. However, the glucose concentration has quite
another influence. The uptake is increased by glucose addition, it is

true, but the extent to which this happens depends on the external

phosphate concentration. This can be illustrated most clearly by
considering two extreme cases, each of which can be represented by
a more simple expression.

In the first place the transfer of phosphate (= k c
a

cPX ) can be sup-

posed to be negligible compared with the dissociation velocity of this

compound (= k"c
PX). Then kc

G((k" and the formula becomes:

u = k • cG
• C %—

1 +
k"

Cp

Increasing the glucose concentration has the same effect that

increasing the X concentration has viz. the same enhancement at all

phosphate concentrations. It produces the same result that could

be expected on the grounds of the initial theoretical considerations.

This is understandable, for these considerations lead to the same

equation. For if the first stage of the uptake consists of an adsorption,
the equilibrium of which is established very rapidly compared with

the rate of further transport, the “loading of the conveyor belt” is

given by:

_k' cP

Cpx ~F
0

, .
r1 +

F
' Cp

if Langmuir’s derivation is used. Now C represents the total quantity
of adsorption-points, cPX

the concentration of the points occupied by

phosphate ions. In order to obtain the formula for the uptake, the

expression needs only to be multiplied by k c G ; i.e. the rotation velocity
of the conveyor-belt.

The second extreme case occurs if the dissociation velocity of PX

is low compared with the velocity at which phosphate is transferred
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(k"((kcg). T\m& formula can be simplified to:

u = k'C %
1 + • Cp

k"cg
1

Increasing the glucose concentration involves also in this case an

enhanced phosphate uptake. This enhancement is however different

at different concentrations. The range of concentrations over which

the uptake is nearly linearly proportional to the external phosphate
concentration becomes much larger after glucose addition. This is

more in agreement with the experimental results. With glucose the

relation between uptake and concentration was virtually rectilinear;
this was clearly demonstrated by the high value of the exponent of the

Freundlich equations.
This second case fits more closely to the data. But this does not mean,

that the extreme conditions of this case were always fulfilled. The

result indicated will also be obtained with less extreme conditions,
viz. as long as the absorption velocity of phosphate remains a non-

negligible factor compared with the dissociation velocity of the

complex PX.

As a starting point for the foundation of this theory the hypothesis
was used that phosphate was bound initially to glucose. It will be

clear that the proposition, just given, can be applied to this case

unaltered. The role of the substance X can be played by either some

enzym or some intermediate product produced at the formation of

hexose phosphate. It is tempting to think particularly of the energy-

rich phosphorus compounds. By this the results with low salt material

might be partly explained. For, by supplying phosphate during the

experiments they are allowed to enlarge their adenyl acid-complex.
By this the phosphate uptake might be enhanced immediately. More-

over, the check on the development of the plants might be abolished

and this will have a secondary effect on the phosphate uptake i.e. by
removing the limiting effect of growth on the uptake at high concen-

trations.

Attractive as this hypothesis may be from a biochemical point of

view, the general concept should be preferred for the present. A further

elaboration needs more biochemical examination. A great advantage
of the exposition as given here, is that it can be applied to other ions.

It may be considered therefore, a quantitative elaboration of those

theories in which ions are assumed to be bound to carriers.

If the explanation given is correct, Langmuir’s equation proves to

be of particular significance. It may be used in calculating the maxi-

mum uptake (the “saturation” value). This is of primary importance
to those experiments in which a concentration was foundabove which

the uptake did not increase any longer. Summarizing the following
results were obtained:
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Experiment Treatment Maximum uptake
theoretical experimental

fig. 6:B, H, J darkness 1-22 1-12

high salt light 2-39 2-15

light-)-glucose 2-78 2-19

fig. 5: A light 2-30 1-00

high salt light -f- glucose 51-3 1-04

fig. 7: B light 3-40 2-48

low salt

In the experiments with high salt material as a rule a maximum

was found. Only as a result of a prolonged dark treatment was the

uptake decreased and did the “saturation phenomenon” disappear.
As is clear from the table, this experimental maximum level was mostly
lower than the theoretical one. This means that there was another

process, that may have a limiting effect on the uptake. The sugar

supply might be supposed to be this limiting factor. This is disproved
by the experimental data. By sugar addition the maximum uptake
was not increased, although the uptake at lower concentrations was.

A much higher uptake should have been expected, if the limitation

was the result of a “saturation”.

Ifneither the phosphate concentration nor the glucose supply can

be the check on further increases of the phosphate supply, this check

has to be sought in the further utilization of phosphate in the plant.
With high salt plants the ability to accumulate ions in the vacuoles

is but slight in contrast with low salt plants. This renders it intelligible
why a maximum uptake is so often found with high salt plants. A

more important factor than the vacuole accumulation is perhaps
formed by the consumption of phosphate by growth processes.

In the experiments last mentioned in the table, glucose addition

did not change the maximum absorption rate. This would mean that

the growth processes were not enhanced by the glucose, but the phos-
phate uptake was, at least at low concentrations. On the other hand,
with experiment 4c (fig. 6: F) clear secondary effects were observed

on plants which had been in darkness for some days. Whether the

maximum uptake was also increased by adding glucose, could not

be affirmed. Meanwhile it will be clear that glucose may have a

complex influence.

With low salt plants it was observed only once, that the uptake was

limited at high concentrations in the same way as it was with high
salt plants. This happened only on the first day of the experiment.
At that time the development of the plants was as yet much inhibited

by a phosphorus deficiency. Thus a limiting influence of the growth
can also explain the “saturation phenomenon” in this case.

This “saturation phenomenon” has been the very starting point
of this investigation into the relation between the phosphate uptake
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and the external phosphate concentration. An attempt was made

to study the influence of glucose on this maximum value in detail.

Indications were obtained that it is possible to influence this phenome-
non. It was assumed that this was due to a glucose effect on growth

processes. How far the hypothesis is correct that there may be, in

general, a regulating influence of utilization on uptake, will be dis-

cussed in the next section, on the basis of experiments specially

planned with this problem in mind.

5. The direct influence of the utilization on the uptake of

nitrate

In the preceding chapters the growth was occasionally supposed
to be a regulating factor on the phosphate absorption. Along this

line of thought moved Alberdaand Van Andel, Arisz and Helder

(1950). Starting from the assumption that high salt material is

saturated with salt, it seems to be imperative that there must be

growth before any uptake can occur. Also among the literature,

particularly in old physiological and agronomical papers, the con-

ception is met with of a regulating influence of the utilization on

the uptake (Sachs 1874; Pfeffer 1897; Nelson 1946; Williams

1948), as was discussed in detail by the author. (Helder 1951)
This idea is mainly supported by the frequent appearance of a

correlation between growth and absorption activity (Steward 1935).
There are however many factors by which the uptake is determined.

In the case of the uptake of phosphate, the concentration of the medium,

as well as the sugar supply, proved to be of great significance. Hence

it is not entirely excluded beforehand that the uptake should be

determined by these factors. Likewise a slight growth capacity could

go together with a low content of sugar, which should mean a small

uptake at the same time. It is true, it was rendered likely in the previous
section that concentration and sugar supply are not the only deter-

mining factors, but the principal possibility obviously illustrates that

the significance of the growth for the uptake is not so self-evident as

is usually accepted. Moreover it follows that only by a direct causal

analysis can it be settled how far the correlation between growth and

uptake is the result of a determining influence of the growth on the

uptake. This means in the first place that the plant material has to be

in a condition at which a regulating influence of the growth on the

uptake can be expected. The plants were therefore brought into a

high salt condition. In the second place with this material it must be

possible to regulate the growth. This was attempted with the aid of

indole acetic acid, which was added to the nutrient solution. This had

no effect however. Only at the highest possible concentration was

the phosphate uptake inhibited (Schuffelen 1948). But then clearly
damage occurred: the solutions were brown in colour at the end of

the absorption period. In view of the results obtained, this negative
result is not surprising. For, by this growth substance, in the first

place theextension growth is inhibited. As we shall see it is rather the
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protoplasmic synthesis that is connected with the uptake of anions.

Following on a suggestion from Prof. Dr W. H. Arisz, use was made

of the inhibiting effect of a lack of nitrogen or phosphorus on the

growth. For this purpose an orientating experiment was made (1949)
in which plant material was grown on a Hoagland solution, without

nitrate or without phosphate. After about four weeks the plants
were placed on a full-strength nutrient solution and the uptake of the

phosphate, resp. the nitrate was determined. This experiment was

performed under glasshouse conditions. As a result of this the course

of the uptake was irregular. In spite of this there was an enhancement

of the uptake of the nitrate owing to the addition of phosphate with

the low phosphate sets within two days.
As, in the first place we were concerned with the principle of a

regulating influence of the growth on the anion absorption, the defini-

tive experiments of 1950 were performed with high nitrate, low

phosphate material. In the first experiment the effect of adminis-

tration of different quantities of phosphate on the growth and the

uptake of nitrate was investigated. In the second experiment the

number of treatments was enlarged and amongst others, phosphate
was withheld once more and the effect was studied. With the nitrate

absorption by high nitrate- low phosphate plants a result was more

easily attained than with phosphate absorption by high phosphate-
low nitrate material; this

may
be the result of a combination of two

circumstances. In the first place nitrate is consumed by the growth

processes (synthesis of proteins) to a greater degree than is phos-

phate. In the second place various phosphorus compounds of the

cytoplasm have a more regulating influence on the metabolism than

have the nitrogen compounds. In spite of this it must be possible to

find some effect of the nitrate on the phosphate absorption with

the right treatments and under the right conditions. And as a matter

of fact Scott Russell and his collaborators seem to have obtained

results with this tendency (personal communication).

