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ABSTRACT 
Calcium distribution during anther development of tobacco was investigated using potassium antimonite technique. Before the appearance 
of microspore mother cells, no calcium-induced precipitates ware found in sporogenous cells and somatic cells of the anther wall. Prior to 
the onset of microsporogenesis, abundant minute calcium precipitates appeared in the callose wall. At this stage, there were also many 
precipitates that accumulated in the vacuoles of the tapetum. However, fewer calcium precipitates appeared in young microspores. With 
microspore development many calcium precipitates accumulated in the germ pore, and then appeared in the small vacuoles of the cyto-
plasm. At a later microspore stage, a large vacuole formed and some precipitates were observed in the vacuole. The number of precipitates 
in tapetal cells decreased as microsporogenesis proceeded. After microgametogenesis began, calcium precipitates in the cytoplasm of 
pollen grains decreased. As pollen grains accumulated starch, a fewer were evident in the cytoplasm. These results displayed the spatial 
and temporal features of calcium distribution during anther development of Nicotiana tabacum L., suggesting that it may be related with 
microspore development. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
Calcium is a significant element in organisms and partici-
pates in numerous physiological functions and its role has 
been revealed more and more in plant development (Bush 
1993, 1995; Geitmann and Palanivelu 2007). Pollen tubes 
cultured in vitro have long been used to study the relation-
ship between Ca2+ and tube growth, and it has been shown 
that a gradient of calcium distributed within the tube tip re-
gulates tube growth (Feijó et al. 1995; Malhó and Trewavas 
1996; Pierson et al. 1996). In addition, some researchers in-
vestigated Ca2+ distribution in ovaries and ovules of wheat 
(Chaubal and Reger 1990), pearl millet (Chaubal and Reger 
1992), Nicotiana tabacum L. (Tian and Russell 1997), Bras-
sica napus (Yu et al. 1998), Plumbago zeylanica L. (Tian et 
al. 2000) and rice (Zhao et al. 2002), and found numerous 
antimonite-precipitated calcium in the micropyle, and sy-
nergids, which may attract pollen tubes growing into the 
embryo sac. In conclusion, calcium provides essential sig-
naling, physiological and regulatory roles during sexual rep-
roduction in flowering plants and the abundance of calcium 
is an accurate predicator of plant fertility (Ge et al. 2007). 

Tirlapur and Willemse (1992) first observed the distri-
bution of membrane calcium in the anther of Gasteria ver-
rucuosa. Tian et al. (1998) found that numerous calcium 
precipitates accumulated within the tapetum and locule of 
the anther of rice during its development, and that sterile 
anthers displayed abnormal calcium distribution when com-
pared to fertile anthers of a photoperiod-sensitive genetic-
ally male-sterile rice. Meng et al. (2000) also found more 
calcium precipitates accumulated in the cells of the vascular 
bundle of sterile anthers than in those of the fertility main-
tenance line of wheat. These results indicated that the ab-
normality of calcium distribution is related with anther de-
velopment. However, the features of calcium distribution in 
anther were investigated only in rice and wheat so far. It is 
necessary to investigate if the features of calcium distribu-
tion in rice and wheat anther are special phenomena only 
occurred in monocotyledons or universal ones in flowering 
plants. The current study used potassium antimonite to loca-

lize and detect pools of loosely bound calcium in anthers of 
Nicotiana tabacum L. during their development and to in-
vestigate the relation between Ca2+ distribution and anther 
development. 

 
MATERIALS AND METHODS 
 
Nicotiana tabacum L. was grown in a controlled environment at 
27°C with a 15 h daylength illuminated at 54 �mol m-2s-1, and at 
20°C with 9 h of darkness. Anthers at different developmental sta-
ges were squeezed to determine the developmental stage using a 
microscope and fixed 3 h at room temperature in 2% glutaralde-
hyde (v/v) in 0.1 mol/L phosphatic buffer (pH 7.8) containing 1% 
potassium antimonite (K2H2Sb2O7.4H2O). The principle of potas-
sium antimonite to precipitate calcium was introduced in detail in 
our recent review paper (Ge et al. 2007). After fixation by gluta-
raldehyde the samples were washed (three 30 min changes in buf-
fered 1% antimonite) and postfixed in 1% (w/v) buffered OsO4 
containing 1% antimonite for 16 h at 4°C. Then samples were 
washed in buffer (three 30 min changes), dehydrated in a graded 
acetone series and embedded in Spurr’s resin. In each stage, at 
least 10 anthers were embedded and 5 sectioned at 80 nm thick-
ness and stained with 2% uranyl acetate (w/v) in 50% methanol 
(v/v), and then after being washed and air dried, sections were ob-
served and photographed using a JEM-100 transmission electron 
microscope. 
 
