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Summary 

Calcium level in the substrate was found to have a very marked effect on the 
distribution of 45Ca in subterranean clover. Sites of initial accumulation of 45Ca 
included the vein endings along the distal margins of the leaflets, the lateral veins, 
and the proximal halves of the petioles. 

In plants with a normal calcium supply these sites were quickly saturated and 
the isotope became uniformly distributed in the lamina, which contained a higher 
concentration than its associated petiole. There was a positive correlation between 
leaf age and 45Ca concentration. In the petiole a somewhat higher concentration of 
45Ca finally occurred in the distal when compared with the proximal half. 

Calcium-deficient plants differed in that, with the exception of the vein 
endings, the initial sites of accumulation of 45Ca were not rapidly saturated. In the 
lamina 45Ca moved into the interveinal tissues adjacent to the vein endings. Provided 
acute calcium-deficiency symptoms did not occur, there was finally a build-up of 
45Ca in the distal half of the petiole. The concentration in the petiole was greater 
than in the lamina. Before runner-stem formation began there was not the same 
correlation in deficient plants between leaf age and nCa concentration as in nonnal 
plants, indicating that much of the newly absorbed 4SCa was acquired by young 
leaves of deficient plants at the expense of the oldest. This resulted in petiole 
collapse in old leaves due to the lack of build-up of calcium concentration in the 
distal halves of the petioles. The development of marginal necrosis of youngest 
leaves due to calcium deficiency was associated with a further disorganization of 
tSCa distribution. 4SCa accumulated in epidermal hairs and flowers. 

Translocation of 45Ca into new leaves and flowers produced up to 9 weeks after 
transfer from radioactive low-calcium solutions to non-radioactive normal· or low
calcium solutions was demonstrated. This mobile calcium came mainly from root 
tissue. 

Cold water, hot water, hot 0'5N HCI, and hot 0'5% ammonium oxalate 
extracts were made of parts of leaves of different maturities from normal. and 
low-calcium plants sampled at two stages of growth, the first before and the second 
after the onset of -petiole collapse in the low-calcium plants. For all leaf parts, the 
cold water plus hot HCI extracts contained over 90% of the total 45Ca activity. 
For plants under normal calcium nutrition, the ratio of 45Ca soluble in cold water 
to that soluble in hot HCI was greater than 1, the ratio increasing with leaf age for all 
plant parts except the distal halves of the petioles. For plants under low-calcium 
nutrition, before the onset of deficiency symptoms, the above ratio, although lower 
in value, followed similar trends with leaf age as found in the normal-calcium tissues. 
Mter the onset of petiole collapse the ratio fell sharply to less than l. 

I. INTRODUCTION 

Various workers have reported the results of experiments with 45Ca which 
have established typical distribution patterns for this element in a number of plant 
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species (Mallon and Urey 1946; Ririe and Toth 1952; Biddulph et al. 1958; Biddulph, 
Cory, and Biddulph 1959; and Rinne and Langston 1960). These experiments 
have been made with plants growing in solutions containing a normal supply of 
calcium and it has been concluded (e.g. Langston 1956) that the patterns bore a 
marked similarity to known deficiency symptoms. 

However, it is kumVIl that subterranean clover (Trifolium subterraneum L.) 
may show either of two distinct symptoms of calcium deficiency, apparently depending 
on the rate of growth of the plants. These consist of a marginal necrosis of the 
youngest leaves, or a collapse of the distal portions of petioles (Millikan 1953). This 
latter symptom normally does not affect the youngest leaves and may even first 
affect the oldest leaf on the plant. This suggests that calcium distribution in plants 
growing under conditions of calcium deficiency may be different to that in plants 
receiving a sufficiency of this element. For this reason the experiments described 
herein were made. The possibility that calcium in calcium~deficient subterranean 
clover plants may be translocated into younger leaves was also investigated. 

II. METHODS 

The plants used in these experiments were grmvn in water cultures. The 
composition of the complete nutrient solution was identical to that described by 
Millikan (1961). In calcium-deficient solutions calcium nitrate was replaced by an 
equivalent amount of sodium nitrate. However, to prevent premature death of 
plants growing in the calcium-deficient solutions two drops of hI calcium nitrate 
solution were added as required. 

Plastic pots (capacity 2litres) painted on the outside with black paint followed 
by aluminium paint were used. To prevent them becoming radioactive, the pots 
were each lined on the inside with a thin polyethylene bag which could be disposed 
of after use. 

The radioactive doses were dispensed into the solutions by means of micro
pipettes. Unless otherwise stated below, each dose consisted of a volume equivalent 
to 5 fLc of original "Ca activity as CaCl2 and containing 0·047 mg calcium. As the 
dose of 450a given to the complete solution and calcium-deficient cultures was the 
same, the resultant specific activity of the available calcium supply to the plants 
was greatest in the deficient cultures. This is reflected in a greater radioactivity 
recorded in the calcium-deficient as compared with the complete-solution plants. 

The distribution of the radioisotope in plant samples from the various experi
ments described below was determined by means of radioautographs and radioassays. 

For radioautography, the plant samples, immediately after harvesting, were 
arranged on a sheet of blotting~paper of the same size as the film to be used, covered 
with another sheet of blotting-paper, and pressed lightly for approximately 30 sec. 
The plants were then transferred to a fresh sheet of blotting-paper. This was placed 
on a sheet of aluminium foil 0·001 in. thick and a similar sbeet of foil was laid on 
top of the plant specimen and smoothed out to fit closely. 

In the dark room a sheet of Kodirex No-screen X-ray film was placed on the 
upper sheet of aluminium foil and the whole lot was put between two sheets of i-in. 
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thick foam plastic, on the outsides of which were sheets of 10-gauge galvanized 
iron. The various layers were kept in position by several thick rubber bands and 
were then wrapped in a black plastic sheet to exclude light. 

The package was next placed under weights in a cold room maintained at 
30°F for the required exposure time, after which it was re-opened in the dark roo:r;n 
and the X-ray film developed. 

To determine whether the pressing of the specimens produced an artefact in 
the radioautograph of the calcium, selected leaves were harvested from Dwalganup 
and Mt. Barker subterranean clover plants and the three individual leaflets of each 
leaf- were separated. They were then treated as follows: one leaflet was radio
autographed without pressing; the second leaflet was first pressed and the third 
leaflet was dried between blotting-paper in a forced-air oven before being radio
autographed. The results showed that neither pressing or drying .affected the 
distribution of 45Ca in the leaflet. 

After being radioautographed the plant specimen was photographed. Before 
this could be done it was often necessary to rearrange the plant parts on the blotting
paper as they usually adhered to the aluminium foil covering them. Thus slight 
differences between the relative positions of plant parts in the photograph and in 
the corresponding radioautograph were sometimes apparent but this ,vas not con
sidered to be vital. 

The radioautograph was then used to select portions of the plant for raclioassay, 
the actual plant parts selected being recorded on a photograph of the specimen. 
The selected parts were cut up finely into aluminium planchets which were then 
placed in an oven and held at 105'C for 24 hr. 