Experiment 5a. The first experiment was performed with six sets

of plants grown in June 1950. The six sets were divided into three

groups (fig. 8:1,11 and III). The plants were illuminated continuously.
During the first two days the three sets remained on a solution with-

out phosphate, the solution being renewed every day. Growth was

slightly enhanced, probably due to the favourable circumstances in

the room of constant temperature, since it was found that if this

treatment was continued (fig. 8: A I) the development of the shoot

gradually decreased; the increase in length as well as the number

of young leaves appearing, decreased more and more. If however,

only a small amount of phosphate (6.5 mg per day) was added, this

decrease did not occur. The increase in length as well as the number

of young leaves appearing remained more or less at a constant level

(fig. 8: A II). A yet more vigorous development could be obtained

by putting the plants (fig. 8: A III) on a solution with the normal

amount of phosphate (a complete Hoagland solution).
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At the end of the experiment phosphate was also supplied to the

first set, which gave a striking effect: a rise in the increase of length
and suddenly a larger number of new leaves appearing. The differ-

ences in development of the shoot due to the differences in amount

of phosphate applied, were much more striking than could be repre-

sented by the figure. It was already possible to distinguish on the

4th—5th day (that is 2 or 3 days after applying phosphate) the three

groups by sight. The more phosphate that was administered the more

vigorously were the shoots developed, while the colour changed from

the dark green of plants with phosphate deficiency to a more yellow-

green.

Quite the same but more striking results were obtained with the

nitrate absorption. If no phosphate was supplied, there was a continu-

ous fall in the rate of uptake, which came to a standstill after about

five days (fig. 8: B I). If however, a small amount of phosphate was

added to the solution each day, this fall was reversed, with some

retardation, into a gradual increase of the rate of uptake. At the end

of the experiment about the same level was reached as that of the

third set, to which the normal amount of phosphate was supplied.
With this set there was already some effect on the first day; then there

was a slight rise up to a more or less constant level. Again a striking
effect was obtained by phosphate supply with set I at the end of the

experiment.

Owing to the low phosphate condition of the plants and the favour-

able conditions, a strong absorption of the phosphate occurred.

During the first days the solution was completely exhausted. Thus

the phosphate (0, 6-5 and 32 mg) added to enhance the growth was

completely taken up. Only with the third set did a small amount of

phosphate (about 1 gm) remain in the solution on the fourth and

fifth day.
By this experiment the inhibiting effect of phosphorus deficiency

on growth as well as on nitrate absorption was clearly illustrated.

Fig. 8. The influence of phosphorus supply on the growth of the shoots (A) and

the nitrogen absorption (B) of three sets (I, II, III) of phosphorus deficient maize

plants. The curves are dottedduring the time the plants were standing on a solution

without phosphate. P (6,5) and P (32) refer to the amounts of phosphorus
(mg. P

2
0

6
/1.) present in the nutrient solution. The growth is represented by the

average increase in length of the youngest visible leaves and the number of new

leaves appearing.
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By means of supplying phosphate this decline in both processes was

immediately changed into an increase.

Experiment 5b. This experiment was performed with four sets of

plants which were also in a high nitrate- low phosphate condition.

Moreover two sets were examined, which were in a complete low

salt condition (August 1950). The results are shown by fig. 9. Each

of the separate graphic representations corresponds to one of the six

sets used. By this the irregularities, particularly those of the growth
are rather more large than in the former experiment, where the

means of two sets were represented. The plants were illuminated

for 16 hours every day.
There were three periods of four days during this experiment;

each period being characterized by a certain treatment. During the

first period all high nitrate sets (fig. 9: A, B, C, D) were on a Hoagland
solution without phosphate. There was again a slight decrease in

the growth but an obvious effect on the uptake; at the end of this

period the absorption had almost come to a standstill.

Set A was hereafter placed on tap water and then for another

period of four days once more on a solution without phosphate. So

this set had not been able to absorb any phosphate from the medium

either during the pretreatment or during the experiment itself. The

depressing influence of the phosphate deficiency on the growth was

cleaily shown by the continuous decrease in the development of the

shoot.

As to the nitrate absorption, during the tap water period no uptake
could take place of course, but if then the plants were again put on a

solution with nitrate, a renewed though small uptake appeared in

spite of the fact that no phosphorus had been taken up. The amounts

of nitrate taken up in this last period, are too large and the uptake

goes on too long for this uptake to be due to an exchange. In this

connection it may be recalled that the nutrient solutions were made

with tap water. It can be concluded, that the standing still of the uptake
at the end of the first period is not due to a direct depressing influence

on the absorption mechanism, but rather to a nitrate saturated

condition of the material. If only a slight growth had taken place,
some uptake was again possible.

Quite another picture was obtained if a small quantity of phos-

phate was supplied (fig. 9: B). Compared with A, growth was only
a little promoted; at the same time uptake started again and gradually
increased. If phosphate was withheld once more, the development
of the shoot diminished. Although the uptake of nitrogen went on for

another two days, this was followed by a rapid fall. It could be proved
by supplying some phosphate after this third period, that this fall

was a consequence of lack of phosphorus. A rapid rise in the nitrogen
uptake was then obtained (not reproduced in fig. 9: B).

If the amount of phosphate was increased to the normal level,

stronger effects were obtained (fig. 9: C). There also was a vigorous
further development during the third period, when phosphate was
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again withheld. The uptake rose at once to a more or less constant

level. During the third period the uptake even increased a little, the

cause of this is not quite clear. Perhaps it was only an after-effect of

the abundant phosphate supply. At any rate there was no fall as

with the former set. The amount of phosphate supplied had evidently
been sufficient for a vigorous further development.

Phosphate was also supplied to the last high nitrate set but at the

Fig. 9. The influence of varied phosphate supply on the growth ( )
and the nitrogen absorption ( ) of maize plants. Set A, B, C, and D

were at the start of the experiment in a low phosphorus, high nitrate condition;
set E and F in a low salt condition.

Different media were used; tap water; a complete Hoagland solution (+ P 32);
a solution with a reduced phosphate concentration (+ P 6,5); a solution without

phosphate (—P) and a solution without nitrate (+ P 32, —N). All nutrient

solutions were made with tap water.
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same time however, nitrate was withheld (a combination of the

treatments A and C). The growth and the uptake of this fourth set

during the first period of the experiment was already rather different

from the first three sets, particularly as there was a smaller number

of young leaves appearing. This was the reason why A, B and C were

used for the three main treatments. In spite of this drawback the
results for this fourth set were quite clear. After supplying the phos-
phate, growth took place almost the same as it did with set C. From

this it appears that this promotion of the growth was not the result of

a renewed nitrate uptake. Nor could this be expected with this nitrate

saturated material. If the set was then placed on a solution with

nitrate but without phosphate an enormous uptake of nitrate took

place, the rate was even higher than it was at the beginning of the

experiments. Afterwards there was a slight fall, but the rate of uptake
remained at a high level. This result once more points to the indirect

influence of the phosphate supply on the absorption of nitrate.
The two low salt sets remained on tap water during the first period

of 4 days. Then one set (fig. 9: E) was placed on a nutrient solution

without phosphate. In spite of the fact that important ions were

now being administered there was as with set A, a gradual fall in the

growth. At the start of the experiment the low salt material was less

strongly developed than were the high nitrate- low phosphate sets.

This has to be ascribed to the lack of important ions like nitrogen and

potassium. During the experiment however, in the first place phos-
phorus has a limiting influence on the development. By this it is

possible to explain why results were obtained more easily in this way
with high nitrate- low phosphate than with high phosphate- low

nitrate material. The course of the nitrate uptake is also comparable
with that of the high nitrate sets in that after some days the uptake
comes to a standstill. In this respect these low salt plants can be com-

pared with excised low salt root systems. As Hoagland and Broyer
found (1936), low salt roots soon reach their maximum salt concen-

tration. They ascribed the cessation of the absorption to the limited

capacity of the roots for constructive metabolism associated with

growth. This limited growth might be due to a deficiency of some

elements e.g. nitrogen and phosphorus.
The second low salt set, which was placed on a complete Hoagland

solution, also showed a rapid fall, but the uptake did not stop: after

some time there was even a slight increase. This can only be the

result of the growth, promoted by the phosphate supply.

Discussion

The results have already been amply discussed by the author

(Helder 1951). Hence a few remarks concerning the essentials

will suffice.

In the first place it appeared that during the experiment the lack

of phosphate especially depressed the development. By supplying
phosphate this depression could be released. If a large quantity of
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phosphate was administered the vigorous growth continued, even

when phosphate was once more withheld.

At the beginning of the experiment all sets still showed a vigorous
nitrate uptake which however decreased rapidly and stopped if no

phosphate was added. That this was due mainly to the as yet unsatu-

rated condition of the material, appeared from the similar behaviour

of low salt and high nitrate- low phosphate material. During the

pretreatment the solutions of the last kind of material were renewed

twice a week. Apparently this does not suffice to bring the material

into a high nitrate condition, because for that it is necessary to renew

the solutions diurnally, as was done during the experiment.
Phosphate being withheld, growth was inhibitedmore and more and

the uptake of the nitrate came virtually to a standstill. This standstill

of the uptake proved not to be the result of a direct influence of

phosphate deficiency on an active absorption mechanism (compare
Davies and Ogston 1950), but of the saturated nitrate condition.