RESULTS 
 
Calcium distribution in anther at the stage of 
microspore mother cell 
 
There were no calcium-induced precipitates evident in the 
early microspore mother cell in young anthers (Fig. 1). 
Abundant starch grains accumulated in the cells of anther 
wall and connective tissue, but no calcium precipitates ap-
peared in the cells at this stage (Fig. 2). Then within cells of 
the anther wall, calcium precipitates increased conspi-
cuously, especially in the tapetum. Before meiosis of the 
microspore mother cell (MMC), a thick layer of callose 
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Plate I Calcium distribution in anther at the stage of microspore mother cell. (1) A few precipitates of antimonite-label are in an early microspore
mother cell (MMC). �4,050. Bar = 1 �m. (2) At the same time, few precipitates are in the cells of the connective tissue (C) of the anther. �3,000. Bar = 1
�m. (3) A microspore mother cell (MMC) during meiosis reveals numerous calcium precipitates. The cellulose wall (asterisks) is being digested. �4,050.
Bar = 1 �m. (4) Enlargement of Fig. 3; A greater number and larger size of the calcium precipitates are evident in the MMC callose wall than in the
cytoplasm. �10,050. Bar = 1 �m. (5) Numerous precipitates also appear to be freely dispersed in the rest of the cytoplasm as well. �15000. Bar = 0.5 �m.
(6) In tapetal cells (T), precipitates are located within vacuoles and on the inner tangential face. �15,000. Bar = 0.5 �m. 
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Plate II Calcium distribution in anthers at the early microspore stage. (7) Tetrads adjacent to the tapetum (T) with more precipitates evident in 
surrounding callose walls than in the walls between microspore cells. �4,000. Bar = 1 �m. (8) Enlargement of Fig. 7; fewer precipitates in the cytoplasm 
of microspore (M) although many in the adjacent callose wall. �8,000. Bar = 1 �m. (9) Fewer precipitates are evident in tapetal cells at the same time. 
�8,000. Bar = 1 �m. (10) however, numerous calcium precipitates have accumulated in the cells of the middle wall layer (Mid), but very few are evident 
in the endothecium (En). T represents tapetum. �10,050. Bar = 0.5 �m. (11) A young microspore just released from a tetrad with numerous calcium 
precipitates localized in the germ pore. �10,050. Bar = 1 �m. (12) Enlargement of Fig. 11. Note some small vacuoles (arrowhead) forming within the 
cytoplasm adjacent to the pore. Calcium precipitates appear to be deposited on the membrane of these vacuoles. �15,000. Bar = 0.5 �m. (13) Numerous 
calcium precipitates still ac-cumulate in germ pore during microspore development. �10,050. Bar = 0.5 �m. 
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Plate III Calcium distribution in anthers at the late microspore stage. (14) Numerous calcium precipitates accumulate in the site of forming intine of a 
developing microspore. �10,050. Bar = 1 �m. (15) At this stage, tapetal cells (T) display more calcium precipitates during intine formation than before 
(compare to Fig. 9). �12,000. Bar = 1 �m. (16) At late stage microspore, a large vacuole has formed and some large precipitates have accumulated on the 
vacuole membrane. Note the precipitates in the intine disappear. �4,000. Bar = 1 �m. (17) Enlargement of Fig. 16, there are still numerous small 
precipitates within the germ pore (GP), and some large precipitates located on the surface of Ubisch bodies being transported to the surface of the 
microspore. �15,000. Bar = 0.5 �m. (18) The precipitates are evidently decreased in the cells of the middle layer (Mid) and tapetum (T) at late microspore 
stage. �10,050. Bar = 1 �m. (19) After microspore division, no quantitative differences in calcium precipitates were observed between the generative cell 
(G) and vegetative cell (V). �8,000. Bar = 1 �m. 
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Plate IV Calcium distribution in anther at the bicellular pollen stage. (20) The large vacuole separated into several smaller ones in the bicellular pollen
grain. Both n are nucleus of vegetative and generative cells. �4,000. Bar = 1 �m. (21) Enlargement of Fig. 20, calcium precipitates appear in slightly
greater numbers in vegetative cell comparing to Fig. 19. �10,050. Bar = 1 �m. (22) Calcium precipitates increased markedly in the connective cells (C) at
this time comparing to Fig. 2. �6,000. Bar = 1 �m. (23) Calcium precipitates decreased sharply in the cytoplasm of degenerating tapetal cells (T). Mid:
middle layer; En: endothecium. �6,000. Bar = 1 �m. (24) Numerous precipitates still accumulated on the surface of the germ pore (GP) of a nearly mature
pollen grain (P). �10,050. bar = 1 �m. (25) A few precipitates are in the cytoplasm of a nearly mature pollen (P). �10,050. Bar = 1 �m. 
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wall formed around each MMC. When MMC began to div-
ide its cellulose wall dissolved and became some vacuoles 
(see asterisk). No calcium precipitates appeared in these 
vacuoles although numerous precipitates accumulated in the 
callose wall (Fig. 3), and the size of the precipitates was 
larger and the number greater than in MMC cytoplasm (Fig. 
4). In MMC cytoplasm, calcium precipitates accumulated 
on the membranes of some organelles and in vacuoles (Fig. 
5). In the tapetal cells of the anther wall at this same time, 
some calcium precipitates concentrated in vacuoles. When 
the vacuoles containing calcium precipitates were secreted 
into the locule, numerous small precipitates appeared on the 
surface of the inner tangential wall (Fig. 6). 
 
