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THE EFFECTS OF CALCIUM DEFICIENCY 00 THE METABOLISM

OF TOMATO LEAF TISSUE

INTRODUCTION AND REVIEW OF LITERATURE

Many attempts have been made to explain the role or action of

essential macronutrient elements in the growth processes of higher plants.

These attempts have been based on a study of the visible or anatomical

effects that result from the mineral deficiencies and by the effects of

controlled levels of these elements on the chemical composition of the

plants affected. Many workers (Wooley and Broye~, 1957; Wallace, 1961)

have attempted to correlate the structural deformities in plants to

specific mineral deficiency in their nutrition. However, the character

istic symptoms associated with a particular mineral deficiency in one

plant may differ significantly from those observed in another. The

direct manifestations of the specific functions of mineral elements may

be masked or complicated by differences in their secondary effects on

metabolism as a whole. Furthermore, the degree of deficiency of a given

element, through a defection in the same basic function, may produce

quite different physiological responses in different plants if they have

different quantitative requirements for that element. Caution, therefore,

must be exercised in the interpretation of the metabolic function of an

essential element when it is based on specific set of physiological

symptoms observed in a single plant, even though these symptoms appear

to be readily interpreted.
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There have been very few in vivo studies attempting to explain the

effect of calcium-deficiency on the metabolism of plants. Rasmussen and

Smith (1961) working with Valencia orange leaf tissue observed a direct

correlation between Ca++-level in the nutrient solution and malate level

in the tissue. According to them, synthesis of malic acid in orange leaf

tissue is dependent on the amount of Ca++ available to the plant.

Eckerson (1931) found calcium, as well as phosphorus, was essential

for nitrate reductase activity in tomato plants. Skok (1941) drew

similar conclusion from experiments in which some of the bean plants

growing on Ca++-deficient nutrition were supplied with reduced nitrogen

in the form of urea. The supply of urea to these plants noticeably de

layed the appearance of calcium-deficiency symptoms. The indications

are that plants grown on Ca++-deficient nutrition lose their capacity

to reduce nitrates and to synthesize proteins. They are, therefore,

essentially minus nitrogen as well as minus calcium. According to Skok,

supplying nitrogen in a form that is already reduced, removes the neces

sity for nitrate reduction and the plants then exhibit true calcium

deficiency symptoms. It is also possible that Ca++ is involved in

nitrate absorption and through this influences the nitrogen metabolism

of the plant. It appears, therefore, that calcium, among other influences,

also has an indirect influence on nitrogen metabolism of the plant. A

similar observation was made by Nightingale et al. (1931) with tomato.

They found that the Ca++-deficient plants were neither able to absorb

enough nitrate nor assimilate the small amount absorbed as efficiently

as control plants. According to them, the accumulation of carbohydrates

under conditions of nitrogen-starvation is also an indication of decreased
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protein synthesis. On the basis of the appearance of granular

proteinaecious inclusions in cells and the early death of embryonic

tissue which accompanies calcium deprivation these authors have inferred

that calcium is essential for either the formation or the functioning of

essential proteins in normal cells. One of the effects of calcium on

the wheat seedlings observed by Burstrom (1954) was the promotion of

protein synthesis which resulted when the level of Ca++ in the culture

solution was increased from 10-6 to 10-~.

Effects of several nutri~nt deficiencies on the Hill reaction of

isolated chloroplasts from tomato, were studied by Spencer and Possingham

(1960). Ca++-deficiency resulted in chloroplasts with reduced Hill re

action activity per unit chlorophyll. However, the activity of the

chloroplasts was not restored by the addition of Ca++.to the chloroplast

suspension nor did Ca++-deficiency cause any shift in the absorption

peaks or gross change in the relative proportions of the major compo

nents. According to these workers, the decrease in Hill reaction

activity is due to association of natural inhibitors of the Hill reaction

with Ca++-deficiency. They observed that the temperature sensitive or

enzymatic step in the Hill reaction was inhibited but the light sensitive

or photochemical step was not impaired by the absence of Ca++.

Joham (1957) observed accumulation of carbohydrates in leaves of

Ca++-deficient cotton plants and interpreted it as a failure of trans

location and utilization under Ca++-deficiency. Whitenberg and Joham

(1964) noted a reduction in moisture content, and increases in sugar

content, in Ca++-deficient cotton plants. They presumed cessation of

normal translocation to be responsible for the failure of the roots
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to receive a continued energy supply, causing decreased water uptake and

an eventual tissue dehydration.

Though it is known that calcium enters into the formation of

calcium pectate, a constituent of the middle lamella (Bowen ~ al.,

1962) experiments with calcium-starved plants showed no evidence of cell

wall separation due to the breakdown of the middle lamella nor its

failure to form (Day, 1928).

Kalra (1956) studied the effects of Ca++-deficiency on tomato plants.

He reported reduction of nuclear size and accumulation of large

"chromatin" granules in the cytoplasm preceding necrosis and death of

the apical meristem. He also observed increase in dry weight of the

Ca++-deficient plants.

Sorokin and Sommer (1940) observed suppression of mitosis and

gradual appearance of aberrant types of divisions (amitotic) in root

tips of Pisum sativum as calcium is removed from the nutrient solution.

Marinos (1962) investigated the submicroscopic aspects of calcium

deficiency in the shoot apex of barley and found that the first structural

abnormality is the breakdown of the nuclear envelope and vacuolar mem-

branes and the appearance of "structureless areas" in the cells. This

is followed by the disorganization of mitochondria and golgi bodies and

eventually of the plastids. With progressive Ca++-deficiency the cell

walls stain darker and gaps appear, indicating weakening of their

structure. From these observations it may be surmised that Ca++ is

essential for the maintenance and probably for the formation of cell-

membrane systems upon which the functional integrity of cell metabolism

is dependent. In Marinos' opinion, the calcium effects on cell wall are
,

probably secondary to the effects on the cell particulates and membranes.
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Steffensen (1955) observed that Tradescantia plants grown on

Ca++-deficient nutrient solutions were subject to an increased rate

(20-30 times) of spontaneous chromosomal aberrations (mutations).

At the enzymatic level, Ca++ has been shown in i~ vitro studies to

act as an activator for such enzymes as arginine kinase and adenyl

kinase (McElroy and Nason, 1954).

A number of investigators have reported that Ca++ is an integral

component of alpha-amylase from various animal tissues and microorganisms

including!. subti1i~ and Aspergillus oryzae (Hsiu ~ AI., 1964; Oikawa,

1957, 1959; Stei~ ~ a1., 1958; Wills, 1960). In general there seems to

be agreement among these workers that Ca++, which in some cases can be

replaced by Mg++ and Sr++, serves in a stabilizing role by maintaining the

proper configuration of the amylase molecule for catalytic activity

(Oikawa, 1959). This maintenance of proper configuration may be responsible

for conferring on the amylase molecule a relatively greater resistance to

proteolytic degradation (Stein ~ a1., 1958; Wills, 1960). Hsiu et a1.

(1964) believe that in proteins the intramolecular cross links involving

Ca++ are akin to disulfide bridges and are not restricted to a1pha-

amylases but also occur in the Streptomyces griseus nuclease and neutral

protease which lack cystine residues. Oikawa and Maeda (1957) observed

that with the removal of the last mole of Ca++, Taka amylase -A loses

its stable configuration. The peptide chain unfolds, there is an in-

crease in levorotation, and enzymatic activity is irreversibly decreased.

Several phospho1ipases from a number of different organisms

including higher plants are known to be activated by calcium ions. This

has been reported, for example, for the 1ecithinase-C (phospholipase C)
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which splits choline from phosphatidyl choline in cabbage (Weiss et al.,

1959) and in carrots (Einset and Clark, 1958). Davidson and Long (1958)

maintain that phospholipase D from savoy cabbage and brussels sprouts

exhibited absolute requirement for calcium ions. Wills (1960) has

shown that Ca++ has a stimulating effect on the rate of hydrolysis of

glycerides of long chain fatty acids and to a lesser extent of short

chain fatty acids such as tripropionin and tributyrin.

Calcium is apparently an activator for the phosphatases isolated by

Kalckar (1944) and Krishnan (1949) in potato tubers.

Hewitt (1958) in his review has reported that Ca++ and to a lesser

extent Mg++ activate glucose-6-phosphate dehydrogenase and 6-phospho

gluconic acid dehydrogenase of yeast.

With regard to the distribution of Ca++ within the cells of normal

tomato leaves Smith (1944) found 53.9% of the calcium in the cell walls,

24.3% in the vacuolar sap, 11.6% in the protein fraction and 10.2% in

the chloroplasts, whereas Bowen et~. (1962) found 40% as calcium

pectate and the remainder largely as free ions. Apparently calcium

from the protein fraction 2nd the chloroplasts might have been released

as free ions during the fractionation procedure used by Bowen et al.

(loc. cit.). Deguchi et al. (1953) reported biochemical studies on

calcium distribution in leaves of Brassica chinensis. According to them,

regardless of Ca++-level in the medium, Ca++ was always less in the

uppermost leaves and the ratio of water soluble Ca++ to total Ca++ was

somewhat higher in the lower leaves. With regard to the concentra-

tions of calcium in different parts of bean seedling Biddulph ~ ~.
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(1959) indicated that an important factor in calcium accumulation was

the total volume of the transpiration stream received. There was no

significant loss of Ca++ from the leaf following the initial deposition,

indicating lack of reutilization of Ca++ in growth and metabolism else

where. According to Maynard and Gentile (1963) regardless of the

calcium (Ca45) level in the nutrient solution, the fractional distri

bution of Ca45 remains constant among the ceH wall, the soluble and the

particulate fractions of carrot root cells. Fifty percent of the Ca45

appeared in soluble fraction and 50% in the wall and particulate frac

tion. They also observed that after 1 hour incubation of tissue

homogenates in EDTA (0.008N), 50% of the radiocalcium f~om the cell

wall fraction and from the particulate fraction is removed with con

comitant increase in the soluble fraction. The ability of the

mitochondria to release a portion of their bound Ca45 in the presence

of EDTA, according to Mertz (1961), suggests that the mitochondria by

virtue of their bound calcium are the actual carrier or the site of

carrier molecules in the metabolic uptake of ions.

According to Florell (1957), formation of mitochondria in wheat

roots depends on calcium. Increasing calcium from 10-7 to lO-4M

increased mitochondrial weight by 54% and increased the protein content

of the mitochondria by 39%. Florell also suggested that the beneficial

effect of Ca++ in the promotion of anion uptake is the result of

increased mitochondrial formation.

Epstein (1961) considers that Ca++ is essential in selective cation

transport by plant cells. Ca++ is believed to maintain the integrity

of this system through its influence on the membrane.
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Calcium stimulates indoleacetic acid uptake by pea roots (Andrea

et ~., 1960) although its mode of action in this respect is not clear.

Hewitt (1951) is of the opinion that Ca++ to some extent acts in

complementary fashion to ~ in maintaining cell organization,hydration

and permeability, thus indir~ctly influencing many enzyme systems. The

best known physiological effect of calcium ion is its action in de

creasing cell permeability. The action of K+ in this respect was to

promote cell permeability (Nason and McElroy, 1963). Maintenance of a

balance of K+ and Ca++ within fairly narrow limits appears to be es

sential for maintaining differential permeability of the cell membranes.

