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ABSTRACT 

Autoradiography with Ca 45 has been used to obtain information about the 
relation between calcium and chromosomes. Labelled pollen from the Easter 
lily, Lilium longiflorum, was allowed to develop into pollen tubes between 5 and 6 
cm. long in the styles of non-radioactive flowers. All of the nuclei, namely the 
tube nucleus and the two sperm nuclei, retain Ca ~ after this period of growth 
and development. 

Since the two sperm nuclei have formed during this interval by the mitotic 
division of the generative nucleus and growth of the tube has occurred under 
the influence of the tube nucleus, it is inferred that the calcium was bound in 
a stable nuclear component, the chromosomes. 

INTRODUCTION 

Although the nutritional requirements of plants 
for divalent metals are quite well known, the phys- 
iological basis for the requirement is poorly under- 
stood in many instances. The controversy over the 
relation between chromosome stability and di- 
valent cations is a case in point. 

Scott (13) used the microincineration tech- 
nique to follow the behavior of inorganic salts 
during mitosis. The spodograms showed a pro- 
gressive increase of inorganic salts in the chromatin 
so that by metaphase the chromosomes appeared 
as aggregates of white ash. According to Scott the 
bulk of this ash is composed of water-soluble salts, 
probably of calcium and magnesium. Spodograms 
of the salivary chromosomes of Drosophila have 
been described by Barigozzi (2) who found the ash 
concentrated in the chromosomal bands. At the 
biochemical level, analyses and solubility studies 
of nucleoprotein by Allg~n (l), Luck et al. (8), 
and Frick (6) have revealed bound calcium and 
magnesium. Cytochemical and cytogenetic studies 
have indicated that chromosome instability is 
associated with a deficiency in calcium or mag- 
nesium (14, 15); it was inferred by Mazia (10) and 
Steffensen (16) that these cations play a direct 

* Research carried out at Brookhaven National Lab- 
oratory under the auspices of the United States Atomic 
Energy Commission. 

role in stabilizing the structure of the chromosome. 
Conversely, the results of cytological studies of the 
effect of cation removal with EDTA 1 and enzymic 
treatments have led Kaufmann and McDonald 
(7) to the view that the chromosome abnormalities 
which are associated with metal deficiencies are 
the result of disturbed metabolism. Physicochem- 
ical studies with nucleohistones have influenced 
Davison and Butler (4) to deny the possibility 
that metal ions play a significant role in chro- 
mosome structure. 

Autoradiographic studies with tracers are espe- 
cially suited for obtaining information on the up- 
take and exchange of substances. Our experiments 
with Ca 45 are based on a simple assumption: if 
Ca 45 associates with nuclear structures but ex- 
changes readily with non-isotopic calcium under 
physiological conditions, then the cation is not a 
part of the stable components of chromatin; con- 
versely, if the Ca 4~ is incorporated and remains 
bound during metabolic activity and mitosis, then 
it is part o[ the stable components of the chroma- 
tin. This report describes the results which are ob- 
tained when pollen grains from Easter lilies label- 
led with Ca 4'~ are allowed to grow and develop into 

a Abbreviations employed : ethylene diamine 
tetra-acetic acid (EDTA), deoxyribonucleic acid 
(DNA), ribonucleic acid (RNA), and adenosine tri- 
phosphate (ATP). 
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TExT-FIG. 1. The  technique for removing pollen tubes from the style of lily flowers. 

pol len t u b e s  in t he  s ty les  of no rma l ,  non- rad io -  

ac t ive  flowers. 

Material and Methods 

Commercial varieties of the Easter  lily, Lilium 
longiflorum, were used. Croft and Ace varieties were 
maintained in the laboratory as the source of radio- 
active pollen. Easter  lilies are generally self incom- 
patible and outcrosses were made. The varieties used 
for the non-radioactive female parent  (Georgii, Floridii, 
Giganteum) were obtained in flower front commercial 
sources. 