Calcium distribution in anthers at the microspore 
stage 
 
After meiosis of MMC, each newly formed microspore 
underwent a developmental process leading to changes in its 
morphology and internal structure. Numerous calcium pre-
cipitates remained in the callose wall of each tetrad but they 
were fewer in the walls between microspores than in the 
wall surrounding each tetrad (Fig. 7). Microspores in each 
tetrad began to produce their exine, and only a few calcium 
precipitates appeared in the cytoplasm of each microspore 
(Fig. 8). In the cells of the anther wall, calcium precipitates 
decreased in tapetal cells than before (Fig. 9), but they 
sharply increased in the middle layer of anther wall at this 
time (Fig. 10). However, the cells of the epidermis and 
endothecium never accumulated much calcium precipitate. 

When microspores were released from tetrads, numer-
ous calcium precipitates accumulated in the germ pore, and 
some small vacuoles formed in the nearby cytoplasm (Fig. 
11). The vacuoles originated within the germ pore and some 
calcium precipitates attached on its membrane (Fig. 12), 
suggesting a way for calcium to be relocated within the 
microspore from the germ pore. The germ pore always ac-
cumulated numerous calcium precipitates during micro-
spore development (Fig. 13). When microspores formed the 
intine of the pollen wall, numerous calcium precipitates 
specially accumulated in the site of intine (Fig. 14), sugges-
ting that calcium may be related with intine formation. 
Concurrently with microspore development, the cytoplasm 
of tapetal cells displayed more vacuoles comparing with 
before and the number of calcium precipitates increased 
again, most of them in small vacuoles (Fig. 15). At the late 
microspore stage, a large vacuole displaced the microspore 
nucleus to a periplasmatic region. This polarization occur-
red before the first division of the developing male gameto-
phyte (Fig. 16). At this time, the intine formation was com-
plete and no calcium precipitates remained in it. However, 
small calcium precipitates increased in the cytoplasm and 
some larger precipitates were present around the edges of 
the vacuole and many small ones were suspended within it. 
Calcium precipitates combined with sporopollenin material 
from tapetal cells were secreted into the locule, and then 
much smaller calcium precipitates appeared in the wall 
layers of the germ pore (Fig. 17). The germ pore of micro-
spore always displayed numerous calcium suggests that it is 
main entrance of materials into microspore and so is cal-
cium. At the same time, the number of calcium precipitates 
in tapetal cells and the cells of the middle layer decreased, 
and the cells of the middle layer formed a large vacuole 
(Fig. 18). 
 