The present study is concerned with quantitative and qualitative

differences in the chemical constituents of tomato leaf tissue which

may result from a calcium deficiency. It is based on the premise that

a deficiency will block the reactions catalyzed by enzymes which require

the presence of calcium ions either for their synthesis or their

structural integrity. If such is the case, the concentration of the

substrate should be increased while that of the product be decreased.

It is also possible that changes in concentrations will initiate alter

nate pathways of metabolism.

Short-term photosynthetic experiments with c1402 result in the

labeling of a large number of compounds within the leaf. The formation

of these compounds and their subsequent transformations during 6 hour

respiration in the dark has been studied in both normal and calcium

deficient leaf tissue. A comparison of the normal and the deficient

tissues with regard to the compounds labeled and the degree to which

they become labeled has been used to seek more specific information about
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the impairment due to a calcium deficiency in nutrition. Application of

radio-carbon as a tracer and the ~lse of paper chromatography and radio

autographic techniques have simplified the detection and identification

of the products of metabolism which are difficult to analyze by conven

tional chemical methods.



METHODS AND MATERIALS

Culture of Experimental Plants

Seeds of tomato, Lycopersicon esculentum var. Anahu 5837 Mass.

Wai, a hybrid stock maintained by the Department of Horticulture at

the University of Hawaii, were germinated in vermiculite. After ap

proximately 3 weeks, the seedlings were transplanted into half strength

nutrient solution (Arnon and Hoagland, 1940). The plants were grown in

the greenhouse in 4 liter jars fitted with aeration tubes. Six to

eight plants were grown for each experiment. After a week on one-half

strength Hoagland's solution the seedlings were transferred to full

strength nutrient solution for a period of 2 weeks. Three or four of

the plants were then deprived of calcium by the omission of calcium

nitrate from the culture solution. The remaining plants were continued

on the complete nutrient solutions. The solutions were renewed at

weekly intervals.

The heights of the plants were measured on the day the calcium

deficient treatment was initiated and on the day the plants were used

for experiment. The average increase in height of the deficient and

control plants during the treatment gave a measure of the growth. The

sequence of development of the deficiency symptoms such as changes in

the appearance of the young expanding leaves and the terminal bud, was

noted, and on the 8th-10th day of the treatment, depending on the de

gree of severity of the symptoms, the selected plant or plants were

used for experiments in photosynthesis and respiration.
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Photosynthesis and Respiration of Normal and Ca++-deficient Leaves

Four experiments were performed for each set of plants. Tissue

similar in age and position on the main axis was used in all experi

ments.

Photosynthesis in the Presence of cl 402

A third or fourth leaf below the terminal bud on the main axis of

the plant was selected for the photosynthesis experiments. All experi

ments were performed in a well ventilated hood at approximately the

same time of the day. The leaf was detached from the plant just prior

to the experiment and its intact terminal portion was cut to a weight

of about 4 g. The cut end of the petiole subtending the laminate por

tion was immersed in a small volume of distilled water in a 2-3 mI.

vial. The leaf with its stalk in the vial was introduced in the photo

synthesis chamber, of 55 mm. I.D., 21 cm. in length, and of 500 mI.

volume between stopcocks C & D (F{g. 1). To insure adequate humidity

during photosynthesis the inner walls of the chamber were wetted before

the leaf was introduced. The photosynthesis chamber held in position

by a clamp on a weighted ring stand was immersed in a cylindrical glass

tank (30 cm. in diameter) filled with water. Two 100-watt incandescent

bulbs in desk lamps placed opposite each other on the outside of the

tank provided illumination (950-1000 ft.-c.). About 12 cm. of water

surrounded the photosynthesis chamber in the tank and maintained the

temperature at 27 ± 10 C. during photosynthesis.

About 1 mg. of radioactive barium carbonate containing approximately

l30pc of carbon-14 and 20 mg. of inactive barium carbonate was introduced

into an external carbon dioxide generator (vol. 15 mI.) bearing an



12

->

:1

'/
//

-/ ;:oJ

'/
... I I "
.,' I j'.:.' "'. .

I '-J
~/
" '''-',j ~

.,.#" \

'....\."'"'---...... ,-

.... .. ""

" '

j;-
I

I
,1

!

/
! ,.;,' i

/ .;}

/
.,

.... /

.;,-\:,I .l
I . '.I J

\,~,~l. ~'~j :>

I

; -
"

G '::. len ~,""l" 0 ")
...."\ ... i\. r.. I .\.G ) -- . ......

r;. v

FIGURE 1. PHOTOSYNTHESIS APPARATUS



13

ordinary stopcock A at one end and a two way stopcock B at the other

(Fig. 1). After the gas had been generated, the generator was fitted

on the upper end of the photosynthesis chamber with the two way stop

cock B in the bypass position so that outside air could be drawn

through the chamber. The recurved tube at the lower end of the

photosynthesis chamber was connected to a vacuum system and humidified

air was drawn over the leaf in the chamber at a rate of about 15 ml./min.

while the leaf was illuminated for about 5 minutes before introducing

the C1402 • At the conclusion of this 5 minute period the two way

stopcock B was closed and the photosynthesis chamber was evacuated

until a flow of air bubbles from the petiole of the leaf was evident

(ca. 20 cm. Hg). The stopcock A in the recurved tube at the lower end

of the chamber was closed and the two-way stopcock B connecting the CO2

generator to the chamber was opened to let the Cl402 flow into the

photosynthesis chamber and the pressure was equalized by permitting

outside air to wash through the generator into the chamber. After

equilibration, the stopcock C at the upper end of the photosynthesis

chamber was closed and the gas generator was disconnected. At the end

of 15 minute photosynthesis, the leaf was removed from the chamber

immediately cut into small pieces and dropped into boiling 80% ethanol.

The rate of photosynthesis of Ca++-deficient and normal leaves was

also determined with the same apparatus and under similar conditions

using 20 mg. of nonradioactive barium carbonate. At the conclusion of

the 15 minute photosynthetic period a CO2 absorption train was connected

to the upper end of the chamber and under reduced pressure acidified

water was drawn into the chamber through the lower end in order to
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displace all the residual gas. The excess C02 not utilized during the

photosynthetic period was absorbed in 20 mI. of 0.2N NaOH. As soon as

the absorption was complete, the alkali was transforred quantitatively

to an erlenmeyer flask containing 10 mI. of .0.lM BaC12 and the excess

alkali was titrated with standard HCl in order to get the amount of C02

not used by the leaf. From a number of experiments an average rate of

photosynthesis was calculated for normal as well as for Ca++-deficient

leaves.

Respiration

Respiration studies were made by using a comparable leaf from

another plant of Lhe same batch and of similar nutritional status. The

detached leaf was allowed to photosynthesize for 15 minutes in a Cl402

atmosphere as described previously, and at the conclusion of the photo

synthetic period the chamber was removed from the tank and wrapped in

aluminum foil to insure complete darkness. The foil wrapped chamber

was then connected into an absorption train consisting of an alkali trap

to absorb CO2 from the air before it entered the leaf chamber and two

absorption vessels connected in series to absorb the CO2 respired by

the leaf. Each vessel contained 20 mI. of freshly prepared CO2-free

0.2N NaOH and air was drawn through the system at a rate of about 20 mI.

per minute under slightly reduced pressure. Sintered glass spargers

were employed to give a fine dispersion of the air entering the alkali

in the vessels. After 6 hours, the absorbing vessles were disconnected

and the leaf was removed from the chamber, cut into small pieces and

dropped into boiling 80% ethanol.
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Determination of CO2 after 6 Hour Respiration

The alkali from each of the two absorption vessels was transferred

quantitatively to separate erlenmeyer flasks and 10 mr. of O.lM barium

chloride made alkaline to phenolphthalein was added to each in order to

precipitate the absorbed C02. The contents of the flasks were then

titrated with O.lOON HCl to a phenolphthalein end point. A blank was

run in the same way but without a leaf. The second absorption vessel

was used to ensure quantitative C02 absorption. However, in none of the

experiments did the alkali from the second vessel show any C02 absorp

tion. Mi11imo1es of C02 absorbed were calculated from the difference in

the titration values of the alkali in the absorber when a leaf was present

and when it was absent from the chamber. This value is a measure of the

sum of the C02 respired by the leaf in 6 hours and the C02 left unused

in the chamber after 15 minute photosynthesis. The amount of C02 respired

was obtained by subtracting the mi1limoles of C02 unused in photosynthesis

from the mil1imo1es of C02 absorbed. The amount of C02 unused was de

termined on a similar tissue in a companion experiment.

The rate of respiration of the normal and deficient leaf tissue

was also determined by this method but without any prior assimilation

in C1402 . The C02 absorbed by the alkali in this case was that given

out only in respiration of the leaf tissue. A number of determinations

were made with control leaf, calcium-deficient leaf, and without a leaf

to get the blank reading. An average rate was calculated for each tissue.

Radioactivity Assay of the Precipitated Barium Carbonate

After titration, the precipitated BaC03 was collected and washed by

centrifugation. Ethanol was employed in the last three washings after

which the BaC03 was dried overnight in an oven at 600 C.
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Since the specific activity of the isolated BaC03 was in all

instances too high to assay accurately, it was necessary to dilute it

10-100 times by adding C12-barium carbonate. Weighed amounts of radio

active and nonradioactive barium carbonate were mixed in one arm of a

Y tube such as is used in a Van Slyke-Fo1ch oxidation. The CO2 was

released under reduced pressure by adding lactic acid from a bulb on

the same arm and the CO2 was absorbed in the excess alkali contained

in the other. The alkali was treated with BaC12 and the precipitate

of BaC03 was collected and washed by centrifugation.

The diluted BaCl 403 in an alcohol slurry was plated on tared

aluminum p1anchets and dried at room temperature. C14_act ivity was

assayed by means of a Tracer1ab SU-3D laboratory monitor equipped with

a thin end window Geiger tube. Three p1anchets were plated for each

experiment and an average of the radioactivity measurements corrected

for self absorption and dilution was used to calculate the specific

activity of the barium carbonate derived from the respired CO2 , From

the determination of total carbon dioxide collected and the specific

activity of the barium carbonate obtained, and knowing the amount of

C02 unused in photosynthesis, the total amount of activity respired by

the leaf during 6 hours was calculated.

Extraction of Tissue

The leaf tissue which was immediately killed in boiling 80%

ethanol at the conclusion of each experiment, was then extracted four

to five times using 20-30 m1. of 80% ethanol for each extraction. The

extracts were decanted, pooled together and evaporated to dryness at
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40-42 0 C. in vacuo. The insoluble residue was dried, weighed, and stored

until it was further analyzed.

Fractionation

The dried ethanol extract was washed with ether until it was free

of chlorophyll. The ether extracts were combined and the ether insoluble

residue was taken up in water. The two fractions, ether soluble and water

soluble were transferred to tared beakers and evaporated to dryness in

order to determine their masses. The water soluble fraction was dissolved

in 25 mI. water. Two aliquots of 10 pI, one of 20 pI, and one of 40 pI,

were spotted on Whatman No. 1 filter paper. The aliquots larger than

10 pI were applied in 10 pI increments and the spots were dried between

successive applications so that the spot diameter would not exceed 15 rom.

