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The relatively large amount of strontium present in

the products of uranium fission has stimulated new interest

in the qualitative and quantitative aspects of strontium

absorption and translocation by plants. From the standpoint

of radioactive contamination of crop plants, the.absorption

by leaves and fruits becomes at least equal in importance

to root absorption. In this investigation tomato, beet and

bean plants were used in sand culture to study both root and

foliage absorption of radiostrontium, radiocalcium.and

radiobarium. Both the spectrograph and the flame spectro-

photometer were used to quantitatively analyze plant tissues

for strontium, calcium, potassium, magnesium, phosphorus,

boron, iron, manganese and copper. Autoradiography and

radioactive sample counting were the important isotope tech—

niques employed.

Strontium applied to the roots of tomato, beet and bean

plants was absorbed by the roots and translocated to all

above ground plant parts. Generally its absorption was pro-

portional to its concentration in the nutrient solution,

and also to its concentration relative to calcium, providing

the treatment period was long enough for equilibrium.tol

occur. Strontium can accumulate in tomato and best tissues

in amounts almost equivalent to the normal calcium content,

but at such high concentrations it is toxic to both plants.
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Beets can accumulate higher strontium concentrations in

the plant tops and are less sensitive to strontium toxicity.

Strontium and calcium in the same nutrient solution mutually

favor the absorption of each other as compared to the same

amount of strontium or calcium alone. The effect of high

strontium and low calcium content of plant tissues upon

the absorption of other nutrients is discussed.

Autoradiographic studies indicated that radiocalcium,

radiostrontiwm and radiobarium are absorbed by tomato and

beet roots and translocated to all above ground plant

parts. The upward translocation of strontium is greater

than that of barium.but both elements tend to accumulate

in the vascular tissues. Tomato fruits accumulate rela-

tively little strontium, probably because of the low calcium

requirement.

Tomato plants high in calcium.alwsys absorbed more

strontium from.a root application than those low in cal-

cium when the applied strontium.was in ionic form. how-

ever when the applied strontium was chelated, absorption

was greater in tomato plants low in calcium. Plant cal-

cium content had little effect on strontium absorption by

beets. A

In contrast to the free movement upwards and high ac-

cumulation of strontium from a root application, the move-

ment of strontium from the site of a foliage or fruit
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application was very slight or completely lacking. Bean

and beet plants showed a somewhat greater downward move-

ment than tomato plants but in neither was the amount

translocated more than a trace of that applied. This was

likewise true of calcium and barium. Chelation of stron-

tium did not increase translocation away from treated

tomato leaves or fruits. By means of autoradiography it

was demonstrated that radiostrontium.can penetrate the

intact skin of a tomato fruit and accumulate in the inner

tissues.
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I. INTRODUCTION

In plant nutrition most studies with strontium have

been conducted from the standpoint of its chemical relation-

ship to calcium. It was thought, and in some cases demon-

strated, that strontium could partially of almost completely

replace calcium.in plant metabolism. Strontium is not con-

sidered an essential plant nutrient but is an element which

plants will absorb and accumulate in rather large amounts if

it is present.

92'l

59, Srgo, Sr9 and Sr , is a preductRadiostrontium, as Sr

of atomic nuclear fission, constituting about 15 percent of

the fission products (Sl). (Furthermore, radiostrontium is

the one fission product that is easily absorbed, translocated

and accumulated by plants. These facts coupled with the

long half-life of Sr90 (25 years) make radiostrontium possibly

the most serious radioactive contaminant of crop plants.

This study was undertaken to determine by additional quali-

tative and quantitative evidence the magnitude of uptake of

radiostrontium and factors influencing its absorption and

distribution in certain selected horticultural plants. Because

of the chemical similarities of calcium, strontium.and barium,

there is considerably emphasis on the comparative absorption,

distribution and accumulation of the three elements including

their radioactive forms in the pages which follow.
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II. REVIEW OF LITERATURE

General

Strontium is an alkali earth metal located in Group

IIA of Period 5 of the periodic table of the elements. Its

nearness to calcium in the periodic table makes its chemical

behavior similar to calcium. While not as common.as some

elements, strontium is world wide in distribution. The hand-

book of Chemistry and Physics (26) lists it as eighteenth

most common element comprising 0.018 percent of the earth's

crust. Odum.(hl) found the average strontium.content of

sea water to be 8.10 milligrams per liter. He also worked

out the world strontium cycle (hZ) and found it to be a

fairly stable one. That is, the amount of strontium.antering

the ocean from the land is balanced by the amount being taken

out of solution by ocean-organisms, and the quantity incor-

porated into ocean sediments is balanced by sedimentary rocks

raised above sea level. This strontium cycle is qualita-

tively similar to the calcium cycle but quantitatively the

8r:Ca ratio is about 1:500.

The metabolism of strontium in the animal organism is

similar to calcium.(52). It rapidly accumulates in.the skele-

ton when taken into the body. It is one of the few products





of nuclear fission that is absorbed by the animal body from

the digestive tract. The essentiality of strontium as a

trace element in animal nutrition has not been established

but its nearly universal presence in the skeletal tissues

of higher animals has been demonstrated by a number of

workers (52, 56, 62). Rygh (h8) concluded that small amounts

of strontium appear necessary in. the nutrition of the rat

and guinea pig. He found that strontium stimulates deposi-

tion of calcium in bones and teeth. Some lower forms of

marine animals and plants contain large amounts of strontium

in certain body or plant parts (hl. 5h).

Historical Review of Strontium Nutrition of Plants .

Early workers claimed that strontium was not absorbed

or translocated. According to Daubeny in 1835 (11;) and again

in 1861 (15) Plants did Int absorb strontium. He attributed

this phenomena to the "vital” activity of the roots whereby

needed nutrients were absorbed and unnecessary elements were

excluded. Colin and Lavison (11) reported that only minute

amounts of strontium could be detected in plants and that

barium was excluded entirely . Later Brenchley (7) suggested

that the chemical methods of Daubeny and Colin and Lavison

may hafe been inadequate.

Nearly all other workers have agreed that strontium can

be absorbed by plants to a greater or lesser degree but opinions
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as to its value to the plant, and its relation to calcium

nutrition vary considerably. Some investigators reported

beneficial effects of strontium. Haselhoff in 1893 (22)

concluded with barley, beans and corn that strontium was

not toxic and that it will replace calcium when calcium

is limited. According to Russell (’47) Azotobacter, the

non-symbiotic nitrogen fixing bacterium, requires either

calcium or strontium. Osterhout ((43) noted that either

strontium or barium could perform the same function as

calcium in the soil solution; that of counteracting the

toxic effects of high concentrations of magnesium, sodium

or potassium. He called this a balancing rather than a

nutrient effect. P100001 (31;) also noted this. effect while

studying the antitoxic action of certain nutrient and non-

nutrient elements. Barium and strontium alone were very

toxic to peas and wheat, but in mixtures with other elements

barium inhibited the toxicity of high concentrations of mag-

nesium or potassium, and strontium reduced the toxicity of

potassium, sodium or magnesium.

In the Hawaiian Islands Hence (20) found that sugar

cane filter-press cake contained strontium along with several

other non-essential elements. Poor sugar cane soils contained

less strontium, chromium and zinc than soils which would

support good crops. An excellent cane producing soil was

characterized by the presence of strontium, barium, and

lithium. Vlamis and Jenny (60) investigating a calcium
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deficiency disease of romaine lettuce, reported that strontium

alleviated the symptoms of the "disease", and suggested stron-

tium could partially substitute for calcium in this crep. A

peculiar chlorosis of Red Elberta peach trees in New Jersey

studied by Wolf and Cesare (66) failed to respond to any of

the normal plant nutrients applied eitheriso soil or foliage.

when they applied strontium chloride sprays to the leaves

they obtained complete correction of the chlorosis within.two

weeks.

Additional cases where strontium has produced favorable

growth responses have been reported by Menargue (36), Scharrer

and Schropp (R9) and Walsh (63) using small grains and legumes

as test plants. In all of these reports the increased yields

were produced only”when adequate calcium.was also present in

the culture medium. They all found a definite toxicity and

yield depression at strontium.concentrations above those

causing favorable responses.

0n the other hand, other early investigators obtained

no favorable plant responses to strontium at any concentra-

tion. Loew in 1898 (32) and 1903 (33) stressed the importance

of calcium in the "calciumpprotein compounds in the organized

particles from.which the nucleus and the chlorophyll bodies

are built up", and concluded from his experimental data that

no other element could replace calcium in this function. He

stated that the abnormal symptoms developed by his plants were

inot just the effects of insufficient calcium.but an actual



toxicity of strontium. Suzuki in 1900 (58) came to this

same conclusion. Voelcker (61) added strontium in several

forms to a "light unproductive soil". Additions of up to

one-tenth percent strontium sulfate, hydroxide or carbon-

ate had no effect upon germination or yield of wheat but

the chloride at one-tenth percent was distinctly toxic.

Strontium nitrate produced an increase in yield but this

was not attributed to strontium.

McCool (3h, 35) and Stiles (55) as well as Loew and

Suzuki mentioned above discussed the effect of calcium

on strontium toxicity in solution culture. They noted that

strontium in the absence of other nutrient elements is toxic

to many plants at very low concentrations. Much higher con-

centrations of strontium must be used to produce toxicity

symptoms when the substrate is a complete nutrient solution

or a soil. They attributed this primarily to the presence

of calcium. Their work indicates that plants have consider-

able tolerance to strontium providing there is adequate

calcium present. McCool (314) found that potassium, sodium

and magnesium are also able to decrease strontium toxicity

symptoms to a certain extent. Hurd-Karrer (27), working

with pairs of chemically related elements, one essential the

other toxic, discussed the calcium-strontium relationship to

some length. Following is her discussion (in part):

"The basic concept of what may be'termed imass

antagonism' is simply that of a mass effect of an

essential element on the proportionate intake, and
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utilization in organic synthesis, of a toxic element

sufficiently similar chemically as to preclude any

considerable selectivity. The total intake of the two

related elements, the one essential, the other toxic,

is presumably determined by the gradient established

by the plants metabolism of the essential one; and the

intake of the toxic element decreases, in consequence,

with increasing availability of the non—toxic one."

Ion differences or root membrane selectivity were not refuted

but it was suggested that control was not good enough to dis-

tinguish between members of close pairs such as calcium.

strontium, potassiumprubidium, phosphorus-arsenic and sulfur-

selenium. Thus it would appear that the damage produced by

a toxic element is in proportion to itslconeentration relative

to the chemically sbmilar nutrient rather than to its absolute

concentration. The report by Collander (12) tends to support

this contention. He experimented with twenty species of

higher plants that had a wide range of calcium.requirements.

His results showed that plants with high calcium requirements

were able to absorb and accumulate more strontium. A char-

acteristic common to all plants was that the strontiumecalcium

ratio in the plant tissue'was of the same magnitude as the

strontiumccalcium.ratio in the nutrient solution. His explana-

tion was that plants are unable to distinguish between the

two and that absorption is proportional to quantities present.





Strontium Nutrition Studies Using Radioactive Isotopes

Jacobson and Overstreet (29) noted that the principal

long-lived products of fission (Sr, Y, Zr, Cb, Ru, Te, Cs,

Ba, La and Ge) were not essential to plant life and there-

fore have been studied very little. In their investigation

they found plant roots could successfully compete with soil

colloids for many fission products. However, most of the

elements apparently remain adsorbed on the roots, or, if

absorbed into the roots, are only sparingly translocated

to the aboveoground plant parts. The single exception is

strontium.which is easily absorbed and translocated to the

stems and leaves in relatively large quantities. lfith the

dwarf pea they found that strontium content in the root was

ten times greater than the surrounding soil. The leaves

and stem were slightly less radioactive than the roots while

seeds showed very little strontium accumulation. Autoradio-

grams of pea leaves showed the highest concentration of stron-

tium in the veins.

Jacobson and Overstreet studied the effect of radiation

injury on plants and found that activity levels of one tenth

microcurie per gram of soil were sufficient to cause pronounced

radiation injury over a three-month period. Spinks, Cumming,

Irwin and Arnason (53) also studied radiation injury. They

reported the lethal dose of either Sr9o or P32 for wheat,

barley and sunflower seeds was approximately l.h microcuries
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per seed. Blume (6) was unable to demonstrate distinct

radiation injury from P32 at levels as high as three-tenths

microcurie per gram of soil. Of interest along this line,

Biddulph and Cory (h) suggest fission product radioactivity

causes calcium deficiency. Purslane, Portulaca glpracgg, in

revegetating the denuded areas of Eniwetok Atoll, showed a

striking inverse relationship between total calcium content

and fission product radioactivity. These authors believed

fission product radiation injury results in a disruption of

the calcium absorption.mechanism.

Neel, Gillooly, Olafson, Nishita, Steen and Larson (38)

grew several crop plants in soils artificially contaminated

with various fission products. The found, as did Jacobson

and Overstreet, that strontium is absorbed and translocated

in much larger anounts than cesium, ruthenium, cerium and

yttrium. The observed differences in absorption from.the

various soils was somewhat correlated with the clay type

present. The authors suggest strontium.is more easily absorbed

because it is less strongly adsorbed on the soil colloids. 0f

the crop plants studied, bean and radish accumulated the most

strontium, barley the least, and lettuce and carrotivere in-

termediate. The highest Specific activities were found in

leaves. The corresponding roots were somewhat lower in

activity and the seeds very much lower.
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Rediske and Selders (#5) added radiostrontium (Sr90)to

the soil solution of young Red Kidney bean plants and grew

the plants for extended periods of time. They found there

was no significant redistribution of strontium once it was

mobilized in a leaf, and the total amount accumulated by a

leaf was proportional to its age. Each plant tissue had a

maximum total amount that would accumulate for a given nu-

trient condition. The adsorption of strontium.during a four-

day treatment period.was proportional to its concentration

in.the nutrient solution up to 100 parts per million when the

calcium concentration was constant at 1&0 parts per million.

The strontium content of roots was higher than the tops be-

cause of a high proportion of adsorbed strontium. This ac-

cumulation of strontium on the roots decreased as the acidity

of the nutrient solution increased from.pH 7 to pH h.