Calcium distribution in anther at the bicellular 
pollen stage 
 
After an asymmetrical mitotic division of a microspore, a 
bicellular pollen grain is formed which consists of a larger 
vegetative cell and a smaller generative cell. Initially, there 
was no difference in the number of calcium precipitates ob-
served within these two cells (Fig. 19). Then the large vacu-
ole of the vegetative cell disaggregated into several small 
ones (Fig. 20), and calcium precipitates in the cytoplasm of 

vegetative cell increased again (Fig. 21). Meanwhile, many 
calcium precipitates accumulated in the cells of the connec-
tive tissue, as well as starch synthesis leading to amylo-
plasts (Fig. 22). Concurrently, tapetal cells began to degene-
rate, the structural integrity of these cells became less dis-
tinct and calcium precipitates within these cells decreased 
sharply (Fig. 23). These phenomena suggest that the an-
ther’s requirement for calcium and nutritional material dec-
reases, leading to calcium and polysaccharide material ac-
cumulation in cells of the connective tissue. When starch 
began to accumulate in bicellular pollen grains, the electron 
density of the cytoplasm of these pollen grains increased. 
With bicellular pollen development, numerous calcium pre-
cipitates still accumulated on the surface of the germ pore 
(Fig. 24), and they were sharply diminished in the cyto-
plasm of bicellular pollen (Fig. 25). 
 
DISCUSSION 
 
The development of the anther is a very rapid and compli-
cated process. The cells within different tissues of the an-
ther exhibited conspicuous changes of morphology and 
structure, such as degeneration of tapetal cells, microspore 
cytoplasm became more highly polarized as a large vacuole 
formed, and pollen wall formation after released from tetrad. 
At the stage of meiosis of the microspore mother cell, cal-
cium precipitates first appeared in tapetal cell cytoplasm 
and then accumulated in vacuoles which were secreted into 
the locule of the anther. After this movement, tapetal cells 
began degenerating. Calcium precipitates began to accumu-
late in the cytoplasm of young microspores just released 
from a tetrad. Within these microspores, precipitates ac-
cumulated within small vacuoles which then coalesced to 
form a single large vacuole. After mitosis of each micro-
spore leading to the bicellular pollen grain, the large vacu-
ole appeared to disaggregate into many smaller ones and 
calcium precipitates appeared in these small vacuoles again. 
Then calcium precipitates in the bicellular pollen grain dec-
reased. The Ca2+ distribution in the anther of tobacco dis-
plays spatial-temporal features following its development. 
The results of higher level Ca2+ appeared in special time of 
tobacco anther is quite similar to that reported in rice and 
wheat, where high calcium concentration is located in spe-
cial region of anther during its development (Tian et al. 
1998; Meng et al. 2000). 

What is the presumed physiological function of Ca2+ 
during anther development? Ca2+ can regulate many cell 
functions according to its cellular location, binding or solu-
bility, such as regulating the activities of enzymes when 
combined with them, acting as signal ions between cells, 
forming an essential component of the cell structure, and 
possibly acting as second messengers (Bush 1995). Ca2+ 
also appears to have a uniquely important role in plant cells 
during wall accretion, vacuolar turgor, and in stomatal 
movement (de Silva et al. 1985a, 1985b; Inoue and Katoh 
1987; Schwartz et al. 1988; Bolwell 1993). The presence of 
Ca2+ within plant cells also appears related to the transport 
and accumulation of amino acids (Rickauer and Tanner 
1986) and the metabolism of carbon-hydrated compounds 
(Brauer et al. 1990). However, only a few reports that have 
dealt with the calcium distribution during anther develop-
ment and no information related the Ca2+ physiological 
function in anther development was proposed. In the pre-
sent study, calcium precipitates in anthers were mostly ac-
cumulated during microspore development. Thus, two pos-
sible functions of Ca2+ in pollen development are: providing 
osmotic pressure to aid the formation of a large vacuole 
within a microspore, which contributes to polarization of 
the cytoplasm preceding unequal division of the microspore, 
and secondly, Ca2+ contributes to the intine formation be-
cause numerous calcium precipitates located in the site of 
intine during its forming. For confirming above hypothesis, 
it is necessary to do further research to open up the mecha-
nism of Ca2+ physiological roles in anther development of 
flowering plants. 

292



Calcium distribution in anther. Ge et al. 

 

ACKNOWLEDGEMENTS 
 
This work was supported by the National Natural Science Founda-
tion of China (No. 30670126). The authors thank Prof. C Peterson 
for his helpful comments and revision on the manuscript. 
 