The activity per aliquot was determined and from these values the total

activities in the water soluble fraction was calculated. Since Whatman

No. 1 filter paper has an apparent absorption factor of three the calcu

lated values for total activity in this fraction was multiplied by three

(Putman and Hassid, 1954) so that it could be compared with the values

for BaC03, which were obtained by counting on aluminum planchets.

In order to remove the sugars which were found to contaminate the

ether soluble fraction, it was taken up in 1-2 mI. of toluene:methanol

(4:1) in a small separatory funnel and rinsed 2-3 times with 3-4 mI.

portions of water. The non-aqueous or lipid fraction was dried over

sodium sulfate, filtered and made to 5 mI. Two aliquots of 10 pI, one

of 20 pI and one of 40pl were spotted on the filter paper and the

radioactivity in the fraction was calculated in the same manner as that
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described above for water soluble fraction. Another aliquot (1 mI.) was

treated with 5-6 drops of 1.5M sodium methylate. After allowing 15

minutes for the base catalyzed transmethylation, the reaction mixture

was shaken with an equal volume of water. The aqueous layer was separated,

treated with Dowex 50 in H+ form to remove Na+, filtered, and dried. The

nonaqueous fraction was made to a known volume and an aliquot was taken

to measure the radioactivity in this fraction. The aqueous fraction was

made to a known volume and the radioactivity in this fraction was also

measured using an aliquot. The aqueous fraction had about sot and the

nonaqueous or nonsaponifiable fraction had about 50% of the radioactivity

in the lipid fraction in both the tissues.

The residue left after exhaustive extraction of the leaf tissue with

hot 80% ethanol was finely powdered. The specific activity of this

material was determined by counting weighed amounts spread uniformly on

aluminum planchets and applying a factor for mass absorption. From the

weight of the residue and its specific activity, the total activity in

the residue was calculated.

Starch was isolated from the powdered ethanol insoluble residue by

the method of Pucher and Vickery (1948) with the modification that the

IKI-starch complex was precipitated with ethanol, final concentration 25%,

instead of with sodium chloride. The starch obtained by destroying the

iodine complex was purified by repeated solution in water and precipi

tation with ethanol, final concentration 60%. The final precipitate

was dissolved in water, transferred to a tared beaker and dried at room

temperature in a vacuum desiccator. The amount of activity in the starch

fraction was determined by using an aliquot of a solution of this

material.
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The residual material left in the centrifuge tube after the

perch10ric acid extraction was washed with water until free of acid,

and then dried with ethanol and ether. The ether was evaporated and the

material was kept overnight in an oven at 60 0 C. This insoluble fraction

was assayed for radioactivity by counting weighed amounts spread uniformly

on aluminum p1anchets and applying a factor for mass absorption.

The water soluble fraction was analyzed by paper chromatography

and radioautography.

Paper Chromatography

Chromatograms of the water soluble fraction were prepared using

a1iquots of the extracts equivalent to 25 or 50 mg. fresh weight of

tissue with an activity of about 30,000 cpm. A1iquots of this size were

suitable for detection of most of the constituent compounds with spray

reagents without causing overloading which would interfere with separa-

tion. Two dimensional paper chromatography employing 18-\" x 22-\" sheets

of Whatman No. 1 filter paper was used for the separation of the con

stituents of the water soluble fraction. Phenol saturated with water

was used as the first solvent and butanol-acetic acid-water (62:10:28)

was used as second solvent for the separation of sugars and amino acids,

whereas butanol equilibrated with 4M formic acid (v/v) was used as

second solvent for the separation of organic acids. Compounds which

could not be completely separated by the two-dimensional solvent systems,

were separated by paper electrophoresis (Block et a1., 1958). Ninhydrin--
0.2% in butanol, bromcresol green 0.04% in ethanol, and p-anisidine-HC1,

saturated solution in butanol, were used as spray reagents for detec~ing

amino acids, organic acids and sugars, respectively.



20

Radioautography

The method described by Benson ~ aL (1950) using 14" x 17"

Eastman No-screen medical X-ray film was employed. The film was placed

on the dried chromatogram with one corner of the film at the origin of

the chromatogram and the excess portion of the filter paper sheet was

folded to fit around the film. The film in contact with the chrmnatogram

was then placed in an ''Eastman X-ray Exposure Holder." The exposure

time varied according to the amount of activity applied to the chromato

gram. An exposure of about 48 hours was found to be sufficient for the

preparation of a radioautograph of a chromatogram that had an activity of

about 30,000 cpm. applied to the origin. With this exposure time it was

possible to detect a darkened area on the radioautograph corresponding

to a spot on the chromatogram of about 20 mm. diameter with an activity

of as low as 50 cpm. Thus compounds containing as little as 0.1% of the

applied activity could be detected.

Radioactivity Measurement

The X-ray films were developed in Kodak D-19 developer for maximum

contrast. After the X-ray film was developed, the darkened areas, or

"spots" on the film were outlined. The film was again placed in contact

with the chromatogram in the position in which it had been exposed and

the spots on the film were traced on to the chromatogram by transmitted

light in order to indicate the positions of the radioactive compounds on

the filter paper sheet.

The radioactive areas on the chromatogram were counted by placing

the Geiger tube directly over the outlined areas. In cases where these

areas were larger than the window of the Geiger tube, the area was
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counted in sections by the use of celluloid masks, and the total count

in the area was estimated by summing the counts of the individual sec

tions. From these data the percentage distribution of activity among

the different constituent compounds of the water soluble extract was

determined. The chromatograms were always prepared in duplicate,

however, the percentage distribution of activity among the various

compounds on the two chromatograms did not differ more than 15% in the

analysis of any given extract.

Further Separation of Overlapping Compounds

The pairs of compounds, glucose and glutamic acid, alanine and

fructose, and glycine and serine have similar Rf values in the two

solvents usually employed and as a result both members of a pair oc

cupied the same position on the chromatograms. In such cases after the

activity in the area had been determined the co~pounds were eluted and

separated by paper electrophoresis (Block et al., 1958). This electro

phoretic separation was achieved at 600 volts in horizontal open strip

system within 1 hour on 4-6" x 15" paper strips (Whatman No.1) using

either 0.2M sodium formate (pH 3.8) or 0.05M sodium carbonate (pH 8.6),

or both, as electrolytes. After their separation, it was possible to de

termine the contribution of each in the combined overlapped "spot" on

the original chromatogram. During electrophoresis of these mixtures

in pairs, the respective authentic compounds were also used side by

side and the strips sprayed separately in order to determine the degree

of separation.
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Identification of Radioactive Compounds

In the cases of those compounds on the chromatogram which occurred

in concentrations sufficient for color reaction with various spray
~

reagents, a tentative identification was made by comparing their posi-

tions in the two solvent system with known compounds possessing the

same spray reaction.

The suspected radioactive sucrose was eluted from the paper in a

beaker. About l5)Ul of the eluate containing 4000 cpm. radioactivity

were taken in a capillary tube and mixed with about 8 pI of 1.0% inver-

tase (Wallerstein scales), and 8~1 of O.lM sodium acetate buffer (pH

4.5) and the tube was sealed. The mixture was incubated for 30-45

minutes at 370 C., and, at the conclusion of the incubation period, the

capillary tube was opened and the hydrolysate was chromatographed and

radioautographed. The radioactive products of the incubation were

identified as glucose (with about 1950 cpm.) and fructose (with about

1850 cpm.) by co-chromatography with authentic samples. Thus the

tentative identification of sucrose was confirmed. The suspected glucose

and fructose spots which were detected on the chromatogram by e-anisidine

spray reagent were also confirmed by co-chromatography with authentic

samples.

The radioactive spot suspected to be malic acid was eluted from the

paper. The eluate containing about 2000 cpm. radioactivity was trans-

ferred to a 3 mI. tube (1 em. I.D.). About 200-300 pg of authentic malic

acid was added to the eluate in the tube and mixed. The tube was placed

in a 50 mI. filter flask which had a stopcock fixed on to the side arm.

The flask was closed with a rubber stopper, evacuated and filled with
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nitrogen gas by slowly manipulating the stopcock on the side arm. The

flask was then placed in an oven and heated at 1450 C. for 24 hours. At

the conclusion of the heating period the contents of the tube were dis

solved in 100pl of water and an aliquot (20 pI) was chromatographed and

radioautographed. The fumaric acid formed in the above process contained

about 1400 cpm. radioactivity and co-chromatographed with the authentic

sample. The rest of the activity remained in the malic acid which was

not transformed. Thus the identity of malic acid wa~ confirmed.

The spots near the origin suspected to be phosphorylated compounds

were eluted together from a number of papers. Five-8pl of the eluate

containing about 12,000 cpm. radioactivity were mixed with 5-6 pI of 1M

sodium acetate buffer (pH 4.8) with 1 mg. of purified acid phosphatase

from potato (Boehringer and Soehne), picked in a capillary tube and

incubated for 4 hours at 390 C. The hydrolysate was chromatographed,

radioautographed and the four major radioactive spots that were obtained

were identified by co-chromatography with authentic samples. The

hydrolysate showed about 71% glucose, 16% fructose, 8% glyceric acid, 3%

inositol and the remaining 2% was present in two to three spots which

could not be identified due to their low concentrations.

The suspected radioactive inositol co-chromatographed with authentic

myoinositol. It gave a decolorized spot on a colored background when

sprayed with 1% K Mn04' When carried through Malaprade's periodate

reaction (Smith, 1950) it lost all the radioactivity as CO2 without

yielding any detectable amounts of formic acid. It also gave positive

reaction for Scherer's test involving oxidation with HN03 similar to the

authentic sample.
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The radioactive spot suspected to be glutandne was converted to

pyrollidon carboxylate and glutamic acid by heating the aqueous eluate

for 1 hour at 450 C. The authentic sample was carried through the same

reaction and the products were used for co-chromatography and radio

autographic coincidence of pyrollidon carboxylate and glutamic acid.

The suspected radioactive citric acid, succinic acid, alanine,

glutamic acid, aspartic acid, serine, phenylalanine and gamma-amino

butyric acid were eluted from the paper and rechromatographed with

respective authentic materials. After radioautography, the papers were

sprayed with ninhydrin or the acid-base reagent and the exact coincidence

of the color spot with the darkened area on the film was accepted as

confirmation of the identity of the radioactive spots.

Tabulation of the Radioactivity Data

The amounts of activity in the four major fractions--ether soluble,

water soluble, ethanol insoluble residue, and the carbon dioxide in

each experiment were added together and the percentage contribution of

each of these fractions to the total was calculated.

The amount of activity in each major fraction as well as in each

individual constituent of the fraction is expressed as a percentage of

the total activity used in the experiment in order to have a basis for

comparison of the normal and Ca++-deficient tissues.