The samples were next radioassayed by means of an EHM 2/S Geiger tube 
(with an end-window thickness of 1·9 mgjcm2) and associated scaling equipment. 
Counting time was normally 300 sec but this was increased to 1000 sec for samples 
with very low activity. 

Mter counting. the samples were returned to the oven for 24 hr. The dry 
weight of each was then obtained to the nearest 0·01 mg. The radioactivity of the 
sample was finally expressed as the number of counts per minute per milligram of 
dry matter. All activities were corrected for decay of the isotope to the time of 
assay and were thus based on the original activity of the dose at the time of dispatch 
from the Australian Atomic Energy Research Establishment, Lucas Heights, N.S.W. 
These corrected activities were recorded on a print of the photograph or radio
autograph of the specimen concerned. Details of the experiments made are given 
below. 

(a) Experiment 1 

Three pots of complete and of calcium-deficient solutions respectively were 
set up and two seedlings each of the Dwalganup and Mt. Barker varieties of sub
terranean clover were transferred to each pot 7 days after emergence 'in washed 
and steam-sterilized. sand .. The next day each pot was given a dose of 5 fl-c "Ca, 
and plants were harvested for radioactivity and radioassay 39 days later. This 
experiment was commenced on November 2, 1962. 
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(b) Experiment 2 

Two pots of complete and of calcium-deficient solutions respectively were set 
up on November 2, 1962, and six seedlings of the Dwalganup variety of ~ubterranean 
clover were established in each. After 5 weeks the solutions in all pots were renewed 
and each then received a dose of 5 fLo of 45Ca. This time was regarded as day 0, and 
plants were removed for radioautography and radioassay 7 and 27 days later. 

(c) Experiment 3 

This experiment, which was commenced on April 22, 1963, in an unheated 
glasshouse, was designed to determine: 

(1) whether the slower rate of growth promoted by late autumn and winter 
conditions (Millikan 1961) ,vas associated with a difference in calcium 
distribution when compared with the results of experiment 1 which was 
made during late spring and summer;' and 

(2) if any translocation of calcium could be demonstrated in subterranean 
clover. 

Four pots each of Dwalganup and Mt. Barker varieties of subterranean clover (six 
plants per pot) were set up 'with normal and calcium-deficient solutions respectively. 
Two days later two pots of each variety at each calcium level were given the equivalent 
of an original 5 fLc of 45Ca. Mter growing in the radioactive solutions for 7 days all 
these plants were transferred to non-radioactive cultures of comparable calcium 
level. These pots were designated series A. 

At the same time the non-radioactive plants of each variety in the other two 
pots at each calcium level were transferred to solutions of comparable calcium level 
but, with the equivalent of an original 5 fLc of 45Ca added. These pots were designated 
series B. A full set of nutrients other than calcium was added to these pots on day 36. 

Plants from each calcium level were removed for radioautography and radio
assay at the following times after these transfers: 

Series A: 2, 7, 15, 21, and 36 days. 

Series E: 2, 7, 15, 36, and 73 days. 

Samples were also taken at days 21, 28, and 50 from series E, but the results obtained 
from these are not presented in detail in this paper as all essential information is 
provided by the samples obtained on the five dates listed above. 

On day 73 the remaining calcium-deficient plants of both varieties growing 
in the radioactive solutions in the series B pots were transferred to freshly prepared 
non-radioactive solutions which contained either complete nutrients or were deficient 
in calcium (each pot received only three drops of 1M calcium nitrate solution. These 
plants were designated series C. 

Sections of roots or individual runner stems of the plants or both were harvested 
for radioautography and radioassay on days 16, 29, 37, 47, 55, and 64 after transfer 
to the non-radioactive solutions. 
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(<1) Experiment 4 

The object of this experiment was to determine the effect of calcium level' in 
the substrate on the relative distribution of 450a between certain constituents of 
different plant tissues. Two calcium levels were employed, i.e. complete solution 
and calcium deficiency. The pots containing the latter solution each received two 
drops of 1M calcium nitrate to prevent the premature death of the plants. Each 
calcium treatment was replicated six times and 12 seedlings of subterranean clover, 
cv. Dwalganup, were established in each pot. 

On day 5, after the commencement of the experiment, 5 p.c of 450a was added 
to each pot containing complete solution, and 2·5 p.c to each pot of calcium-deficient 
solution. The first sampling of plants was made on day 39 at which time no calcium
deficiency symptoms had developed in the plants in the low-calcium solutions. 

Symptoms of petiole collapse first appeared in the plants growing in these 
solutions on day 46, and were severe when the second sampling was made on day 53. 
At each time of sampling one plant per treatment was taken for radioautography 
and radioassay and a further two plants per pot (12 per treatment) for extraction. 
The latter plant samples were subdivided as follows: . 

Sample 1 (day 39): Normal- and low-calcium plants-growing points ; youngest 
fully expanded leaves; oldest leaves. 

Sample 2 (day 53): Low-calcium plants-young fully expanded leaves without 
petiole collapse; young fully expanded leaves with petiole 
collapse; middle leaves with red lamina (Millikan 1953) 
and petiole collapse. 
Normal-calcium plants-young fully expanded leaves; 
middle leaves. 

Each of the above samples except the growing points in sample 1 was further sub
divided into: distal leaf edge; remainder of lamina; proximal and distal halves 
of petioles. 

Each of these subsamples was cut up finely and an aliquot of 200 mg fresh 
weight was added to a Thomas hand-homogenizer in which the tissue was thoroughly 
disrupted. This material was then transferred to a sintered-glass filter (porosity 
No.2) by repeated washing with cold water. The residue was then thoroughly leached 
in succession with hot water, hot 0'05N HOI, and hot 0'50/0 ammonium oxalate 
according to the method described by Ordin, Cleland, and Bonner (1957). The 
leachate in each case was collected in a 50-ml beaker, evaporated to near dryness" and 
then transferred to aluminium planchets for final drying before radioassaying. The 
final residue was also transferred from the sintered-glass filter into a planchet for 
drying and radioassay of its 450a content. 

III. RESULTS 

(a) Experiment 1 

Symptoms of sudden petiole collapse, which were identical in appearance with 
those of calcium deficiency described by Millikan (1953), first occurred in the calcium
deficient cultures on day 27 after the administration of the "Ca. 
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A selection of radioautographs and radioassays of plants sampled on day 39 
are presented in Plate 1, Figures 1-4. These are typical of those of other plants 
subjected to comparable treatments ,,,hich were also sampled at this .time. 

There were no important differences apparent between the results obtained 
with the Dwalganup and Mt. Barker varieties. 

The results show that in the plants grown in the complete solution, the distri
bution of 45Ca in the interveinal tissues of the oldest leaves was relatively uniform 
and comparable in concentration to that .in the lateral veins. Hmvever, in progres
sively younger leaves, the concentration of the radioisotope in the veins relative to 
the interveinal tissues increased, although the overall activity of the lamina decreased. 
The lamina of the leaf normally contained a higher mean concentration of 45Ca than 
its associated petiole. There was a small variation in 45Ca, concentration along the 
length of individual petioles, that in the proximal half usually being the highest. 