Studies Concerned with Foliar Absorption of Nutrients

The literature on foliar absorption and subsequent distribu-

tion and utilization of nutrients by plants has been summarized by

wittwer and Tukey (6S), Ticknor (S9), and Norton (hO). In

general it has been found that rout:- applications of phos-

phorus, nitrogen and potassium.as well as severalmicro-

nutrients can be beneficial to the plant. All of these ele-

ments are apparently easily translocated throughout the

Plant following absorption by leaves.
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Calcium does not appear to be as easily translocated

from the site of foliar application as other nutrients.

Downes (16) found slight downward (basipetal) translocation

from the leaves to the roots of the onion but Norton (hO) working

with the strawberry found little or no movement of CauE

from treated leaves. Haynes and Robbins (23) and Ririe and

Toth (A6) demonstrate another pecularity of calcium trans-

location using the split-root technique with tomato plants.

When the root system of a tomato plant was separated into

two separate culture media, calcium did not move from one

_half of the roots into the other half. One part of the root

system.may die from.lack of calcium even when the other side

is adequately supplied.

The peanut plant has provided another example of limited

calcium movement. Harris (21) and Bledsoe, Comar and Harris

(5) demonstrated a calcium.aupply in the pegging zone is

necessary for fruit development and normal yields. IsotOpe

studies with Cali5 showed the calcium absorbed by the plant

roots is not translocated to the developing fruits once they

are established in the ground. The fruits must absorb their

own supply of calcium.

The report of Wolf and Cesare (66) mentioned earlier, is

the only study located concerning the foliar application of

strontium. They reported the correction of a peach.1eaf

chlorosis by strontium sprays. The correction was obtained
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only on the branches sprayed indicating there was little or

no strontium translocation to branches not sprayed.

The meager evidence available indicates the downward

movement of calcium, and possibly strontium, from foliar

application is either very limited or does not occur at all.
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III. THE PROBLEM FOR INVESTIGATION

It has been demonstrated that plants will absorb stron-

tium.from.a soil or nutrient solution. In small amounts it

does the plant no harm.and may even promote growth. In large

amounts strontium produces a toxicity which varies in magni-

tude depending en the plant species and the relative abundance

of other available nutrients. Part of this investigation is

concerned with the maximum.strontium.absorption by tomato

and beet plants, the effect of plant calcium.eontent upon

strontium uptake, and the effect of high plant strontium on

the absorption of other plant nutrients.

Trace amounts of radioactive strontium in crop plant

tissues represent a health hazard from radiation rather than

from the chemical element itself. Therefore the absorption,

translocation, and subsequent accumulation of small amounts

of radiostrontium in plant tissues will be studied. Equally

as important as root absorption is the study of absorption

by the above ground plant parts. Recent studies have shown

that many micro-nutrient elements and some macro-nutrients

can be supplied to plants, including the roots, by applying

them.to the foliage. This investigation centers on,a study

of the absorption and translocation of radiostrontium.by above

ground portions of plants.



IV. MATERIALS AND METHODS

General

All experimental work was carried out in the greenhouse

during the years 1951, 1952 and 1953. The plants used were

tomato, Lycopersicon esculentum, variety Michigan State Forcing;

beeh,Beta vulgaris, variety Detroit Dark Red; and bean,

Phaseolus vul aris, variety Michelite. Plants were grown in

sand or gravel culture using the nutrient solution recommended

by Hoagland and Arnon (25) the composition of which is given

below. All nutrient carriers used were reagent grade or C?

salt! 0

Nutrient

Nitrogen

Phosphorus

Potassium

Calcium

Magnesium.

Sulfur

Iron

Boron

Manganese

Zinc

Copper

Molybdenum

Hoagland Solution #2

Concentration (ppm)

210

31

23h

160

he

6h

0.8

0.5

0.5

0.05

0.02

0.01

Nutrient Carrier

NHuHZPOh, KNOB, Ca(N03)2

NHhHZPOh

KNOB

Ca(N03)2

M380“

"880,4

Ferric ammonium.citrate

H330

MnCl2 ° uHZO

ZnSOh ° 7H20

CuSOu 0 5320

HéMeoh - 320
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This nutrient solution as prepared in 18 liter lots in

the greenhouse had a specific conductance of 165 mhos x 10-5

and a pH of 7.h. The pH of distilled water provided varied

from 6.5 to 7.5. A specific conductance of 165 mhos x 10”5

is equivalent to an osmotic pressure of 0.59 atmospheres

which is well within the limits recommended by Stout and

Overstreet (S7) for nutrient solution culture.

Ca1cium.nitrate was withheld from.the nutrient solution

when a low calcium level was desired. The nitrogen level

was maintained by adding an amount of ammonium.nitrate equiva-

lent in nitrogen to the nitrogen in calcium nitrate omitted.

The plants for whole-plant autoradiograma were grown in regular

greenhouse sand. All other plants were grown in either Flint-

Shot sand1 or Vausau Quartz #82. Beth.were high grade quartz

and very low in plant nutrients. Wausau Quartz was used when

roots were to be chemically analyzed because the coarse particles

could be easily separated from.the roots without excessive

leaching. Plants were grown in either six-inch clay pots or

two gallon glazed crocks, depending on the size desired. The

clay pots or glazed crocks were placed in a pan filled with

one to two inches of nutrient solution. The solutions were

changed regularly and the sand-occasionally leached with dis-

tilled water to prevent salt accumulation. More specific

descriptions of the culture conditions of various experiments

 

l. Obtained from.0ttawa Silica Sand Co., Ottawa, Illinois.

2. Obtained from.American Graded Sand 06., 29h0-50

Ashland Ave., Chicago, 13, Illinois.
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will be given in the discussion of each. In the one case where

field grown plants were used, samples were harvested from sev-

eral locations at the end of the 1953 growing season and analyzed

for strontium and calcium.

2. Chemical Analysis

A Beckman Quartz Spectrophotometer with hydrogen flame

attachment was used to determing the strontium, calcium, po-

tassium.and sodium content of the plant samples collected.

The technique used was based on the method of Hinsvark, Witt-

wer and Sell (2h) but considerable modification was made since

a hydrogen instead of acetylene burner was used and the sub-

strate was changed from.ten percent to one percent perchloric

acid. Their determinations were made on pure salts of calcium,

strontium and barium using concentrations much higher than

those found in plant tissue unless separation and concentration

techniques are used. The high concentrations in their solu-

tions permitted the use of very narrow slit widths and conse-

quently minimized flame background and interference by other

ions. The great number of samples and the lunited amount of

tissue available made separation and concentration techniques

impractical in this study. Consequently a method was devised

whereby calcium.and strontium could be determined in fairly

dilute solutions in the presence of the other plant ash consti-

tuents, principally potassium, magnesium.and sodium.
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The plant tissue samples were prepared for analysis

using a modification of the A.U.A.C. Methods of Analysis

(1) for plant ash constituents. The following procedure

was employed:

Plant tissue samples dried at 70° C were ground in

a Wiley mill using a no mesh screen. One gram.or two

gram.samples in duplicate were weighed into Lo cc por-

celain crucibles and ashed at 550° C for 10-12 hours.

When cool the ash was wet with distilled water and then

dissolved by adding about two mdlliliters of (1+3)

perchloric acid (Baker's analyzed reagent grade, 70

percent). The ash solution.was heated on the steam

bath for 30.minutes and filtered while warm through

Watman No. no filter paper into a 100 ml. volumetric

flask. The filter paper was washed several times‘with

warm one percent (by volume) HClO . When cool the solu-

tion was made up to volume with o e percent HCth and

transferred to a four ounce screw cap bottle for storage

and subsequent analysis.

The substrate for all samples was one percent (by volume)

perchloric acid. The usual dilution factor was onelgram.of

dry plant tissue made up to one hundred milliliters but with

tissues low in ash, such as tomato fruits and beet roots,

as much as four grams of dry tissue was used. higher con-

centrations tended to plug the capillary tube of the hydrogen

burner. All plant samples were run in duplicate, the values

reported being the average of the'two determinations.

Two thousand parts per million stock solutions of the

individual.metals were obtained by neutralizing reagent grade

carbonates with concentrated perchloric acid and making to

volume with one percent perchloric acid. Stock solutions

were diluted to various concentrations to obtain standard
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curves on the flame photometer (Figure 1). Percent trans-

mittance values for the various elements in plant samples as

well as in standard solutions were obtained using the condi-

tions shown in Table I. All determinations were made with

the spectrophotometer selector switch set at 0.1 and a 10,000

megohn phototube resistor in the circuit. The operating oxygen

pressure was held constant at ten pounds per square inch.

Standard curves were initially made using a fuel (hydrogen)

pressure of 6.5 pounds per square inch but in order to repro-

duce the standard curve from day to day the fuel pressure had

to be varied within the lhmits shown in Table I. Under these

operating conditions there was no flame background in the deter-

minations of strontium, calcium, potassium, and sodium,

The elements causing interference with the flame intensity

are also listed in Table I. Brown, Lilleland and Jackson (8, 9)

corrected for flame interferences by adding an average amount

of the interfering elements to the standard solutions used for

making reference curves. This method is apparently satis-

factory for field grown plants where the‘variation in composi-

tion is not too great and the interfering elements are always

present in the plant tissue. In the present study, strontium,

the main element under consideration, varied from 350 to 0.0

parts per million in the solutions analyzed. The mean of two

such.widely different values, used as the average strontiwm

interference for all samples, would cause considerable error
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in the calcium determinations. The interference problem was

solved by applying individual corrections for the various

interfering ions. The corrected percent transmittance could

then be converted to parts per million by using the standard

curve.

Because of the high flame intensity of potassium as

well as its high concentration in the solutions, the slit

width.was very narrow. Strontium, calcium, magnesium.or

sodium did not interfere with the observed transmittance of

potassium, hence its concentration in an unknown solution

could be read directly from.the standard curve (Figure la)

without correction. Potassium.however, interfered with both

strontium and calcium. Strontium.interfered with the flame

intensity of calcium, and calcium.interfered with strontium.

Magnesium.at any concentration and sodium below fifty parts

per million did not cause any appreciable interference. Above

fifty parts per million sodium.interfered slightly with stron-

tium.flame intensities. All samples from.greenhouse grown

plants contained less than thirty parts per million of sodium,

Only samples from.field grown plants required a sodium.cor-

rection for strontium transmittance. All interferences caused

an increase in flame intensity of the element being determined.

Thus the correctione'were subtracted from the observed percent

transmittance to find the transmittance of the element being

determined. Where two elements such as calcium.and potassiwm
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interfered in the determination of strontium, standard solu-

tions were made up containing both interfering elements and

the resulting interference was found to be nearly equal to

the sum of their individual interferences. That is, the two

interferences were essentially additive (Table II).

To correct for interference, several concentrations of

the interfering element were added to each of several concen-

trations of the element being determined. The deviations of

these percent transmittance values from.the transmittance of

the element alone are shown in Table II, using strontium as

an example. Table II shows that calcium interference is es-

sentially independent of strontium.concentration but that in-

terference by potassium depends not only upon the concentration

of potassium.but also on the concentration of strontium, Thus

two types of correction curves are necessary as shown in

Figure 2. The potassium content of each solution must be de-

termined before a potassium correction can be applied. The

potassium.correction for calcium transmittance was like Figure

2-1 except the corrections were approximately one-third as

large. Strontium.interference corrections for calcium were

similar to but slightly greater than those shown ionigure 2-8.

The concentration of the element in parts per million

was obtained from.the standard curve (Figure 1) after the

corrected percent transmittance was determined. Parts per

nullion in solution was then converted to an expression of

plant composition, either percent dry weight or milligrams



TABLE II

INCREASES IN THE PERCENT TRANSMITTAHCE OF VARIOUS

CONCENTRATIONS OF STRUNTIUM CAUSED B! THE FLAME

INTERFERENCE BX VARIOUS LEVELS OF POTASSIUM AND CALCIUM

 

Interferin Element Strontium concentration (ppm)

(ppm. 0 50 100 200 300

(% Transmittance increases)

0 K 0.0 0.0 0.0 0.0 0.0

50 K 0.2 0.9 1.2 107 202

100 K O.h 1.1 1.8 2.2 3.6

250 K 0.5 1.5 2.h 3.0 h.0

500 K 0.8 1.9 3.0 3.5 5.0

750 K 1.1 2.2 3.h h.5 5.2

1000 K 1.3 205 Be? 500 509

1500 K 1.6 --- h.0 5.6 6.9

0 Ca 0.0 0.0 0.0 0.0 0.0

50 Ca 002 000 -001 -002 0.0

100 C‘ 001‘. 0.3 0.3 -002 0.0

250 Ca 1.0 1.0 1.0 1.0 O.h

500 CE 1.8 1.9 203 108 201

700 Ca 2.6 C‘- 3.1 205 2.8

100 K 4' 100 Ca 203

250 K + 100 Ca 2.?

100 K + 250 Ca 2.9

500 K + 250 Ca 3.9

1000 K + 500 Ca 5.7
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Fig. 2. Corrections applied to the observed

strontium.transmittancs to account for flame

interference by (A) potassium and (B) calcium.
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of element per gram of dry tissue. All the determinations

of strontium, calcium, potassium and sodium for Experiments

1, 2 and 3, as well as the control plants of Experiments 7,

8 and 9, were made by this method.

Spectrographic analyses of Experiment 2 samples for

magnesium, phosphorus, iron, manganese, copper and boron were

made by the Department of Agricultural Chemistry. The method

was an adaptation of the techniques described by Churchill

(10), Cuettel (l9), and Mitchell (37), and is briefly as

follows:

Two grams of oven dried plant tissue were ashed

in the muffle overnight at 600° C. The ash was wet

with 2 ml. of 5 percent LiCl, which provided the

lithium internal standard, and then dissolved by

adding Baml. of H01 (1 + 1). 0.025 ml. aliquots of

the dissolved ash were micrOpipetted to the polished

ends of six carbon electrodes which were then dried

rapidly under infra red heat lamps. At the same

time electrodes of the referee samples were prepared.