The difference· in the sum of the activities in the three major

fractions, ether-soluble, water-soluble and ethanol-insoluble, after

photosynthesis and after respiration gave a measure of the amount of

activity respired by the leaf in 6 hours. The amount of activity



25

respired, deducted from the amount of activity absorbed as C02 in the

alkali, gave a measure of the amount of activity left unused by the leaf

in the photosynthesis chamber after 15 minute photosynthesis. The

weight (in mg.) of the CO2 unused was determined as a fraction of the

C14 initially available to the leaf. The difference in the weight of

the total C02 absorbed in the alkali during 6 hour respiration and that

of the CO2 unused in photosynthesis gave the weight of the CO2 respired.

The degree of dilution of 'the assimilated isotope during the

respiration of the two leaf tissues was obtained by comparing the

specific activity of the initial C02 generated from the BaC03, with

that of the CO2 respired.

Since a fraction (12% in case of the normal leaf and 42% in case

of the Ca++-deficient leaf) of the initial CO2 given to each leaf was

always left unused in the photosynthesis chamber at the conclusion of the

15 minute photosynthesis, it was felt necessary to check if the leaf

tissues picked up any additional label by exchange reaction during

respiration. The normal as well as Ca++-deficient leaf was illuminated

for 15 minutes under similar conditions as described previously but in

the presence of non-radioactive C02 released from 21 mg. BaC03. At the

conclusion of the photosynthesis period the chamber (Fig. 1) was par

tially evacuated as quickly as possible and c l 402 released from different

amounts of BaC1403 for the two leaves was let into the chamber. In the

case of Ca++-deficient leaf, 9.5 mg. BaC1403 containing about 55 pc were

used, whereas in the case of normal leaf 2.1 mg. Bac1403 containing l3)Uc

were used to release the CO2 , These were the approximate amounts of CO2

left unused in the photosynthesis chamber at the conclusion of the
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photosynthesis period by the two leaves respectively. Soon after letting

in the Cl40Z in the chamber and equalizing the pressures inside and

outside the chamber, as described previously, each leaf was allowed to

respire in the dark for 6 hours. At the conclusion of the respiration

period the leaf tissues were analyzed as described previously. It was

observed that there was essentially no additional labeling of the

tissues during respiration even though some unused C140Z was left in

the chamber after photosynthesis.



,
RESULTS AND DISCUSSION

General Observations

Within 3-4 days after placing the plants on calcium-deficient

nutrition, the young growing leaves showed paling along the margins and

apices. This was followed by a reduction in growth of the main axis.

Successively younger leaves showed more pronounced chlorosis and

marginal curvature due to differential growth of the marginal and

central regions of the leaf. The margins and apices of the leaflets

of recently expanded leaves became brown and eventually necrotic. The

youngest leaves died without expanding. By the 10th day the shoot apex

had withered. The plants were used just prior to the necrosis of the

shoot apex and soon after the cessation of growth of the main axis (i.e.,

between 8th and 10th day).

The heights of the main axes of both sets of plants were measured

at intervals from the day the seedlings were transferred to a ca1cium-

deficient nutrition until their growth had completely ceased (8 or 9

days). Table I shows the initial height of the seedlings on the day

they were transferred to calcium-deficient nutrition and the final height

when they were taken for experimentation. From this table it is evident

that the deficient plants attained only 50% of the growth exhibited by

the normal control plants during the period of the treatment.

The leaf tissues from the calcium-deficient and the normal plants

were fractionated into an ether soluble, a water soluble and an ethano1-



TABLE 1. GR<Ml'H IN HEIGHT OF Ca-DEFICIENT AND NORMAL PLANTS

IN 8-10 DAYS OF TREATMENT

28

Initial height Final height Growth
(em. ) (em.) (em.)

(av. of 3-5 plants) (av. of 3-5 plants)

I (Normal 7.0 ± 1.0 23.0 ± 2.0 16.0 + 2.2
Sept.-Oct. (

1962 (-Ca++ 7.5±1.0 15.0 ± 2.5 7.5±2.7

I! (Normal 7.0 ± 0.5 29.0 ± 2.0 22.0 ± 2.0
Oct.-Nov. (

1962 (-Ca++ 6.5 ± 1.0 l7.0± 1.0 10.5 ± 1.4

II! (Normal 6.5 ± 0.5 22.0 ± 2.0 15.5 ± 2.0
Nov.-Dec. (

1962 (-Ca++ 7.5 ± 0.8 17.0 ± 2.0 9.5 ± 2.1

IV (Normal 8.0 + 1.0 28.0 ± 2.0 20.0 + 2.2
Dec.-Jan. (

1962-63 (-Ca++ 8.0 ± 0.5 18.0 ± 1.0 10.0 + 1.1



insoluble residue fraction. The percentage of the fresh weight of the

tissue contributed by each of these fractions is as follows:

29

Ether-soluble Water-soluble Residue Moisture

Normal leaf

Calcium deficient
leaf

1.1-1.9

1.0-1.3

2.1-3.1

3.7-5.7

5.2- 7.3

6.3-10.7

88.1-90.8

82.5-88.4

Although the amount of ether-soluble material was similar in the

two leaves, the residue fraction and the water-soluble fraction in the

calcium-deficient leaf were respectively 30% and 100% greater than in

the normal leaf.

The ether-soluble fraction of the calcium-deficient leaf showed 50%

less absorbancy at 660 ~ indicating its chlorophyll content to be 50%

less than that of the normal leaf (Table II).

Further analysis of the water-soluble fraction was made by paper

chromatography. The color intensities and the weights of the spray

reactive spots excised from the chromatograms of the water-soluble

fractions of the two tissues were compared. From this comparison, it

was evident that the calcium-deficient leaf contained at least twice as

much sucrose, glucose and fructose; about two- to three-fold more citric

and malic acid; about 50% more aspartic, glutamic, gamma-amino-butyric,

leucine, serine and glycine; and two- to three-fold as much glutamine

and asparagine as in the normal leaf. In view of the decreased growth

of the calcium-deficient plant and the eventual death of the meristem

one would infer the accumulation of these metabolites to be due either

to their decreased utilization or to their decreased translocation

out of the leaf. Joham (1957) and Whitenberg and Joham (1964) also

observed an accumulation of carbohydrates along with a reduction of

moisture content in the leaves of cotton plants which were grown under



TABLE II. ANALYSES OF THE 4 GRAM LEAF TISSUES

Ethanol Chlorophyll Total Total Protein Ethanol sol-
Dry wt. Ash soluble absorbancy calcium phosphorus nitrogen ub1e nitrogen

(mg. ) (mg. ) (mg.) at 660 mp (ng .) (ng .) (mg. ) (mg.)

Normal
541 - 173.0 0.62 - - 23.7 4.4

560 - 177 .0 0.86 - - 26.8 4.8

600 90 - - 11.5 6.3

602 98 - - 25.5 5.7

0.78

Calcium
deficient

597 - 230.0 0.44 - - 20.5 5.0

670 - 233.0 0.37 - - 18.6 6.1

601 99 - - 2.3 4.6

602 92 - - 3.0 4.6

0.37

I.

w
o



31

calcium-stress. According to them, this accumulation of the carbohydrates

in the leaves was a consequence of their decreased translocation out of

the leaf under calcium-deficiency.

The ethanol insoluble residue was extracted with perch10ric acid to

yield a starch fraction and an insoluble residue--ce11u1ose. The starch

content of the calcium-deficient leaf was greater than that of the

normal leaf, and the cellulose content in the two leaves was similar,

when the leaf tissue samples were from the same batch of plants (Appendix

Table 1). Apparently the synthesis of these two fractions was not ad

versely affected by calcium-stress.

The net amount of the ether soluble fraction in both the leaves

remained essentially unaltered after 6 hours respiration of the leaf

tissues in the dark, as can be seen from Table III.

The comparison of the sprayed chromatograms prepared from the water

soluble fractions of the normal and the calcium-deficient leaves before

and after respiration revealed changes in the concentrations of the

various components of the fraction during respirati.on.

Whereas in the control tissue, the depletion in the concentrations

of the three sugars after respiration was clearly evident in their de

creased spot sizes, the depletion in these sugars in the calcium-deficient

tissue was not perceptibly large.

During respiration of the normal leaf tissue the malate concentration

showed no significant change but the amount of citrate decreased. In the

calcium-deficient leaf, however, the malate concentration decreased and

the amount of citrate increased.



TABLE III. WEIGHTS OF THE MAJOR FRACTIONS OF THE LEAF TISSUE

Treatment
Water % of Ether % of Residue % of %Date Soluble fro wt. Soluble fro wt. fro wt. moisture

12/12/63
(mg.) (mg.) (mg.)

28 Normal
(Photosynthesis) 82.4 2.1 74.8 1.9 205.4 5.2 90.8

29 12/12/63 Normal
(Respiration) 84.9 2.1 47.9 1.1 220.0 5.5 91.3

30 1/11/64 Ca++- deficient
(Photosynthesis) 232.0 5.8 49.9 1.2 428.6 10.7 82.3

31 1/11/64 Ca-l+-deficient
(Respiration) 228.1 5.7 45.2 1.1 428.4 10.7 82.5

32 2/1/64 Normal
(Photosynthesis) 125.0 3.1 47.5 1.1 265.2 6.6 89.2

33 2/1/64 Normal
(Respiration) 104.2 2.6 46.8 1.1 244.9 6.1 90.2

34 2/2/64 Ca++-deficient
(Photosynthesis) 194.9 4.8 47.2 1.1 286.8 7.1 87.0

35 2/2/64 Ca++-deficient
(Respiration) 172 .8 4.3 42.0 1.0 254.8 6.3 88.4

38 7/7/64 Ca-l+-deficient
(Photosynthesis) 168.8 4.2 53.4 1.3 291. 8 7.3 87.2

39 7/7/64 Ca++-deficient
(Respiration) 148.1 3.7 51.6 1.3 289.3 7.2 87.8

40 7/8/64 Normal
(Photosynthesis) 121.1 3.0 64.1 1.6 293.1 7.3 88.1

41 7/8/64 Normal
(Respiration) 102.7 2.6 53.1 1.3 277 .6 6.9 89.2

w
N



33

Glutamic acid increased in concentration during respiration in both

the tissues, but the size of the spot from the calcium deficient tissue

after respiration was smaller than that from the normal tissue. Other

amino acids in the calcium-deficient leaf were present in the same or

slightly higher concentrations than those found in the normal leaf after

respiration. The two amides, asparagine and glutamine, showed similar

increases in both the tissues during respiration and after respiration

their concentrations in calcium-deficient tissue were twice as much as

in the normal tissue.

Starch content of the normal tissue showed a &mall decrease after

respiration but that of the calcium-deficient tissue was not consistent

(Appendix Table 1).

The leaf tissues were also analyzed for protein nitrogen, soluble

nitrogen, phosphorus and calcium (Table II). At the time the plants

showed severe calcium deficiency symptoms the experimental leaves con-

tained only 10% of the calcium present in the normal leaf. The protein

level of the calcium-deficient tissue was about 25% lower but soluble

nitrogen was 20% higher and the total phosphorus content about 15-20%

less than that of the normal leaf tissue.