In plants grown in calcium-deficient solutions, the relative differences in 45Ca 
concentration between various tissues was markedly different to that described above. 
Thus, there was no decrease in the mean activity of young as compared with old 
leaves. The laminae of leaves with collapsed petioles usually were less radioactive 
than those of younger leaves on the same runner stem. In the younger leaves the 45Ca 
was concentrated to a very marked degree in the veins, particularly in the endings 
around the margins of the leaflets, but there was evidence of a build-up of 45Ca 
concentration in the interveinal tissues of the oldest leaves. 

By comparison with the complete-solution plants, there was a much greater 
relative difference in concentration of 45Ca between the proximal half of the petiole 
and its distal end. There were exceptions to this in the case of the petioles of the 
oldest leaves of the two varieties, in which calcium accumulation in the laminae had 
commenced, or evidently was about to do so. The collapsed portion of a petiole had 
a much lower activity than either the proximal portion of the same petiole or the 
associated lamina. The lamina often had a lower overall concentration of 45Ca than 
the proximal portion of its petiole. 

Where epidermal hairs occurred on leaves they showed a mark~d .accumulation 
of "Ca, irrespective of the calcium level in the solution (Plate 9, Figs. 2 and 3). 

(b) Experiment 2 

On the day the "Ca doses were added to the culture solutions (designated day 0), 
t4e 5-week-old plants in the complete solution had initiated up to 10 runner stems, 
the oldest ,being approximately 5 in. long. The calcium-deficient plants had up to 
eight runner stems but little or no elongation of these had occurred, and the petioles 
of many leaves showed the typical calcium-deficiency collapse of the distal portion 
(Millikan 1953). Petiole collapse also occurred after the transfer to the radioactive 
solutions. The results of radioautographs and radioassays made on plants taken 
from these cultures on days 7 and 27 are shown in Plates 2 and 3. 

On day 7 there was a relatively even distribution of the recently absorqed 45Ca 
throughout the plants grown in the complete solution, although in the oldest leaves 
the petioles were somewhat more reactive than the laminae as a whole. However, 



DISTRIBUTION OF 45Ca IN SUBTERRANEAN -CLOVER 829 

the most reactive tissues in the laminae of these leaves were the midribs, whereas 
in the youngest leaves they were the lateral veins (Plate 2, Figs. 1 and 3). Radio
autographs and radioassays of the remaining five runner stems of this plant were 
made. These are not presented in this paper but they revealed an identical 45Ca 
distribution to that described above. 

On day 27 the runner stems of the plants growing in the complete solution 
were up to 12 in. long and the plants were floweriog. A comparison of the results 
of the radioassays of plants sampled on days 7 and 27 shows that there had been a 
build-up io "Ca level io the leaves between these dates (Plate 2, Fig. 1; Plate 3, 
Fig. 1). 

At day 27 there was also a progressive increase in the concentration of 45Ca in 
the lamioa with increasing age of the leaf (Plate 3, Figs. 1 and 3). The lamina was 
more reactive than its associated petiole and in the case of the oldest leaves the 
radioautograph shows that the distal halves of the petioles were more reactive than 
the proximal halves. Also, in the oldest leaves the "Ca was evenly distributed in the 
interveinal tissue which was more radioactive than the lateral veins, whereas these 
veins were the most reactive tissues in the younger laminae of the plant. There 
was also a notable concentration of 45Ca in the basal tissue of each flower (Plate 9, 
Fig. 1). 

In the calcium-deficient plants sampled on day 7 a marked concentration of 
the recently 'acquired 45Ca occurred in the crown tissues and the bases of the petioles, 
particularly of the middle, and to a lesser extent, of the youngest leaves. The petioles 
of the oldest leaves were much less radioactive, espeCially of those leaves where 
petiole collapse had occurred. The laminae of all leaves were relatively low in 45Ca, 
the greatest concentrations being in the midribs. There was no 45Ca detected in the 
laminae of leaves whose petioles had collapsed before the transfer to the solution 
containing "Ca (Plate 2, Figs. 2 and 4). 

The build-up of 45Ca concentration in the petioles of the calcium-deficient 
plants continued between days 7 and 27 as is shown by the higher values for radio
assays recorded in plants sampled on the latter date. The difference in radioactivity 
between young and old petioles and between the proximal and distal portions of 
the same petiole were less marked than on day 7 (Plate 2, Figs. 2 and 4; Plate 3, 
Figs. 2 and 4). However, leaves with collapsed petioles were found to have a very 
low concentration (where the collapse had occurred subsequent to transfer to the 
radioactive solution, i.e. in left-hand runner in Plate 3, Fig. 4), or to again be devoid 
of the isotope in the collapsed tissues. 

By contrast with the plants grown io the complete solution, the laminae of the 
deficient plants were much less radioactive than their associated petioles, and irres
pective of leaf age, the midrib was the most reactive, and the outer margin the least 
reactive, tissue of the lamina. Also, there was no consistent correlation between 
leaf age and 45Ca concentration in the lamina of the deficient plants. 

Although most of the recently acquired calcium had been retained by the 
petioles, there was evidence on day 27 that a limited amount had moved into the 
interveinal tissues of the laminae of leaves whose petioles had not COllapsed. In 
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such cases there was a marked tendency for the distal margin to be lower in this new 
45Ca than the remainder of the lamina. 

(c) Experiment 3 

Due to the prevailing winter conditions, the general rate of growth of the plants 
in experiment 3 was much slower than that in experiments 1 and 2. 

(i) Series A 

After 7 days in radioactive solutions all plants at the time of transfer to non
radioactive solutions had a unifoliate and one partly expanded trifoliate leaf. To the 
time the experiment was terminated on day 36, no apparent difference in growth 
occurred between the normal. and low-calcium plants and no leaf symptoms of 
calcium deficiency were observed in the latter. 

The radioautographs and radioassays made on plants removed from the 
cultures on days 2, 7, 15, 21, and 36 respectively are presented in Plates 4 and 5. 
Radioautographs of the normal-calcium plants sampled on day 36 are not included 
as they showed no difference in 45Ca distribution from those sampled on day 21. 

In the plants grown at the normal calcium level there was a rapid movement 
of "Ca out of the roots and hypocotyl, with the result that by day 7 their content 
of the isotope was very low. By day 2 the 45Ca had entered into the cotyledons where 
it was higher in concentration than in the associated petioles. In contrast with the 
result described below for the low-calcium plants, no subsequent change in relative 
concentrations of 45Ca in these tissues was recorded with time. Also by day 2 the 
45Ca in both the unifoliate and first trifoliate leaves was mainly located in the veins 
with the highest concentration in their. endings along the distal margins. It became 
evident that the first calcium to enter these leaves was fixed in these sites, as this 
pattern of distribution did not change with time. A limited movement of 45Ca into 
the vein endings of the second trifoliate leaf of the normal-calcium plant occurred, 
as indicated by the faint images of this leaf in the radioautographs of the 15- and 
21-day samples (Plate 4, Figs. 5 and 6; Plate 5, Figs. 1 and 2). Although the 
second trifoliate leaf had not appeared when the plants were transferred to the 
non-r~dioactive solutions, it seems probable that the small amount of 45Ca revealed 
in these radioautographs, had either already entered into the embryo leaf before this 
transfer, or had moved from the root and hypocotyl shortly afterwards. No 45Ca 
was detected in the third or subsequently formed trifoliate leaves of the 15-, 21-, 
and 36-day samples. 

