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Calcium Distribution in Developing Anther Cells of No-pollen
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Abstract. Ca’" is a well-known “second messenger” in higher plants and is related to their
sexual reproduction. To test the effects of calcium localization on pollen abortion in devsloping
rice anthers,calcium distribution during anther development in no-pollen type cytoplasmic male
sterile (CMS) rice G37A and its maintainer line G37B at different stages was examined by
potassium antimonate precipitation method. Our study showed that many differences existed in
Ca’"* distribution in developing anthers between the two studied rice lines. In the fertile anthers
of G37B,few Ca®* precipitates were detected at the pollen mother cell stage and the dyad
stage. However, Ca®* precipitates dramatically increased in the tapetal cells, on the exine of
pollen grains and the surface of Ubisch Bodies at the uninucleate pollen stags. After this,Ca®*
precipitates decreased on the anther wall, although many Ca®* precipitates still existed on the
exine of pollen grains. In the sterile anthers of G37A, abundant Ca®* precipitates accumulated
in the microsporocyte,on the anther wall and especially in the middle layer, the tapstum and
the ubisch bodies located at the pollen mother cell stage and the dyad stage. After the tetrad
stage,Ca’* precipitates in sterile anthers of G37A decreased generally, and could not be
detected at the inner longitudinal plasma membrane of the tapstum. The results proposed that
redundant calcium precipitates in sterile anthers may be related with pollen abortion.
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Male sterility is the failure of plants to produce
functional anthers, pollen, or male gametes during
sexual reproduction, and is widespread among
flowering plants. There are generally two major
types of genstic male sterility in rice; nuclear ge-
netic male sterility (GMS) and cytoplasmic male
sterility ( CMS}. Cytoplasmic male sterility is the
most effective genstic tool for developing F, rice
hybrids (3!, The patterns of pollen abortion in
cytoplasmic male sterile lines and their morpho-
logical features disclose different genstic back-
grounds, conducive to hybrid rice productiont®!.
The patterns of pollen abortion in male sterile rice
vary. The most important character is the stage at
which pollen abortion occurs. Most of the male
sterile material tested can be grouped into four
types . pollen-free ,uninucleats abortive,binucleats
abortive,and trinucleate abortive!*!,

Calcium (Ca®*),a well-known“second mes-
senger” in plant cells, plays an important role in
plant growth and development!®!. It is tightly
compartmentalized in specific states of availability
and mediates cell physiological processes
through multiple independent pathways within
plants. Previous studies on calcium function in
sexual reproductive systems have mainly focused
on pollen germination and pollen tube slonga-
tion'®! ,as well as fertilization'” **!. To date, how-
ever ,far less has been done on pollen and anther
development. In recent years, Ca®* distribution
and its roles in anther development have been an
active topic of research, and results have been
successively reported in many flowering plants,
including tobacco!™ | lettuce!™™ | cabbage!™ ,
Lycium Barbarurn L. and Torenia fournierit™!.
Tian et al. ') observed the difference of calcium
distribution in fertile and sterile anthers of a pho-
toperiod-sensitive genetic male-sterile rice and
speculated that anomalies in the distribution of
calcium correlated with pollen abortion. Soon af-

ter,the corrslation was confirmed in photoperiod-
sensitive cytoplasmic male-sterile wheat™™! and in
Honglian-Yuetai cytoplasmic male sterile ricel™
Xia ef al. -2 studied Ca’* distribution in anther
connective tissues and the wall of another photo-
sensitive genetic male-sterile rice Nongken 58S,
and presumed that the irregular Ca®* distribution
in the anther tissues was probably related with
the abortion of rice pollens. Chen ef al.'®! as-
cribed abnormalities in the distribution of calcium
between tapetum and pollen mother cells in a cy-
toplasmic male sterile line of Yunnan purple rice.
Qiu et al.'®! and Xia et al.'*! also found the ab-
nomalities of calcium distribution in anther tis-
sues of a thermo-sensitive genstic male-sterile
rice Peiai 64S. They uniformly proposed that re-
dundant calcium precipitates in the cytoplasm
were one of the most important factors to result in
pollen abortion.

Although much research data on calcium
distribution in rice anthers has alrsady been ac-
cumulated , it is still insufficient for understanding
calcium function on pollen and anther develop-
ment of rice. To better explors the mechanism of
male sterility and the function of Ca®* signal in
pollen development of rice, Ca®* distribution in
developing anther cells of no-pollen type CMS
and maintainer lines of rice were investigated
using potassium antimonate technique in this
study. Under the conditions employed hers, we
demonstrated that antimonate sslectively precipi-
tated cellular Ca®* and many differences of Ca?*
distribution in developing anthers existed be-
tween two studied rice lines.