Photosynthesis

During preliminary work with tracer doses of radioactive CO2 , re

leased from 1 mg. BaC 1403 , it became evident that the Ca++-deficient

leaf like the normal leaf could assimilate all the C1402 within 10

minutes and that the pattern of distribution of the isotope was es

sentially the same in the deficient tissue as it was in the control
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tissue, for any given experiment. However, from experiment to experiment

there were high irregularities in the distribution of C14 among the

various constituents of the normal leaf tissue (e.g. in 18 experiments

the ratio of C14-sucrose to C14-malate varied from 0.8-8.5). Since the

deficient leaf tissue could still assimilate and distribute the tracer

amount of C14 in the same patterns as the control tissue, it became

apparent that the amount of C02 employed was not sufficiently large to

demonstrate any metabolic impairment in the deficient system, by this

technique. It therefore became necessary to obtain information relative

to the rate of photosynthesis of the leaf in normal and in deficient

status in order to determine an initial level of C02 such that it would

be in excess throughout the 15 minute photosynthetic period. A number

of experiments under the same experimental conditions but with in

creasing amounts of C02 were carried out and determinations were made

of the unused CO2 in the assimilatory chamber at the end of 15 minutes.

The residual gases were displaced with acidified water and the C02 was

absorbp-d in standard alkali. The results (Table IV) indicate that when

20 mg. of BaC03 were used, the normal leaf utilized about 80% of the C02

in 15 minutes whereas the deficient leaf used only about 58% of the same

dose in the same time. From these results it was evident that the

amount of C02 released from 20 mg. BaC03 did not become limiting during

15 minute photosynthesis and that, under the conditions of the experi

ment, the Ca++-deficient leaf could utilize only 70% as much as the

normal leaf. Since the other conditions were identical, it would

appear that Ca++-deficiency caused about a 30% impairment of the photo

synthetic system of the leaf tissue.



TABLE IV. RATE OF PHOtOSYNTHESIS (C 12 _DATA)

Leaf CO2 CO2 CO2 %
rank given unused used utilization(meg .) (meg.) (meg.)

Normal leaf
(4th 0.203 0.045 0.158 77 .8

10/31/63 (5th 0.203 0.030 0.173 85.2
(6th 0.203 0.050 0.153 75.3

(4th 0.203 0.045 0.158 77 .8
11/1/63 (5th 0.203 0.035 0.168 83.0

(6th 0.203 0.035 0.168 83.0

Ca-deficient leaf

(4th 0.203 0.090 0.113 56.0
11/11/63 (4th 0.203 0.080 0.123 60.0

(5th 0.203 0.085 0.118 58.0

AveragE! percent utilization by normal leaf: 80.4% = 16.07 mg. BaC03/15
min. and by Ca:deficient leaf: 58.0% = 11.6 mg. BaC03/15 min.

Average rate of photosynthesis of normal leaf: 3.6 mg. CO2/g./hr. and
of C~deficient leaf: 2.6 mg. CO2/g./hr.

35
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The normal leaf assimilated at an average rate of 3.6 mg. CO2/g. fro

wt./hr., whereas the Ca++-deficient leaf utilized 2.6 mg. COz/g. fro wt./hr.

In the subsequent experiments, employing doses of COZ released from

ZO mg. non-radioactive and 1 mg. radi~active BaC03, it was possible to

overcome the irregularity in the distribution of C14 among the various

constituents of the normal leaf which was observed earlier when tracer

doses of COZ were used. C14-sucrose to C14-malate ratio varied from

3.4-3.8.

Since it was not possible to measure directly the C1402 left unused

in the leaf chamber at the conclusion of each photosynthetic experiment,

as it was necessary to kill the leaf tissue immediately for analysis, a

measure of the total amount of C14 fixed by each leaf in 15 minute

photosynthesis was obtained by summing the radioactivities of the

separated fractions of the leaf tissue. The measures of the COZ utili

zation of the two leaves obtained on these bases of radioactivity

measurements are not at variance with the results obtained by a direct

determination as shown in Table IV. In three experiments, the normal

leaf fixed 89-94% of the available C14 in 15 minutes, ~hereas the Ca++

deficient leaf fixed only 5Z-58% in the same time.

In order to facilitate a comparative study, the mean of three

replicates is used in the following discussions where it is feasible.

For purposes of comparison the distribution of radioactivity in the

major fractions of the leaf tissue after 15 minute assimilation as per

centage of the total C140Z available is shown in Figure 2.

Under the conditions of the experiment with COZ from Zl mg. BaC03

containing l30~C ± 5 pC of Cl~ the normal leaf assimilated about 90% of



NORMAL LEAF
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CALCIUM-DEFICIENT LEAF

After Photosynthesis

After Respiration

FIGURE 2. PERCENT DISTRIBUfION OF CARBON-14
(E.S.F. = ETHER-SOLUBLE FRACTION)
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the available c1402 in 15 minutes. Sixty-four percent appeared in the

water soluble fraction, 8% in the ether soluble fraction and 19% was

incorporated in the msoluble residue (Fig. 2). The calcium-deficient

leaf was able to utilize only 56% of the same dose in the same length of

time. Although the insoluble residue had a degree of incorporation

similar to the normal, the ethanol soluble fraction--the water soluble

and the lipid fraction--consistently showed reduced incorporation of C14

(Fig. 2). The distribution of C14 among the major groups of compounds in

the leaf tissues during 15 minute photosynthesis as a percentage of the

total C1402 available is shown below.

Carbohydrates

Organic acids

Amino acids

Ether soluble fraction

Normal

57-65%

9-11

10.5-11.5

6-11

Ca-deficient

40-44%

1.5-4.5

6-8

2-3

Of the carbon assimilated by the normal leaf in 15 minutes, approxi

mately 70% was fixed in the carbohydrates and the remaining 30% was more

or less equally distributed among the organic acids, the free amino acids,

and the ether soluble fraction (lipids). In the calcium-deficient leaf,

where there was a 30-40% reduction in the amount of radioactivity which

was assimilated,the C14 was not distributed equally among the organic

acid, amino acid and the ether soluble fractions as in the normal.

Though the amino acids received 13% of the assimilated C14 similar to

that of the normal tissue, the organic acids received only 6%, and the

ether soluble fraction only 3% whereas the carbohydrates obtained 76% of

the carbon assimilated during photosynthesis. Thus the incorporation of
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the radiocarbon in the carbohydrate fraction of the deficient leaf tissue

seems to be affected to a smaller extent whereas the incorporation in the

lipids and the organic acids was inhibited to the extent of 50%. A

similar observation with regard to an impairment in lipid synthesis under

calcium-stress has been reported by Burstrom (1954) with wheat seedlings.

When sub-optimal concentrations of Ca++ were present in the nutrient

medium, he o~tained a positive correlation between the lipid content of

the seedlings and the Ca++ level in the culture solutions.

Carbohydrates

The distribution of C14 in various carbohydrates of the leaf tissues

after 15 minute photosynthesis in C1402 , as percent of the total avail

able C1402 was as follows:

Normal C~defic :tent

Sucrose 30.2-34.0 21.0-24.0

Glucose 2.8- 4.5 0.7- 0.9

Fructose 2.7- 5.0 0.6- 1.1

Sugar phosphates 1.8- 2.1 1.0- 2.5

Inositol 0.3- 0.5 0.1- 0.2

Starch 13.0-17.0 14.0-16.0

Cellulose 3.0- 4.0 0.8- 1.5

51.1-64.7 40.7-43.9

Sucrose and starch were the major labeled carbohydrates, together

being responsible for 70-75% of the radioactivity in the carbohydrate

fraction of both the normal and the calcium deficient leaves after 15
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14minute photosynthesis in C OZ' It is of interest that whereas the

Ca++-deficient tissue showed a Z5% reduction in sucrose labeling, a 60%

reduction in inositol labeling, a 70% reduction of label in the cellulose

residues, and an 80% reduction in the label of the reducing sugars, the

starch in both sets of leaves became labeled to the same extent. Thus,

although the synthesis of starch did not appear to be affected, the

rates of formation of these other carbohydrates during photosynthesis

under the conditions of the experiment were reduced to some extent as a

result of calcium-stress.

Organic Acids

The distribution of C14 among the organic acids of the leaf tissues

after 15 minute photosynthesis in C140Z' as percent of the total avail

able C140Z is given below:

Normal Ca++-deficient

Malic 8.0-10.0 1.4-4.Z

Citric O.Z- 0.8 O.l-O.Z

Succinic nil- 0.1 not detectable

Unknown not detectable nil-O.l

8.9-10.6 1.6-4.4

Malic acid, the principal organic acid labeled during photosynthesis

in both the tissues, contained about 90% of the radioactivity in the

organic acid fraction. The rest of the radioactivity (10%) occurred in

citric and occasionally in barely detectable amounts in succinic acid. A

comparison of the two tissues showed that 9% of the total activity occurred
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in the malate of the normal leaf, whereas only 4% was detectable in that

of the calcium-deficient leaf. Apparently the rate of synthesis of C14_

malate under calcium stress was reduced to about 50% of the normal.

Although Rassmussen ~ al. (1961) observed a positive correlation

between malate level in the Valencia orange leaves and the Ca++ level in

the nutrient medium, in the present work, as reported earlier, the total

concentration of malate in the calcium deficient leaf was greater than

in the normal leaf. In view of the decreased rate of synthesis of C14_

malate, the accumulation of malate in the calcium-deficient leaf could

occur due either to the decreased utilization of malate or to the de

creased translocation of malate out of the leaf.

Amino Acids

The distribution of C14 among the various amino acids of the leaf

tissues after 15 minute photosynthesis in Cl402 is shown below as percent

of the total available C1402 •

Aspartic 4.4-6.4 2.2-4.2

Glutamic nil-0.8 0.1-0.2

Alanine 3.2-4.0 2.3-2.9

Serine 1.0-1.8 1. 0-1.3

Phenylalanine not detectable nil-O.l

'(-amino butyric nil-O.l not detectable

Glutamine not detectable not detectable

10.7-11.2 6.0-7.7
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In both the tissues, aspartate and alanine were the major amino acids

labeled during 15 minute photosynthesis. The 30% reduction in label

among the amino acids of the deficient tissue was therefore evident in

the aspartate and alanine label after photosynthesis. Serine label was

not affected.

Respiration

The amount of CO2 given out in 6 hour respiration by 4 g. of leaf

tissue was not significantly different in the two tissues (Table .V).

In view of the reports in literature correlating mitochondrial level in

cells to the Ca++ level in the nutrient medium especially at lower

ranges, 10-7M-lO-~ calcium (Florel, 1957), one might expect lowered

respiration of Ca++-deficient tissue. But this was not the case. Ca++

deficient tissue continued to respire at the same rate as the normal,

viz. 19.2 mg. C02 in 6 hours as shown in Table V.

The amount of C02 given out in 6 hour respiration was not indicative

of any differences between the normal and the Ca++-deficient leaf tissue.

However, the C14-content of the C02 respired by the Ca++-deficient leaf

tissue, was considerably less than that of the normal. After 6 hour

respiration the specific activity of the CO2 respired by the leaves was

lowered by a factor of 10 in the case of the normal tissue, and as much

as 200 in the case of the Ca++-deficient tissue (Table VI). Presence of

large amounts of C12-metabolites in the Ca++-deficient leaf tissue, as

pointed out earlier, apparently contributed to some extent to this large

scale dilution of the isotope evident in the respiration of the Ca++

deficient leaf.
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Meq. of C02 produced in 6-hour respiration in dark

by 4 g. of leaf tissue

Normal leaf

0.83

0.93

0.85

0.79

. 0.75

0.83 ± 0.08

C~-deficient leaf

1.04

0.72

0.9Z

0.90

0.94±0.l4

Average rate of respiration of normal leaf:
++0.76 mg. COZ/g./hr. and of Ca-deficient leaf:

0.86 mg. COZ/g./hr.