In the series of plants sampled from the low-calcium cultures, 45Ca activity in 
the roots was recorded up to day 7 for Dwalganup and day 21 for Mt. Barker varieties 
respectively. However, the radioautographs in Plates 4 and 5 reveaI"that consider
ably greater 45Ca activity was initially located in the hypocotyl of each variety, but 
with ·time the 45Ca content of this tissue relative to other parts of the plant diminished, 
although a limited amount of the isotope was still present in the hypocotyls of calcium
deficient plants sampled on day 36. This gradual movement of "Ca out of the 
hypocotyl coincided with the appearance of the isotope in successive trifoliate -leaves 
as described below. 
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There is also evidence of movement of 45Ca into the cotyledons after transference 

of the plants to the non·radioactive low-calcium solution. On day 2 the cotyledons 

of each variety contained considerably lower concentrations of 45Ca than their 

petioles but by day 15 this was reversed. In the interim the concentrations of "Ca 

in the cotyledons had increased while that in the associated petioles had decreased. 

There was a similar movement of 45Ca into the lamina of the unifoliate leaf of 

the variety Mt. Barker, but not Dwalganup, subsequent to the transfer to the non

radioactive solution. Up to day 7 but not later, the petiole of this leaf contained a 

higher concentration of 45Ca than the lamina. The 45Ca concentration in the lamina 

increased to day 21 while that of the petiole increased to day 7 and then decreased. 

At first, in the unifoliate leaves of both varieties, the highest concentration of 

45Ca in the lamina occurred in the veins, and in the vein endings in particular, but 

later the interveinal tissues of this leaf also acquired a relatively high concentration 

of "Ca. This leaf differed in this latter respect from the trifoliate leaves. The 

radioautographs and radioassays of the trifoliate leaves of the low·calcium plants 

shown in Plates 4 and 5 are of particular interest as they clearly show that up to 

day 36 45Ca in limited amount had been translocated into at least the first six of 

these leaves produced by each variety. This is in sharp contrast to the result obtained 

with plants grown with a normal calcium level. However, the distribution of the 

isotope in individual leaves of the calcium-deficient plants was similar to that 

described above for the normal-calcium plants, i.e. greatest concentration occurred 

in the vein endings with a lesser concentration in the remainder of the veins. Irres

pective of relative age of the leaves, this pattern of distribution did not change 

with time. 

(ii) Series B 

At the time of transfer to solutions containing "Ca, all plants in this series 

had a unifoliate and one partly expanded trifoliate leaf. The plants in the normal 

and low-calcium solutions respectively made comparable growth until day 33 when 

the latter showed first symptoms of calcium deficiency in the form of a necrosis 

along the distal edges of the youngest leaves, similar in appearance to that depicted 

by Millikan (1953). This symptom occurred first in the Mt. Barker variety. Later, 

successive young leaves of both varieties failed to enlarge, and developed a necrosis 

which involved the whole of the lamina and extended into the distal end of the 

petiole. No petiole collapse as described above for experiments 1 and 2 occurred 

in the series B plants of experiment 3. The results of radioautographs and radio· 

assays made on these plants are presented in Plates 6 and 7. 

Although visual symptoms of calcium deficiency did not appear until day 33, 

it is clear from these results that, when compared with plants grown in normal 

calcium solutions, a low calcium level in the substrate affected 45Ca. distribution 

in the plant as early as day 2. 

The day 2 samples from series A (Plate 4, Figs. 1 and 2) established the location 

of the calcium to enter the cotyledons and the unifoliate and first trifoliate leaves 

during the first 7 days of growth, while those from series B (Plate 6, Fig. 1) show that 

"Ca acquired during the next 2 days was distributed differently. In plants from both 
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the normal and low-calcium cultures this new 45Ca moved principally towards the 
trifoliate leaf. In the normal.calcium plants it occurred in lower concentration in the 
petiole than in the lamina. In the lamina it was no longer selectively -accumulated 
in the vein endings and also showed evidence of movement into the interveinal 
tissues. The pattern of distribution in the low-calcium plants differed in that the 
petiole had a higher concentration of "Ca than the lamina, and in the latter the 
midrib and veins of Dwalganup, and the vein endings in the Mt. Barker plants, were 
much'more reactive than the interveinal tissues. From this stage, differences in 
calcium distribution in plants grown in normal and low-calcium substrates became 
marked, 

In the normal-calcium plants a build~up in 45Ca concentration in all tissues 
with time was recorded. The isotope continued to move into the cotyledons and 
unifoliate leaf up to day 36 when counts on these tissues were discontinued. From 
day 15 45Ca was higher in concentration in the lamina than in the associated petiole. 
In the latter it was relatively uniform along its length when compared with petioles 
of the low-calcium plants, With the trifoliate leaves the distribution of "Ca was 
similar to that in the normal~calcium plants of experiment 1 described above. A 
direct relationship between age of leaf and concentration of 45Ca in the tissues was 
established from day 7. In each new leaf the isotope first occurred in greatest concen
tration in the veins, but it soon moved into the interveinal tissues. At this stage its 
concentration in the edge and the centre of the lamina was very uniform as shown by 
the radioassays of leaf edge and centre at days 36 and 73 presented in Plate 6, Figure 4, 
and Plate 7, Figures 1 and 3, From day 7 the midribs and trifoliate leaves of the 
normal~calcium plants were found to be low in 45Ca, this being a feature whereby they 
differed notably from comparable leaves of low~calcium plants. 

In the low~calcium plants there was a continual build~up of45Ca in the cotyledons 
and unifoliate leaf up to day 36, but in contrast with the normal plants the concen~ 
tration was higher in the petiole than in the lamina (Plate 6). The trifoliate leaves of 
the low~calcium plants were initially also characterized by high concentrations of 45Ca 
in the petiole when compared with the lamina of the same leaf. By day 15 this high 
concentration of 45Ca was located in the proximal half of the petiole, and was in most 
cases considerably higher than that in the lamina (Plate 6, Fig. 3), By day 73, 
however, these oldest leaves of the plants all had a high 45Ca concentration along the 
length of their petioles with the highest conc~ntration in the distal end in many 
instances. With the Dwalganup variety, the lamina of these leaves also usually 
contained a higher concentration than the petiole (Plate 7, Figs. 2 and 4), 

As early as day 7 the mean concentration of 45Ca in the laminae of the trifoliate 
leaves of the low-calcium plants did not show the same degree of direct correlation 
with leaf age as in the normal-calcium plants and by day 15 there was actually a 
negative relationship between leaf age and 45Ca concentration for the three oldest 
leaves of the Mt. Barker plant (Plate 6, Fig. 3). 