Pairs of electrodes were placed in water cooled ig-

nition chamber of a Hilger Large Quartz Spectrograph

and subjected to a controlled A. C. spark for sixty

seconds. Nine unknown.samp1es (in triplicate) and

the four referee samples were run on each spectro-

graph plate (Kodak spectrum analysis #1) which cov-

ered the spectrum range 2h5.0 to 350.0 millimicrons.

After photographic development in D-l9 developer,

the density of the various lines were read using a

Jarrell-Ash Recording Microphotometer. The wave

lengths of the spectrum lines used were: boron, 2h9.7;

-phosphorus, 253.5; magnesium, 277.8; manganese, 29h.9;

calcium, 300.6; lithium, 323.2; and copper, 32h.7

millimicrons. The intensities observed.were then con-

verted to the logarithms of the relative intensity

(Log R. I.) based upon the intensity of the internal

lithium standard. Standard curves, straight lines on

logarithmic paper, were made by plotting the log R. I.

for the referee samples against the known concen-

tration of each element in the referee samples.
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The referee standards were leaf samples of tree fruits

(apple, cherry, peach and citrus) in which the six elements

had been previously determined with considerable accuracy.

The Log R. I. of the unknown sample was referred to the

standard curve to find the percent composition of each ele-

ment. Each value represents the mean of triplicate deter-

minations on one plant ash solution.

3. Autoradiographic Methods

Autoradiograms of whole plants were used to evaluate the

gross intake and distribution of foliar and root applied

radioisotopes at various time intervals following treatment.

Plants used were tomato, beet and bean, and the radioisotopes

studied were CahS, Sr89, Sr90, and Balho. Sections of beet

roots and tomato fruits one and one-half to two millimeters

thick were also used. These were prepared for exposure to

the film either by quick freezing or by drying under heat and

pressure. The X-Ray film used was 8 x 10 incthodak Blue-Brand,

or Kodak No-Screen, which was exposed for various time inter-

vals depending upon the radiation intensity. Evans (17)

points out that X-rhy emulsions are the most sensitive of all

emulsions to beta and gamma radiations but the grain is

large and irregular. however, for gross studies such as

these, their resolving power was adequate. Plants were treated

when they were of such a size that the entire plant including

roots could be pressed on an area 8 x 10 inches.
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Twenty-four autoradiograms could be prepared simul-

taneously using the method of Wittwer and Lundahl (6h).

Exposure times varied from a few days to several weeks de-

pending on the level of radioactivity. The exposure for

each group of plants was kept constant so that the impres-

sion on the film would semi-quantitatively represent the

amount of radiation present in the respective tissues from

the different treatments. After exposure the films were

processed in X-ray developer and fixative.

h. Studies Using Radioactive Isotopes

All radioactive isotopes used in these experiments

were obtained from the Atomic Energy Commission at Oak

Ridge, Tennessee. Early shipments of radiostrontium.were

Sr89 containing 5 - 10 percent of Sr90 and 190, subsequently

referred to as Sr89. Later shipments were received as Sr90

with a radiochemical purity of 99 percent. Both isotopes

were received as the chlorides in weak H01. Radiocalcium

(Cans) was received as CahSClz in weak H01, and radiobarium.

3’2 in weak HNOB. These

isotopes were used to study the absorption and subsequent

(Baluo) was obtained as Ba1h0(N0

translocation of these elements following direct leaf or

fruit application or addition to the root media. Treating

solutions were prepared by adding tracer amounts of the

radioactive isotope to solutions of the stable isotope.
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The usual concentration of radioactive isotope in foliage

treating solutions was one microcurie per milliliter but

there were some exceptions. Specific activities, expressed

as microcuries of radioisotope per milligram of stable ele-

ment, will be given with each experiment. For root treat-

ments the foliage treating solution was diluted several-fold

with water to assure complete distribution in the sand.

Plants were grown in sand or crushed quartz in the

greenhouse as described earlier. When of sufficient size

they were randomly selected for treatment. Root treatments

were applied by pouring the isotope solution on the sand

around the stem. The enamel pans in which the pots or

crocks were placed were not emptied between treatment and

harvest time. Leaf applications were made by dipping the

leaves in a beaker or pan containing the isotope solution.

Tomato fruits were treated by painting the isotope solution

on the surface or, in one case by injecting it into the

fruit with a hypodermic needle. A suitable wetting agent

was added to the dipping solutions. The specific conditions

of plant growth, nutrient solutions and treatment application

will be given with each experiment.

Plant parts were harvested after the specified treatment

period, fresh weights determined, dried at 70° c, and then

weighed again. Except for Balho samples, the dry tissue was

ground through a h0-mesh screen in a Wiley mill and then
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thoroughly mixed. Radiobarium samples were broken up by

hand, ashed, and the ash was taken up in dilute HCl. Barium

was precipitated as the carbonate, filtered,and the precipi-

tate transferred to round, flat bottom tin boxes.1 Radio-

calcium samples were prepared by weighing 0.2268 gram of

tissue, equivalent to twenty milligrams per square centimeter,

into a tin box. The tissue was spread uniformly over the

bottom of the box and then ashed in the muffle furnace.

Radiostrontium samples were prepared for counting merely by

uniformly spreading a weighed amount of ground tissue over

the bottom of a tin box or Coors capsule.2 The dry plant

tissue was counted without further treatment.

Regardless of the method used to prepare samples for

counting, self-absorption curves were made for each isotope

in each different geometry using the method of Schweitzer and

Stein (50). Sample sizes for counting were chosen so that

self-absorption would be negligible. Thus self-absorption

was avoided rather than corrected for by calculation. Where

corrections for half-life were necessary, the formulas given

by Kamen (30) were used. This was ordinarily avoided by count-

ing the treating solution reference samples at the same time

as the plant samples and making all counts of comparable

— A

——

1. Labelstik tin boxes, gold lacquered, oneghalf ounce

Size. Obtained from.George D. Ellis and Sons., Inc., Myers

Manufacturing Division, Camden, N. J.

2. Coors glazed porcelain ashing capsules, four centi-

meters in diameter, one centimeter high, with flat bottom.and

Straight sides. Obtained from.Central Scientific Company,

1700 Irving Park Road,Chicago, 13, Illinois.
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\

samples within a short time interval. Samples were counted

either in a Tracerlab Model SC-lB Autoscaler or a Nuclear

Instruments and Chemical Corporation, Model 172 Ultrascaler.

Both instruments were equipped.with shielded counting chambers.

The final data are expressed in terms of micrograms of

the element, per‘gram.of dry tissue, derived from the isotope

treatment. Values were calculated as follows. The treating

solution was originally prepared to contain a certain molar

concentration of the element under study. From this the DUMP

ber of micrograms of the stable element per milliliter of

treating solution could be calculated. The weight of the radio-

isotope was neglected because even Sr90 with its long half-life

weighs only 6.31 x 10'3 micrograms per microcurie. The counts

per minute per milliliter of treating solution were obtained

by counting the reference samples. Dividing the counts per

minute per milliliter by the micrograms per milliliter gave

the number of counts per minute representing one microgram of

the element. All plant tissue counts were converted to counts

‘per minute per gram.of dry tissue. These values divided by

the counts per minute per microgram of the element equal the

value for micrograms of the element, derived from the isotope

treatment, per gram.of dry tissue.
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V. RESULTS

The experiments may be separated as follows. Those

concerned with the absorption and translocation of strontium,

calcium and barium as indicated by, (1) chemical analysis,

(2) autoradiography and (3) radiation counting.

A. Absorption and Translecation of Strontium.in Tomato and

Boot Plants as Determined by Chemical Analysis

Objective

To determine the quantity of strontium, calcium and

barium absorbed by tomato and boot plants grown at two levels

of calcium when the treatment period is short (h days).

Materials and Methods

Seeds of the two vegetables were planted in Wausau

quartz #8 on March 20, 1952. Seedlings were transplanted into

six inch clay pots on April tenth. A two-inch square of brass

window screen prevented loss of quartz through.the drainage

hole. Each pot was placed in a two quart enamel pan filled

with.nutrient solution. All plants were grown in full hoag-

land's solution until May 20, a period of forty days. At
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this time the 56 most uniform plants of each crop were se-

lected for treatment and divided into two groups. One half of

the plants were continued on regular Hoagland's solution; the

other half were given a minus calcium nutrient solution.

hereafter the two groups of plants will be referred to as

"high Ca" and "low Ca" plants.

These nutrient conditions were continued until appli-

cation of treatments on May 31 and June 1. At the time of

treatment tomato plants were three to four feet tall and

had a few small fruits on the second cluster. The first

cluster of flowers did not set fruits. Beet plants were

12-lh inches high and had a root diameter of one and one-

half to two inches. All plants were normal in appearance.

Pots containing plants to be foliage treated were completely

filled with sand and then covered with corrugated cardboard,

held in place with Scotch tape, so that plant and pot could

be inverted without disturbing the roots.

The foliage treating solutions consisted of 0.h percent

calcium chloride (0.0272 M) or chemically equivalent amounts

of strontium or barium.chlorides. Actual amounts ofthe three

elements in dipping solutions were 1.09 grams Ca per liter,

2.39 grams Sr per liter, and 3.75 grams Ba per liter. Triton

8-19561 was added as a wetting agent. Tomato plants were

‘marked above the sixth leaf with a ring of absorbent cotton;

_‘

1. Obtained from.Rohm.and haas Company, Philadelphia,

Pennsylvania.
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the stem, leaves and shoots below the mark being designated

as "lower foliage", and everything above the mark "upper

foliage". The upper foliage of tomato plants and the entire

foliage of beet plants were dipped in and thoroughly wet by

these solutions. Tomato plants were laid on their side and

beet plants were inverted until the dipped portions were

thoroughly dry. Each treatment was replicated four times.

Treatments to the root media consisted of adding 160

ppm of calcium.er chemically equivalent amounts of strontium

(350 ppm) or barium.(5h9 ppm) as the chlorides to the regu-

lar "high calcium” and "no calcium” nutrient solutions. The

only change made in the basic nutrient solutions was to sub-

stitute M'gCl2 for the ugsoh with barium.treatments to prevent

the precipitation of BaSOu. The six groups of plants and

their respective root treating solutions were placed in six

large pans 50 by 27 inches and h inches deep, each pen holding

36 liters of nutrient solution. No water or additional nu-

trient solutionwwas added during the four day treating period.

All plants were harvested after 96 hours of treatment.

Samples were dried initially at 50-60°C in a large ferced

air dehydrator and finally in a constant temperature oven at

70°C. Dried samples were weighed and then ground in a Wiley

mill using a hO-mesh screen. Two gram.samples in duplicate

were ashed, taken up in one percent perchloric acid, and anal-

YZed for calcium, strontium.and barium.on the flame spectro-

phOtometer a
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Results

Results of the strontium treatments are shown in Tables

III and IV. These data show that there was considerable dif-

ference in calcium content of the "high Ca" and "low Ca" plants,

with the most marked differences being in beet roots and the

0 upper foliage and roots of tomato. Tomato plants accumulate

a higher concentration of strontium.in leaves and roots during

a four-day period than do beets. The high calcium tomato

g
n
u
-
a
w
n

I
.
I
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—
’
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i
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.
i
n
s
.
.
.
_

—
—
.
"
' r

plants took up more strontium than.the low calcium plants

while the reverse was indicated for beets. There was little

or no downward movement from.foliage applications to either

tomato or beet.

Calcium analysis of the calcium treated plants showed so

much variability than only trends could be noted. High cal-

cium.plants appeared to take up as much calcium.from reot

treatments as low calcium plants. There was no evidence of

downward movement from foliage applications.

.
.

5
!

Very high calcium and potassium interference combined

with a high flame background prevented a valid determination

of barium.by the flame photometer method used. There was one

interesting observation on the soil treatment of tomato with

barium. High calcium.plants showed no vixible effect from

5&9 ppm barium in the nutrient solution but low calcium.plants

were severely affected. Wilting of foliage began on the third

day of treatment and by harvest time all four plants were comp

Pletely wilted and their roots were dead or dying. Low cal-

¢1um.beet plants were not affected.
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TABLE IV

TOTAL STRONTIUM ACCUMULATED BY THE ROOTS AND LEAVES OF THE

TOMATO AND BEET AT HIGH AND LOW LEVELS OF CALCIUM

(Milligrams for total plant organ - mean of four replications)

 
L

:.

Strontiwm

 

 

Nutrient Upper Lower

 

 

0

rep Treatment Status Foliage Foliage Hoot

mam 81‘ mam Sr mam Sr

Applied High Ca 65.10 37.88 2h.53

to roots Low Ca 33.79 33.99 18.68

TOMATO Applied to High Ga 63.52 0.18 0.00

upper Low Ca h7.38 1.9h 0.03

foliage '

contrOl High Cu 0.00 0.00 0000

MW Ca 1034'. 1071 003‘].

Complete Foliage Root

mam Sr mam Sr

Applied High Ga 3.66 7.5M

to roots Low Ga 5.08 10.85

BEET Applied to High on 8.15 0.11

complete Low Ca 10.72 0.36

foliage

Control High Ga 0.61 0.38

Low Ga 0.76 0.00
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Experiment 2

Object1ve

To study the growth and mineral composition of tomato

and beat plants when grown for prolonged periods in nutrient

solutions containing various amounts of calcium, strontium

and combinations of calcium.and strontium.

Materials and methods

Plants were grown in twelve different nutrient solutions

(Table V). Full Hoagland's solution was used for all treat-

ments except that calcium was reduced, combined with stron-

tium, or substituted by strontium in the various treatments.

When the sum.of calcium nitrate and strontium.nitrate was

less than eight milliequivalents per liter, ammonium nitrate

was added to make up the lost nitrogen. The treatment desig-

nations shown in Table V refer to the equivalent percentage

of the element in relation to full Hoagland's solution cal-

cium (160 ppm). These designations will be used in the

tables, figures, and discussion which follow.