The  presumptive pollen parents were grown in soil 
to a point (premeiosis) just  prior to the appearance of 
flower buds. The  soil was washed away and the plants 
were cultured in Hoagland's  solution with the calcium 
omitted in order to lower the concentration of this 
cation in the plant. After 2 to 3 weeks, when the root 
system had developed sufficiently, individual plants 
were transferred to 2 liters of the labelled nutrient  solu- 
tion. Each water culture contained 10 to 20 inc. of 
Ca45C12 (specific activity 55 to 66 mc./gm.)  in 2 liters of 
a modified Hoagland 's  solution with the pH adjusted 
hetween 5.5 and 6 with 0.2 molar NaOH. The Ca4~Cl2 
was substi tuted for the usual Ca(NO:02 and the po- 

tassium concentration was halved in order to increase 
the rate of upward movement  of calcium (9). The solu- 
tion for the p82 experiments contained about 10 mc, of 
carrier-free P~O4 in 2 liters o~ solution. The degree of 
labelling (counts~pollen grain/minute)  was est imated 
by counting pollen on planchets in a gas-fow counter 
(Nuclear-Chicago Corporation, Chicago, model 186) 
equipped with an end window of mylar film. 

The non-radioactive flowers were pollinated aod the  
pollen tubes were allowed to grow to a length of 5 to 6 
cm. The  procedure for removing the pollen tubes from 
the styles is illustrated in Text-fig. 1. The s t igma was 
severed in order to prevent radioactive debris on the 
stigmatic surface from entering the stylar canal. 
Another clean blade was used to open the style, then 
the pollen tubes were gently stripped away with watch 
maker 's  forceps. The subsequent  t rea tment  depended 
upon the autoradiographic procedure to be employed. 

When the Ilford G.5 nuclear emulsion plates (1 x 
3 inches, 50 microns thick) were used, the pollen tubes 
were fixed I to 2 minutes  in 70 per cent ethanol satu- 
rated with calcium carbonate (pH about  7.5) on micro- 
slides which had been coated with silicon grease dis- 
solved in petroleum ether. The  ends of the fixed pollen 
tubes were dispersed in deionized water on the sill- 
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eonized slide and the tubes were transferred to the 
surface of the emulsion (presoaked in the ethanol fixa- 
tive) by gently pressing the two slides together. The 
preparations were transferred to 95 per cent ethanol for 
1 to 2 minutes, then were air-dried and stored for ex- 
posure at I°C. over silica gel in desiccators. After vary- 
ing exposure times, the preparations were developed 
and fixed in accordance with the standard photographic 
procedures and the slides were stained by Bergeron's 
(3) procedure. 

When the stripping emulsion technique was used, the 
pollen tubes were fixed in neutral 70 per cent ethanol, 
dispersed in deionized water on subbed slides, and 
flattened with a coverslip. When the preparations were 
frozen in liquid nitrogen it was possible to remove the 
coverslips with a razor blade without disturbing the 
pollen tubes on the slide. The pollen tubes were allowed 
to thaw in 95 per cent ethanol, then the standard 
stripping film techniques were employed with the AR.10 
emulsion (Kodak Limited, England). The preparations 
were processed and stained in the manner described 
above. 