If nitrate was not supplied for a few days, some nitrate could after-

wards be taken up again as a result of the continued, though very

slight growth. A real enhancement of the uptake was only found if

phosphate was supplied, which removed the factor depressing the

growth. It is a well-known fact that phosphorus is of great importance
in the synthetic processes of the cytoplasm (Nelson 1946). The

protein synthesis is especially depressed by a phosphorus deficiency.
An accumulation of soluble nitrogen compounds and sugars is con-

nected with this (Williams 1938; Richards and Templeman 1936;

Gregory 1937). Slightly different results were found at first by
Scott Eaton. Later however he obtained results which were more in

agreement with current notions (Scott Eaton 1949, 1950). So in

the first instance the synthetic processes are stimulated by phosphorus

supply, and nitrate ions are utilized. Strictly speaking these experi-
ments showed that under certain conditions the utilization of nitrate

ions can be a determining factor for the absorption. These synthetic

processes however, are so intimately connected with the formation

of protoplasm that it seems justified to speak of growth of protoplasm
and to hold this responsible for the nitrate uptake. Increased formation

of protoplasm as a result of the administering of phosphate leads to

increased meristematic activity. (Nelson 1946; BuRSTRdm 1947).

Further, this increased rate of cell division, leads after cell elongation
to the promoted, outwardly perceptible growth. As far as roots are

concerned, this means at first an enlarged absorbing surface. In the

second place, as a result of cell elongation, a renewed accumulation

in the vacuoles of root and shoot is made possible, by which an

increased uptake is also made possible. Therefore a close relation

between this growth, which depends on cell elongation and uptake
which is mainly determined by protoplasmic formation cannot

be expected. Under these circumstances it is a question of taste if one

prefers to speak of the growth as a determining factor for the uptake,

or not. Whenever this might give rise to any misunderstanding,
utilization will be used instead of growth.
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Meanwhile it will be clear why the results obtained concerning
the nitrate absorption were more clear cut than those concerning
growth, because the growth measured was mainly based on cell

elongation and this need not stop immediately if protoplasmic
growth has become very slight. Moreover, only the growth of the

shoot was measured. Not is this only rather a crude index of the

development but it is also a not very obvious measure of the quanti-
tative significance of the root growth.

6. The course of the phosphate uptake in light and darkness

As was already stated in the introduction, the starting point of

these experiments, was the continuation of Alberda’s investigation
(1948) into the influence of light and darkness on the course of

phosphate uptake. In particular it was important to experiment
with low salt plants, so that the results of both types of material

(low salt and high salt) can be mutually compared.
In principle it now seems possible to interpret the results of these

experiments with the aid of the points of view put forward in the

preceding sections. Firstly, the sugar supply proved to be of primary
significance to the phosphate uptake. Next in importance to the

sugar supply is the salt condition. Taking into account these two

conditions and the various processes being important to the uptake,
an explanation was attempted of the course of the uptake in light
and darkness. In order to judge the correctness of the explanations,
material was harvested and analysed from different moments in the

experiments. As will appear from the analytical results, variability
was too large to render possible any decisive conclusion. In spite of

this a possible explanation will occasionally be given with the des-

cription of the experiments. Of course, it must be stressed that these

explanations are of a hypothetical nature.

Because the sugar supply is an important factor for the phosphate
uptake, it need not surprise us that the light intensity used in these

experiments has an influence on the results. As a matter of fact, the

results obtained during the first year of experimenting (1948) when a

moderate illumination was used, differed slightly from those obtained

during the next year, when high light intensity was available. The

experiments will be discussed in two corresponding groups.

a. Experiments with moderate light intensity
The experiments of 1948 were performed with an illumination of

fluorescent lamps (fig. 1: A). Moreover, the plants were standing in

the case used for the experiments concerning the influence of carbon

dioxide-free air on the phosphate uptake. The case was not closed.

But with the open case and this low light intensity, the development
of the plants was less prosperous than during the next year, when

the case was removed and a high light intensity was used.

In the first place the different behaviour of low salt and high salt

material was studied. It appeared that there is only a relative differ-
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ence between high salt and low salt mateiial. Hence the influence of

light and darkness on low salt plants was examined more closely.
Solutions of various concentrations were used, allowing the low

salt sets to change into a high salt condition variously rapidly.

Experiment 6a. To be able to compare low salt and high salt plants,
three sets of plants of low salt as well as high salt were grown at the

same time (June —July 1948). At the start of the experiment they
were 6—7 weeks old; that is a little older than was the case for the

bulk of the experiments. The plants were slightly taller, and as a

result of this they were hindered more by the limited space of the

case. The solutions were renewedevery twelve hours and the uptake was

Fig. 10. The course of the phosphate uptake in light and darkness. A: three

sets of high salt plants. B: three sets of low salt plants. C: Mean value of the rates

of uptake of the high salt and low salt sets and their difference (a crude index of

the accumulation in the vacuoles of the low salt plants). D: The mean amounts

of phosphate, taken up by the low salt and high salt sets, expressed in percentages
of the total amount, taken up during the course of the experiment.
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determined. A half-strength Hoagland solution was used. Fig. 10

shows the course of the uptake.
The course as a whole was the same for all sets (fig. 10: A and B).

Initially there was an increase in the uptake in the light followed by
a slight decrease. During the dark period the uptake fell rapidly.
This fall decreased at the end of the dark period and changed into

an increase during the second light period. It appears from the mean

values of the high salt and low salt sets, that the uptake by the low

salt plants was greatest (fig. 10: C). The initial increase was also
clearest with this material. Both types of plants showed a large
variability as to the uptake values. As a resuls of this the high salt set

with the largest uptake is comparable with the low salt sets with

the lowest uptake.

Experiment 6b. In this experiment low salt plants were exclusively
used. Eight sets were grown during July and August 1948. They
were six weeks old when used in the experiment. As a result of the

favourable circumstances they were in excellent condition. Uptake
rates were determined on Hoagland solutions of four different concen-

trations ('12-5, 25-0, 37-5 and 50%). At each concentration two

sets were used. The course of the uptake is represented by fig. 11.
The mean values of the two sets at each concentration is indicated.

The influenceof the concentration is clear. The higher the concen-

tration, the higher was the rate of uptake. The uptake also increased

in this experiment. A constant level having been reached, the absorp-
tion rates were at increasing concentrations: 2-5, 5-3, 8-5 and

8-8 mg P
2
O

s/12h. With the two sets at the highest concentration

there was a small but definite decline in the uptake. But with the

other sets a decline of the uptake, as occurred in the previous experi-
ment, was out of the question. During the dark period the uptake
of all sets, except for those standing on the lowest concentration,

immediately decreased. With group A and B, this decline was larger
than that with group C. With the fourth group the uptake continued

Fig. 11. The course of the phosphateuptake by low salt plants in light and dark-

ness at different external phosphate concentrations.
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at the same rate for some days, but afterwards it also declined. At the

end of the dark period all sets showed only a small uptake. Group B

now absorbed rather more than group A.

If after this, the plants were again placed in light, the uptake rose

only slowly after some retardation. This was due to the very low

light intensity; two instead of four lamps being used. After four days
the other two lamps were also switched on, but no clear influence

could be observed. The uptake of
group

B remained the largest

one, while the difference between A and C had disappeared.

Discussion

In order to explain the course of the uptake of the high salt plants
it is obvious to think of the sugar supply, in view of its significance for

the phosphate uptake. Besides, high salt roots are known to be in a

low sugar condition. Hence, the cessation of photosynthesis in dark-

ness may be expected to cause a fall of the phosphate absorption
in a short time. For as much as the uptake depends on the consump-

tion, the fixation by growth may be expected to be of primary im-

portance. This growth is closely connected with the
sugar supply.

That is why it is dependent on the illumination. But it is conceivable

that there are other effects of light on the growth and uptake.
The average uptake by low salt plants was larger than the uptake

by high salt plants (fig. 10: C). Moreover, there was a marked

increase at the beginning of the experiment. This must depend on

the fact that the various processes, by which the rate of uptake is

determined, had to be put into motion, because during the pre-

treatment, the whole absorption process was stopped. That this went

on so slowly, doubtless depended on the low salt condition. As far

as the uptake was determined also in this case by growth, this con-

clusion is obvious. From the previous section, growth appeared to

be mainly depressed by phosphorus deficiency. Phosphorus supply
enhanced growth and by this enhanced the nitrate absorption. The

same can be expected with respect to the phosphate uptake. The

enhanced phosphate uptake in its turn, will again promote growth.
In this way a mutual promotion of growth and phosphate uptake
could occur during the first days of the experiment.

At first sight the further course of the uptake by the low salt plants
was of the same nature as it was with high salt plants. It is true that

the fall in darkness was steeper and the rise in the light afterwards

was smaller, so that there was less difference at the end of the experi-
ment than there was at the start. Such solely quantitative differences

also existed between the sets of one type of material. On closer exami-

nation however it appears that there are indeed vital differences.

This difference is demonstrated by comparing the average uptake
rates of the high salt and low salt sets, if the absolute difference in

uptake rates is neglected. For that purpose the average amounts of

phosphate taken up during the twelve hours period, are expressed as

percentages of the mean total amounts of phosphate, taken up by the

two types of material. These percentages are plotted in figure 10: D.
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It shows that the uptake by the high salt plants decreased in darkness

and increased during the second period more intensively than did

the uptake by low salt plants. Thus, the high salt plants were more

sensitive to the alteration of light and darkness than were the low

salt plants. As far as the decrease in darkness is concerned, this might
be connected with the greater sugar storage of the low salt material.