Tomato seeds were planted in vermiculite on September 23,

1952. Seedlings were transplanted to Wausau Quartz #8 in

nix-inch clay pets on October 29. Treatments were started two

9333 later. Harvests of five plants each.were made after 30

and hbvdays of growth in the various nutrient solutions. Beets

"BTW! seeded in vermiculite on November 23, 1952, and transplanted
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to new wausau Quartz #8 on January 8, 1953, at which time

treatments were initiated. Five plants were harvested at

each of the harvest period, u6, 68, and 90 days after the

beginning of treatment. Twelve large pans 50 by 27 inches

and four inches deep were used so that the plants for each

treatment were continually subjected to the same solution.

The nutrient solutions were changed weekly to prevent build-

up of salt concentration and algae population.

Yield data collected included height measurements of

both tomato and boot, root diameters of beets, fresh weight,

and dry weight. The plant tissues were analyzed for potas-

sium, strontium.and calcium using the flame spectrophotometer

and for the elements magnesiwm, phosphorus, iron, manganese,

copper, and boron.using the spectrograph.

The statistical treatment consisted of calculating the

standard deviation from.the mean of the five values for any

particular measurement. In the following discussion any

treatment mean which fell outside two standard deviations

from.the mean of the 100 0a treatment was considered signifi-

cantly different from.the 100 Ca treatment. Numerical values

of the 100 Ca mean plus and minus two standard deviations (s)

are given in all tables._ In all cases the 100 Ca treatment

was used as the basis for comparison. There were some dif-

ferences between means however, which appear real even though

the difference is not as large as two standard deviations.

This resulted from.high variability in the measurements of



no

the five 100 Ca samples. The differences among plants

treated alike is an indication of natural plant variability

and genetic heterogeneity. The analysis of variance was

not used because the method of growing plants did not meet

the random.distribution requirement.

Results

A. Observations. Tomato plants showed no visible

effect of the treatments for the first fifteen days. By

the twentieth day plants receiving the 100 Sr treatment were

showing a lag in growth. At 22 days strontium.toxicity

symptoms began to appear on the leaves, and by 28 days these

symptoms were well developed and began to appear in the 75

Sr and 25 Ca + 75 Sr treatments. However the latter had

much loss injury than either 75 Sr or 100 Sr. The pattern

of leaf necrosis was interesting. The newly formed leaves

appeared normal until they became two to three inches long.

0f the four or five fully expanded leaves the younger ones

showed a marked necrosis of the tips of the leaflets while

on older leaves the necrosis appeared at the base of the

leaflets with the tip remaining green. At the 30 day harvest,

the roots of all plants appeared.normal except that roots

of plants receiving the 100 Sr treatment were somewhat

smaller.

Strontium toxicity continued to increase until the

final harvest at A6 days. By this time most leaves of plants
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receiving the 100 Sr treatment were completely dead but

new leaves continued to form at the apex. A few leaves

were also dead on plants grown at 75 Sr. Strontium

toxicity was evident on plants in the 50 Sr and 25 Sr

treatments but it decreased sharply with the amount of

strontium in the nutrient solution. Injury was present

on plants in the 25 Ca + 75 Sr treatment but was less se-

vere than with those grown at 75 Sr without calcium, There

was no evidence of calcium deficiency or strontium.toxicity

in other treatments. The plants in the 0 0a + 0 Sr treat-

ments were as vigorous and healthy as those in treatments

receiving calcium. These plants were apparently obtaining

sufficient calcium to support growth.from impurities in the

distilled water or nutrient salts. Tomato roots did.not

show any of the usual symptoms of calcium.deficiency in any

treatment. Only the roots of plants in the 100 Sr and 75

Sr treatments were appreciably smaller than those in the

100 Ca treatment. Two of the treatments, 25 Ca and 0 Ca +

0 Sr, appeared to have larger root systems than the 100 Ca

treatment. There was one marked difference between high

calcium and low or no calcium roots. The fresh tomato roots

in the 25 Ca, 50 Ca + 50 Sr, 25 Ca + 75 Sr, 100 Sr, 75 Sr,

50 Sr, 25 Sr, and 0 Ca + 0 Sr treatments were much.more

brittle than the roots of the other four treatments.

Initial growth of beet plants was very slow through

the month of January because of short days and low light
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intensity. After thirty days of treatment the plants in

the 100 Sr treatment were noticeably smaller than those

in all other treatments, and dark red patches began to

develop on the leaf blades. This redness of the leaves

was also present to a lesser extent on plants in the 75 Sr

and 25 Ca + 75 Sr treatments at the timm of the first har-

vest. By the second harvest at 68 days the reddening of

younger leaves had become more general on plants in the 100

Sr, 75 Sr and 25 Us + 75 Sr treatments and was also evident

on plants receiving the 50 Sr and 25 Sr treatments. This

symptom.was much less pronounced on plants in.the 25 Ca +

75 Sr treatment than on those in the 75 Sr treatment (see

Figure 7). Plants in 100 Sr and 75 Sr treatments were con-

siderably smaller than those in all other treatments. These

conditions persisted until the final harvest at 90 days.

Shortly after the second.harvest the 25 Ga plants nearly

stopped growing so at the third harvest these plants were

considerably smaller than the 100 Ca plants.

The pictures shown in Figures 3 to 8 were taken two

days before the third and final beet harvest. They show

the differences between treatments and particularly the

poor growth of plants in the 25 Ca, 100 Sr and 75 Sr nu-

trient solutions. The dark red color produced by leaves of

plants in strontium treatments is probably a symptom of

strontium.toxicity rather than calcium deficiency because



Fig. 3. Boot plants grown for 88 days in

nutrient solutions with decreasing

calcium content and no strontium.

 

Fig. a. Best plants grown for 88 days in

nutrient solutions with decreasing

strontium.content and.no calcium.
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Fig. 6.

Beat plants grown for 88 days in nutrient

solutions containing the highest levels

of calcium.(left) and strontium (right)

andrwith various combinations of the two

elements (center).

Beet plants grown for 88 days at the

highest levels of calcium (left) and

strontium (center) compared with a

plant grown in nutrient solution with

- no calcium or strontium.added (right).
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Fig. 7.

Fig. 8.

Boot plants grown for 88 days in the

nutrient solutions indicated. note

the greater strontium toxicity when

calcium is absent from the nutrient

solution.

Beet plants grown for 88 days in the

indicated nutrient solutions showing

better growth by a low level of

strontium.tnan a low level of calcium.



Figure 8

 

Figura 7
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both apical and root growing points were not affected and

the 0 Ca + 0 Sr treatment did not have the symptom. Figures

5 and 7 show that the addition of calcium to the nutrient

solution suppressed the leaf color change. Many of the red

leaves did not develop full size and were more rigid and

erect that normal leaves. ‘The beet roots showed no toxicity

or deficiency symptoms. The fleshy roots all appeared nor-

mal even though there was considerable difference in size.

Fibrous roots in the various treatments were all about the

same except in the 25 Ca treatment where they were much

darker in color.

B. Growth measurements. Several plant measurements

were taken at the various harvest times. These are shown

in Table VI. Tomato plants were significantly shorter in

the high strontium treatments at both.harvests. Beet plant

heights and root diameters were also less at the high stron-

tium levels but the differences were not as pronounced as

with the tomato. ' The. small size of‘beet plants in the 25

Ca treatment at 90 days is also evident in Table VI. Beets

‘were apparently more tolerant of strontium than tomato

plants because there was no necrosis of beet leaves.

The dry weights are shown in Table VII for tomato plants

andrTable VIII for beet plants. These values are presented

graphically in Figures 9 and 10. Total plant dry weights

at the final harvests are also shown in Figures 15 and 16.
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nutrient solutions on the dry weight of beet

plants treated for ué, 68 and 90 days. (Mean

of five plants.)
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Figures 9 and 10 show that top growth and root growth are

about equally affected by treatments depressing total

growth. Plant growth was least in the 100 Sr treatment

by both crops at all harvests. Smaller amounts of strontium

in the nutrient solution had much less effect on growth.

Where calcium and strontium.were present together, growth

was better than with the same amount of strontium alone,

and for beet plants, it was also better than the same amount

of calcium.alone. Figure 10 shows that the poor growth of

25 Ca plants did not appear until the 90 day harvest. The

normal growth of plants in the 0 Ca + 0 Sr treatment was

unexpected but nevertheless apparent at all harvests.

Average Top/Root ratios on a dry weight basis are shown

in Table IX. The 25 Ga and 0 Ca + 0 Sr treatments caused

a significantly lower tomato plant T/R ratio than any others,

due primarily to greater root production. The treatments

had no significant effect on the T/R ratio of beets.

Treatments also had little or no effect on the percent dry

weight of tomato or beet tissues as shown in Table X. The

high.percent dry weight of tmmato tops grown in 25 Ca + 75 Sr,

100 Sr, and 75 Sr treatments was caused by some leaf tissu.

being dead and dry at the time fresh.weights were taken.

c. Chemical Analysis. Spectrographic analysis of

the samples harvested from.tomato plants grown for M6 days



TABLE IX

53

DRY WEIGHT TOP/ROOT RATIOS 0F TOMATO AND BEEI‘ MTS Gm'u'N FOR

unions LHGTHS OF TIME IN NUTRIbN‘l‘ SOLUTIONS (UNTAINING

012'me! ADMITS OF CALCIUM AND STROHTIUII.

(Values given are the mean of five plmta)

 

 

 

 

Treatment Tomato Beet

30 days 46 dq. 46 days 68 days 90 days

100 0a 8.71 10.49 3.27 1.43 .686

75 C. 8.73 9.85 3.37 1.45 .804

50 00 8.11 9.10 3.90 1.58 .721

25 C. 4.73 6.35 3.64 1.49 .733

75 0. + 25 Sr 7.11 9.25 3.5. 1.72 .970

50 0. +50 Sr 6.63 10.56 3.72 1.97 .720

25 0. +75 81' 0.00 9.47 304° 1.64 .808

100 Sr 7.59 10.71 3.73 1.65 .745

75 Sr 0.57 9.60 3.80 1.36 .013

50 81' 0.71 9.10 3.00 1.40 .804

25 Sr 7.“ 9.49 3.48 1.54 .780

0 C. + 0 Sr 6.43 7.43 3.91 1.43 .743

100 Ca New +2 8 9.83 11.71 4.53 1.99 .880

100 Ca M6811 -2 3 7.59 9.27 2.01 0.87 .492
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SS

in the various culture solutions are shown in Table XI.

Table XII contains the same data for the 90 day beet

plant samples. Tops and roots were analyzed for the ele-

ments magnesium, boron, phosphorus, iron, manganese and

copper. Tables XIII and XIV show the top and root content

of potassiwm, calcium and strontimm in tomatoes and beets

at all harvests. These values were determined by use of

the flame spectrophotometer. The plant composition of

all nine elements at the time of final harvest are shown

in Figures ll, 12, 13, and In for tomato tops, tomato

roots, beet tops and beet roots respectively.

These tables and figures show that the nutrient solu-

tion variables, calcium and strontium, vary in the plant

tissue in proportion to the amount in the nutrient solu-

tion. The only exception was the strontium.content of

beet roots where both 50 Sr and 75 Sr treated roots con-

tained more strontium than those in the 100 Sr treatment.

All plants contained some calcium.even where none was

added to the nutrient solution. The different nutrient

treatments had little effect on the content of potassium

and copper in any of the four plant tissues.

The effect of treatment on plant tissue content of

the other five elements can be summarized as follows. The

mineral concentration in tissues from.plants grown in the

100 Ca nutrient solution was used as the standard for

comparison.
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TABLE XIII

THE INFLUBICE OF VARIOUS CALCIUM-S‘I‘HONTIUM NUTRII'NT SOLUTIONS ON THE POTASSIUM,

CALCIUM 1ND STRWTIUM (INTENT 0F TOMATO PLANTS TREATED 130R 30 AND 46 DAYS

(Flue photometric mslysie. Gonomtretion expressed

as percent of the dry weight.)

 

 

 

Trestnmt Growth Pct as sium 081 cian Stronti 1111

Period Top Root Top Root Top Root

100 0. 30 days 8.48 7.07 1.34 0.37 0.02 0.01

46 a“. 7.19 6.16 1.43 0.49 0.01 0.02

46 dsys 7.50 6.51 1.01 0.16 0.02 0.01

50 CC 30 6”. 8.65 6.91 0.71 0.14 0.02 0.01

46 days 7.68 6.26 0.65 0.13 0.01 0.02

46 dqfl 6.96 5.66 0.61 0.” 0.02 0.02

75 C. + 25 Sr 30 d”! 8.09 6.69 1.27 0.43 0.58 0.24

46 days 7.14 5.85 1.28 0.40 0.63 0.42

50 C. + 50 Sr 30 days 7.69 6.58 1.07 0.33 1.00 0.58

46 days 7.68 6.87 0.94 0.29 1.14 0.72

25 C. + 75 s.- 30 days 8.01 6.30 0.79 0.22 1.48 0.76

46 days 6.78 5.50 0.66 0.16 1.65 0.78

100 Sr 30 (la! 7.15 6.83 0.61 0.15 2.36 1.07

46 days 7.01 6.36 0.41 0.10 2.34 1.02

75 31' 30 days 7.78 6.56 0.44 0.07 1.32 0.94

46 dvl 7.21 6.23 0.27 0.04 1.61 0.70

50 31‘ 30 days 8.02 6.32 0.34 0.05 0.88 0.46

46 0W8 7.66 5.46 0.24 0.04 0.91 0.64

25 s:- 30 days 7.79 6.15 0.24 0.05 0.48 0.25

46 0W8 7.34 5.74 0.18 0.04 0.47 0.46

0

0‘ + 0 81' 30 d”! 7.64 6.14 0.14 0.04 0.01 0.02

1 46 dw. 7.05 6.14 0.11 0.03 0.00 0.01

1W3 46 Bays 8W -- 1.49 -- A 0.02 --

earl -2 s 46 days 6.61 -- 1.37 -- 0.00 --



‘l



59

TABLE XIV

THE INFLUI'N CE OF VARIOUS CALCIUM-STRONTIUM NUTRIBWT SOLUTIONS ON THE POTAbSIUM

CALCIUM AND STRWTIUM (INT FNT 0F BEEP PLANTS TREATED FOR 46, 68 AND 90 DAYS

(Flame Photometric analysis. Concentration expressed 88 percent of the dry weight)