TABLE VI. SPECIFIC ACTIVITY OF CO2

BaC03 recovered
Expt. Treat- Total activity Initial after 6 hr. resp. BaC03 unused BaC03 respired Dilu-

ment 21 mg. BaC03- Sp. act. (incl. unused) tion

cpm!10-6
Activity Wt. Activity Wt. Activity Wt. Sp. act. factor

cpm!10-6 cpm!10-6 (mg.) cpm!10-6 (mg.) cpm!10-6 (mg.) cpm!10-4

28-29 Normal 32.7 1.6 10.7 37.5 3.6 2.25 7.1 35.25 20.0 8.0

30-31 -Ca++ 34.8 1.7 23.1 77 .0 16.7 9.8 6.4 67.2 9.5 18.0

32-33 Normal 32.7 1.6 8.2 51.3 2.1 1.3 6.1 50.0 12.0 13.3

34-35 -Ca++ 39.8 1.9 17.4 82.9 16.7 8.8 0.7 74.1 0.95 200.0

38-39 -Ca++ 40.3 1.9 18.8 97.7 17.3 9.1 1.5 88.6 1.7 110.0

40-41 Normal 33.3 1.6 12.4 69.1 3.3 2.1 9.1 67.0 14.0 11.4

.p

.p-
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Even though the average rate of respiration of the deficient tissue

was not affected (Table V), the overall changes in the C14-content during

respiration suggest many distinct differences in the C14-transformations

in the two tissues.

For purposes of comparison, the distribution of C14 among the

major fractions of the leaf tissues during 6 hour respiration are shQwn

in Figure 2.

During 6 hours of respiration in the dark, following 15 minute

assimilation in C1402 , about 25% of the assimilated carbon-14 was respired

by the normal leaf. Most of this C14 was contributed by the water soluble

fraction, which showed a 50% reduction in label after respiration. Under

similar conditions the Ca++-deficient leaf lost essentially none of its

assimilated carbon-14, except in one case where the loss was apparently

due to starch utilization (Appendix Table 2, experiment No. 30-31). The

water soluble fraction of the Ca++-deficient leaf showed only about 10-15%

decrease in label after respiration. Apparently the mechanism by which

the labeled compounds in the water soluble fraction were utilized in

respiration by the normal tissue, did not operate as effectively in the

tissues under calcium stress. If the sites of formation of these

labeled intermediates during photosynthesis were spatially separated

from the sites of respiratory activities where these intermediates are

oxidized, as postulated by Moses ~ ale (1959), then it could be assumed

in the present case that these radioactive metabolites may not have had

as easy access to the respiratory centers in the deficient tissue as in

the normal. This could possibly occur due to a lowered permeability of
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chloroplast membrane to photosynthaces, thus reducing their diffusion to

sites of active utilization.

The radioactivity in the ethanol insoluble residue of the normal

tissue showed an increase of about 50%, whereas that of the deficient

tissue either did not change or decreased as much as 50% in 6 hour res

piration. The decrease in the radioactivity of the residue was mainly

due to loss of starch whereas the increase was mainly due to increased

incorporation of C14 in the cellulose fraction in both the tissues as

shown in Appenaix Table 2.

The amount of C14 in the major groups of compounds in the leaf

tissues after respiration, as percentage of the total C1402 available,

was as follows:

Normal Ca-deficient

Carbohydrates 36.3-41.6% 28.5-42.4%

Organic acids 14.4-16.8 2.2-8.4

Amino acids 5.1-9.5 1.1-3.6

Ether soluble fraction 6.0-9.0 2.0-4.0

After 6 hour respiration, the amount of radioactivity in the

carbohydrates of the two leaf tissues was almost the same but that in

the amino acids and the organic acids of the Ca++-deficient tissue was

50% of the normal. The ether soluble material did not show any change

in C14-content in either tissues during respiration, although the initial

photosynthetic incorporation of C14 into this fraction was reduced by 70%.

Carbohydrates

About 50% of the carbohydrate label was lost in 6 hour respiration

by the normal leaf (Appendix Table 3). This loss in C14 of the carbohydrates
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in the normal tissue was approximately equal to the amount of activity

respired as C02 in 6 hours. The loss in radioactivity from the carbo-

hydrates in the deficient tissue was only about 8% except in one instance,

but like the normal, the decrease in the radioactivity of the carbo-

hydrates was equivalent to the radioactivity respired as CO2 , Apparently,

the utilization of C14-carbohydrates in the respiration of ca1cium-

deficient tissue was reduced by about 50-80%.

Although the carbohydrate fraction showed an overall net decrease in

its radioactivity, some of its components like cellulose and inositol

showed increased incorporation of C14 during respiration in both the

tissues (Appendix Table 2). The major individual carbohydrates that

were normally depleted were sucrose, starch and to a smaller extent the

free hexoses and hexose phosphates (Fig. 3). Loss in sucrose label

alone was almost equal to the loss from the carbohydrate fraction in the

normal; but this relation was not evident in the deficient tissue.

Free hexoses of the normal leaf which had a higher degree of

C14-incorporation during photosynthesis than those of the Ca++-deficient

leaf, showed 60-80% depletion in their C14-content during respiration

whereas those of the Ca++-deficient leaf showed an increase to almost

·the same extent (Fig. 3).

During respiration of the normal leaf, sucrose lost 80% and starch

about 60% of its label. Ca++-deficient leaf utilized less radioactive

sucrose during respiration. Only 30% of the newly formed sucrose was

transformed. A1t~ough the depletion of the starch label in the deficient

leaf, during respiration, was not consistent in the three experiments

(Appendix Table 2) there was no evidence of any gross variation in the
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photosynthetic incorporation of C14 in the starch fraction of the deficient

leaf (15 ± 1%, Appendix Table 3). The difference in the degree of in-

corporation of C14 in the cellulose fraction of the two tissues was

evident after photosynthesis, and was further accentuated during res-

piration. Although the percent increase in the radioactivity of the

cellulose fractions from the two leaves during respiration was similar

(Fig. 3), the amount of radioactivity in this fraction from the normal

leaf was seven times that of the Ca++-deficient leaf (Appendix Table 3).

Although the photosynthetic incorporation of C14 in inositol was

more in the normal leaf, the increase in label of this compound during

respiration was not significantly different in the two tissues. The

level of radioactivity -in the sugar phosphates did not differ in the

two tissues.

Organic Acids

Although the photosynthetic C14-incorporation in the organic acids

of the deficient tissue was 50% less, the percent increase in the radio-

activity of this fraction during respiration was higher than in the

normal. Of the two major radioactive acids, malic which was predominantly

formed during photosynthesis, did not show any net change in its activity

during respiration whereas citric acid was mainly formed during res-

piration in both the tissues. The increase in the activity of the

i 'd d ii' d C14 . i i . .organ c ac~ s ur ng resp rat~on was ue to -~ncorporat on n c~tr~c

acid. Citrate in the normal leaf showed an increase in C14-content from

0.5% to about 6% of the total, while citrate in the calcium deficient

leaf increased from 0.1% to about 2% of the total activity of the leaf
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during respiration. Average total incorporation of C14 in the citric

acid of the deficient leaf was a third of that in the citric acid of

the normal leaf.

Succinic acid and an unknown acid spot became labeled and were

evident on the radioautographs of both the tissue extracts after res-

piration. The unknown acid had an Rf of 0.8 in phenol saturated with

water, 0.6 in butanol:acetic acid:water (62:10:28), and 0.8 in butanol

equilibrated with 4M formic acid (v:v).

Amino Acids

For purposes of comparison, the degree of incorporation of C14 during

photosynthesis and the depletion of incorporated C14 from the amino acid

fractions during the respiration of the two tissues is shown below.

Normal
28-29 32-33 40-41

Ca++-deficient
30-31 34-35 38-39

C14 incorporated during
photosynthesis 10.7 10.9 11.2 6.0 7.7 7.7

C14 lost during
respiration 1.2 3.5 6.1 4.9 4.2 4.1

(Expressed as percent of the total available activity.)

The amino acid fractions of both the tissues showed an overall

decrease in their radioactivity during respiration. On an average

whereas only about 33% of the total isotopic carbon entering the amino

acids during photosynthesis was lost by the normal leaf tissue during

respiration, as much as 70% was lost by the deficient tissue in the

same time. Apparently there was greater utilization of the C14 amino

acids in the Ca++-deficient leaf than in the normal leaf.
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In both the tissues aspartic acid and alanine lost label, whereas

phenylalanine, ~-amino butyric acid, glutamic acid and glutamine in-

creased in label during respiration.

The losses and gains in C14-content of the amino acid fractions in

the two tissues is shown below.

Normal
28-29 32-33 40-41

Ca*-deficient
30-31 34-35 38-39

Sum of losses of C14
from aspartate, -6.8 -6.9 -6.3 -5.6 -6.3 -5.9
alanine and serine

Sum of gain in C14 in
glutamate, glutamine, +5.6 +3.4 +2.2 +0.7 +2.1 +1.8
phenylalanine and
amino-butyric

Net -1.2 -3.5 -6.1 -4.9 -4.2 -4.1

Although the amount of C14 lost from both the fractions in 6 hours

was near 1y similar, the concurrent gain in C14 was somewhat less in the

Ca*-deficient leaf. This indicates a possibility of either a diversion

of C14 from the amino acid fraction or its increased utilization in

oxidative reactions, during respiration.

Of the three major amino acids that became labeled during photo

synthesis, alanine in both the tissues lost almost all of its C14

(95-100%, Appendix Tables 2 and 3) during respiration. The loss in

aspartic acid label showed distinct differences in the two tissues.

The normal leaf lost only about 50% of its radioactive aspartate during

respiration, whereas Ca*-deficient leaf lost 85% of its newly formed

aspartic acid. Apparently radioactive aspartate was utilized in res

piratory transformation more by the Ca++-deficient leaf than by the
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normal leaf. Serine lost about 60% of its C14 during the same time from

both the leaf tissues.

Glutamic acid was the major recipient of C14 among the amino acids

which showed gain in their C14-content during respiration. The effect

of Ca++-deficiency on the respiratory transformations of C14 was there-

fore more clearly seen in the radioactive glutamate than the other

members of the amino acid fraction. The gain in C14 of normal tissue

glutamate was two to three times that in the Ca++-deficient glutamate.

Whereas the radioactivity of the normal tissue glutamate reached as

high as 5% of the total activity after 6 hour respiration that in the

Ca++-deficient glutamate reached only 1.6% of the total (Appendix

Table 3). Since there was no concurrent increase in the C14 content of

the glutamine pool of the Ca++-deficient tissue, it appears that either

the initial incorporation of C14 in glutamate was inhibited or else

glutamate utilization in oxidative reactions was increased due to the

unavailability of other substances, such as sugars, which normally serve

. ++d f' ias substrates for oxidation. The decrease in glutamate ~n Ca- e ~c ent

leaf tissue was also evident in the decreased size of the glutamic acid

spot which was obtained when chromatograms of the water soluble fractions

of the two tissues were sprayed with ninhydrin and heated.