In the lamina of the low-calcium plants, 45Ca occurred first in high concentration 
in the vein endings, the lateral veins, and the midribs (Plate 6, Fig. 2), By day 15 
there was evidence of movement of the isotope into the interveinal tissues adjacent 
to the vein endings (Plate 6, Fig. 3), This resulted in the characteristic marginal 
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accumulation of ''Ca as shown in the 36- and 73-day samples (Plate 6, Fig. 5; 

Plate 7, Fig. 2). 

The onset of marginal necrotic symptoms due to calcium deficiency disorgan

ized the pattern of 45Ca distribution in low-calcium leaves as described above. These 

symptoms first appeared on day 33 and the 36-day samples exhibited marginal 

necrosis in a young leaf of each variety as indicated in Plate 6, Figure 5. The occurrence 

of these symptoms in the youngest leaf was foreshadowed by the disruption of calcium 

distribution in the vascular tissues of the immediately preceding leaf. In the case of 

Mt. Barker, this leaf still showed the characteristic accumulation of 45Ca in the vein 

endings, but the isotope was abnormally low in the rest of the vascular system when 

compared with the interveinal tissues. In the next youngest leaf in which the necrotic 

symptoms occurred, the disorganization of 45Ca distribution was more marked, as 

there was virtually no accumulation of the isotope in the vein endings or lateral 

veins, although the midribs showed evidence of its presence. There was also very 

little 45Ca accumulated in the proximal halves of the petioles of the affected leaves. 

The Dwalganup leaf produced immediately prior to the affected leaf and also 

the latter, both showed a similar paucity of 45Ca throughout the lateral veins includ

ing their endings and in the proximal portion of the petiole although, like Mt. Barker, 

they too showed some 45Ca in the midrib. The disorganization in 45Ca distribution 

associated with the onset of marginal leaf necrosis due to calcium deficiency is shown 

in Plate 8. 

The plants from the low -calcium cultures of both varieties sampled on day 73 

were showing very acute symptoms of calcium deficiency in their youngest leaves. 

The laminae of these leaves were found to be very low in "Ca (Plate 7, Figs. 2 and 4). 

The first affected leaves showed evidence of a much higher concentration in the 

proximal part of their petioles than in the laminae, but in the youngest affected 

leaves there was little evidence of such a difference. These severely affected leaves 

also showed a disruption in 45Ca distribution similar to that which occurred in necrotic 

leaves on day 36 as described above. 

(iii) Series C 

At the time of transfer from the radioactive low-calcium solutions to non

radioactive solutions containing either a normal or low level of calcium, the plants were 

affected by very acute symptoms of calcium deficiency in the youngest leaves as 

depicted' by Millikan (1953). They were typical of those plants the radioautographs 

of which are shown in Plate 7, Figures 2 and 4. The plants transferred to the normal 

solutions showed first signs of healthy new leaves after 7 days. By day 16 most 

runner stems had produced at least one new leaf. These first leaves remained 

relatively small in size, but leaves subsequently produced were larger and elongation 

of runher stems occurred. 

Rate of growth was slow, however, as this experiment was made during the 

winter months. A striking feature of the plants transferred to the complete solution 

was that by day 29 all the leaves which were in existence at the time of the transfer 

had died. This was in marked contrast to the plants transferred to non.radioactive 

low-calcium nutrient solutions where the existing leaves did not die, although 
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many of them finally developed the petiole collapse characteristic of calcium 
deficiency. Before this collapse occurred, the small amount of c~lcium added to the 
solution caused the development of a limited number of new leaves and short runner 
stems in the Dwalganup, but not in the Mt. Barker variety. Most oft4ese new leaves 
were ultimately affected either by marginal necrosis or petiole collapse. 

Although root samples or individual runner stems or both were sampled for 
radioautography and radioassay on days 16,29, 37, 47, 55, and 64 after transfer to 
the non-radioactive solution, only the results obtained from the samples on days 
16, 29, and 64 are presented in Plate 10, Figures 1--4, as they indicate the relevant 
information to be gained from this experiment. The results from the 37., 47., and 
55-day samples were in accord with the results described hereunder. The original 
45Ca contents in the leaves existing at the time of the transfer to the non~radioactive 
solutions would be comparable with those shown in the 73~day samples of series B 
(Plate 7, Figs. 2 and 4). 

TABLE 1 

EXPERIMENT 3, SERIES C: CHANGE IN CONCENTRATION OF 
45Ca IN ROOTS OF SUBTERRANEAN CLOVER AFTER TRANSFER 
FROM RADIOACTIVE LOW·CALCIUM SOLUTIONS TO NON-RADIO
ACTIVE SOLUTIONS CONTAINING EITHER NORMAL OR LOW 

LEVELS OF CALCIUM 

45Ca in Roots (counts/min/mg 

dry matter) 

Variety Calcium 

Level At Day Day Day 
Transfer 29 55 64 

------
Dwalganup Normal } 65 

8 5 3 
Low - 8 3 

Mt. Barker Normal } 62 
5 4 5 

Low - 7 -

Results of radioassays of root samples taken at the time of the transfer are 
presented in Table 1. Before the de~th by day 29 of the original leaves of the plants 
transferred to the complete solutions, there was no evidence of any withdrawal of 
45Ca from their laminae as these contained levels of 45Ca comparable to those shown 
in Plate 7, Figures 2 and 4, at each of the six times of sampling listed above. However, 
there had evidently been some movement of the isotope out of the petioles of these 
original leaves. Compared with the 45Ca contents of comparable leaves sampled at the 
time of the transfer (Plate 7, Figs. 2 and 4) the petioles of the original leaves of the 
Dwalganup plants (Plate 10, Figs. 1, 2, and 3) generally contained lower absolute 
concentrations of 45Ca and higher lamina/petiole ratios for 45Ca concentration. 

A similar change was indicated in some but not all of the original leaves of the 
Mt. Barker variety: This apparent withdrawl of "Ca from the petioles could be a 
cause of the death of these original leaves. 

In the case of the plants transferred to non~radioactive low~calcium solutions, 
there appeared to be no significant change in 45Ca distribution in the original leaves 
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(Plate 10, Figs. 1, 2, and 4) which remained alive for several weeks after those of 

the complete-solution plants had died. As shown in Table 1 there was an appreciable 

drop in "Ca concentration in the roots of the plants of both varieties in the first 

29 days after transfer to non~radioactive normal or low~calcium solutions respectively. 

In the normal~calcium solutions there was a further slight fall in 45Ca concentration 

in the roots of the Dwalganup but not of the Mt. Barker variety, between days 29 

and 64 after the transfer. 

There was definite evidence of movement of 45Ca into new tissue formed by 

either variety after the transfer to normal solutions or to low~calcium solutions in 

the case of the Dwalganup variety (Plate 10). 

The concentrations of 45Ca in the laminae of the first of the new leaves on 

individual runner stems produced by the complete~solution plants increased between 

days 16 and 29, and finally were much higher than in the original youngest necrotic 

leaves on day ° (Plate 7, Figs. 2 and 4) or on day 29 (Plate 10, Fig. 2). 