—_

‘—

 

 

Trestment Growth Pot 88 8111111 01 01um Strontium

Period Top Root Top Root Top Root

100 0. 46 days 8.59 4.90 1.51 0.25 0.06 0.02

68 days 8.26 3.94 1.98 0.20 0.06 0.01

90 day. 9.07 3.99 1.85 0.19 0.02 0.02

68 d”. 7.71 3.92 1.52 0.14 0.07 0.01

90 days 8.35 3694 1.64 0.14 0.02 0.01

50 c. 46 day. 7.60 5.12 1.08 0.20 0.16 0.08

68 days 7.39 5.90 1.14 0.10 0.10 0.02

90 d”. 8.02 4.03 1.22 0.09 0.08 0.01

25 46 days 7.84 4.62 0.60 0.06 0.m 0.02

68 dsys 6.92 4.02 0.76 0.04 0.07 0.01

90 d“. 6.93 5.37 0.80 0.05 0.07 0.02

75 C. + 25 Sr 46 day. 8.16 5.09 1.40 0.23 0.60 0.15

68 days 7.89 4.04 1.70 0.18 0.78 0.14

90 5”. 8.10 3.58 1.70 0.13 0.75 0. 23

50 C. ‘l’ 50 Sr 46 615’. 8.47 5.42 1.10 0.21 1.24 0.41

68 day. 7.74 3.71 1.18 0.14 1.52 0.30

90 day. 8.48 3.37 1.40 0.07 1.68 0.40

68 days 7.78 4.18 0.96 0.10 2.59 0.49

90 6818 8.78 3.87 0.91 0.07 2.37 0.44

100 Sr 46 6w. 7.99 6.01 0.49 0.” 2.14 0.69

68 day. 8.42 3.88 0.48 0.05 2.94 0.59

90 days 9.15 4.05 0.48 0.04 2.99 0.38

75 Sr 46 dsys 7.82 4.88 0.58 0.09 1.69 0.66

68 d”! 8.01 3.64 0.48 0.06 1.83 0.56

90 6”! 8.78 3.74 0.39 0.04 2.04 0.58

50 Sr 46 dws 7.38 4.62 0.50 0.m 0.92 0.68

68 days 7.76 3.72 0.52 0.04 1.18 0.63

90 6”. 8.14 8.66 0.44 0.04 1.18 0.76

26 SP 40 a”. 7.40 4.60 0.44 0.07 0.51 0.32

68 6W3 8.26 4.22 0.$ 0.04 0.48 0.68

0 90 day. 8.34 4.05 0.36 0.02 0.53 0.33

0., 0 Sr 46 6”! 8.11 4.85 0.25 0.04 0.“ 0.04

68 «y. 8.11 3.66 0.26 0.02 0.01 0.01

90 dtys 7.90 3.37 0. 27 0.02 0.03 0.00
\

c. Mean + 6
Me 2 s 90 days 10.81 5.99 2.29 0.28 0.05 0.03

‘2 s 90 days 7.33 1.99 1.37 0.10 0.00 0.00
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Fig. 11. The influence of various calcium-

.trontium nutrient solutions on the mineral

content of tomato tops treated for I46 days.
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Thxmito tops: The iron concentration varied somewhat but

variation was not correlated with treatment. Boron

was significantly higher in the 25 Sr and 0 Ca + 0 Sr

treatments but was otherwise relatively constant. All

the 0 Ca treatments except 100 Sr and 75 Sr showed a

significant increase in phosphorus, magnesium and

manganese concentration.

Tomato roots: Variation in nutrient solutions had little

Beet

Beet

effect on magnesium.and boron concentration. Phosphorus

and manganese were also fairly constant except that

0 Ca + 0 Sr showed a considerably higher phosphorus

concentration and 25 Ca roots had low manganese. Iron

was much higher when calcium.was absent from the nutrient

solution.

tops: A lack of calcium in the nutrient solution.

caused some increase in boron, and a significant in-

crease in phosphorus and manganese. Iron was appreciably

higher in the 50 Sr, 25 Sr, and 0 Ca + 0 Sr treatments.

The addition of strontimm to the nutrient solution,

regardless of calcium.eontent, caused a significant

increase in.magnesium.content.

roots: The treatments had no significant effect on

boron and iron content. Lack of calcium in the nutrient

solution caused an increase in manganese content; high
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strontium caused an increase in magnesium; while either

a lack of calcium or high strontium caused an increase

in phosphorus content.

These results show that in many cases strontium can be

added or substituted for the nutrient solution calcium and

not cause any pronounced effect upon the absorption and ac-

cumulation of other plant nutrients. 0n the other hand the

tissue accumulation of some elements is considerably affected

by the addition of strontium or the withholding of calcium.

The plants in this experiment were found to contain gen-

erally higher concentrations of several elements than those

given by Beeson (2) and Goodall and Gregory (18) for tomatoes

and beets. however, the analyses for calcium, potassium,

maSinesium and phosphorus agree well with those of Newton (39)

who grew plants in nutrient solutions very similar to the 100

Ca treatment here. He noted that plants grown in sand or

solution culture are often higher in mineral constituents,

PPObably because nutrient solutions are more concentrated

than normal soil solutions.

It is interesting to compare the mineral content'of

Plant tops with that of the roots. Tomato tops contain more

Potassium, calcium, magnesium and boron, while the roots are

higher in phosphorus, iron, manganese and copper. Beet tops

°°ntain more potassium, calcium, magnesium, boron and mangan-

°3°. while the roots are higher in iron and copper. It should
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b. recognized that some and perhaps much of the mineral con-

centration recorded for roots represents adsorbed rather than

absorbed nutrients. Phosphorus is about the same in beet

tops and roots. Both tomato and beet plants accumulate a

higher concentration of strontium in the tops than in the

roots when grown for prolonged periods in strontium solu-

tions. Where analyses were made at all times of harvest

(Tables XIII and XIV) it was found that the potassium content

of beet tops tends to increase with age while in beet roots,

tomato tops and tomato roots the tendency is for a decrease.

A comparison of calcium and strontium absorption on a

Percent dry weight basis is not strictly valid because of

the higher atomic weight of strontium. Therefore the plant

content of these two elements was converted to milliequiva-

lents per gram of dry tissue. These values are shown in

Table XV for tomato and Table XVI for best. They are also

Shown in Figures 15 and 16 where a comparison is made with

the total plant dry weight at the last harvest. On a milli-

equivalents basis tomato tops and beet tops can accumulate

nearly as much strontium as calcium. Tomato and beet roots

8oppear to take up as much or more strontium than calcium but

Part of the strontium determined in root samples may be ad-

sorbed on the roots rather than absorbed into them. It should

also be noted that the addition of strontium to the 75, 50

and 25 calcium levels generally caused an increased accumu-

lation of calcium in all four tissues, although the increase



TABL E XV

6?

CALCIUM AND STmNTIUM (DNTE‘IT 0F TOMATO PLANTS EXPRESSED A5

MILLIEQUIVALEITS PER GRAN 0F DRY TISSUE AFTER 30 AND 46

(Values given are

DAYS OF GmVITH IN VARIOUS CALCIUM - STmNTIUM

NUTRI HIT SOIUTIONS.

the average of five plate.)

 

30 days 46 days

1' :- eetment hicium Strontium 0.1 oias Strontiun

__ Top Root Top Root Top Root Top Root

10° 0. .695 .185 .004 .002 .715 .245 .002 .004

75 c. .555 .150 .002 .002 .505 .080 .004 .002

50 c. .555 .070 .004 .002 .525 .065 .002 .004

25 0- .570 .060 .004 .004 .255 .040 .004 .004

75 0n + 25 Sr .655 .215 .152 .054 .640 .200 .145 .095

5° 0. + 50 s.- .555 .165 .227 .154 .470 .145 .259 .185

25 G. + 75 s.- .595 .110 .556 .172 .550 .080 .574 .177

1 00 Sr . 305 . 075 . 566 . Z43 . 205 . 050 . 631 . 232

75 SP .220 .035 .300 .216 .135 .020 .343 .159

50 Sr .170 .025 .200 .104 .120 .020 .206 .145

26 ST .120 .025 .109 .057 .090 .020 .107 .104

0 Co. + 08:- .070 .020 .002 .004 .055 .015 .000 .004
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Fig. 15. Tomato plant celcium and strontium

content in relation to total dry

weight after ab days of treatment

witn verioua calcium-strontium

nutrient salutione. (Mean of five

plants.)
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Fig. lb. Beet plant calcium.and strontium

content in relation to total dry

weight after 90 days of treatment

with various calcium-strontiumm

nutrient solutions. (Mean of five

plants.) v
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was less pronounced in beet roots than the other tissues.

Conversely, the addition of calcium.to the 75, SO, and 25

strontium levels resulted in increased strontium accumula-

tion in tomato tops and beet tops, had little effect on the

strontium content of tomato roots, and depressed the stron-

tium.content of beet roots. Thus it would appear that cal-

cium.and strontium, when present together in a nutrient

solution, generally aid the accumulation of each other in

beet tops and tomato tops.

Egperimentgj

Objective

To analyze field grown plants for strontium.and calcium.

The determination of strontium.should show whether the soils

in the vicinity of East Lansing, Michigan, contain any appre-

ciable available strontium. Calcium analysis will allow

comparison between field grown plants and those grown in sand

culture greenhouse experiments.

Materials and Methods

Tomato, beet, pepper and eggplant samples were collected

from three locations on September 23, 1953. Samples one

through six came from.aeveral locations at the Horticulture

Farm. Samples seven through ten were taken from the author's

home garden, and samples eleven and twelve came from.a garden
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north of East Lansing. Duplicate four gram samples of oven

dried tissue were ashed in the muffle at 600° C for twenty

hours and taken up in one percent perchloric acid in the

usual manner. Potassium, sodium, calciwm and strontium in

these solutions were determined on the flame spectrophotometer

by the method described earlier. The potassium and sodium

determinations were used only to correct for flame inter-

ference with calcium.and strontium.

Results

The plant tissue concentration of calcium.and strontium

expressed as percent of the oven dry weight are shown in

Table XVII. A few samples contained trace amounts of stron-

tium.but in most samples none could be detected by the flame

spectrophotometer method. These data indicate there is very

little available strontium.in the soils of this area. The

analyses show that the test plant leaves contain considerable

calcium.while tomato fruits, pepper fruits, and best roots

are normally low in this element. Samples two and four,

where best leaf blades and petioles were analyzedseparately,

show that most of the beet leaf calcium is contained in the

blade.



 

7.5

TABLE XVII

CALCIUM AND STRONTIUI GNTENT 0F TOMATO, BEE, EBGPLANT AND

PEPPER PLANTS GROWN UNDER FIELD (DNDI‘TIONS

 

 

Snple Flat Tissue Percent of the Dry Weight

Calcium Strontim

1a Beet roots 0.06 .004

5 Boot tops 1.54 .000

2a Beet leaf blades 1.67 .000

b Beet leaf petioles 0.28 .002

3a Beet roots 0.06 .002

b Beet tops 1.41 .000

4a Beet leaf blades 1.42 .000

b Beet leaf petioles 0.24 .000

5a Pepper fruits 0.02 .006

1: Pepper leaves 2.35 .004

6a Tomato fruits 0.02 .004

5 Tomato leaves 4.06 .000

7a Beet tops 2.3 .000

5 Boot rector 0.18 .000

8a Tomato fruits 0.03 .000

1) Tomato leaves 4.78 .000

9a Pepper fruits 0.04 .000

5 Pepper leaves 4.67 .000

10a figplmt leaves 3.88 .000

III BO“ top. 109‘ .m0

b Beet roots 0.09 .000

12a Tomato leaves 4.42 .(DO

15 Tomato fruits 0.03 .002
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B. Comparative Absorption and Translocation of Radio-

strontium, Radiocalcium and Radiobarium in Tomato, Beet

and Bean Plants as Determined by Autoradiography

Experiment_g

Objective

The semi-quantitative determination of calcium, strontium

and barium absorbed and translocated by bean, tomato and beet

plants following application to the roots or leaves.

Materials and Methods

Plants were grown in the greenhouse during the fall and

winter of 1951-1952, and treated when of sufficient size to

bepressed flat on an eight by ten inch area. Bean, tomato

and best plants were treated with cans and Sr89 while only

tomato and.beet received Balho. The plants were harvested,

dried and prepared for exposure to X-ray film.as described

earlier. Details of the treating solutions and times of ex-

posure to X-ray film are given in Table XVIII. A low calcium.

nutrient solution.was used for'growing all bean plants while

tomatoes and beets were grown at two levels of calcium. Bean

plants were treated in three ways by (a) dipping the first

trifoliate leaf in the isotope solution, (b) dipping the first

pair of leaves, or (c) adding the isotope to the root medium.

Tomatoes and beets were treated by either dipping the entire

foliage or adding the isotope to the root medium. Bean
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plants were harvested at 8, 2h, 60 and 120 hours after

treatment while beet and tomato plants were harvested at

8, 21+, and 96 hours. Root applications consisted of five

milliliters of the treating solutions for beans andisen

milliliters of each treating solution for tomatoes and beets.

All X-ray films were develOped for six minutes in Kodak

X-ray DevelOper following exposure to the radioactive

plants.

Results

Autoradiograms of radiocalcium and radiostrontium

applied to bean plants are shown in Figures 17 and 18.

These show the distribution of the two elements is very

:much alike, and neither one exhibits much translocation

frmm the site of_a leaf application. The X-ray negatives

of some foliar treated plants showed slight traces of radio-

activity in the stem and other plant parts but the impression

on the film was usually too faint to be repnoduced photo-

graphically. _This movement of trace amounts was independent

of time, often being higher at 8 and 2h hours after treatment

than at 120 hours.

Root applications, on the other hand, showed absorption

and translocation of the radioisotope to be directly propor-

tional to treatment period. The distribution of radiocalcium

following root absorption was very uniform throughout the

bean plant; old leaves accumulating as much as young leaves.



Fig. 17. Autoradiograms of radiocalcium.(0ah5)

in bean plants.