1 Materials and methods

1.1 Materials

The no-pollen type CMS rice G37A and its
maintainer line G37B were grown in an experi-
mental field of the South China Botanical Gar-
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dens, the Chinese Academy of Sciences, under
normal growth conditions.
1.2 Methods

Detection of Ca®" precipitates using potassi-
um antimonate was performed as described by
Tian ef al.'"! and Xia et al. '®! with slight modifi-
cation. Anthers from G37A and G37B plants were
collected at different developmental stages. At
least fifteen anthers from different flowers located
at the middle nodes of the inflorescence were
fixed and at least six anthers from each treatment
were examined. Anthers were fixed overnight at
4°C with 2% glutaraldehyde in 0. 1 mol/L potas-
sium phosphate buffer ( PBS,pH 7. 8) containing
1% K,H,Sb,0, «4H,0. The fixed anthers were
then washed five times with 1% K,H,Sb,0O, -
4H,0 in 0. 1 mol/L PBS buffer (20 min at a time)
and post-fixed in 1% 0sQ, for 16 hrs at 4°C in
0.1 mol/L PBS buffer containing 1% K,H,Sb,0; -
4H,0. Anthers were washed five times with
0.1 mol/L PBS buffer without antimonate, and
then dehydrated in a graded sthanol series. After
displacement by epoxy dimethylmethane the
samples were embedded in Epon 812 resin.
Semi-thin sections (2-4 pym thick) were cut with
glass knives. The sections stained with 0. 5%
toluidine blus in 0.1 mol/L PBS were examined
by light microscope to confirm the devslopmental
stages of the microsporss. In addition,80-20 nm
sections were obtained with a diamond knife by
Leica-S ultramicrotome, and then serially stained
with 2% uranyl acetate for 90 min and 6% lead
citrate for 10 min. The stained sections wers ob-
served by a Japanese JEM1010 transmission
electron microscope. Calcium precipitates in the
grids were removed after incubation in a solution
of 0. 1 mol/L EGTA (pH 8. 0) at 60°C for 60 min.
For each sample at least five anthers from each
treatment were examined. Controls were treated
as above, but K,H,Sb,0, + 4H,0 was omitted
from solutions during processing.

2 Results

2.1 Ca** distribution in fertile anthers during
their development

At the pollen mother cell stage, few Ca®*
precipitates was observed in the microsporocyte
and locule (Fig.1: A,B). In the anther wall,Ca®*
precipitates in the epidemmis and endothecium
were less abundant than in tapetal cells (Fg. 1:
A). Only a few Ca’* precipitates appeared in
vascular bundle and parenchymatous cells of
connective tissue (Fig.1; C,D).

At the dyad stage, some Ca’* precipitates
were sparsely distributed in the locule and on the
inner surface of the pollen sac (Fig. 2: F). Epi-
dermis cells were highly vacuolated and no Ca®*
precipitate was found in the vacuole membrans.
However some small Ca®" precipitates were de-
posited on the plasma membrane. There were a-
bundant Ca®* precipitates in the interstitial space
between the epidermis cell and the endothacium
cell, but few in the middle layer and endothecium
(Fig.2: E). Many small Ca’* precipitates accu-
mulated on the plasma membrane and in the cy-
toplasm of the tapetal cells (Fig.2: E). The Ca®*
precipitates in the vascular bundle greatly in-
creased. Numerous Ca’* were deposited on the
plasma membrane,the vacuole membrane of pa-
renchymatous cells, and the xylem cells wall.
More Ca®* precipitates on the vacuole membrane
were detected in the connective tissue than at the
pollen mother cell stage. Some large Ca’" preci-
pitates were found in the interstitial space be-
tween the parenchymatous cells of connective tis-
sue (Fg.2: G).

At the uninucleate pollen stage,Ca®* precipi-
tates in fertile anthers increased. A layer of Ca?®*
precipitates were deposited on the exine of the
uninucleate pollen (Fig. 3: H). The Ca®* in the
anther wall tended to transport from the outer to
the inner layer (Fig.3: H).The Ca?®* precipitates
in the epidermis cells decreased and few Ca®*
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Abbreviations: Ep: Epidermis; En: Endothecium; Mi: The middle layer; Ta: Tapetum; Ms: The pollen mother cell; Vio: The
vascular bundle; X: Xylem; Ph: Phloem; Pa: Parenchyma; C: The connective tissue; —: Indicates Ca%* precipitates.