Plants sampled on day 16 after transfer to low-calcium non-radioactive 

solutions had not produced any new growth and showed a similar 45Ca distribution 

in the tops to that of plants sampled on day ° (Plate 7, Figs. 2 and 4; Plate 10, 

Fig. 1). This pattern of distribution remained unchanged in the Mt. Barker plants 

which produced no new growth, but in the Dwalganup plants there was evidence of 

movement of 45Ca into new growth, as shown by the radioautograph and radioassays 

of the plant sampled on day 64 (Plate 10, Fig. 4). Symptoms of petiole collapse 

were associated with a greater concentration of 45Ca in the proximal than in the 

distal portion of the petiole or in the lamina. 

(d) Experiment 4 

The results of radioautographs and radioassays of plants sampled on days 39 

and 53 are presented in Plate ll. The differences in relative 45Ca concentration 

between various plant tissues due to difference in calcium level in the substrate 

are in general accord with results already described above. 

The results of radioassays of the chemical fractions extracted from various 

plant parts of the samples obtained on days 39 and 53 are shown in Tables 2 and 3. 

For each sample the relative differences in total activities between the various 

parts of the plant samples, grown at each calcium level, are in general accord with the 

radioautographs and radioassays of comparable tissues of plants sampled at the 

same time (Plate ll). 

(i) Sample 1 

The results of the first sample taken on day 39, before the onset of calcium

deficiency symptoms in the plants growing in the low-calcium cultures are set out 

in Table 2 . 

. For each plant part, and irrespective of calcium level in the nutrient solution, 

over 90% of the "Oa was recovered from the fractions soluble in either cold water or 

hot HOI (Table 2). However, the ratio of "Ca content between these two fractions 

varied between plant tissues, and was affected by the level of calcium nutrition. 
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In the normal· calcium plants the 45Ca activity in the extract soluble in cold 
water was consistently higher than in the hot HCl extract for aU plant parts. However, 
there was an important difference due to the age of the tissues. In the case of the 
old leaf tissue the ratio of 45Ca activity in -cold water extracts to that in hot HOI 
extracts was many times greater for the lamina edge and centre tissues, and over 
twice as great for the proximal half of the- petiole than in the corresponding tissues 
of the young leaves. The ratio in the distal halves of the petioles was not affected 
by leaf age while that of the growing point was comparable to the young leaf tissues. 

By contrast with the normal-calcium plants, the 45Ca activity in the cold 
water-soluble extracts was not consistently higher than that of the hot HCl extracts 
in all tissues of the low-calcium plants. In the young leaves, the ratio 'of 45Ca activity 
in the cold water extracts to that in the hot HCl extracts of the leaf edge and centre 
was comparable with that of similar tissues of the complete-solution plants. However, . 
the petioles of the low-calcium leaves differed from the normal petioles in that the greatest 450a activity occurred in the hot HOI extract. 

Also, the increase in the ratio of 450a activity in the cold water extracts to 
that in the hot HCl extracts of the low-calcium plants due to age of the tissues was 
not as great as for the normal-calcium plants. As in the normal plants, leaf age did 
not affect the ratio of cold water-soluble to hot HCI-soluble "Ca in the distal halves 
of the petioles of the low-calcium plants. Thus, in the latter plants, this tissue in the 
the old leaves also had more "Ca which was soluble in hot HCl than cold water.' 

(ji) Sample 2 

The results of the second sample, taken on day 53 after the onset of severe 
calcium-deficiency symptoms in the plants grmVIl in the low-calcium cultures 
(Plate 11, Fig. 2), are set out in Table 3. Irrespective of calcium treatment, it was 
again found, as with sample 1, that the cold water-soluble plus the hot HCI-soluble 
fractions accounted for approximately 90% of the 45Ca found in the various plant 
parts. 

With the plants grown under normal calcium nutrition, when allowances 
are made for differences in maturity of the older leaves sampled at each harvest, 
the distribution and level of activity of 450a in the leaf parts, and in the various 
chemical fractions after 53 days are in general agreement with the results recorded 
in Table 2 from the first sample. The main differenc{f between the results of the 
two samples of normal-calcium plants waS that, at the second sampling, the . centres 
of the youngest leaves contained more 450a soluble in hot HOI than in cold water. 
The increase in the ratio between these fractions due to leaf age was not as gre~t 
for the young middle leaves sampled on day 53 as for the old leaves sampled on day 39. 

With the plants grown under low-calcium nutrition, a comparison of the 
results in Tables 2 and 3 indicates that appreciable changes in the level and distribu
tion of 450a had taken place with the onset of severe deficiency symptoms between 
days 39 and 53. At the second sampling the "Ca activity in the leaf parts was greatly 
reduced and in contrast with sample 1, there was no increase in 450a concentration 
with leaf age. 
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In the young leaves with petiole collapse, the amount of 45Ca was less in the 
lamina edge and more in the proximal part of the petiole than that present in young 
leaves without petiole collapse. 

Under 100v~calcium supply, and without regard to leaf age or time of sampling, 
in no instance did the distal halves of the petioles contain more than 7· 5% of the 
45Ca that was in the leaf as a whole. In comparable tissue under normal calcium 
supply, the corresponding value was between 12 and 24%. 

The percentages of 45Ca in the water~soluble extracts of the calcium~deficient 
plants were much lower, and in the hot HOI extracts correspondingly greater in the 
second sample than in the first. Even so, in both samples the ratio of 450a soluble 
in cold water to that soluble in hot HOI followed a similar pattern of increase with 
maturity of all leaf parts, except in the case of the distal petiole sections. It appears 
that for the distal halves of the petioles this ratio is related solely to the level of 
calcium in the plant, rather than to the maturity of the tissue -as is the case with 
the other leaf parts. In all leaves studied, at both harvests for plants in the normal
calcium solutions, the ratio for the distal petiole sections was 2·3, whereas in the low~ 
calcium plants at the first harvest it was 0·9 and under severe calcium~deficiency 
conditions it fell to 0·3 at the time of the second sampling. 

IV. DISCUSSION 

The experiments described herein have shown that the distribution_ of 45Ca 
in plants is markedly affected by the level of calcium in the substrate. 

Sites of initial accumulation of 45Ca in subterranean clover have been demon~ 
strated. These are the vein endings along the distal margins of the leaf, the veins 
themselves, the marginal interveinal tissue, and the proximal half of the petiole. 
In normal~calcium plants the sites in the vein endings are soon saturated and the 
element accumulates in the lateral veins and moves from them uniformly into all 
interveinal tissues. However, it has been clearly shown that the calcium which 
initially moves into the vein endings in both normal and low~calcium plants is 
permanently fixed therein, thus pointing to some special but unlmown function 
related to calcium nutrition in these sites. In this regard it is significant that where 
marginal necrosis due to calcium deficiency occurred, there was no calcium accumu~ 
lation in the vein endings. 

In normal-calcium plants it is concluded that import of calcium into the 
tissues is continuous with little or no export as shown by the existence of a positive 
correlation between leaf age and 45Ca concentration. This positive relationship 
was soon established even in plants which were first grown for 5 weeks in a non~ 
radioactive normal calcium solution. Similar evidence of the accumulation of calcium 
in the oldest leaves of plants is presented by Mallon and Urey (1946), Ririe and 
Toth (1952), Biddulph et al. (1958), Biddulph, Cory, and Biddulph (1959), and 
Rinne and Langston (1960). 