REFERENCES 
 
Bolwell GP (1993) Dynamic aspects of the plant extracellular matrix. Interna-

tional Review of Cytology 146, 261-324 
Brauer M, Sanders D, Stitt M (1990) Regulation of photosynthetic sucrose 

synthesis: a role for calcium? Planta 182, 234-243 
Bush DS (1995) Calcium regulation in plant cells and its role in signaling. An-

nual Review Plant Physiology Plant Molecular Biology 46, 95-122 
Chaubal R, Reger BJ (1990) Relatively high calcium is localized in synergid 

cells of wheat ovaries. Sexual Plant Reproduction 3, 98-102 
Chaubal R, Reger BJ (1992) Calcium in the synergid cells and other regions of 

pearl millet ovaries. Sexual Plant Reproduction 5, 34-46 
de Silva DLR, Cox RC, Hetherington AM (1985a) Suggested involvement of 

calcium and calmodulin in the responses of stomata to abscisic acid. New 
Phytologist 104, 41-51 

de Silva DLR, Hetherington AM, Mansfield TA (1985b) Synergism between 
calcium ions and abscisic acid in preventing stomatal opening. New Phytolo-
gist 100, 473-482 

Feijó JA, Malhó R, Obermeyer G (1995) Ion dynamics and its possible role 
during in vitro pollen germination and tube growth. Protoplasma 187, 155-
167 

Ge LL, Tian HQ, Russell SD (2007) Calcium function and distribution during 
fertilization in angiosperms. American Journal of Botany 94, 1046-1060 

Geitmann A, Palanivelu R (2007) Fertilization requires communication: signal 
generation and perception during pollen tube guidance. Functional Plant Sci-

ence and Biotechnology 1, 232-245 
Inoue H, Katoh Y (1987) Calcium inhibits ion-stimulated stomatal opening in 

epidermal strips of Commelina communis L. Journal of Experimental Botany 
38, 142-149 

Malhó R, Trewavas AJ (1996) Localized apical increases of cytosolic free cal-
cium control pollen tube orientation. Plant Cell 8, 1935-1949 

Meng XH, Wang JB, Li RQ (2000) Effect of photoperiod on calcium distri-
bution in photoperiod-sensitive cytoplasmic male-sterile wheat during anther 
development. Acta Botanica Sinica 42, 15-22 

Pierson ES, Miller DD, Callaham DA, van Aken J, Hackett G, Hepler PK 
(1996) Tip-localized calcium entry fluctuates during pollen tube growth. De-
velopmental Biology 174, 160-173 

Rickauer M, Tanner W (1986) Effects of Ca2+ on amino acid transport and ac-
cumulation in roots of Phaseolus vulgaris. Plant Physiology 82, 41-46 

Schwartz A, Ilan N, Grantz DA (1988) Calcium effects on stomal movement 
in Commelina communis L. Plant Physiology 87, 583-587 

Tian HQ, Russell SD (1997) Calcium distribution in fertilized and unfertilized 
ovules and embryo sacs of Nicotiana tabacum L. Planta 202, 93-105 

Tian HQ, Zhu H, Russell SD (2000) Calcium changes in ovules and embryo 
sacs of Plumbago zeylanica L. Sexual Plant Reproduction 13, 11-20 

Tian HQ, Kuang A, Musgrave ME, Russell SD (1998) Calcium distribution 
in fertile and sterile anthers of a photoperiod-sensitive genetic male-sterile 
rice. Planta 204, 183-192 

Tirlapur UK, Willemse MTM (1992) Changes in calcium and calmodulin 
levels during microsporogenesis, pollen development and germination in 
Gasteria verrucuosa (Mill.) H. Duval. Sexual Plant Reproduction 5, 214-223 

Yu FL, Liang SP, Yang HY (1998) Ultracytochemical localization of calcium 
in micropyle and embryo sac of Brassca napus before and after pollination. 
Acta Botanica Sinica 40, 591-597 

Zhao J, Yu FL, Liang SP, Zhou C, Yang HY (2002) Changes of calcium dis-
tribution in egg cells, zygotes and two-celled proembryos of rice (Oryza sa-
tiva L.). Sexual Plant Reproduction 14, 331-337 

 
 

293