A -D; Ca?* distribution in fertile anthers,few Ca®* precipitate was observed; a-d: Ca%* distribution in sterile anthers, there
were a few Ca?* precipitate on the plasma membrane of anther wall and pollen mother cell.

Fig.1 Ca®* distribution in anthers at the pollen mother cell stage

Abbreviations : Ep: Epidermis; En: Endothecium; MI: The middle layer; Ta. Tapetum; C: The connective tissue; =»: Indi-
cates Ca?* precipitates.

E -G: Ca?* distribution in fertile anthers , with few Ca2* precipitates in the anther wall and the vascular bundle. e — g: Ca?*
distribution in sterile anthers,the Ca2* precipitate increased significantly arnd much more than in fertile anther wall,

Fig.2 Ca®* distribution in anthers at the dyad stage
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precipitates were deposited in the endothecium
cells. But Ca’" precipitates in the tapetum and
especially on the Ubisch bodies facing the pollen
sacs increased dramatically (Fg.3; H). The Ca?*
precipitates increased in the parsnchymatous
cells of the connective tissue (Fig.3; 1).

Before the dehiscence of the anthers, Ca®*
precipitates in fertile anthers showed a minor de-
crease compared to those at the binucleate pol-
len stage. The mature pollen was full of starch.
The Ca?* precipitates were rarely observed in the
cytoplasm and on the intine. However, sorme small
Ca’* precipitates presented on the vacuole mem-
brane of the epidermis and a generous amount of
Ca’* was deposited in the debris of the tapetum
(Fig. 3: J). Organelles in the parenchymatous
cells degenerated and many small Ca?* precipi-
tates appeared in the cytoplasm and cell wall.
Some cell walls, especially on the second cell
wall of the xylem cells, had many Ca®* precipi-
tates. The Ca’* precipitates deposited on plasma
membrane and vacuole membrane of the con-

nective tissue were more abundant than those at
the binucleate pollen stage (Figure not shown).
2.2 Ca** distribution in sterile anthers during
their development

At the pollen mother cell stage, the karyo-
plasms of the pollen mother cells were unevenly
distributed and few Ca®* precipitates were loca-
ted in the cytoplasm (Fig. 1. b). Compared with
fertile anthers at this stage, more abundant Ca®*
precipitates occurred in the anther wall, espscial-
ly on the vacuole membrane and plasma mem-
brane of the epidermis and endothecium (Fig. 1.,
a). In the connective tissue of sterile anthers, a-
bundant calcium precipitates were located on the
plasma membrane of vascular bundle sheath
cells and phloem cells, and in the cytoplasm of
other parenchyma cells (Fig. 1. ¢). There were
many more Ca’* precipitates in the connective
tissue, mainly distributed on the plasma mem-
brane, than those in fertile anthers {Fig.1; d).

At the dyad stage, many Ca®* precipitates
were found around the callose of the dyad and in

Abbreviations ; P; Pollen; En; Endothecium; Ep; Epidermis; Ta: Tapetum; C; The connective tissue; —; Indicates Ca®*

precipitates; ® . Indicates Ubisch bodies.

H-J; Ca®* distribution in fertile anthers. h —]; Ca?* distribution in sterile anthers ,the pollen totally degraded and there were
many Ca?* precipitates in the degraded pollen and much less Ca?* precipitates than in fertile anthers.
Fig.3 Ca®* distribution in anthers at the uninucleate and the tri-nucleate pollen stage,the Ca®* precipitate

increased obviously,and was mainly located in the anther wall,on the surface of Ubisch bodies,
pollen wall and on the plasma membrane of collective tissues
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the pollen sac (Fig. 2, f) than in the fertile an-
thers at the dyad stage. A layer of large Ca®* pre-
cipitates was found on the plasma membrane of
the epidermis, endothacium ,the middle layer, and
the tapstum. But in the fertile anthers, Ca®* was
mainly deposited on the vacuole membrane of
the middle layer. Large vacuoles with many Ca®*
precipitates on its membrane appeared in soms
of the tapetal cells. Many Ca®* precipitates were
deposited on the inner longitudinal cell mem-
brane of the tapetum whers Ubisch bodies
formed (Fig. 2. ). The Ca’" precipitates in the
vascular bundle also greatly increased. At this
stage, many Ca®* precipitates were found on the
plasma membrane of the phloem cells,in the cy-
toplasm and on the xylem cell wall. The granules
became larger and more abundant than those in
the fertile anthers, which was similar to the phe-
nomenon that occurred in the connective tissue
(Fig.2: g).