In low~calcium plants the initial sites of calcium accumulation described 
above, with the exception of the vein endings, were not rapidly saturated, with 
the result that a distinctly different pattern of distribution of 45Ca to that in normal 
plants has been demonstrated. That the limited supply of calcium accumulates in 
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the petiole at the expense of the lamina has been clearly shown in the above experi
ments. This resulted in the petioles of calcium-deficient plants having at first higher 
concentrations of 45Ca in their proximal ends. Later, the proximal sites were evidently 
saturated as there was a build-up of "Ca in the distal half of the petiole so that 
t4e concentration along its length became relatively uniform or even highest in the 
distal end. 

It has been shown further in the present experiments that, before the onset 
of acute symptoms in the youngest leaves, calcium-deficient plants may not show the 
same positive correlation between leaf age and 45Ca concentration, as normal plants. 
Under conditions of deficient supply it is thus evident that recently acquired calcium 
dqes not move uniformly into all leaves as in normal plants, but some of it may be 
preferentially acquired by younger leaves at the expense of older leaves. 

Although this phenomenon has been demonstrated in both the summer and 
winter experiments described above, it seems that the most important effects 
resulting from it are likely to occur where temperature conditions are conducive to 
rapid growth. It is under such conditions that the symptom of collapse of the distal 
portion of the petiole due to calcium deficiency (Millikan 1953) is most evident. 
This symptom usually does not first appear in the youngest leaves and may even 
occur in the oldest, as is shown in Plate 1, Figure 2. It may also occur before any 
marginal necrosis is present in the youngest leaves. As the collapsed distal portion 
of the petiole has been shown to be very low in 45Ca it is evident that the usual 
build-up of calcium in this tissue did not occur due to the preferential movement of 
newly acquired 45Ca into the younger leaves, whose laminae, as a result, may contain 
concentrations of the isotope comparable to that in the oldest leaf. 

Calcium deficiency is normally regarded as a condition which produces symptoms 
in the youngest tissues of plants. For this reason, petiole collapse of the older leaves 
of subterranean clover due to calcium deficiency is an unexpected phenomenon, 
but the present work has provided for the first time an explanation for its occurrence 
in these older leaves. 

It is generally accepted that calcium is immobile in the plant. Recent reviews 
of the literature on this subject have been made by Williams (1955), Biddulph et al. 
(1958), Bollard (1960), and Zimmermann (1960). In the present experiments the 
positive correlation found between leaf age and calcium concentration in normal 
plants, and, in acutely deficient plants, the relatively high concentration of calcium 
which occurred in old leaves when compared with the very low concentration in 
young leaves showing severe necrotic symptoms, appear to support the view that 
calcium is immobile in the plant. 

It has nevertheless been demonstrated by the experiments described herein, 
that some translocation of 45Ca may occur when calcium-deficient plants are provided 
with sufficient non-radioactive calcium to induce new growth. It was found that 
a notable amouut of the 4'Ca, which was previously uuavailable to the young leaves 
while the plant was acutely calcium-deficient, was translocated to new leaves produced 
up to 9 weeks after the non-radioactive calcium was supplied. It appears that the 
mobile 4'Ca came mainly from the roots and, possibly also during the first 2-3 weeks, 
from the petioles of plants transferred to complete solutions. 
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Biddulph, Nakayama, and Cory (1961) and Bell and Biddulph (1962) have 

reported that the entry of 45Ca into stem tissue showed two phases, namely a revers

ible "exchange" phase, followed by an irreversible accumulation phase. In their 

experiments the "exchange" phase was completed within 3 hr. Biddulph et al. (1958) 

also showed that the delivery of 45Ca from roots to top in bean plants was largely 

completed in 6 hr. 

Kislev (1961) has reported the results of experiments with various plants which 

showed that "Ca which had been absorbed earlier did move to other parts of the 

plant. Upward movement of the isotope was 4-10 times greater than downward 

movement. No translocation was observed in bean plants, this result being in accord 

with that of Biddulph et al. (1958). Earlier Ferrell and Johnson (1956) had observed 

substantial movement of previously deposited calcium into newly developed buds 

of western white pine. 

Charles (1953) has suggested that the xylem elements in some plants may be 

negatively charged. In his review Epstein (1962) has concluded that cations moving 

in stems of plants may be retarded by attachment to negatively charged sites, and the 

presence of competing ions may accelerate their movement. It seems probable that 

this is the mechanism involved in the translocation of 45Ca in subterranean clover 

described above. This entails an "exchange" phase in the conducting tissues of the 

calcium-deficient subterranean clover plants of considerably longer duration than 

that found by Biddulph, Nakayama, and Cory (1961) and Bell and Biddulph (1962). 

The results obtained in experiment 4, from the serial extraction of 45Ca in 

subterranean clover, suggest that with an adequate calcium supply there is 

sufficient calcium to saturate all available sites in the developing leaf tissue in addition 

to maintaining a high percentage of free or water-soluble calcium in the tissue. As the 

leaves mature, uptake of calcium continues and since there now appears to be fewer 

sites of absorption or fixation, this results in most of this additional calcium remaining 

water-soluble. Abutalybov (1956), studying the distribution of calcium in cotton 

plants, found that the largest percentage of water-soluble plus absorbed calcium 

is accumulated in the young plant parts, the high percentage of these two components 

being related to the high content of calcium in the protoplasm. 

In apparent contrast with the results obtained for subterranean clover, 

Abutalybov found, in the older plant parts, the levels of acid-soluble forms of calcium 

were high, and attributed this to a decline in cellular activity, a lower protoplasmic 

calcium content, and to an increase in calcium cell sap concentration, probably as 

calcium oxalate crystals. A possible explanation to this discrepancy may be that 

cotton, by comparison with subterranean clover, has a high capacity for fixing 

calcium as oxalate, sulphate, or phosphate in the older tissue. 

As described above, with the onset of acute calcium deficiency in subterranean 

clover, the distribution of newly acquired 45Ca differed from normal in that the younger 

tissues received an increased proportion at the expense of the older tissues. In 

addition, there was insufficient calcium supply to saturate all sites of absorption 

and fixation, this resulting in a marked fall in the ratio of water-soluble to acid

soluble calcium in the tissues of the deficient plants, when compared with normal 

plants. 
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In leaves with petiole collapse, the activity of 45Ca in the distal collapsed portion 
was very low, and approximately 75% of it was absorbed or fixed on to the sites 
present. This contrasts with the proximal portions of the same petioles in which the 
proportion of water-soluble 45Ca increased slightly with leaf age. This increase, 
however, could bc attributable to the blockage of further calcium transport through 
the collapsed distal tissue. Ordin, Cleland, and Bonner (1957) have suggested that 
the role of calcium in cell wall stability may be the formation of double salts involving 
two anhydrogalacturonic carboxyl groups which could cross-link galacturonic acid 
residues of different pectin molecules and might thus be expected to stiffen the cell 
wall. Also, Edgington, Corden, and Dimond (1962) have observed that the stems of 
calcium-deficient tomato plants contained more water-soluble pectin than normal 
plants. They attributed the increase to the lack of calcium bonding of the uronic 
carboxyl groups in pectin. Hydrolyses of pectic substances by pectic enzymes was 
faster in calcium-deficient than in normal tissue. These results provide an explanation 
for the occurrence of the petiole collapse symptom in subterranean clover tissues in 
which the normal build-up of calcium did not occur. 