Top:

Center:

Bottom:

Left:

Right:

First trifoliate leaf dipped in

isotope solution.

First pair of leaves dipped in

isotope solution.

Isotope added to root medium.

2h hours after treatment

60 hours after treatment
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Figure 17

 



Fig. 18. Autoradiograms of radiostrontium (Sr
89,

in bean plants.

Top: a

Center:

Bottom:

Left:

Right:

First trifoliate leaf dipped in

isotope solution

First pair of leaves dipped in

isotope solution

Isotope added to root medium

an hours after treatment

60 hours after treatment
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Figure 18
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Radiostrontium showed a slight tendency to accumulate in

the vascular tissue but was otherwise uniformly distributed

throughout the plant. Both calcium and strontium accumulated

in the nodules on the bean roots.

Tomato plants harvested 96 hours after treatment with

radiocalcium (Cal‘s), radiostrontium (Sr89) and radiobarium

(Balho) are shown in Figures 19. 20 and 21 respectively.

There was no detectable downward movement of these elements

from a leaf application to tomato plants. The initial cal-

cium content of the plants had considerable effect on the

uptake of the radioisotopes from the root medium. Plants

low in calcium took up more Cal‘s, the same amount of $1.89,

and less Baum than plants higher in calcium. Radiocalcium

and radiostrontium in the plants increased with the treatment

period. Radiobarium content, on the other hand, was the same

at 8, 2h, and 96 hours. Similar to beans, translocation

from the roots to all tomato plant parts was general for all

three isotopes, but distribution within plant parts varied.

Calcium was distributed uniformly throughout the plant while

strontium and barium accumulated in the vascular tissue.

Beet plants treated with the three radioisotopes and

harvested 96 hours later are also shown in Figures 19, 20

and 21. Downward novement from treated leaves into the small

fleshy root occurred with all three isotopes although the

darkening of the X-ray emulsion by Cal"5 was so slight that it



Fig. 19. Autoradiograms of tomato and best plants

harvested 96 hours suBgequent to treatment

with radiocalcium (Ca J.

heft: Root application

Right: Foliage application
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Figure 19



Fig. 20. Autoradiograms of tomato and beet plants

harvested 96 hours subsgguent to treatment

with radiostrontium (Sr ).

heft: Root application

Right: Foliage application



 





Fig. 21. Autoradiograms of tomato and beet plants

harvested 96 hours an sequent to treatment

with radiobarium (Ba .

Left: Root application

Right: Foliage application
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Figure 21



5)

could not be reproduced (Figure 19). The amount of downward

movement by all three isotopes was apparently the same at

8, 2’4, and 96 hours. The quantity of radiostrontium and radio-

barium taken up by beets from a root application appeared also

to be the same at all three harvest periods while radiocalcium

progressively accumulated at each succeeding harvest. Only

radiocalcium absorption was affected by the initial calcium

content of the best plants. At eight hours the low calcium

plants had accumulated considerably more Cal45 than high cal-

cium plants but by 214 hours this difference had disappeared.

When absorbed by beet roots, calcium and barium spread uni-

formly throughout the leaves while strontium: accumulated in

the leaf veins and appeared to be more concentrated in the

younger leaves. Barium is accumulated in large amounts in the

stem and transition zone between the root and the stem of

the boot plant.

Eeriment 5

Objective

Determine the distribution of radiostrontium and radio-

calcium in beet roots after addition of radioisotopes to the

nutrient solutions in which the roots were growing.

Materials and Methods

Beets were grown in the greenhouse in six inch pots

filled with sand. Each clay pot was set in a two quart enamel



pan partly filled wflmlfioagland's nutrient solution. Ten

microcuries of radiostrontium.(Sr90) were added to each of

the nutrient solutions August 2, 1952, when the best roots

reached a diameter of five to six centimeters. Beet roots

were harvested 36 hours later. Another set of plants were

grown the following year and these were each treated with

50 mdcrocuries of 0345 on August A, 1953. and harvested

after 80 hours. Transverse and longitudinal sections

approximately 1 1/2 millimeters thick were cut with a home-

made vegetable slicer. Radiostrontium treated sections

were dried under pressure with.heat lamps while the radio-

calcium sections were dried under pressure in a circulating

70°C oven. The latter method was found the more satisfactory.

Shrinkage amounted to about ten percent of the diameter.

Radiostrontium.treated sections were exposed to X—ray film

for 19 days and radiocalcium sections for 33 days.

Results

Distribution of radiostrontium and radiocalcium.in the

fleshy roots of boats is shown in Figure 22. A quantitative

estimation of the radiostrontium or calcium in these sections

is not possible because of differences in beta particle energy

and conditions of treatment and exposure. The pattern of

distribution, however, is very similar fer the two elements.

The greatest accumulation is in the basal parts of the root

and in the stem.portions with.most of the upward movement



F180 22. Autoradiograms of transverse and longi-

tudinal sections of beet roots showing

the distribution of radiostrontium

(above) and radiocalcium (below) following

isotope additions to the root medium.

(Actual diameter of roots 5-6 centimeters).

_
—

-
.
.
.



 

Figure 22
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taking place in the central zone of primary and secondary

vascular tissues or in the tertiary tissues at the periphery

of the root.

figperiment 6

Objective

Determine the pattern.of strontium absorption by tomato

fruits following root application and direct treatment of

the intact skin.

Materials and Methods

Two tomato plants from.the high calcium.series of sub-

sequently described Experiment 9 (Page 99) were used. The

plants were grown in Hoagland's nutrient solution until

the first cluster fruits were six to seven centimeters in

diameter. Fruits were set with a 30 parts per million solu-

tion of p-chlorophenoxyacetic acid and consequently were

mostly seedless. However, one fruit of the soil treated

plant contained seeds. (See bottom two sections, Figure an)

The fruits of one plant were painted twice on August h, 1953,

with the radioactive strontium.chloride dipping solution used

in Experiment 9 (see page 100). According to the counting data

the application.was approximately 0.25 mdcrocuries of Sr90

per fruit. Treatment of the other plant consisted of adding

30 microcuries of Sr90 to the nutrient solution. Painted
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fruits were harvested at 36 hours and fruits from the root

treated plant were collected after 80 hours. Approximately

1 1/2 millimeter median transverse sections were cut from

the fruits and dried in a 70°C forced air oven. The Sr90

painted fruits were exposed to X-ray film for seven days

while fruit sections from the root treated plant required

an eighteen day exposure.

Results

The absorption of radiostrontium through the skin of

tomato fruits is demonstrated by Figure 23. A considerable

amount of‘Sr90 moved into the interior of the fruit without

accumulation in any particular tissue. Figure 2h shows the

distribution of radiostrontium in tomato fruits following

absorption by the roots. The greatest concentration was in

or near the vascular strands. There was no movement into

the seeds.



 

F189 23 a Distribution of radiostrontium.(3r9°) in

tomato fruit 36 hours after painting radic-

strontium on the surface. (Actual diameter

of fruit 6 centimeters.)

Top : Autoradiograms

Bottom: Photographs of the fruit sections

 



 



 

Fig. an. Distribution of radiostrontium (Sr9o) in

tomato fruits 80 hours after radiostrontium

application to the plant roots. (Actual

diameter of fruits 6-7 centimeters).

Left: Autoradiograms

flight: Photographs of the fruit sections
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C. Comparative Absorption and Translocation of

Strontium, Calcium and Barium in Tomato and Beet

Plants as Indicated by Radioactive Isotopes

Experimenth

Objective

Determine the relative uptake of radiocalcium, radio-

strontium.and radiobariunxby the leaves and roots of beet

plants during a four day treatment period.

Materials and Methods

Beets were seeded in a flat of sand on June 19, 1952,

and pricked off on July 1h, into six inch clay pots filled

with.Wausau Quartz #8. The pots were placed in large painted

metal pans containing one to two inches of Hoagland's nutrient

solution. On August third, one-half of the plants were

changed to a nutrient solution without calcium. These two

groups of plants will be referred to hereafter as "high cal-

cium? and~"low calcium” plants. All plants were treated on

August 16, 1952, and harvested four days later.,

Treating solutions were made by adding one microcurie

per millilieter of Cans, or Sr90 and 0.16 microcurie per

milliliter of Ba1be respectively to 0.0272 molar solutions

of CaClZ, SrCl2 and BaClz. Thus the treating solutions had

the me concentrations on the basis of chemical equivalents.

Specific activities of these solutions were 0.93 microcuries
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of Cal"5 per milligram of calcium, O.h2 microcuries of Sr90

per milligram of strontium, and 0.0u3 microcuries of Ban+0

per milligram of barium. Plants were selected at random

and all treatments werereplicated four times. Roots were

treated by adding ten milliliters of the treating solution

to the plant's nutrient solution held in a two quart pan.

Foliage treatment consisted of inverting the plant and dip-

ping all leaves in the treating solution. Inverted plants

were supported in this position until the leaves were dry.

It was calculated that approximately two milliliters of solu-

tion remained on the leaves.

All plants were harvested after 96 hours of treatment.

Foliage dipped plants were divided into two samples, leaves

and root; while root treated plants were divided into three

samples, the three or four youngest leaves, the remaining

leaves, and the root. Samples were dried at 70°C, weighed

and.prepared for counting. Ban"o was counted as the dried

barium.carbonate precipitated from.a solution of the plant

ash; C_a""5 was counted as the ash of ground tissue; and Sr90

was counted simply as dry ground tissue. Grinding was done

in.a Wiley mill using a hO-mesh screen. self-absorption

curves were plotted for all three materials, and then sam-

ples small enough to have little or no self-absorption were

'usedm Radiobarium.and radiocalcium were counted in a Tracer-

lab, Model SC-lB, autoscaler and radiostrontium.was counted
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in a Nuclear Instruments and Chemical Corporation Ultrascaler,

Model 172. In all cases aliquots of the treating solution //

as reference standards were counted along with the plant tis£////

sue samples. Weight in micrograms of the element in the

plant tissue sample derived‘from the treatment was calculated

from.the known concentration of the treating solution and the

measured radiation from the plant tissue and the treating

solution. To more accurately evaluate the ionic absorption,

micrograms were converted to microequivalents by dividing by

the equivalent weight of the element.

Results

Calcium, strontium and barium absorption by beet leaves

and roots is shown in Table XIX. ’Flame spectrophotometer

analysis showed that ”high calcium” plants contained 0.86,

1.59 and 0.11 percent calcium in the dry tissue of young

leaves, old leaves and roots respectively. Comparable "low

calcium” plants contained 0.19, 0.9h and 0.0a percent calcium

in these same tissues. In spite of this wide difference in

plant calcium content there was very little difference in

radiocalcium, radiostrontium.or radiobarium absorption be-

tween "high calcium” and "low calcium” plants. The 160 parts

per million of calcium in the "high calcium” nutrient solu-

tions also had no effect on root absorption of the isotope

treatment material. The equivalent amounts of the three ele-

ments translocated to the leaves from a root application have
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a Ca:Sr:Ba ratio of about 1:10:S while the roots contain the

ratio 1:10:20. The high value for barium content of roots

suggests that part of it may be adsorbed on the surface rather

than absorbed into the roots. The autoradiogram in Figure 21

(lower left) also shows that barium accumulates in the roots.

All three elements were approximately twice as high in the

young leaves as the older leaves. There is an indication of

downward translocation of all three elements from.a foliar

application but quantitatively it amounts to no more than

a trace of that applied.

Eageriment 8

Objective

To study the absorption and translocation of strontium

by the fruits, leaves and roots of the tomato.

Materials and Methods

Tomato seeds were started in sand June 19, 1952. Seed-

lings were pricked off into six-inch pots containing Nausau

Quartz #8 on July fourth and transplanted to two-gallon crooks

of Flint-Shot sand on August fourth. A four-quart, enamel

pan was placed under each crock and contained a reservoir of

Hoagland's nutrient solution. On August tenth, one-half of

the plants were started on a nutrient solution containing no

calcium so there would be a "high calcium” and a "low calcium”

series of plants. During the period of August 6 - 12, fruit



were set on the first cluster by dipping the open flowers

into a 30 ppm.solution of p-chlorophenoxyacetic acid.

soon as fruit set was assured all uB plants were topped,

As

leaving two leaves above the fruit cluster and all auxiliary

shoots were removed.

plants were supplied calcium occasionally to arrest the

During late August the "low calcium"

blossom-end rot of the fruit that developed in the "low cal-

cium” series. When the clusters were pruned to two fruits

prior to treatment, all abnormal specimens were removed. The

fruits on all plants were nearly fully developed when treated.

Plants were similar to the one shown in Figure 25 (page 103)

except that there were only two fruits per cluster.

The radiostrontium treating solution consisted of

0.0272 M SrCl2 containing one microcurie of Sr90 per milli-

11t8r0

per milliliter and had a specific activity of O.h2 micro-

curies of Sr90 per milligram.of strontium.

replications of eight treatments at each calcium level.

treatments follow:

1.

2.

3.

u.

S.

6.

Both fruits dipped in Sr
90

Both fruits dipped in Sr9°

The

The

The

The

two

two

two

two

leaves above fruit

leaves above fruit

leaves below fruit

leaves below fruit

solution three times.

solution once.

cluster

cluster

cluster

cluster

dipped three

dipped once.

dipped three

dipped once.

This solution contained 2,383 micrograms of strontium

There were three

The

times.

tbm630
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7. Twenty milliliters of treating solution added to

the root medium.

8. Control. No Sr90 added. Samples to be analyzed

for total calcium.

The three applications in treatments 1, 3, and S, were made

on successive days. Contamination of untreated plant parts

was prevented by covering them with pliofilm while the leaves

or fruits were being dipped and dried.

All plants were first treated on August 31, 1952, and

harvested on September 13. Originally it was intended to

continue treatments until fruits ripened but due to an un-

fortunate accident, nearly all the "high calcium” plants died

from lack of water on or about September eighth. Therefore,

the treatment period for "high calcium” plants was about 8

days and for "low calcium" plants 13 days.

Samples collected were the fruits, the two leaves above

the fruit cluster, and the two leaves below the cluster.

Peduncles were collected as a separate sample in the soil and

control treatments. The dipped fruits from treatment 2 were

skinned by dipping them in hot ten percent potassium.hydroxide.