But, if this is so then it is difficult to see why afterwards, the increase

in the uptake by low salt plants in light is so small. Rather, the different

sensitivity points to a difference in the nature of the uptake in these

two types of material. It is obvious to surmise that this is determined

by the salt condition, as a result of which the uptake by the high
salt plants is compounded in another way than is the uptake by the

low salt plants. While uptake by high salt plants is largely dependent
on the growth and accumulation in the vacuoles is of minor impor-
tance; with low salt plants, the accumulation in the vacuoles is also

of importance. Both processes may depend on the illumination to a

different extent. For with low salt plants sugar has been accumulated

in the vacuoles giving at the same time an osmoregulation (Hoagland
and Broyer 1936). Such an osmoregulating principle was also met

with by Deleano und Andreesco (1932) in leaves of Salix. They
observed a loss of salts in senescent leaves. At the same time the con-

centration of monosaccharides was enlarged and thus, the osmotic

concentration was kept at a fixed level. These data point to an

intimate connection between ion accumulation in the vacuoles and

the sugar stored in the vacuoles. If this assumption is correct, it may

easily be seen why the accumulation with the low salt plants (and
hence the total uptake by these plants) is far less sensitive to an alter-

ation of light and darkness than it is with high salt plants.
To obtain an impression of the rate and the course of this accumu-

lation in the vacuoles by the low salt plants, the difference between

the absorption rates of low and high salt material might tentatively
be taken. It should be realised that the uptake by the high salt plants
was not solely based on the fixation by the growth. On the other hand,
the growth of the low salt plants was not so vigorous as that of the

high salt plants, at least not at the commencement of the experiment,
owing to the unfavourable pretreatment. Hence, the accumulation

rate of the low salt plants will certainly have been larger than the

difference between the uptake of low salt and high salt plants. This

difference, shown by fig. 10: C, must therefore be considered as a

rough approximation.
As the figure shows, the accumulation inthe vacuoles increased just

a little at the start. It is difficult to judge the significance of this in-

crease. Perhaps the true value of this increase was lower. Further, the

rate remained at about a constant level during three days and then

decreased gradually. There was not the slightest sign of any influence

of light and darkness, so that the conclusion, low salt plants are less

sensitive to light and darkness because their uptake is to a large extent

due to the accumulation in the vacuoles, seems justified.
The diminishing of the difference in the uptake of low salt and high
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salt plants indicates that the low salt sets came gradually into a high
salt condition. On the grounds of the considerations just mentioned

it could be expected that the smaller the change into a high salt

condition, the smaller the sensitivity to a dark treatment. This was

completely confirmed by the results of the second experiment. The

higher the concentration of the solution that the plants were placed

on, the higher the rate of uptake, and as a result of this the higher
the velocity with which the plants attained a high salt condition.

The effect on the course of uptake was in accordance with this, as is

shown by fig. 11.

b. Experiments with high light intensity

With the experiments of 1949 incandescent lamps were used as a

light source (fig. 1: B). As appeared from some of the experiments,
under these conditions sugar supply to the roots was not a limiting
factor, since the addition of glucose to the nutrient solution had no

effect on the phosphate uptake (exp. 3c, d\ 4h). The case that was

used in the experiments concerning the influence of carbon dioxide-

free air was removed, so that there was no danger during these

experiments, which were prolonged for many days, that the growth
of the plants was impeded. Moreover, it was now possible to measure

the growth of the shoots and in this way to obtain an impression of

the rate of the growth processes. The sets consisted of twelve plants
and the measurements were made every twelve hours and hence

very regular results could be obtained with these experiments.
In order to gain a further insight into the various factors influencing

the uptake of high salt and low salt plants in light and darkness, some

sets were harvested during these experiments and the phosphate
contents determined.

Experiment 6c. The six sets of plants in this experiment were grown

during the months May and June 1949. Conditions were not yet
optimal. The plants were only small and this partly explains the

low rate of uptake (fig. 12: B). During the first 2—3 days the uptake
increased, it then continued at a constant rate. In darkness the uptake
fell immediately, but soon attained a new constant level, which was

nearly equal to the rate of uptake at the start of the experiment. This

suggested that the uptake in light was a result of the promotion of

growth. The course of the growth agreed with this. It increased

during the first days, attained a constant level, fell in darkness and

came virtually to a standstill. This development of the growth depends

mainly on cell elongation which can continue even if the protoplasmic
formation is stopped. Hence, theutilizationof phosphate by the growth

processes in these experiments will be stopped before the visible

development comes to a standstill and also by this the absorption,
as far as it was determined by this utilization.

At the end of the light period and of the sixth and seventh day, two

sets were killed and analysed. If growth is checked in darkness, but

uptake goes on at a reasonable rate, the phosphate content can be
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expected to increase. As appears from table IV, the results are too

variable to make it possible to concludeifthis applies to this experiment.

Experiment 6d. The seven sets of this experiment were grown

during the favourable summer months July and August 1949. The

plants were more vigorous than those of the last experiment and the

uptake was much larger. The light period lasted only two days, so

the duration of the dark period could be extended to six days.

As is shown by fig. 12: A, the uptake at once rose rapidly. The

plants being placed in darkness this increase continued for some

time and then the uptake diminished very gradually. After four days
of darkness it had not yet stopped. On the contrary, it afterwards

showed a constant, though low velocity. On the last day of the

experiment the phosphate determinations were a little irregular; they
have been omitted from the figure. The shoot development runs com-

pletely parallel to the uptake. The decrease in darkness was likewise

very gradual. This decrease, however, continued until it at last

became zero. The synthetic processes will be stopped earlier. Perhaps
the breaking off in the decrease of the uptake on the sixth day was

connected with this.

Two sets of plants were harvested at the end of the second, the

fourth and the eighth day. There was an increment of the phosphate
content in darkness (table IV). After the fourth day no significant
alteration could be observed. The uptake by the sixth set was much

lower than that by the other sets. The shoots of this set were excised

on the second day. The uptake by the remaining root system fell

rapidly at first, afterwards it rose again and though the course was

irregular, the rate of the uptake at the end of the dark period was

larger than that of the intact plants. Such an enhanced absorption
rate by an excised root system was also observed in experiment 3d

Fig. 12. The course of the phosphate uptake by low salt plants and the growth
of their shoots in light (high intensity) and darkness. A; Sets of plants grown in

midsummer. B; Sets of plants grown early in summer. The breaks of the curves are

due to the removal of sets of plants.
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(fig. 4). The correct explanation of this result is hard to give for the

moment. At any rate it points to some interaction of shoot and root,

important to the uptake.

Experiment 6e. High salt plants were used, grown during June
1949. There was a prosperous development. The most striking result

of this experiment was the enormous increase in the uptake during
the light period (fig. 13). Only after four days was a constant level

attained. This behaviour, so different from that found with low light

intensity can only be explained by the use of the high light intensity,
and the large sugar production connected with it. This sugar pro-

duction can enhance the accumulation in the vacuoles and the fix-

ation of phosphorus by growth. However, neither of these two pro-

cesses seems to give a sufficient explanation of the enormous increase

of the uptake in light. Another possibility is an enhanced consumption

by the formation of hexose phosphate. This hypothesis is very tempting
in this case, for it can explain at the same time the rapid fall of the

uptake in darkness. During the continued sugar consumption in

darkness, bound phosphate will be liberated. As a result of this the

uptake of inorganic phosphorus from the medium will be depressed
and may even be stopped before the growth processes have come to a

standstill.

The rhythm of the growth could be observed extremely well. This

rhythm also occurred in the other experiments, though less clearly.
The largest growth took place during the night in spite of the conti-

nuous illumination. The basis of this rhythm remains uncertain. It

may be based on the cell divisions as well as on the cell elongations.
Analytical data were obtained at the beginning of the experiment,

Fig. 13. The course of the phosphate uptake by high salt plants and the growth
of their shoots in light (high intensity) and darkness. The breaks of the curves are

due to the removal of sets of plants.

Fig. 14. The course of the phosphorus content of shoots and roots of low salt

plants if they are allowed to take up phosphate from nutrient solutions, that are

renewed twice a day.
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at the end of the light period that lasted for six days, and after the

first, second and third day in darkness. There was no sign of any

alteration in the phosphorus content. But an obvious increment of

fresh- and dry weight did occur. It was based mainly on the large
growth of the shoots.

Experiment 6f. In order to obtain comparable data of low salt

and high salt material five sets of each type were grown at the same

time (June—July 1949). The sets were placed in the light during
four days, and afterwards in darkness for four days. A high salt set

and a low salt set were harvested at the start of the experiment
and then every other day. When choosing the sets for analysis, some

selection was applied in such a way that the sets at the start and at

the end of the light and dark period were as equal as possible to look

at. Thus the other sets, harvested at the fourth and sixth day, varied a

little in development of the roots or shoots.

As a result of a failure of the photelometer the absorption values

could not be determinedexactly. For the sake of the analytical results

the experiment was continued. Both kinds of material showed a large
increase in the uptake during the first days. Only at the fourth day
was a constant level attained. Afterwards, in darkness the uptake
decreased gradually with both kinds of material by about the same

extent. During the whole experiment the uptake by the high salt

plants was larger than that of the low salt ones. This was a result

of the low salt plants being less well developed owing to the salt

deficiency.
The growth increased during the first days, then it remained at a

constant level and diminished in darkness very slowly. During the

light period all sets showed the day and night rhythm. The growth
of the high salt plants was a little stronger than that of the low salt

ones, throughout the experiment. The total picture looked very

much like that obtained with the low salt plants of experiment 6d.