The net incorporation of the isotopic carbon during respiration in

glutamine, phenylalanine, and gamma-amino-butyric acid was also reduced

in the Ca++-deficientleaf tissue.

Carbohydrate Metabolism

An alteration in the carbohydrate metabolism of the Ca++-deficient

leaf is suggested by the following observations: 1) C14-incorporation
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in the cellulose fraction is inhibited, 2) Cl4-incorporation in sucrose

is reduced, 3) radioactive glucose and fructose are formed more during

respiration and less during photosynthesis, 4) starch utilization is

inhibited, and 5) concentration of sugars is increased. This change in

metabolism could conceivably result from a decreased diffusibility of

the products of photosynthesis, like sugar phosphate, sucrose, etc.,

formed within the chloroplasts. As a result, reduced amounts of these

photosynthates are available for participation in those reactions which

take place outside the chloroplasts. On the basis of this assumption it

is possible to explain the difference in the pattern of labeling of the

different components of the carbohydrate fractions in the two tissues

during photosynthesis and respiration.

An impairment in the photosynthetic system of the Ca++-deficient

tissue is clearly indicated by the decrease in the amount of CO2 as

similated by the leaf. In view of this impairment, the decreased C14_

incorporation in starch was not significantly reduced in any of the

experiments with Ca++-deficient tissue. The sugar phosphate fraction

became labeled to almost the same extent in the two tissues. However,

during respiration the activity in this fraction declined to 50% in the

normal whereas in the Ca++-deficient tissue it declined to 25% of its

value after. photosynthesis. On the other hand Cl4-incorporation in the

cellulose fraction was considerably impaired in the Ca++-deficient

tissue. It appears therefore that the phosphorylated sugars in the

Ca++-deficient tissue were either not available or not utilized for

the synthesis of cellulose to the same extent as in the normal tissue.

The availability or utilization of the sugar phosphates for starch
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synthesis was not affected by Ca++-deficiency apparently because the

reactions resulting in the formation of these radioactive phosphorylated

sugars and their utilization for the synthesis of radioactive starch

could occur within the chloroplast. In addition to the decreased C14_

cellulose synthesis there was a decreased utilization of the newly

formed radioactive sucrose and starch during respiration of the Ca++

deficient tissue, suggesting that these carbohydrates which are normally

oxidized during respiration were not available for oxidative reactions

in the Ca++-deficient tissue to the same extent as they were in the

normal tissue and therefore did not show any significant depletion in

their C14-content after respiration (Appendix Tables 2 and 3). These

results are consistent with the thesis that calcium deficiency evokes

a decrease in the permeability of the chloroplast membranes.

In addition to this decreased diffusibility of the radioactive

materials from the chloroplast the dilution of the isotope by the pre

sence of C12-compounds outside the chloroplast may have further decreased

the amount of label entering the cellulose fraction.

If the impairment of C14-incorporation in the cellulose fraction

were due to the inability of Ca++-deficient leaf tissue to synthesize

cellulose, such an impairment should be evident in a decrease in the dry

weight of the Ca++-deficient plant. Reports in literature (Ka1ra, 1956;

Joham, 1957; Marinos, 1962) indicate evidence to the contrary. Com

parison of the weights of the cellulose fraction from the two tissues

(Appendix Table 1) does not indicate any decrease in cellulose synthesis

by the Ca++-deficient leaf tissue. It seems therefore that the decreased

incorporation of C14 in the cellulose fraction of the Ca++-deficient
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leaf was probably due to decreased availability of the newly formed

radioactive precursors for the synthesis of cellulose. There is no

evidence indicating any impairment in the ability of the Ca++-deficient

tissue to utilize unlabeled compounds for cellulose synthesis.

Synthesis of sucrose and starch is known to occur within the chloro

plast and both the processes utilize phosphorylated hexoses. One would

therefore expect the effect of the impairment of the photosynthetic

system of the Ca++-deficient leaf tissue to be evident in the degree of

incorporation of C14 in both these fractions. The data show that C14_

incorporation in sucrose was in fact reduced by 25-30% of the normal,

however, the C14-incorporation in starch was not reduced significantly.

The reason for this preferential utilization of the C14_precursors for

synthesis of starch in preference to sucrose in the Ca++-deficient

system was not understood.

The formation of radioactive free hexoses during photosynthesis

was not observed in the normal leaf in the earlier experiments when

tracer doses of C1402 were used. Increasing the amount of BaC03 from

1 mg. to 21 mg. raised the initial concentration of C02 in the photo

synthesis chamber to about 0.55% (v/v) which is 18 times the average

concentration of C02 in air (0.03%). With this increased concentration

of CO2 the reducing sugars in the normal leaf incorporated about 8-10%

of the available C1402 • During photosynthesis the level of radioactive

glucose and fructose in the Ca++-deficient leaf tissue was only a fourth

of that of the normal tissue. During respiration the level of these free

reducing sugars decreased considerably in the normal leaf whereas they

increased in the Ca++-deficient leaf.
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Stocking and his colleagues (1963) while studying the rate of transfer

of radioactive substances from the chloroplasts within intact tobacco

leaves supplied with C1402 in the light, observed that appreciable amounts

of sucrose, among other carbon compounds was transferred out of the

chloroplasts in 60 seconds. During photosynthesis free hexoses may be

formed by the hydrolysis of the small amount of sucrose and labile

glycosides which move out of the chloroplasts (Porter and Bird, 1962).

Under conditions of increased CO2 concentration (0.55%) the increased

amount of these compounds moving out of the chloroplasts would increase

the amount of radioactive free hexoses in the normal leaf tissue during

photosynthesis. During the respiration of normal leaf tissue these

radioactive hexoses are presumed to be utilized. As a result, they

disappear. It is possible in Ca++-deficient leaf tissue that due to

permeability changes in the membrane system, the radioactive sucrose

does not diffuse into the cytoplasm to the same degree it does in the

normal leaf tissue. During respiration, however, these radioactive

sugars do not appear to be utilized as rapidly as in the normal tissue

and thus they accumulate in the deficient tissue.

Another effect of the Ca++-deficiency was the decreased utilization

of the radioactive sucrose and starch which, in the normal leaf tissue,

were depleted to a large extent during respiration. Since the respira

tion of the Ca++-deficient leaf was not reduced, it appears that the

decreased utilization of these radioactive carbohydrates was a result

of their decreased accessibility to the sites of oxidative reactions as

well as their dilution by the larger amounts of C12-carbohydrates in the

Ca++-deficient tissue which decreased the degree of utilization of the
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C14-compounds. For the same reason perhaps the C14-content of the C02

respired by the Ca++-deficient leaf was much less than that respired by

the normal leaf.

The Ca++-deficient leaf, at the time it was used for the experiment,

showed accumulations of carbohydrates. According to Joham (1957) and

Whitenberg and Joham (1964) decreased translocation of the carbohydrates

from the leaf under Ca++-deficiency, is responsible for this accumulation

in the leaf. These workers surmise that the cessation of normal trans

location resulting in the failure of the roots to receive an energy

supply might well be a primary factor affecting root growth and resulting

in decreased water uptake accompanied by tissue dehydration and eventual

death of the growing meristem.

Organic Acid Metabolism

In the calcium-deficient tissue much less radioactive carbon was

incorporated in malic and citric acids than was the case in the normal

tissue. If the amount of C14-incorporated were a measure of the degree

of synthesis of these two acids, it could be said that Ca++-deficiency

impaired the synthesis of these two acids.

The incorporation of C14 in malate occurred predominantly during

photosynthesis in both the tissues, apparently by the pathway of

carboxylation of pyruvate or phospho-enol-pyruvate. The carboxylase

enzymes essential for catalyzing these reactions have been shown to be

present in isolated chloroplasts by Rosenberg et al. (1958).

The incorporation of radiocarbon in citrate occurred mainly during

respiration. Decreased C14-incorporation in citrate might indicate a

decrease in the availability of C14-acetyl CoA or oxaloacetate.
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In spite of the decreased incorporation of Cl4 in citric and malic

acids their concentrations in the tissue were greater in the Ca++-de-

ficient leaf than in the normal. The accumulation of these acids could
•

be due to decreased utilization, or decreased translocation or both of

these reasons.

Lipid Metabolism

The weight of the ether soluble material in the extract from the

C~++-deficient tissue was about the same as that found in the normal

controls. However, a comparison of the 660 mp absorbancies of the

ether extracts from the two tissues indicated a 50% reduction in the

chlorophyll content of the leaves of the calcium-deficient plants. Some

impairment in lipid synthesis under calcium-deficiency was also suggested

by the decreased incorporation of radiocarbon in the ether soluble

fraction during photosynthesis. The subfractionation of the lipid

fraction revealed that this impairment in lipid fraction was not spe-

cific to any single component but affected all the components to the

same extent. A decrease in the availability of radioactive constituent

units such as Cl4-acetate or glycerol or an inhibition of the reactions

incorporating these radioactive units into the various components of the

lipid fraction may have been responsible for the decreased label in this

fraction.

Amino Acid Metabolism

Although the incorporation of radiocarbon in the amino acids during

photosynthesis was somewhat reduced in the Ca++-deficient tissue the

percent depletion of radioactivity from the amino acids during respiration

was greater in the Ca++-deficient tissue than in the normal tissue.
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This observation suggests an increased utilization of the amino acids in

respiration or an increased transfer of radiocarbon from the amino acid

fraction to the organic acid fraction.

As there was no evidence of any appreciable decrease in the amounts

of various amino acids in the Ca++-deficient leaf after respiration,

except to a small extent in glutamate, it was apparent that the utili

zation of the amino acids was not increased in the Ca++-deficient tissue.

The presence of relatively large amounts of the two amides, gluta

mine and asparagine, as well as many other amino acids indicated no

impairment of the nitrate reducing system due to calcium-deficiency as

has been claimed by Skok (1941), Eckerson (1931) and Nightingale (1931).

Although the protein level in the Ca++-deficient tissues was 25% lower

than that in the normal, the soluble nitrogen was 20% more in the Ca++

deficient tissue than in the normal.

Conclusion

In conclusion it can be said that Ca++-deficiency may have affected

the functioning of the membranes thereby interfering with the intracellular

diffusion of various metabolites as well as their translocation out of

the leaf. This impairment of the membrane may be the result of decreased

synthesis of lipids necessary for the formation of a normal membrane. It

is equally possible that calcium ions play a role in maintaining the

structural integrity essential for the proper functioning of the

lipid-protein membranes.

The decreased photosynthesis may have been the result of the

accumulation of the assimilates within the chloroplasts due to a decreased
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permeability of the chloroplast membrane and/or the result of the reduced

chlorophyll content.

The decreased diffusion of assimilates such as sugars, sugar phos

phates, malate, aspartate, alanine, etc., out of the chloroplasts would

result in a reduced availability of these substances for the reactions

outside the chloroplast. This was evident in the decreased labeling of

the cellulose when the labeling of starch was not affected.