RESULTS 

An exposure time of 1 to 2 weeks sufficed to pro- 
duce good autoradiographs on stripping film (AR. 
10, Kodak Limited) of the pollen which had been 
labelled with enriched Ca 4~. The silver grains in 
the emulsion followed a pattern over the thick 
regions of the cell wall indicating that  most of the 
Ca 4~ was bound in that  area. These pollen grains 
had an act ivi ty of 0.5 to 0.9 counts per grain per 
minute. With pollen tubes, however, stripping 
film proved to be unsatisfactory for differentiating 
the relative radioactivities of nucleus and cyto- 
plasm. 6 to 7 months were required to ascertain 
that  nuclei were 5 to 10 times more radioactive 
than the cytoplasm, although the original pollen 
grains had activities like those above. To establish 
whether the failure to obtain good autoradiography 
was due to insensitivity of the emulsion or to low 
level retention of Ca 4~ in nuclei, p3~ a well known 
label for chromosomes was used in a similar way. 
The  degree of radioactivity obtained with carrier- 
free p32 was about 0.7 count /minute/pol len grain. 
With P"~ an exposure of 3 or 4 weeks, or more than 
a half-life, was needed to obtain convincing auto- 
radiographs of the nuclei in the pollen tubes. Since 
the half-life of Ca 45 is 160 days and carrier-free 
calcium was not available in sufficient quantity, 
it was decided that  thicker and more sensitive 
emulsions were better suited for studies on Ca 4~ 
retention. Of the several emulsions used (Kodak 
No-Screen, Kodak Limited AR.50, Ilford liquid 
(G.5, etc.) the Ilford nuclear research plate G.5 

(50 microns thick) proved the most satisfactory. 
Figs. 1 to 4 illustrate typical results obtained with 
the pollen tubes after an exposure of 2 to 4 weeks. 
The pollen of the Croft variety was labelled when 
the buds were 15 to 20 ram. long; according to 
Ogur et al. (12) and Taylor (17) at this bud length 
the chromosomes in the microsporocytes are be- 
tween the pachytene and tetrad stages. The activ- 
ity of this pollen was between 0.5 and 0.9 count /  
minute/grain.  These pollen tubes had grown 4 
days in the non-radioactive styles and had reached 
a total length of 5 to 6 cm. 

At this time each tube contains three nuclei, the 
tube nucleus and two haploid sperm nuclei. The 
tube nucleus, so called because it is generally re- 
garded as involved in the growth, is located in the 
distal end of the tube. During the growth of the 
tube the generative nucleus, initially in prophase, 
undergoes a mitotic division which produces the 
two sperm nuclei. The two sperm nuclei are always 
proximal to the tube nucleus as the tube grows. 

Since all of these nuclei retain Ca 45 activity, it 
seems clear that  the calcium is bound in a stable 
nuclear component, namely, the chromosomes. 

DISCUSSION 

The results indicate that  Ca 45 can form rather 
stable linkages within the chromosome, probably 
with the nucleoprotein. The nature of such linkages 
is still an open question. Although there are several 
possibilities, a number of studies suggest that  di- 
valent metals are bound preferentially by the phos- 
phate groups of the DNA. The relative stability of 
complexes of calcium with polyphosphate and nu- 
cleotides has been discussed by Van Wazer and 
Callis (19) in a recent review. Divalent  metals 
such as magnesium, calcium, manganese, or zinc 
are required for the formation of two- and 
three-stranded polyribonucleotides according to 
Felsenfeld and Rich (5); sodium is only ~00 as 
effective. Zubay (22) has shown that  formaldehyde 
titration of D N A  decreases the ratio of magnesium 
to phosphate from 0.7 to 0.39 indicating that  in 
addition to phosphate the negative sites of guanine 
and cytosine also bind magnesium. 

The amount of metal bound to the protein of 
the chromosome is unknown but some analogous 
systems suggest possibilities. Zittle et al. (21) 
have studied the aggregation of casein, orthophos- 
phate, and calcium. The binding of phosphate to 
casein above pH 6 is accompanied by a large in- 
crease in calcium binding. This phenomenon seems 
to depend upon the ionization of the secondary 
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phosphate hydrogen. Waugh (20) has proposed a 
model for the orthophosphate-calcium-casein com- 
plex. In  this model calcium forms cross-linkages 
between phosphates, the phosphates being at- 
tached to the casein. The studies of Ts'o (18) with 
microsomes led to the conclusion that 80 per cent 
of the divalent cations were bound to RNA and 
20 per cent were bound to the protein; further- 
more, metal removal with EDTA led to a fragmen- 
tation of the microsome. The DNA protein used 
by Frick (6.) in reconstruction experiments con- 
tains about 35 per cent DNA and is calculated to 
have about one calcium for each eleven nucleotides. 