(fig. 12: A). This involved that the high salt plants showed a behaviour

differing from that during the last experiment. This may be con-

nected with the conditions during the pretreatment. The growth
was more rapid than with the high salt sets of the previous experiment,

grown early in summer. This implied at the same time, that the

plants did not attain an extremely high salt condition. This is also

shown by the analytical results (table IV). On the other hand there

was a good illumination allowing a sufficient sugar supply. It is not

surprising that, owing to these various factors, the behaviour of the

high salt plants was much like that of the low salt plants.

Discussion

A summarizing picture of the course of the uptake of low salt

and high salt plants in light and darkness will be given in the general
discussion. This discussion will be restricted to a few supplementary
remarks concerning the analytical data. As had appeared in the des-

cription of the experiments, the value of the analytical results
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TABLE
IV

The

fresh

weight,
dry

weight,

phosphorus
content,

total

amount
of

phosphorus,
and

shoot-

root

ratio
of

the

sets

of

plants,

harvested
at

different

moments
in

the

experiments
concerning
the

influence
of

light

and

darkness
on

the

uptake
of

phosphate

Material

days

Shoot

Root

Shoot-root
ratio

fresh weight g

dryweight g

p
2

o
5

content %

total
p

2

o
5

mg

fresh weight g

dry weight g

p
2

o
5

content %

total
p

2

o
5

g

fresh
w.

dry

w.

Low

salt

4

44.8

4.00

0.77

30.8

36.0

2.66

0.89

23.7

1.2

1.5

Exp.

6c;

fig.

12B

41.0

3.55

0.50

17.8

35.0

2.21

0.68

15.0

1.2

1.6

6

60.0

5.16

0.67

34.6

47.3

2.84

1.02

29.0

1.2

1.8

44.5

3.85

0.63

24.3

37.0

2.43

0.68

16.5

1.2

1.6

7

59.0

4.83

0.80

38.6

47.0

2.69

1.08

29.1

1.3

1.8

66.5

5.66

0.63

35.7

50.3

2.88

0.91

26.2

1.3

2.0

Low

salt

2

77.0

8.14

0.47

38.3

50.5

3.24

0.52

16.8

1.5

2.5

Exp.
6

d;

fig.

12A

86.0

9.47

0.26

24.6

—

—

—

—

—

4

75.0

7.36

0.65

48.6

42.0

2.63

0.65

17.1

1.8

2.8

89.0

8.77

0.60

52.6

43.0

2.50

0.65

16.3

2.1

3.5

8

—

9.19

0.60

55.1

—

2.78

0.82

22.8

—

3.3

—

7.94

0.75

59.6

—

2.76

0.90

24.8

—

2.9

High
salt

....

0

33.0

3.55

1.50

53.3

21.5

1.80

1.26

22.7

1.5

2.0

Exp.

6c;

fig.

13

6

142.0

9.38

1.43

134.1

51.5

2.80

1.34

37.5

2.8

3.4

7

236.0

17.17

1.04

178.6

78.0

4.40

1.13

49.7

3.0

3.9

8

134.0

9.12

1.37

124.9

45.0

2.38

1.42

33.8

3.0

3.8

9

206.0

13.34

1.08

144.1

64.0

3.19

1.33

42.4

3.2

4.2

High
salt....
0

154.0

14.28

0.80

114.2

60.0

3.91

0.88

34.4

2.6

3.7

Exp.
6
f

2

205.0

21.12

0.67

141.5

77.5

4.43

0.68

30.1

2.7

4.8

4

216.0

21.30

0.73

155.5

62.5

2.90

1.02

29.6

3.4

7.3

6

—

—

0.76

—

—

4.34

1.11

48.2

—

—

8

150.0

12.90

1.17

150.9

58.0

2.50

1.62

40.5

2.6

5.2

Low

salt

0

58.0

8.03

0.09

7.2

63.0

3.90

0.26

10.1

0.9

2.1

Exp.
6

f

2

69.5

7.81

0.28

21.9

46.0

3.02

0.49

16.2

1.5

2.6

4

73.0

7.24

0.51

36.9

45.0

2.57

0.67

26.1

1.6

2.8

6

—

7.85

0.59

46.3

—

3.24

0.79

24.4

—

2.4

8

59.0

6.69

0.59

39.5

48.5

—

1.05

1.2



417ANALYSIS OF THE PROCESS OF ANION UPTAKE OF INTACT MAIZE PLANTS

(table IV) is highly reduced by the large variability. This applies
mainly to the fresh- and dry weight figures and hence to the absolute

amounts of phosphate. Therefore only large differences find expression.
The fresh weight of the roots of the low salt plants was nearly

the same as that of the shoots. With the high salt plants the fresh

weight of the shoots was 2 —3 times that of the roots. It is clear that

the development of the shoots was highly depressed by the low salt

treatment. The total amount of phosphate present in the low salt

shoots equalled the amount present in the roots. With the high salt

plants the ratio was also two or three. This means that during the

pretreatment at least 2—3 times as much phosphorus was transferred

to the shoots as was stored in the roots themselves. With a low salt

treatment half of the phosphate absorbed was fixed in the root

(Williams 1948). During the experiments the low salt plants were

able to absorb large quantities of phosphate. In experiment 6/ more

than twice the amount that was accumulated in the roots themselves,

was transferred to the shoots. In experiment 6d the ratio was even

more favourable, as the shoots were relatively larger.
The most régulai results are given in the figures of the phosphorus

content. The values are expressed in percentages of total dry weight.
The drawback however is, that alterations in phosphorus content

may delude us. They may be the result of alterations in dry weight

e.g. by the consumption or production of sugar. This disturbing
factor will be taken into account as much as possible.

With high salt plants, no clear alterations in the phosphorus
content could be observed. In experiment 6f the percentage appeared
to increase in the darkness. This may be the result of a continued

uptake and a simultaneous inhibition of the growth, so that the plants
became saturated. This is in accordance with the course of uptake
observed, which bore a close resemblance to that of the low salt plants.
This pointed to their not being very high salt. Indeed, the phosphorus
content was not as high as it was with the plants of experiment 6e.

It is striking that the percentage rose mostly in the roots. With experi-
ment 6e the plants were in an extremely high salt condition. No

change of the phosphorus content occurred, nor could this be ex-

pected with material in which uptake was mainly determined by
growth.

The low salt sets gave more obvious results. In spite of the large
variability a rise in the phosphorus content could be observed during
the first days of the experiment. This was due to the low content at

the commencement of the experiment. In fig. 14 the data of various

experiments have been summarized (fig. 12: A and B; exp. 6f). In

two experiments the light period lasted for four days, in one experi-
ment for only two days. In spite of this the data agrees rather well.

There was an increase in the content during the first four days.
Afterwards the increase was only slight and may be the result of the

sugar consumption. This result supports the supposition that the up-

take by low salt plants is to a large extent independent of the illumi-

nation and is determined by the salt and sugar condition (osmo-
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regulation). The level finally attained almost coincided with that of

the high salt plants of experiment 6f (0-69 resp. 0-76 %). This means

that the plants though they did not develop to an extremely high
salt condition, attained a reasonable salt level. With this material

also, the phosphorus content of the roots was higher than that of

the shoots.

The gradual diminishing of the differences between high salt and

low salt plants also appeared from the course of the shoot-root ratio.

The ratio values were variable. Two conclusions may be drawn. In

the first place this ratio increased obviously with low salt plants during
the experiments. This was connected with the very low value at the

beginning of the experiments. In the second place, in spite of this

increase, the favourable ratio of the high salt plants was not attained.

The average value of this ratio with low salt plants after the fourth

day of the experiments was: 1-4; with high salt plants: 2-8 (on dry
weight basis: 2-4 resp. 4-1). Thus the ratio for high salt plants was

twice that for the low salt ones. As far as the demand for salts is

different between shoots and roots, this difference in shoot-root ratio

must have had an influence on the uptake. The sensitivity to light
is also very likely to be larger with plants with relatively large shoots.

However, the large agreement in the course of uptake and growth
between the high salt material and the low salt one of experiment 6f
indicates that the salt condition is more significant than the shoot-

root ratio.

IV. GENERAL DISCUSSION

Permeability, physico-chemical and biochemical principles

The first stage of the uptake by intact plants consists of an entering
of the anions into the cytoplasm of the cells of the epidermis and per-

haps into the cortical cells of the roots. Whether the anions can

permeate into the cytoplasm easily is of primary importance. There-

fore this problem needs to be discussed first.

In the experiments on the loss of salts it was found that amounts,

comparable with those of the uptake, can be readily given off. This

was conceived as an indication, that phosphate can permeate easily
into and out of the cytoplasm of the root. The permeation was con-

sidered a passive process, in which special forms such as accelerated

diffusion may play a part.

Meanwhile, Steinbach (1951) pointed out that this concept is an

oversimplified one in the light of recent investigations. It is possible
that ions are bound in the cell membrane to a specific substance.