Treatment 1 fruits were washed thoroughly with soap and water

to remmve excess treating solution. Dipped leaves were not

counted. All other samples were dried, ground in a Wiley mill,

and counted as dry plant tissue with the Tracerlab autoscaler.

Tissues from.control plants were analyzed for calcium.in the

usual manner using the flame spectrOphotometer.
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Results

Flame photometer analysis of checkiplants showed the fol-

lowing calcium content on a percent dry weight basis.

Fruit 2 leaves 2 leaves Peduncle

 

above below and calyx

High calcium.plants 0.05 3.05 3.29 0.86

Low calcium.plants 0.0a 1.59 1.71 O.u6

These data show there was a considerable difference in the

calcium.content of the two groups of plants. The micrograms

of strentium in various plant parts are shown in Table XX.

Dipped leaves were not counted but an estflmation.of the

amount of strontium.applied can be obtained from Experiment

9 (page 109). There it was found that two leaves, similar in

size to the ones here, would retain about seven milliliters of

solution from.a single dip. Therefore the single dip leaf

treatments would be approximately 16,000 micrograms of stron-

tium and the triple dip three times as much.

The data in Table XX show that strontium is absorbed

through the skin into the fruit tissues but does not move into

the leaves above or below the fruit cluster. Strontium.applied

to the leaves of plants low in calcium does not move out of the

treated area into other leaves 0r into the fruits. Plants

high in calcium.ehow translocation of very small amounts of
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TABLE XA

THE ABSORPTION AND Tamswcumu or srmnrmm BY THE FRUIT,

Lawns AND ROOTS or mum is INDICATED BY 8:”

(Average of three replications)

____-

Strontium Micrograms of strontiun per gram of

 

 

Treatment Plant Part ._ dry tissue ‘—

High calciun plants Law calcium plants

Fruit dipped 5 times Fruit 85 95

2 leaves above 0 O

2 leaves below 0 0

Fruit dipped once Fruit interior .‘50 23

2 leaves above 0 O

2 leaves below 0 O

2 leaves above fruit Fruit 0 0

Cluster dipped 3 times 2 leaves below 1 O

2 leaves above fruit Fruit 0 0

Cluster dipped once 2 leaves below ' 6 0

2 leaves below fruit Fruit 1 O

Cluster dipped 3 times 2 leaves above 2 0

2 leaves below fruit Fruit 0 O

Cluster dipped once 2 leaves above 0 0

One root medium Fruit 14 4

addition of 20 2 leaves above 527 207

microcuries and 2 leaves below 360 195

48,000 micrograms Pedunole and calyx 353 75
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strontium.into other tissues. Selected tissues of plants high

in calcium absorbed nearly twice as much strontium from a root

application as plants low in calcium despite the five day dif-

ference in treatment period. Fruits are not able to accumulate

nearly as much strontium.from a soil application as other plant

organs. Even the peduncle and calyx contained twenty times

as much strontium as the fruit. It may be recalled in this

connection that here again strontium.is similar to calcium.in

that fruits also absorb very little calcium.

figperiment 9

Objective

To investigate further the absorption and translocation

of strontium by the fruit, leaves and roots of the tomato.

Materials and Methods

Tomatoes were started from seed on March 28, 1953. Seed-

lings were transplanted to sand in four-inch clay pots onfiMay

fifth. They were fed weekly with an all-soluble high analysis

fertilizer (lO-52-l7) until June first when they were trans-

planted to two-gallon crooks of Flint-Shot sand. Subsequently

they were fed Hoagland's nutrient solution in the usual manner.

Fruits were set by dipping flowers in a 30 ppm.solution of

p-chlorophenoxyacetic acid. First cluster flowers were all

set during the period of June 23-29, and second cluster flowers

for treatment #1 were set July 3-7. Minus calcium or low
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calcium nutrient solutions were alternately supplied to

half of the plants after July first. On July 17 all plants

except those for treatment #1 were topped, leaving three

leaves above the first fruit cluster. Axillary shoots were

removed as they appeared. High and low calcium.nutrient

solutions were continued until fruits of the first cluster

were nearly full size. In final preparation for treatment

the leaves below the first cluster were reduced to six, all

remaining axillary shoots were removed, distilled water was

substituted for the nutrient solutions, and fruit clusters

were reduced to five fruits for treatment 1, four fruits for

treatments 2-7, and three fruits for treatments 8-12. To

facilitate harvesting the leaves were numbered consecutively

up the stem.and fruits were numbered.from.the stem outward.

The first cluster was always between leaves six and seven and

the second cluster (treatment 1) between leaves nine and ten.

Stem.sections were (1) soil surface to the internode between

leaves three and four, (2) from.this internode to the first

cluster, (3) all stem above the fruit cluster (treatments 2-11)

or from.the first cluster to the second cluster (treatment 1),

and (h) from the second cluster to Just above the sixteenth

leaf in treatment 1. ’

Treating solutions were 0.00375 Molar, containing 329

micrograms of strontium and one microcurie of Sr90 per milli-

‘ 0

liter. Their specific activity was 3.0h.microcuries of Sr9
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per milligram of strontium. In one treating solution the

strontium was in ionic form.as the chloride; in the other

it was chelated by adding a slight excess of Sequestrene Nah.1

All treating solutions were adjusted to pH 9—10, the range at

which chelated alkali metals are most stable. It was thought

that chelation might facilitate strontium.translocation from

the site of foliar applications. Addition of oxalate to

samples of the two treating solutions showed them.to be

different in that strontium oxalate precipitated from.the

chloride solution but not from the chelated solution. a;

The treatments were as follows:

Q

1. Thirty m1 of Sr’OCl treating solution added to the

root medium. Thesezwere the only plants not topped.

They had 20-25 leaves, two clusters of five fruit

each, and were about five feet in height.

2. Fifteen.md. of Sr90012 added to the root medium.

3. Fifteen m1. of chelated Srq3added to the root medium.

h. One ml of Sr9°C12 injected into fruit #1. pt

5. One ml. ofcimlated Sr90 injected into fruit #1.

6. Fruits 2, 3, and u painted with Sr90012.

7. Fruits 2, 3 and h painted with chelated SrgQ.

8. Leaves 7 and 8 dipped in SrgoClz. Q ~

9. Leaves 7 and 8 dipped in chelated $1.90,

10. Leaves 5 and 6 dipped in Srgoclz.

!

l. Tetrasodium.ethylenediamine tetraacetate obtained

from Geigy Company, Inc., 89 Barclay Street, New York 8, New

'York.
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11. Leaves 5 and 6 dipped in chelated 3:90.

12. Control, no strontium applied. Plant samples to

be analyzed for total calcium.

Eight plants comprised each treatment, including four "high

calcium" and four "low calciumfi'plants. A typical plant is

shown in Figure 25. The fruit injections were made with a

one-inch 23-gauge hypodermic needle attached to a one cubic

centimeter syringe. In treatments 6 and 7, fruits 2, 3 and h

were painted a second time shortly after the first application

was dry. Non-treated portions of the foliage of treated

plants were protected from accidental contamination by cover- v;

ing with sheets of pliofilm.

Treatments were applied July 2h and 25, 1953. All

above ground vegetative portions were harvested 192 hours

later. The five fruits on both cbzsters of treatment 1

plants were harvested from the stem.outward at 12, 2h, h8,

96, and 192 hours. Fruits of treatments 2 and 3 were col-

:
1
«
t
r

lected at 2h, h8, 96, and 192 hours and those of treatments 51:

8, 9, 10 and 11 were harvested at 2h, 72 and 192 hours. The I

non-treated fruits of treatments h and 5 weretremoved at 2h,

72 and 192 hours while all fruits on treatments 6 and 7 were

harvested at 192 hours. All leaves, stem sections and pedun-

cles of root treated plants were harvested as individual

samples. In the foliage and fruit treatments, leaves near

the treated area were harvested individually while those

farther away were collected in groups of two or three. The
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F180 250 Tomato plant typical of those used in

Experlment 9.

Enamel pan contains nutrient solution.

 



Figure 25 



th

two treated leaves for each plant in treatments 8 to 11 were

harvested together, dried, weighed and then combined as two

90
large samples (ionic Sr90 dipped and chelated Sr dipped) for

radioactive counting. Painted or injected fruits were counted

as individual samples for each plant. Radioactive assay of

these samples was necessary for calculating the amount of

strontium.actually applied. Control plants were harvested on

July 27 and divided into six samples for calcium analysis

by the flame spectrophotometer. There was a total of 1,312

tissue samples for radioactive counting and h8 samples for

calcium analysis. The radioactive samples were dried, weighed,

ground in a Wiley mill and counted as dry tissue in four cen-

timeter Coors capsules.- Counting time was ten minutes for

samples showing little or no activity and less than ten.min-

utes for those with appreciable radioactivity. Samples of all

treating solutions were counted at the same time. These counts

and the known concentration of strontium in the treating solu-

tions enabled the counts per minute per gram of dry tissue to

be converted to micrograms of strontium per gram of dry tissue.

Results

Flame photometer analysis of control.plants showed a real

difference in calcium.content between ”high calcium” and "low

calcium” plants. The following amounts of calcium (percent

dry weight) were found:
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Leaves Leaves Leaves Stem Peduncle Fruit

 

1-3 u-6 7-9

High Ca plants h.h5 3.50 2.98 1.1h 0.61 0.05

Low Ca plants 3.2h 2.1a 1.50 0.62 0.27 0.03

 

Another indication of a difference between these two

groups of plants was the prevalence of blossom-end rot. Thirty

of the fifty plants grown in the ”low calcium" series developed

blossom-end rot on one or more fruits while only three of the

"high calcium" plants showed symptoms. All affected fruits

were removed when the plants were prepared for treatment.

The only appreciable absorption and translocation of

strontium.was by the roots. Amounts of strontium found in

the above ground portions of root treated plants are shown

in Tables XXI and XXII. These show that the "high calcium”

plants absorb more strontium than "low calcium” plants when

the treating solution is strontium chloride. On the other

Ihand, when chelated strontium.is used, vegetative parts of

”low calcium” plants take up more strontium than "high cal-

cium” plants. These differences are shown in Figures 26 and

27, which also show the great variability in uptake by the

'various leaves of the plant. Figures 26 and 27 also show

that fruits accumulate much less strontium than vegetative

lilant parts. It should be noted in the treatment 1 data

(Table XXI) that the oldest and youngest leaves are lower

111 strontium content than intermediate leaves.
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Fig. 26.

Figs 27.

Strontium accumulation by the aerial

parts of tomato plants grown at two

calcium levels eight days after the

addition of strontium chloride to the

root medium. (Mean of four plants.)

Strontium accumulation by the aerial

parts of tomato plants grown at two

calcium levels eight days after the

addition of strontium chelate to the

root medium. (Mean of four plants.)
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The accumulation of strontium in treatment #1 tomato

fruits is shown in Table XXI and also in Figure 28. The

time - accumulation curves in Figure 28 show that uptake is

rapid at first but soon levels off. "High calcium" fruits

in general absorb more than.twice as much strontium.as low

calcium fruits. Accumulation is initially more rapid in the

second cluster of fruits than in the first cluster but after

eight days, first cluster fruits haves higher concentration of

strontium. The decrease in strontium.concentration of second

cluster fruits at eight days is caused by growth dilution, that

is, dry matter production exceeds strontium accwmulation.

Summaries of the amounts of strontium.translocated from

the various treatment sites are given in Tables XXIII and XXIV

for high and low calcium plants. Values for the amounts ap-

plied to fruits or leaves were determined by counting a small

sample of the treated tissue,converting this to counts per

minute for the whole treated portion and relating this to

the counts obtained from the treating solution.which had a

known strontium.content of 329 micrograms per milliliter.

From these calculations it was found that two temato leaves

will retain frOm six to eight milliliters of solution from a

single dip. Painting three fruits twice resulted in retention

of 0.6 - 0.8 milliliters. There was detectable movement to

other leaves when the two leaves above the fruit cluster were

treated, and also into the peduncle when fruit #1 was injected
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with strontium.chloride. Tables XXIII and XXIV show that

these amounts were no more than traces and they represent

a very small percentage of the strontium applied. Other

than these occasional traces detected, there was no movement

of strontium.away frOmLthe site of foliar or fruit applications.
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VI. DISCUSSION

During the course of this investigation it was found that

large amounts of strontium.can be absorbed by plant roots and

translocated to the above ground plant parts. Biddulph and

Cory (I4), Jacobson and Overstreet (29) and Neel _e_1_: _a_l_ (38)

also found appreciable plant absorption of strontium. In

contrast, they report other nuclear fission products to be

only sparingly translocated upwards in plants. The quanti-

tative effect of plant calcium.eontent upon strontium absorp-

tion was also studied. The limited absorption and trans-

location from plant leaves and fruits was demonstrated in

several experiments.

According to Comer (13) there are three basic types of

doses that can be administered to an organism: (a) tracer

dose, where the amount of substance administered is small

compared to the normal intake; (b) physiological dose, when

the administered amount is of the same magnitude as the nor-

mal intake; and Io) massive dose, one in which the administered

amount exceeds the normal intake. He stated that the first

two dosage types are usually‘the more desirable. Massive

doses may cause abnormal distribution due to mass action or

‘upset'metabolism. Although there is no established ”normal

intake" of strontium for plants, most experimental applications
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made in this study may be considered as tracer doses. In

the first two experiments the root applications probably fall

in the category of "massive" doses. These two differ in that

the first experiment treatment period was short while in the

second experiment the treatment period was long enough for

for plant composition to come to equilibrium with the nu-

trient solution.

In Experinent 1 it was found that tomato plants take

up more strontium than beet plants during a four day period.

Both plants accumulated more strontium in the roots than in

the tops. It should be noted, however, that neither of these

statements held true when the treatment period was extended

to several weeks (Experiment 2). Rediske and Selders (LS)

also found higher accumulation in roots than in leaves.