Accumulation of carbohydrates, organic acids and amino acids in the

leaf as a result of their decreased translocation could not only upset

the coordination of different reactions in which these compounds are

formed or utilized but would increase the supply of energy to the growing

points and the roots. Poor growth of roots would reduce the absorption

of water by the roots. A decreased source of energy could culminate in

the death of the meristem.



SUMMARY

The effects of calcium-deficiency on the metabolism of tomato leaf

(Lycopersicon escunlentum, var. Anahu) were investigated by employing

Carbon-l4 as a tracer in a comparative study of photosynthesis and res

piration of the calcium-deficient and the normal leaf.

Five to 6 week old plants grown in water cultures in greenhouse

were deprived of calcium in nutrition. The plants were used for ex

periment at a stage when they had ceased to grow but the terminal bud

had not withered completely. This occurred within 8-10 days of the

calcium-deprivation of the plants.

Four grams of intact leaf tissue were allowed to photosynthesize

in presence of cl 402 of initial concentration 0.55% (v/v) and containing

130 pC of radioactivity, at 27 + 10 C. temperature, and under 950-1000

fto-c. illumination, for 15 minutes. At the conclusion of the photo

synthetic period the leaf was immediately killed in hot 80% ethanol and

analyzed for the labeled compounds.

For respiration ctudies, a similar leaf tissue from another plant

of the same batch was allowed to respire in the dark for 6 hours follow

ing 15 minute photosynthesis under similar conditions before it was

killed in the hot ethanol and analyzed in the same way. The CO2 respired

was collected as BaC03 .

The radioactivity measurements of the separated or isolated individual

compounds were made using Tracerlab SU-3D with a thin end window Geiger

tube. The values are expressed as percent of the total activity given to

the leaf. The following differences were observed in the Ca++-deficient

leaf in comparison with the normal leaf.
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The photosynthetic utilization of CO2 was 30-40% less. The incorporation

of radiocarbon was lowered 25% in sucrose, 60% in inositol, and 80% in

cellulose but was not affected in the starch fraction. Radioactive free

glucose and fructose were relatively low after photosynthesis and in-

creased after respiration. The label in the sugar phosphate fraction

was similar after photosynthesis but declined relatively more after res

piration.

The total amount of each of the three sugars as well as of starch

and cellulose had increased.

Although the incorporation of Cl4 in the lipid fraction was 60-70%

lowered the total amount of the fraction had not decreased. The decrease

in the Cl4-incorporation did not affect any particular component of the

lipid fraction but affected all to the same extent. The relative absorbancy

of the ether soluble fraction at 660 mp was 50% low indicating decreased

chlorophyll content.

Malic and citric acids showed 50% less incorporation of radiocarbon

but the total quantity of each acid had increased considerably.

The amino acids, alanine, aspartic acid and serine received re

latively less radiocarbon during photosynthesis but showed greater

percent depletion in their radioactivity after respiration. The

incorporation of Cl4 in glutamic acid was about 50% reduced, but that

in glutamine was not significantly lowered. The total amounts of most

of the amino acids and the two amides, asparagine and glutamine, had

also increased. The protein nitrogen content of the tissue was 25%

lowered but the soluble nitrogen content was 20% increased.



The rate of respiration in terms of the amount of CO2 evolved in

6 hours, was not affected, but the utilization of the C14-carbohydrates

and C14-organic acids was considerably lowered, as a result the specific

activity of the CO2 respired was 10-20 times lowered.

Decreased permeability of the cell and organelle membranes inter

fering with intracellular diffusion of metabolites and decreasing the

translocation of the assimilates from the leaf as a result of Ca++-

deficiency is proposed as an hypothesis.
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TABLE 1. RADIOACTIVITY IN CELLULOSE AND STARCH

Cellulose Starch
Date Expt. No. Treatment Activity Wt. Activity Wt.

cpm./l0- 5 (mg.) cpm./l0- 5 (mg,)

12/12/63 28 Norm. Ph.* 10.7 136.7 38.4 7.0

12/12/63 29 Norm. Rsp. ** 36.8 131.9 17.5 6.0

1/11/64 30 -Ca* Ph.+ 2.6 134.6 36.4 92.7

1/11/64 31 -Ca* Rsp. * 9.0 137.2 7.1 108.7

2/1/64 32 Norm. Ph. 3.3 47.1 31.9 23.9

2/1/64 33 Norm. Rsp. 20.4 53.3 7.8 21.6

2/2/64 34 -Ca++ Ph. La 38.1 19.0 34.9

2/2/64 35 -Ca* Rsp. 3.6 39.9 20.7 23.4

7/7/64 38 -Ca++ Ph. 2.5 107.9 28.5 25.6

7/7/64 39 -Ca++ Rsp. 7.4 98.3 27.1 29.0

7/8/64 40 Norm. Ph. 7.6 99.1 34.1 27.5

7/8/64 41 Norm. Rsp. 29.0 92.4 7.2 23.9,

*Normal leaf, 15 minute photosynthesis.
**Norma1 leaf, 15 minute photosynthesis and 6 hour respiration.
+C~-deficient leaf, 15 minute photosynthesis.

++C~-deficient leaf, 15 minute photosynthesis and 6 hour respiration. C1\
.J:-



TABLE 2. CHANGES IN C14_CONTENT DURING 6 HOUR RESPIRATION

Normal Calcium-deficient
Expt. : 28-29 32-33 40-41 30-31 34-35 38-39

(Ether- soluble -5.0 +1.0 0.0 0.0 +1.0 +0.5
EtOH-soluble (Water- soluble -27.0 -29.0 -35.0 -9.0 -3.0 -2.5

-32.0 -28.0 -35,0 -9.0 -2.0 -2.0

EtOH-insoluble +10.0 +9.0 +8.0 -9.0 0.0 -1.0

CO2 respired +22.0 +19.0 +27.0 +18.0 +2.0 +3.0
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Carbohydrates
Sucrose -23.2 -26.7 -29.0 -7.6 -6.0 -4.0
Glucose -2.8 -2.9 -2.7 +2.2 +2.4 +0.9
Fructose -4.0 -1.9 -1.8 +3.0 +3.7 +0.9
Sugar phosphates -0.4 -1.2 -1.4 -0.9 -1.8 -1.7
Inositol +0.2 +0.6 +0.1 +0.1 +0.2 +0.6
Starch -3.0 -8.0 -9.2 -12.2 -2.2 -4.5
Cellulose +13.0 +17.0 +17.2 +3.2 +2.2 +3.5

-20.0 -23.1 -26.8 -12.2 -1.5 -4.3

Organic acids
Malic -1.9 +1.0 +1.0 +0.2 0.0 +1.0
Citric -+6.6 +4.2 +4.8 +0.4 +2.3 +2.5
Succinic 0.0 +0.3 +0.1 0.0 +0.2 +0.2
Unknown +0.8 +0.7 +0.3 0.0 +0.1 +0.3

+5.5 -+6 .2 -+6.2 +0.6 +2.6 +4.0

Free amino acids
and amide

Aspartic -2.6 -1.9 -4.5 -2.0 -2.7 -3.3
Glutamic +5.0 +2.4 +1. 7 +0.3 +0.9 +1.5
Alanine +3.1 -3.8 -3.3 -2.5 -2.8 -2.2
Serine -1.1 -1.2 -0.5 -1.1 -0.8 -0.4
Phenylalanine +0.1 +0.2 +0.2 +0.1 +0.5 +0.2
'f-amino-butyric +0.1 +0.2 +0.1 0.0 +0.1 0.0
Glutamine +0.4 +0.6 +0.2 +0.3 +0.6 +0.1

-1.2 -3.5 -6.1 -4.9 -4.2 -4.1





TABLE 4. DISTRIBUTION OF C14 IN THE MAJOR FRACTIONS OF THE LEAF TISSUE IN 15 MINUTE
PHOIOSYNTHESIS AND SUBSEQUENT 6 HOUR RESPIRATION. (EXPRESSED

AS PERCENT OF THE TOIAL AVAILABLE ACTIVITY.)

Nor mal Cal c i u m - d e f i c i e n t
Photosynthesis Respiration Photosynthesis Respirati on

Expt. : 28 32 40 29 33 41 30 34 38 31 35 39
12/12/63 2/1/64 7/8/641.2/12/63 2/1/64 7/8/64_l./JJI64 2/2/64 7/7/64 1/11/64 2/2/64 7/7/64

Ether-soluble
fraction 11.0% 8.0% 6.3% 6.0% 9.0% 6.3% 2.0% 3.0% 3.0% 2.0% 4.0% 3.5%

Water-soluble
fraction 61.0 67.0 62.7 34.0 38.0 27.7 33.0 39.0 38.0 24.0 36.0 35.5

I. EtOH-so1u-
b1e fraction 72.0 75.0 69.0 40.0 47.0 34.0 35.0 42.0 41.0 26.0 40.0 39.0

II. EtOH-in-
soluble 17.0 19.0 21.0 27.0 28.0 29.0 17.0 16.0 16.0 8.0 16.0 15.0
fraction

(Unused 11.0 6.0 10.0 11.0 6.0 10.0 48.0 42.0 43.0 48.0 42.0 4·3.0
III. C02 (

3.0(Respired - - - 22.0 19.0 27.0 - - - 18.0 2.0

0
-....J



TABLE 5. DISTRIBUTION OF RADIOACTIVITY IN THE MAJOR FRACTIONS
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Photosynthesis Respiration
28 32 40 29 33 41

Expt. : 12/12/63 2/1/64 7/8/64 12/12/63 2/1/64 7/8/64
cpm/10-6 cpm/10-6 cpm/l0-6 cpm{10-6 cpm{10-6 cpm{10-6

Normal

Ether- soluble
fraction 3.6 2.6 2.1 2.1 2.9 2.1

Water-soluble 19.8 21. 8 20.7 11.1 12.6 9.3

1. EtOH-so1uble
fraction 23.4 24.4 22.8 13.2 15.5 11.4

II. EtOH-inso1uble
fraction 5.7 6.2 7.2 8.8 9.0 9.5

III. (Unused 3.6 2.1 3.3 3.6 2.1 3.3
CO2 (

7.'1' 6.1(Respired 9.1

Total 32.7 32.7 33.3 32.7 32.7 33.3

Photosynthesis Respiration
Expt. : 30 34 38 31 35 39

1/11/64 2/2/64 7/7/64 1/11/64 2/2/64 7/7/64
cpm{10-6 cpm/10-6 cpm/10-6 cpm{10-6 cpm{10-6 cpm/10-6

Ca+f- deficient
Ether-soluble

fraction 0.7 1.1 1.2 0.6 1.5 1.4

Water-soluble 11.4 15.6 15.3 8.4 14,.4 14.2

1. EtOH-so1uble
fraction 12.1 16.7 16.5 9.0 15.9 15.6

II. EtOH-inso1uble
fraction 6.0 6.4 6.5 2.7 6.5 5.9

(Unused 16.7 16.7 17.3 16.7 16.7 17.3
III. CO2 (

(Respired 6.4 0.7 1.5

Total 34.8 39.8 40.3 34.8 39.8 40.3
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