Then the complex is decomposed and the ion is liberated into the

cytoplasm. On ground of analytical data for medium and cytoplasm
in such a case the interference might be drawn erroneously, that there

is an easy passive permeation. That which applies to the penetration
of ions seems also to be applicable to their loss. Thus, Gale (1947)
found that the loss of free lysine with Streptococcus faecalis depends on

metabolism. A large loss of phosphate was obtained with Chlorella
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pyrenoidosa and Rhodospirillum rubrum by Kamen and Spiegelmann

(1948). They could demonstrate that the leakage occurred mainly at

the
expense

of the fraction extractable by trichloracetic acid. In this

connection they point to the difficulty in determining the exact

inorganic phosphorus content. They showed that by trichloracetic

acid instable phosphorus compounds were broken down and extracted.

This is important for the interpretation of the data. As Kamen and

Spiegelmann expounded, it seems that a choice must be made

between two possibilities. Firstly it may be that the ion diffuses into

the cell and is afterwards metabolised. Secondly, there may be some

esterification on the surface of the cell followed by a breakdown as

a result of which the ion is liberated into the cytoplasm. The experi-
ments on the significance of the sugar supply and the preliminary
results of the experiments on the phloridzin inhibition pointed to the

second possibility. Moreover, discussing the results of the experi-
ments over the relation of uptake and concentration, this second

possibility proved to be a valuable hypothesis in the explanation of

the “adsorptive” relation. It involved that the substance, to which

phosphate is bound in first instance, is supposed to be present in a

small amount. As a result of this the first stage may be the deter-

mining factor of the rate of the absorption process. Steinbach also

points to this possibility.
Meanwhile the two principles do not exclude one another. The

possibility remains that ions also enter in a more physical way. This

diffusion is generally assumed to be slow. This may be due to some

outer membrane of specialized structure. It may also be the result of

the presence of large indiffusible anions in the cytoplasm (Robertson
1951 ; Frey-Wyssling 1948). If the former is correct, the esterification

process is necessary to transfer theanions through that outer membrane.

It must be also localized in that membrane. Indeed this is generally

accepted. This idea is supported by investigations e.g. those of

Rothstein and collaborators (Rothstein and Meier 1948), which

showed that a lot of enzymes important for sugar metabolism are

situated in the surface of yeast cells. Rothstein and Meier emphasize
that the results need not mean a surface in a strict mathematical,
two-dimensional sense.

However, if the resistance is supposed to be situated in the whole

cytoplasm, the necessity to localize the active process in the surface,
vanishes. Admittedly there may be some differentiation of the cyto-
plasm for this process. The phosphorylation processes, being so

intimately connected to sugar metabolism, can be expected mainly
to occur there, where the latter is dominant. With plant cells this

applies (for example) to the outer layer of the protoplasm, that is

engaged in cell wall formation (Street and Lowe 1950). This also

does not mean a localisation in a surface layer of molecular dimensions

for, it is clearly shown by electronic microscopic pictures of young
cell walls, that the cellulose elements are not only formed by the

external membrane but by an outer layer of the cytoplasm of measur-

able thickness. The whole young cell wall is so to speak, soaked in
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protoplasm (Frey-Wyssling, Muhlethaler und Wyckoff 1948;
Muhlethaler 1950; Roelofsen and Houwink 1951). Phosphory-
lations are also coupled with the cyclophorase system that is to a

large extent situated in the mitochondria.

One arrives at the conclusion that, if some esterification of phos-

phate is an essential condition for its uptake, this need not entail

that the process goes on exclusively at the surface of the roots. Dif-

fusion in its different aspects may play an additional part. Some

differentiation between an outer and an inner layer of the cytoplasm
seems likely. No doubt, uptake due only to diffusion processes is of

minor importance. Change in the composition of the medium will

cause the establishment of new Donnan equilibria. Initially some

uptake or loss may occur as a result of this, as was found in the

experiments on the loss of anions. In these experiments the plants were

in a condition of low metabolic activity, large changes in the external

concentrations being applied at the same time.

If these conclusions are correct, it means at the same time that a

sharp distinction between entrance into the cytoplasm and a further

transport in the cytoplasm or symplasm of the root cannot be made.

The same principles may hold good for both. An important question
remains viz. by what factor the direction of transport is deter-

mined.

The significance of metabolism, especially the significance of

respiration to the anion uptake has been shown for years by Lunde-

gardh. The cytochrome-cytochrome oxydase system has been held

responsible for the uptake inhis well-known concept ofthe mechanism

of aniontransport. Small supplements have been added by Burstrom

(1951). Robertson and his collaborators (Weeks and Robertson

1950) haveattained results that support the principles of Lundegardh’s

theory to a large extent. That the theory is not yet generally accepted
in spite of this, might be ascribed to the following circumstances.

In the first place the cytochrome system take a central position
in the whole of the energy supplying processes. Hence it is not sur-

prising that the inhibition of this part of the respiration impeded the

energy consuming process of anion absorption. A more complicated
connection between uptake and respiration seems more likely

(Hoagland 1948). This concept is supported by the data, that indicate

the significance of phosphorylations (Nance 1949; Robertson,

Wilkins and Weeks 1951). It should however be admitted, that on

the one hand, the quantitative relation between oxygen consumption
and anion uptake is in good accordance with that which can be

expected on grounds of Lundegardh’s view. On the other hand the

effect of the phosphorylation might be due to their influence on the

maintenance of enzymatic structures important for the ion uptake
which are present in mitochondria (Green 1951). That in spite of this

the relation of cytochrome and uptake is finally more indirect in its

nature seems to be confirmed by the fact that anion uptake also

occurs with cells and tissues which are lacking cytochromes. So
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Osterlind found with Scenedesmus quadricauda that the respiration was

not inhibited by cyanide, but the anion uptake was (Österlind 1951).
A second point significant to the judgement of the cytochrome

mechanism, is the specificity of the uptake. Ions are known to be

absorbed in quantities, the ratio of which is quite different from that

of the composition of the external solution. Moreover, the uptake
of an anion proved to be independent of the uptake of other kinds

of anions (Arisz 1945; Alberda 1948; Humphries 1951). This could

be affirmed by some experiments of the author not mentioned here:

the uptake of phosphate was not affected by the presence or absence

of other ions. Of course, secondary effects may occur. This was clearly
demonstrated by the experiments on the influence of the utilization on

the uptake of nitrate by phosphorus deficient plants.
This independent behaviour of the uptake of various anions can

with difficulty be squared with the unspecific cytochrome mechanism.

It requires at least some supplementary mechanism, that is adjusted
to the nature of the anion. This might consist of binding it to some

carrier. This formation may be connected with metabolism (Steinbach

1951) so that the cytochrome system may be concerned with it. After-

wards, the anion, once it has entered into the cytoplasm, might be

transported by the cytochrome system as it is assumed to be. The

question whether this applies, is closely connected with the question
as to the form in which phosphate is transported. Arisz (1952)
indicated the resemblance in the transport of organic substances like

amino acids and inorganic ions. In particular, with regard to phosphate
it seems very likely, that to a larger extent it is transported in a bound

rather than ina free state. Thus, phosphate transport may be compared
with that of organic substances. The same principles: mass flow,

diffusion, protoplasmic streaming may be valid.

The problem remains concerning the polarity of the transport.
Lundegârdh assumed two factors. In the first place the direction

might be determined by an oxygen gradient. He does not deem it

to be an important factor, because large variations in the oxygen

percentage of the mediumare possible without
any

effect on the uptake.
Then the direction must be due to some polarity of the structure of

the cytochrome system. Thus the localisation of this cytochrome

system is important. During the last years this system has proved to

be bound to the mitochondria (Green 1951; Millerd e.a. 1951).
It is difficult to say how the polarity of an uptake, that is connected

with this system, given its localisation, can be explained.
In the opinion of the author such a polarity of the transporting

mechanism is not a necessary requirement. There is a continuous

consumption of ions, as they are fixed by synthetic processes, and

secreted into the vacuoles and vessels of the root. What is required is

some mechanism that levels concentration gradients in the symplasm
of the roots. This might be a cytochrome mechanism or the proto-
plasmic streaming (also sensitive to HCN) by which ions, bound to

protoplasmic particles (Arisz 1945) or mitochondria (Robertson

1950) or not, are transported in every direction. Such an undirected
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transport also explains the loss of ions if the utilization of the plants

stops and dissimilatory processes become dominant.

Some remarks should be made concerning the possible role of the

epidermis and cortex. According to Burstrom the oxydative stage
of the uptake would be situated in the epidermis. This concept is

supported by the experiments of Sandstrom (1950), who treated the

roots with di-amylic acetic acid by which the cells of the epidermis
are ruptured. The uptake by plants in which the epidermis has been

peeled off in this way looks like a passive absorption of the ions owing
to the transpiration stream. Particularly, the specificity of the anion

uptake disappears. Broyer and Hoagland (1943) found that damage
to the roots also results in a more passive uptake. Further examination

of the effects of di-amyl acetic acid is desirable.

As distinct to this concept of Burstrom many investigators assume

the cortex as a whole to be in direct contact with the medium. This

may be due to a great passive permeability or to the transpiration
stream by which the ions can be transported passively at least

through the cell walls of the cortex.

Summarizing it can be stated that biochemical factors are decisive

as to the phosphate uptake. In viewof the fact that inorganic phosphate
is bound very rapidly (gel-P; Green 1951) this is not surprising. This

renders it at the same time somewhat uncertain as to whether the

mechanism of the phosphate uptake may be used as a model for the

uptake of other anions (Steinbach 1951). During the investigations
discussed here, the need was felt more and more for studying also the

uptake of another anion, that is linked up with metabolism to a lower

extent. Unfortunately, the maize plant used, proved to absorb only
a very small amount of chloride if any at all. However, the more

significant metabolism is for the uptake of anions, the more it will be

necessary to take into account the specific features of the anion in

question. It is surely possible that the quantitative significance of

the various absorption and transport principles depends on the

nature of the anion.