An accumulation of 45Ca occurred in epidermal hairs on petioles and laminae of 
leaves of subterranean clover. In young leaves the hairs were much higher in 45Ca 
than the epidermal cells from which they arose (Plate 9, Fig. 3). 

Plummer (1962) has also reported that "Ca became particularly abundant in 
the epidermal hairs of sunflower leaves. The root hairs of several plant species were 
also found by Cormack, Lemay, and McLachlan (1963) to concentrate "Ca in a form 
which could not be extracted with hot water. Their suggestion that gradual calcifi
cation is essential fqr the normal growth and form of the hair is supported by the 
present experiments. 

The basal tissues of the flowers of subterranean clover were also found to be 
higher in 45Ca than the petals and peduncles. It was not determined which part of 
the flower was principally involved in this accumulation. The relative calcium con
tents of pollen and parts of the gynoecium have been given added interest by the 
suggestion made by Mascarenhas and Machlis (1962) that calcium may be a universal 
factor promoting the growth of the pollen tube to the ovule. Calcium deficiency was 
found by Steffensen (1955) to produce at least 17 times more chromosomal aberra
tions and micronuclei in polle:n of Tradescantia than did plants receiving an optimal 
calcium supply. 
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EXPLANATION OF PLATES 1-11 

PLATE 1 

Figs. 1-4.-Experiment 1: Radioassays {expressed as counts/min/mg dry matter} of individual 
runner stems of subterranean clover plants (cv. Dwalganup and Mt. Barker) after 
39 days in nutrient solutions containing 4.!iCa. Time of exposure 6 days. 

PLATE 2 

Figs. 1-4.-Experiment 2: Radioautographs and radioassays (expressed as counts/min/mg dry 
matter) of subterranef1n clover plants (cv. Dwalganup) grown for 5 weeks in non
radioactive solutions before transfer to solutions of comparable calcium level con
taining olDea. Plants sampled 7 days after this transfer. Figures 1 and 2 photographs; 
Figures 3 and 4 corresponding radioautographs. Time of exposure: Figure 3, 
12 days; Figure 4, 4 days. 

PLATE 3 

Figs. 1-4.-Experiment 2: As for Plate 2. Plants sampled 27 days after transfer to solutions 
containing olDCa. Time of exposure for Figures 3 and 4, 13 days. 

PLATE 4 

Figs. I-6.-Experiment 3, series A: Radioassays (expressed as counts/min/rug dry matter) and 
radioautographs of subterranean clover (cv. Dwalganup and Mt. Barker) grown 
for 7 days in nutrient solutions containing 450a and then transferred to non-radio
active solutions. Figures I, 3, and 5, photographs; Figures 2, 4, and 6, corresponding 
radioautographs. Sampling times after transfer: Figul'es 1 and 2, 2 days; Figures 3 
and 4, 7 days; Figures 5 and 6, 15 days. Times of exposure: Figures 2 and 4, 
14 days; Figul'e 6, 37 days. 

PLATE 5 

Figs. 1-6.-Experiment 3, series A: As for Plate 4. Sampling times after transfer: Figures 1-4, 
21 days; Figures 5 and 6, 36 days. Times of exposure: Figures 2 and 4, 37 days; 
Figure 6, 55 days. 
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PLATE 6 

Figs. I-5.-Experiment 3, series B: Radioautographs and radioassays (expressed as counts! 
minfmg dry matter) of subterranean clover (cvo Dwalganup and Mt. Barker) grown 
for 7 days in non.radioactive solutions and then transferred to solutions of comparable 
calcium level containing 45Ca. Arrows in Figure 5 indicate leaves showing onset of 
marginal necrotic symptoms. Sampling times after transfer: Figure 1, 2 days; 
Figure 2, 7 days; Figure 3, 15 days; Figures 4 and 5, 36 days. Times of exposure; 
Figures 1 and 2,14 days; Figure 3, 20 days; Figure 4, 17 days; Figure 5,13 days. 

PLATE 7 

Figs. 1-4.-Experiment 3, series B: As for Plate 6, but sampled 73 days after transfer. Times of 
exposure: Figures 1 and 3,19 days; Figures 2 and 4,14 days. 

PLATE 8 

Radioautographs showing the disorganization in the distribution of 4SOa associated with the 
onset of marginal necrosis in young leaves due to calcium deficiency 

Fig. I.-Typical accumulation of 450a in the veins and their endings of a leaf produced before 
the onset of calcium·deficiency symptoms in the plant. 

Fig. 2.-Movement of 400a out of the veins, but not their endings, _in a leaf produced immediately 
prior to the first leaf on the plant to show marginal necrosis. 

Fig. 3.-First leaf on plant to show slight marginal necrotic symptoms. There was no accu
mulation of 4-S0 a in the vein endings, but some increase in concentration occurred in 
the distal margins. 

Fig. 4.-Leaf from plant with acute marginal necrotic symptoms. The concentration of 4-S0 a in 
the marginal tissues was very low relative to the veins and the petiole. 

PLATE 9 

Figs. 1-3.-Radioautographs of subterranean clover showing the accumulation of 4- S0a in the 
flowers (Fig. I), epidermal hairs, vein endings, and distal marginal interveinal tissue 
(Figs. 2 and 3). Fig. 1, normal-calcium solution; Figures 2 and 3, low-calcium solution. 

PLATE 10 

Figs. 1-4.-Experiment 3, series O. Radioassays (expressed as countsJmin/mg dry matter) and 
radio autographs of subterranean clover (cv. Dwalganup and Mt. Barker) grown for 
73 days in low-calcium nutrient solutions containing 4-S0 a , and then transferred to 
non-radioactive solutions as follows: 

Figure 1: Sampled 16 days after transfer to complete solution (top row) and low
calcium solution (bottom row). Arrows indicate new leaves produced since transfer. 
Time of exposure, 18 days. Figure 2: Sampled 29 days after transfer to complete 
solution. All the original leaves at time of transfer now dead. Time of exposure, 
25 days. Figure 3: Sampled 64 days after transfer to complete solution. Time of 
exposure, 57 days. Figure 4: Sampled 64 days after transfer to low-calcium solution. 
Time of exposure, 57 days. 

PLATE 11 

Figs. 1 and 2.-Experiment 4: Radioautographs and radioassays (expressed as counts/min/mg 
dry weight) of subterranean clover plants (cv. Dwalganup). In Figure 1, plants 
harvested on day 39, before the onset of calcium deficiency in the low-calcium 
plants. In Figure 2, plants harvested on day 53, after the development of severe 
petiole collapse in the low-calcium plants. The arrows in each figure indicate 
leaves typical of those taken at each harvest for the serial extraction of calcium. 
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