The evidence is strongly suggestive that di- 
valent cations particularly calcium and magnesium 
are bound in chromosomes to negative sites which 
probably are on the DNA. The energy of such 
bonds could be of the order of 4 to 4 ~  kcal./mole 
which is the value obtained by Nanninga (11) for 
magnesium and calcium complexes with ATP. 

The authors wish to acknowledge the technica 
assistance of Mrs. Lulu A. Grodzins and Mr. Walter J 
Geisbuscb. 

BIBLIOGRAPHY 

1. Allg6n, L-G., Acla Physiol. Scand., 1950, 22, suppl. 
76. 

2. Barigozzi, C., Bull. histol, appl. physiol, el path., et 
lechn, micr., 1938, 15, 213. 

3. Bergeron, J. A., Slain Technol., 1958, 33, 221. 
4. Davison, P. F., and Butler, J. A. V., Biochim. el 

Biophysica Acta, 1956, 9.1, 568. 

5. Felsenfeld, G., and Rich, A., Biochim. et Biophysica 
Aeta, 1957, 26, 457. 

6. Frick, G., Exp. Cell Research, 1958, 15, 191. 
7. Kaufmann, B. P., and McDonald, M. R, Cold 

Spring Harbor Syrup. Quant. Biol., 1956, 9.1, 233. 
8. Luck, J. M., Kupke, D. W., Rhein, A., and Hurd, 

M., J. Biol. Chem., 1953, 205, 235. 
9. Lundeggtrdh, H., Leaf Analysis, (translated by 

R. L. Mitchell), London, Hilger and: Watts, Ltd., 
1951. 

10. Mazia, D., Proc. Nat. Acad. Sc., 1954, 40, 521. 
11. Nanninga, L. B., J. Physic. Chem., 1957, 61, 1144. 
12. Ogur, M., Erickson, R. O., Rosen, G. U., Sax, K. 

B., and Holden, C., Exp. Cell Research, 1951, 9., 
73. 

13. Scott, G. H., Bull. histol, appl. physiol, et path. et 
teehn, micr., 1930, 7, 251. 

14. Steffensen, D., Proc. Nat. Acad. Sc., 1953, 39, 613. 
15. Steffensen, D., Proc. Nat. Acad. Sc., 1955, 41, 155. 
16. Steffensen, D., Genetics, 1957, 42, 239. 
17. Taylor, J. H., Exp. Cell Research, 1953, 4, 164. 
18. Ts'o, P. O., Microsomal Particles and Protein 

Synthesis, (R. B. Roberts, editor), London and 
New York, Pergamon Press, 1958. 

19. Van Wazer, J. R., and Callis, C. F., Chem. Re',,., 
1958, 58, 1011. 

20. Waugh, D. F., Discussions Faraday Soc., 1958, 9.5, 
186. 

21. Zittle, C. A., DellaMonica, E. S., Rudd, R. K., and 
Custer, J. H., Arch. Biochem. and Biophysics, 
1958, 76, 342. 

22. Zubay, G., Biochim. et Biophysica Acta, 1959, 39., 
233. 

EXPLANATION OF PLATES 

PLATE 158 

Fro. I. Autoradiograph of tube nucleus in Lilium labelled with Ca 4s. The end of pollen tube is located at B. 
FIG. 2. Autoradiograph of the sperm nucleus. Non-radioactive cytoplasm (CYT) of another pollen tube is in 

contact with the emulsion and crosses under the sperm nucleus at A. 
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PLATE 159 

FIG. 3. A tube nucleus and a sperm nucleus labelled with Ca 45. 
Fie. 4. A labelled tube nucleus. Note the unlabelled cytoplasm in the pollen tubes. 
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