Physiological factors

The factors determinative for the uptake by the roots have been

mentioned previously: the accumulation in the vacuoles, the secretion

into the vessels, the fixation by synthetic processes (growth) and the

supply of salts from the shoot.

The fact that the concentrations in the vacuoles of algae may be

many times that of the external solution, was the starting point of

the modern research into the salt accumulation. Afterwards the close

connection between the absorption of ions and metabolism particularly
with excised root systems and slices of storage tissue was stressed

(Steward 1935; Hoagland and Broyer 1936; Hoagland 1948).

Generally no sharp distinction was made between the absorption from

the medium and the accumulation in the vacuoles. The active

absorption mechanism was thought to be situated in the surface of
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the absorbing cells. Such a distinction between the uptake of anions

into the cytoplasm and their secretion from the cytoplasm into the

vacuole was made by Arisz in 1948. With Vallisneria leaves he observed

an accumulation of ions in the vacuoles in light. In darkness there

was no uptake. If a part of the leaf, though not being in contact with

the medium was illuminated, it showed accumulation in the vacuoles.

The non-illuminated part of the leaf that was in contact with the

medium had to absorb the substances. Then they were translocated

to the illuminated part and there they were secreted into the vacuoles

(vacuole-secretion theory: Arisz 1948). Thus we are fully justified in

using the term vacuole-secretion, by which the similarity with the

secretion to the vessels is stressed. In agreement with the usual termi-

nology, accumulation has been used throughout this article. To avoid

misunderstanding distinction has been made between total absorption
and this accumulation in the vacuoles.

The significance of the accumulation in the vacuoles for the total

absorption depends on the salt condition. With low salt plants it is

to a large extent determinative in fixing the rate of absorption. As a

rule the uptake by low salt plants will be larger than that of the high
salt ones. On the other hand, owing to the low salt treatment the

development of the plants is checked, mainly by the phosphorus

deficiency. By this, in spite of the low salt condition, the rate of uptake

may be lower than that of the high salt plants. The different compo-
sition of the uptake appears from the behaviour in darkness. The up-

take by the low salt plants is less sensitive to a dark treatment. The

accumulation in the vacuoles even continues undisturbed. But this

accumulation decreases gradually during the course of the experiment
as the material is attaining a higher salt condition. Along with this,

the sensitivity of the total uptake increases. Low salt plants have a

large amount of available sugar in their roots (Hoagland and

Broyer 1936; Alberda 1948). It appears that this sugar is mainly of

benefit to the accumulation. The result is that sugar is replaced by
salt just as during the pretreatment sugar was stored instead of salt.

This results in some sort of osmoregulation.
Another process by which the uptake is determined is the fixation

of ions by synthetic processes. That the uptake can be enhanced or

limited by growth seems very obvious on a priori grounds. But, if

it is true, that even the very first stage of the uptake is connected with

metabolism, such a direct regulating influence of the growth is far

from being self-evident. Both processes, uptake and growth, may be

based on the same metabolic conditions. A direct causal analysis is

necessary, as was made in these experiments concerning the nitrate

absorption. Nitrate utilization was inhibited by phosphorus deficiency,

allowing a regulation of growth by phosphate supply.
The extent to which uptake is determined by growth processes,

depends on a number of factors. Large differences may be found

between nitrate, phosphate, sulphate and chloride as they are utilized

by the plant to a different degree. Secondly, the external concentration

is significant. With low concentrations the first stage of the absorption



424 R. J. HELDER

process may be limiting. This was observed in the experiments on the

relation of uptake and external concentration. This process may also

be limiting at higher concentrations viz. if the substance to which the

anion is assumed to be bound, is present to a limited amount. If this

does not apply, the utilization by the plants may impede a further

increase in the uptake for rising external concentrations. This effect

occurs only occasionally with low salt plants. On the other hand,

with high salt plants it was obligatory. This is intelligible since the

salt condition of the latter implies that the total consumption is mainly
due to growth. As appeared from the experiments on the influence

of light and darknessand on the effect of carbon dioxide-free air on the

uptake, this growth, and through this the uptake, is sensitive to the

sugar supply.
As well as being influenced by the salt and sugar condition of the

plants, growth is influenced by a number of other factors, that may

be partly hormonic in nature. The result is, that the growth of the

root, and hence the uptake as far as it is influenced by this growth,
also becomes dependent on factors and processes of mediumand shoot.

The most specific activity of the root consists of the secretion of

salts into the xylem vessels. With a reasonable salt supply the amount

translocated to the shoot can be the larger part of the uptake, as is

proved by considerable data concerning the salt content of roots and

shoots. It could be deduced from the data of the plants used in these

experiments, that with low salt material, equal amounts were present
in the shoots and the roots; with high salt material the amount trans-

ferred to the shoots was 2—3 times the amount stored in the roots. A

possible loss from the shoots to the roots is not taken into account.

Perhaps the ratios were even more favourable.

Many investigators have employed themselves in the study of this

process, mainly in connection with the examination of the exudation

process. For this latter process the transport of water, i.e. the rate of

exudation, is also important. As far as the salt secretion is concerned,
it was found, as with the accumulation in the vacuoles, that the con-

centration of ions in the exudate may be higher than it is in the

medium (Laine 1934; Hoagland and Broyer 1942; Lundegardh

1945). This requires an active process. The problem is, whether this

process is required to bring the ions from the medium into the sym-

plasm of the root or to transport them in the symplasm, or to secrete

them from the symplasm into the vessels or some combination of these

processes.

As was mentioned above, Arisz made a distinction between the

penetration into the cytoplasm, a further translocation and a se-

cretion into the vacuoles. Thus, there exists a stream of ions into the

vacuoles and a stream of ions circumventing the vacuoles, into the

vessels (Arisz 1945). This concept is supported by the experiments of

Broyer (1950). He found that if roots, having been able to absorb

much bromide, were placed in a solution with radioactive bromide,
the exudate is very rich in active bromide. It indicates that the

bromide stored in vacuoles is retained and is hardly transferred at all.
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As to the mechanism of the secretion into the vessels, equally little

is known, as is the case with the accumulation in the vacuoles. It is

an attractive working hypothesis to consider them together as pro-

cesses related to secretion by the salt glands of salt plants (Arisz
and Heykens, unpublished results). As early as 1938, Crafts and

Broyer gave their hypothesis concerning the transport of ions from

the medium into the vessels. On ground of anatomical features of

the cortex and the stele of the roots the oxygen supply is assumed to be

more favourable to the cortex than to the stele. That is why the

cortical cells are able to accumulate large amounts of ions that are

transported to the stele. Owing to the imperfect oxygen supply the

cells surrounding the xylem vessels cannot maintain a high “accu-

mulation level” (Wiersum 1947) so that a leakage of the ions into the

vessels occurs. This line of thought can easily be applied to the special
case of phosphate transport. Cells with a normal active metabolism

prove to dispose of large quantities of instably bound phosphate
(Kamen and Spiegelmann 1948; Green 1951) that is easily liberated

so that it can be considered as if it was an inorganic phosphate. Apart
from this, in experiments over the loss of phosphate, it was shown that

under conditions of low metabolic activity, phosphate is readily given
off. So such a leakage might easily occur as a “normal” phenomenon
within the stele. The resistance to a diffusion of free anions in the

symplasm might prevent the ions from being transported to cortex

and medium.

It is more difficult to judge how far the hypothesis is correct as to

the transport of the other ions. It also remains uncertain whether

the oxygen supply of the stele is insufficient as it is obvious to assume

this on ground of anatomical data. It may even be doubted as to

whether a low oxygen tension is an essential condition for the loss of

ions. For, with the salt glands on the leaves of halophytes a secretion

also occurs. An insufficient oxygen supply seems to be very unlikely.
Lundegardh (1950) arrives at the conclusion on ground of his

results with inhibitors, that the uptake into the root and the secretion

into the vessels are different processes. For the uptake into and the

further transport in the symplasm the anion respiration is necessary

(up-hill reaction). The loss of ions into the vessels (down-hill reaction)
is connected with glycolytic metabolism. Thus it is possible that there

are different enzyme systems and hence differences in metabolism

in the secreting cells and the absorbing cells of the cortex.

The exudation phenomenon is also studied in order to obtain some

insight into the process
of water intake (Kramer 1949). The main

problem is whether this transport is an active or a passive one. The

question, as to whether the difference in osmotic value between

exudate and medium is sufficient to explain the rate of exudation,
has been the object of some recent investigations (Van Overbeek

1942; Eaton 1943; Van Nie, Helder and Arisz 1950). The authors

last mentioned arrived at the conclusion that the osmotic regulation
is an important factor, at least in tomato plants. In this there is

difference of opinion with Lundegardh, who attaches less and less
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value in his latest articles to the osmotic value of the exudation sap.