They demonstrated that most strontium associated with plant

roots grown in solution culture was adsorbed on the roots

rather than absorbed into them. Calcium content of tomato

and beet plants had a very different effect on strontium

uptake by these two crops. Tomato plants high in calcium

took up more strontium.than those low in calcium, while with

beet plants a low calcium content accelerated strontium up-

take. Tomato plants high in calcium.translocated a greater

proportion of the absorbed strontium to the upper leaves and

stem.

In Experiment 2 tomato and best plants were grown for h6

and.90 days respectively in nutrient solutions containing
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various amounts of calcium, strontium, or combinations of the

two. The highest concentrations in the nutrient solutions

were eight milliequivalents per liter (160 ppm.Ca or 352 ppm

Sr). These long treatment periods allowed plant accumulation

to come to equilibrium.with the nutrient solution strontium.

Tomato and boot plants will accumulate nearly as much

strontium from high strontium.nutrient solution as calcium

from a high calcium solution. The actual maximum.accumula-

tions found, measured in milliequivalents per gram of dry

tissue, were: tomato tops, .712 Ca, .531 Sr; tomato roots,

.2h5 Ca, .232 Sr; beet tops, .915 Ca, .679 Sr;beet roots,

.095 Ca, .172 Sr. These maximum.accumu1ations of strontium

were accompanied by severe toxicity symptoms andrmuch.re-*

duced growth, When less strontium was accumulated growth

was more nearly normal. Tomato plants had less tolerance for

strontium than beets. With tomatoes the highest strontium

level caused the death of most leaves and a 75 Percent reduc-

tion in dry matter; while the same treatment to beets resulted

in greater accumulation of strontium.but no leaf necrosis and

only Sh percent reduction in dry weight. Hurd-Karrer (27)

noted that strontium.injury to plants is always more pronounced

in tops than in roots. Such was the case here. This may be

the effect of lower accumulation by roots. Both tomato and

boot roots normally contain much less calcium than their

respective tops. Root accumulation of strontium.was
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correspondingly low. However, when strontium toxicity

reduced the dry weight of plant tops it reduced the dry

weight of roots proportionally. This is shown by the lack

of variability in the dry weight Top/Root ratios. The dif-

ference in growth and mineral content also had no appreciable

effect on the percent dry weight of the various tissues.

There were no visual symptoms of strontium toxicity on

tomato plants for the first twenty days and on boots for the

first thirty days. Symptoms were different for the two crops.

The pattern of tomato leaf chlorosis and subsequent necrosis

was unusual since it developed from the leaflet bases toward

the tips on older leaves and in the Opposite direction on

-younger leaves. The youngest leaves were unaffected until

they became two to three inches long. The highest strontium

treatments eventually caused complete death of all older

leaves. Beet leaves were not killed by the highest strontium

treatments but they changed to a dark red.color, were smaller

and.rigidly erect. The youngest beet leaves were not affected

until they became one to two inches long.

Rediske and Selders (h5) found that strontium accumula-

tion in bean plants was proportional to its concentration in

the nutrient solution up to 100 ppm, their highest level.

Results here with tomato and beet indicate that this relation

‘is still generally true up to 350 ppm of strontium in the

initrient solution. Beet roots were an exception in that maxi-

nnun accumulation of strontium occurred at 175 ppm.

a
t

"
"
‘
3
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Calcium absorption from these various nutrient solu-

tions was also proportional to its concentration in the

solution except where no calcium was added. Here there was

still a small amount of calcium detectable in the plant tis-

sues. Normal appearance and growth of both tomato and beet

plants in the nutrient solution with no calcium and no stron-

tium.was rather unexpected. Apparently impurities in nutrient

salts and the distilled water furnished enough calcium for

normal growth and therefore, calcium.ean not be considered a

limiting factor for plant growth in any of the treatments.

The three treatments with both calcium and strontium in

the nutrient solution were interesting. The taps of tomato

and beet plants grown in these solutions contained more cal-

cium than those grown in the same amount of calcium alone,

and also contained more strontium than those grown in the

same amount of strontium alone. Thus it appears that calcium

and strontium mutually increase the accumulation of each

«other in plant tops rather than depress it as reported by

.haselnoff (22). however, beet root accumulation of strontium

does appear to be inhibited by nutrient solution calcium.

Strontium.toxicity symptoms are greatly decreased when calcium

is present in the nutrient solution in spite of the increase

in plant strontium content. McCool (3h) noted that potassium,

magnesium and sodium.as well as calcium could suppress strontimm

toxicity. The data presented here indicate that this effect

a
.
.
.

4
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of calcium is a suppression of symptoms rather than a sup-

pression of absorption.

Several investigators, Monargue (3b), Scnarrer and

Schropp (h9) and Walsh (63), found a growth stimulation by

strontium provided adequate calcium was present. In this

study an appreciable increase in beet plant dry weight was r1

found in certain calcium—strontium mixtures. Tomato plants I

showed no such increase, probably because of their greater ' L

sensitivity to strontium.

Chemical analyses for several other elements were made

to determine whether strontium accumulation in.the plant had

any effect on absorption of these elements by tomato and

beet plants. In general, the substitution of strontium for

calcium in the nutrient solution had no effect on potassium or

cOpper content. It caused a significant increase in phosphorus,

magnesium.and manganese content. The substitution of strontium

for calcium had no effect on boron in roots but caused asignifioant ‘1

boron increase in tomato and beet tops. It had no effect on :1

iron content at high strontium concentrations, but at low

strontium concentrations iron increased in the plant tissues.

Analysis of field grown plants indicate thereiras no ;

appreciable strontium in plant tissues collected in this area.

Calcium analysis of these plants showed field.grown plants

to have about the same calcium content as plants grown in

nutrient solutions. Newton (39) reported that plants grown in



solution culture often contain larger amounts of nutrient ele-

ments than plants grown in soil. Therefore, where possible,

the plant composition values determined in this study were

checked against those compiled by Beeson (2) and Goodall and

Gregory (lo). Potassium values determined here were somewhat

higher than found elsewhere but all other elements were very

similar to values given in the literature.

Autoradiographic studies of root absorption by bean,

tomato and beet plants showed that radiostrontium, radio-

calcium.and radiobarium are translocated to all parts of these

plants. This is in contrast to the wheat plants studied by

Spinks‘gt‘gl (53). They found wheat plants absorb radio-

strontium only into the first two leaves. Strontium.and barium

exhibited a tendency to accumulate in the leaf veins. This

was also noted in the dwarf pea by Jacobson and Overstreet

I29). Autoradiograms of median transverse and longitudinal

sections of fleshy beet "roots“ showed that strontium.and

calcium.eoncentrate in the true root portion and the stem

plate. The main paths of upward transport were the central

zone of primary and secondary vascular tissues and tertiary

vascular tissue Just under the periderm. Autoradiograms of

transverse sections of tomato fruits eighty hours after a

soil application of SrgOCl2 showed strontium.concentrated in

or near the vascular strands. There was no movement of stron-

tium.into tomato seeds. The very limited movement of strontium
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into seeds has been noted in barley by Walsh (63), in dwarf

pea by Jacobson and Overstreet (29), and in barley and bean

by Noel gt 3; (38).

Four day treatments of tracer amounts of radiocalcium,

radiostrontium.and radiobarium to beet plant root media indi-

cated a much greater agiivalent absorption of strontium and-

barium than of calciwm. This is undoubtedly due to the rapid

uptake of ions not initially present in the plant. Twice as

much strontium as barium was translocated to the beet leaves

while only half as much accumulated in, or possibly on, the

roots. The concentration of all three elements was about

twice as high in young leaves as in old leaves. A fundamental

difference in the treatments to "high calcium" and "low cal-

cium” beet plants was the calcium content of their respective

nutrient solutions. In the former the nutrient solution con-

tained 160 ppm of calcium while the nutrient solution of the

latter contained no calcium. In spite of this difference,

beet plants took up approximately the same amount of treat-

ment calciwm, strontium.and barium from both solutions. Both

Collander (12) and Hurdearrer (27) concluded from their in-

vestigations that plants are unableto distinguish between

calcium and strontium and therefore absorb them.in proportion

to their presence in the nutrient solution. This conclusion.

is generally in agreement with the results of this investigation

when plants were harvested after a comparable long period of

treatment (Experiment 2). However, with beets when the treat-

ment period was short, absorption of strontium.and barium

appeared independent of nutrient solution calcium.eontent.
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Leeper (31) and Jacobson and Uverstreet (28) have sug-

gested that soluble complexes or chelates may be important in

cation absorption and exchange by plants. A chelated form

of strontium was prepared to determine what effect chelation

would have on strontium absorption. The complexing agent

used was ethylene diamine tetraacetic acid. In all experiments

.K
-
1
!

up to this time strontium chloride applications to the roots

had resulted in greater strontium uptake by tomato plants

high in calcium. Whenchelated strontium was applied to tomato

roots, plants low in calcium accumulated more strontium in

the leaves and stem than plants high in calcium. This indi-

cates there may be a real difference in response of the root

absorption mechanism depending on the form of strontium pre-

sented to the root surface. This difference in plant absorption

did not extent to fruit accumulation of strontium. Fruits of

high calcium plants contained more strontium irrespective of

the form in which strontium.was applied. a;

.
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The distribution of strontium in a large tomato plant 2‘?

after eight days of root treatment was of some interest.

There was considerable variability in the amount of strontium

 

accumulated by the leaves. The oldest seven or eight leaves

contained less strontium than the next seven or eight leaves

and the youngest leaves were again somewhat lower. The stem

sections and peduncles were fairly uniform in strontium con-

tent and the amount was about equal to that of leaves. Fruit
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strontium content was about one-twentieth that of the vege-

tative plant parts. This low strontium content of fruits is

consistent with their low calcium requirement. When fruits

were harvested from two clusters at various time intervals

(1/2, 1, 2, h, 8 days) it was found that initial uptake is

rapid and then the rate of accumulation decreases. Second

cluster fruits contained a higher concentration of strontium

than first cluster fruits at the earlier harvests but bythe end

ofetynsdays the first cluster fruits had the higher concentration.

In contrast to the free movement upwards and the high [4

accumulation from.a soil application,the movement of strontium

from the site of a foliage application is very limited, never

amounting to more than a trace of the quantity applied. Hediske

and Selders (#5) treated bean roots with radiostrontium for

a period of time and then withdrew the strontium supply. They

found that once strontium has been deposited in a tissue such

as a leaf, there is no significant redistribution even when ,3

a comparatively high concentration gradient exists. This I

also appears to be the case when strontium is applied directly

to a leaf. Foliage applications of calcium and barium as

‘well as strontium.were made in several experiments; all with

'very similar results. There was little movement away from

the site of application. Autoradiograms indicated that bean

and beet plants may translocate small amounts of calcium,

strontium or barium downward into the untreated portions of
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the plant, while tomato plants showed no translocation at

all. More precise measurements using an autoscaler indicated

that in a few cases strontium did move in tomato plants but

only in trace amounts.

Both autoradiograms and radioactive counting data indi-

cate strontium can be absorbed into tomato fruits through the

intact skin but can not move out of the fruit. Even injecting

strontium directly into a fruit does not facilitate appreciable

movement to other parts of the plant.

Chelation of strontium had an effect on root absorption

but had no effect on foliar absorption and translocation.

Counting data indicate that chelated strontium was just as

immobile as strontium chloride.

An additional observation was made concerning blossompend

rot of tomato fruits. Raleigh and Chucks (uh) found blossom- I

end rot to be correlated with a low calcium content in the

fruit. In the present investigation blossom-end rot soon

began to appear on tomato fruits when calcium was withheld

from the nutrient solution. As soon as calcium was returned

to the nutrient solution, the increase in "diseased" fruits

was arrested. It would be of interest, in future work, to

determine whether strontium might also prevent the developement

of blossom-end rot when calcium.is limited.
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VII. SUMMARY

The results of this investigation have led to several

conclusions concerning the qualitative and quantitative as-

pects of strontium absorption by certain horticultural plants.

Strontium.applied to the:roots of bean, tomato and beet

plants was absorbed by the roots and translocated to all

above ground plant parts. It is generally absorbed in pro-

portion to its presence in the nutrient solution. Strontium

can be accumulated in tomato and beet tissues in amounts

almost equivalent to the normal calcium.eontent. At such

high concentrations it is toxic to both plants but the ad-

verse effects are greater on tomato than beet. Strontium and

calcium.in the same nutrient solution mutually favor the ab-

sorption of each other but the presence of adequate calcium

in plant tissues largely masks the toxic effect of strontiumt

Plant tissue analysis for several nutrient elements demon-

strated that a high strontium and low calcium.eoncentration in

the plant tissues, as contrasted to high calcium and no stron-

tium, had no effect on potassium or copper content, nearly

always caused an increase in phosphorus, magnesium and man-

ganese and sometimes favored an increase in boron and iron.

Samples from field growngplants contained no appreciable

strontiumt The calcium content of these plants was about the

same as the calcium content of greenhouse grown plants.
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Autoradiographic studies indicated that radiocalcium,

radiostrontium and radiobarium.are translocated to all parts

of the plant from root application. Strontium and barium

tend to accumulate in the vascular tissues. The distribution

of radiostrontium.in beet roots and tomato fruits was also

studied. Strontium did not move into maturing tomato seeds.

The absorption of calcium, strontium and barium applied

to the roots of best plants for four days was independent of

plant calcium content and nutrient solution calcium content.

0n the other hand with longer treatment periods calcium and

strontium.were absorbed in proportion to their presence in

the nutrient solution.

Tomato plants high in calcium always absorbed more stron-

tium.than tomato plants low in calcium.when strontium was

applied as the chloride. When applied in a chelated form the low

calcium.plants had a greater strontium uptake. Plant calcium

content had little effect on strontium absorption by beets.

In contrast to the free movement upwards and high accumu-

lation of strontium from.a root application the movement of

strontium from a foliage application was very slight. Bean

and.beet plants showed a somewhat greater movement than tomato

plants, but in neither was the amount translocated.more than

a trace of that applied. This was likewise true of calcium

and.barium. Chelation of strontium did not increase trans-

location away from treated tomato leaves or fruits. By means
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of autoradiography it was demonstrated that radiostrontium

can penetrate the intact skin of a tomato fruit and accumu-

late in the inner tissues.
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