This difference in valuationof theosmotic component of the exudation

does not involve a complete contradiction between the concepts of

these authors and Lundegardh, as has been claimed by Burstrom

(1951). As appears from the more elaborate article of Arisz, Helder

and Van Nie (1951), the importance of the salt secretion for the

exudation is fully recognized. There is an intimate connectionbetween

salt secretion and water transport and a mutual influencing.
As for accumulation and growth, the transport of ions and water

from the medium into the vessels depends on the sugar supply (Went

1944). The importance of the salt condition was mentioned. It points
to a competition between the various processes: fixation by growth,
accumulation in the vacuoles and secretion into the vessels. With a

low salt condition and a low external salt concentration, a large part
of the salt absorbed is retained by the roots themselves. An insufficient

salt supply to the shoot will influence the activities of the roots which

may lead to a better salt supply from the roots to the shoots. How

far there is a direct regulating influence on the secretion into the

vessels of the root is unknown.

Finally, the uptake is influenced by the loss of ions from the shoot.

This loss in its turn is connected with the entire salt metabolism of

the shoots. Perhaps, the processes of uptake by shoots are comparable
to those by roots. If this applies, it means that one has to distinguish
between entry into the cytoplasm, transport in the cytoplasm, fixation

by growth processes, accumulation in the vacuoles and loss to the

sieve tubes. If the uptake has been split up in such a way it will be

clear that there might also be some differences. The medium of the

shoot tissue is formed by the content of the xylem vessels. By means

of the transpiration and exudation stream new amounts of ions are

steadily supplied. During the experiments, mentioned here, the

transpiration was only slight owing to the humid conditions. Gut-

tation of the leaves was very often observed. It is not very likely that

under these conditions a selective absorption occurs, for it would

cause a concentration of the ions to form in the vessels. This renders

a more or less passive penetration of the ions into the protoplasm
more likely. The situation might be compared with roots deprived
of their epidermis (Burstrom 1951; Sandstrom 1950).

With a limited consumption of the ions, absorbed in this way, a

surplus arises that is transported back to the root by the phloem
vessels (Biddulph 1951). The final result is a circulation of ions

within the plant. For a further discussion of the principles of trans-

location of substances in the sieve tubes and the significance of such

a circulation,-one may
be referred to a recent review (Arisz 1952).

Whereas the salt- and sugar condition may play an equal part in

these various processes in the shoot as they do in the root, the trans-

location to the roots may in particular be linked up with the trans-

location of the sugar in the sieve tubes.
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The uptake by the intact plant

An analysis of the absorption behaviour by intact plants was the

very beginning of these experiments. In explaining the course ob-

served, the several factors and processes mentioned up till now, will

have to be taken into account. As there were some hypothetical
elements involved in the principles mentioned, if we have to take

into account the interactionof the different processes, the hypothetical
element becomes greater. A consideration of the physiology of the

salt relations in the intact plant cannot be anything but speculative
in nature. The discussion will therefore, be restricted to one concrete

case viz. the decrease in the salt absorption when the plants are

placed in darkness.

It was obvious from the experiments concerning the influence of a

dark treatment and the withdrawal of carbon dioxide, that the

effect of the light factor is mainly an indirect one (photosynthesis).
A direct influence on the accumulation into the vacuoles was observed

by Arisz (1947). Luttkus und Botticher (1939) assumed potassium
in the leaves of maize plants to be bound to an unknown protoplasmic
substance when the leaves are in the light. Van der Burg (1952)
showed that the cessation of the potassium uptake in darkness was

due to the cessation of photosynthesis. If the sugar supply stops, all

energy consuming processes e.g. growth or accumulation in thevacuoles,
diminish. The extent to which this happens depends on the amount

of sugar avaiable, which is in its turn correlated with the salt condition.

Moreover, the various processes are sensitive to the sugar supply to

a variable degree. At any rate the final result is a decreased consump-

tion of salt by the shoot. If the salt supply from the root remains

the same, a surplus originates in the shoot, which together with the

ions continuously liberated in the aging parts is transported back

to the root. This loss of salts by the shoot is highest for high salt plants,
because firstly the supply from the root is large, secondly the consump-

tion is mainly determined by growth that is very sensitive to a dark

treatment and finally the loss by the older parts is large. These salts

coming from the shoots, can be expected to compete immediately
with the ions of the medium. At the same time the decreased sugar

supply will enhance the depressing effect on the absorption from the

medium, because it can diminish the uptake from the medium into

the symplasm of the root. As to the phosphate absorption, where this

first stage depends on an esterification, the connection of this first

stage with the sugar metabolism is very likely. To what extent it is

important to other ions is difficult to say. The transport in the cyto-
plasm, the growth processes, the accumulation in the vacuoles and

the secretion into the vessels also depend on the sugar supply. The

salt and sugar condition is important again in this connection. The

final result is that the uptake from the medium, in particular by high
salt plants, is more sensitive to the alterations of light and darkness

than that of low salt plants.
Next to the loss of salts and the diminished sugar supply from the

shoots, other special factors may play a part. Hormonic influences
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on the growth of the shoots as well as on the roots, and as a result of

this hormonic influences on the uptake are possible. It is quite un-

known how far such influences exist e.g. on the secretion into the

vessels, and in what way ions stored in the vacuoles are liberated

and made available to the shoots also remains an unsolved problem.
As was admitted this scheme is speculative It is given in order to

obtain a preliminary review of the salt relations of the intact maize

plants. At the same time it may serve not only to show how complex
the uptake by intact plants may be, but also to illustrate that, except

for the absorption problem in its strict sense, there remain many

typical physiological problems concerning the salt uptake of higher
plants.

V. Summary

In all experiments sets of intact maize plants were used, high salt as

well as low salt ones. As a rule the phosphate uptake was determined

and occasionally the nitrate uptake. In some experiments the growth
was determined by tracing the development of the shoots.

The starting point was the examination of the course of the uptake
of phosphate and the growth in light and darkness. Initially the uptake
increases in light, in particular with low salt material. But with an

intensive illumination the uptake by high salt mateiial also increases.

After some days a constant level is attained. In darkness the uptake
decreases. The extent to which this occurs with low salt material

depends on the degree in which the plants have been turned into a

high salt condition. This can be regulated experimentally by the use

of various concentrations.

The growth of the shoot increases mostly only a little during the

first days of an experiment. Afterwards it remains at a constant level

but shows a typical day and night rhythm in spite of constant condi-

tions. In darkness the growth drops. Generally uptake and growth

progress parallel to each other, but there are exceptions.
It appeared from analysis of the plants, that a large amount of the

phosphate absorbed is transferred to the shoot. With an extremely
low salt condition the amounts present in the shoot and root are almost

equal. If the plants are standing on a nutrient solution, a large part
is transferred to the shoot.

In explanation of the behaviour observed, the uptake from the

external solution was assumed to depend on a number of physio-

logical factors: fixation by growth processes in root and shoot;
accumulation in the vacuoles; secretion into the vessels; loss from

the shoots. The importance of accumulation and secretion is obvious.

The effect of the loss from the shoot (as far as it can be studied from

a single experiment) could not be obtained.

On the other hand growth proved to be of primary importance.
In order to show this, high nitrate, low phosphate plants were grown.

By lack of phosphorus, growth was checked. Some nitrate absorption
was possible but it soon came to a standstill, the plants coming in
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a nitrate saturated condition as a result of the daily renewal of the

solutions. By phosphate supply the synthetic processes could get
started. This leads on the one hand to a renewed nitrate absorption,
on the other hand to the promotion of the visible growth.

All processes mentioned are connected with metabolism. That is

why sugar supply can be expected to have an influence. As a matter

of fact carbon dioxide-free air proved to depress the uptake in the

same way as does a dark treatment. Theuptake could also be enhanced

by the addition of glucose to the solution. At intensive illumination

it does not occur. With low salt material a prolonged dark treatment

may be necessary before a clear effect of the glucose addition is

obtained. Hence it is not surprising that the uptake by low salt

material is less sensitive to the changing of light and darkness, than

is high salt material. Perhaps, this is mainly due to the accumulation

in the vacuole being less sensitive to sugar supply, since much sugar

has been stored in the vacuoles (osmoregulation).
Whether there is an effect of glucose addition or not, also depends

on the external phosphate concentration. It was found, in accordance

with the common concepts that the relation between concentration

and uptake can be represented by an adsorption isotherm (Freund-
lich- or Langmuir curve). The well-known “saturation phenomenon”
was also obtained. If the absorption activity of the plants increases,
the uptake at a lower concentration is more enhanced than at a higher
one. If glucose has an enhancing effect, then the higher the concen-

tration the larger the effect.

To explain the regularities observed, the uptake of phosphate was

assumed to start by becoming bound to some specific substance which

is present in a limited amount. The preliminary data concerning the

inhibition of the uptake by phloridzin also points to such a phosphory-
lation. Following on this initial binding the phosphate is translocated

inwardly the symplasm of the roots. This translocation may be

influenced by glucose. Langmuir’s formula proves to be of primary
importance in this concept. It renders a calculation of the theoretical

“saturation” value possible. In nearly all cases where a maximum

rate of the uptake was found, this appeared to be lower than this

theoretical “saturation” value. This must be connected to a limiting
influence of the consumption.

The significance of the metabolism for the phosphate uptake is

obvious. However, experiments on the rapid loss of phosphate depen-
ding on the concentration of the medium, point to a large passive

permeability. The significance of active and passive processes on the

anion uptake was discussed in detail. It is emphasized that in general,
the various principles, factors and processes important to the uptake,
do not exclude one another. Nevertheless their quantitative meaning
will depend on the certain known conditions e.g. low salt condition

of the plants. Next to this the nature of the anion which is absorbed,

particularly the extent to which it is taken up by the cytoplasm or

the extent to which it is secreted into the vacuoles, is very important.
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