After the callose degenerated,the tetrads in
the sterile anther degenerated rapidly. The uninu-
cleate pollen stopped development, as evaluated
by changes in their volume sizes. Pollen cell walls
failed to develop nomally and pollen grains ac-
cumulated ( Fig. 3; h). A few Ca®" precipitates
were distributed dispersively in and around soms
of the debris, which came from the degradation of
the plasma membrane of the pollen sac cells. Al-
most no Ca’* precipitates were observed at the
inner longitudinal cell wall of the tapetum, in
which intact Ubisch bodies failed to form,while a
few Ca®* precipitates occurred around the de-
generated Ubisch bodies (Fig.3; h). Many more
Ca’* precipitates were deposited on the inner
surface of the connective tissue parenchyma cells
than in the fertile anthers.

Before the dehiscence of the anthers, similar
to the phenomenon that occurred in the vascular
tissue , anther wall cells in the sterile anthers were
turbulent and all Ca®* precipitates disappeared
(Fig.3: j). In fertile anthers,however,many Ca®*

precipitates were found in the debris of the tape-
tal cell cytoplasm and on the exine and the se-
cond wall of the xylem cells.

3 Discussion

3.1 Role of Ca** in fertile anthers

At the pollen mother cell stage, few Ca®*
precipitates in fertile anthers were observed. Only
a few Ca®* precipitates were located on the vacu-
ole membrane of the epidermis and the connec-
tive tissue. The Ca®* quantity in the fertile anthers
at the dyad stage increased and was mainly dis-
tributed on the plasma membrane of the anther
wall and the interstitial space between the epider-
mis and the endothecium. The majority of Ca®*
precipitates in anthers during the uninucleate pol-
len stage and the binucleats pollen stage wers lo-
cated on the exine,in the tapstal cells and on the
Ubisch bodies. Furthermore, Ca®* distribution in
the anther wall tended to transport from the outer
to the inner layer. The Ca®* precipitates firstly ap-
peared in the epidemis, then decreased at the
binucleate pollen stage and disappeared at the
mature pollen stage. However,many Ca®* precip-
itates existed in the tapetal cells and the Ubisch
bodies at that time. The Ca®* concentration was
at a very low level of 102 —10~" mol/L in resting
cells of plant'®!. When stimulated by environmen-
tal factors or during regulation of physiological
processes, calcium in the “calcium bank” (vacu-
ole, mitochondria, chloroplast, endoplasmic reti-
cula) was temporally released®! | and it main-
tained Ca®* equilibrium by Ca’* ion channels and
Ca?*-ATPase!'®!, Our results showed that tempo-
ral high concentration of Ca®* in anthers might be
related to the development of anthers. At the ear-
lier development stage, anther development
needs some nutrition such as polysaccharid!®’,
protein'®!  RNA®! and propollenin®’ ;and at the
later development stage, anther needs protein
and plastids from tapsetal cells for nutrition.
Ubisch bodies play important roles in the trans-
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portation of nutrients during these processes!®'.
The many Ca®* precipitates found in the tapetal
cells and on the Ubisch bodies at the uninucleats
pollen stage and the binucleate pollen stage sug-
gested Ca®* might act as a second messenger
participating in the devslopment of tapetal cells
and the transportation of nutrients from the anther
wall to the pollen sac.
3.2 The relationship between Ca** and male
sterility of rice

The pollen abortion of Nongken 58S was
mainly found at the late uninucleats pollen stage.
The pollen abortion of male-sterile rice Honglian-
Yuetai mainly occurred at the binucleate pollen
stage. Peiai 64S was a kind of thermo-sensitive
sterile line, in which pollen became sterile after
the dyad stage when treated by high temperaturs
during the pollen mother cell stage. The different
distribution of Ca’* between the male-sterile and
fertile materials of Nongken 58S and Honglian-
Yuetai was found at the uninucleate and binuc-
leate pollen stages'"*®. However, in Peiai 648
and Zhenshan 97A, B, there existed minor Ca®*
differences during the pollen mother cell
stage!®*, These studies suggested that the
distribution and quantity of Ca®* was closely re-
lated to pollen abortion in male sterile rice by the
activation of many biological processes at the
early development stage with increased concen-
tration of Ca®*. The G37A was a kind of no-pollen
type CMS rice, in which pollens degenerated
promptly after tetrad and could not form pollen
walls. Our study suggested that at the early stage
of anther development, many Ca®* precipitates
were deposited in the wall of sterile anthers, the
microsporocyte and the vascular tissue, but no
Ca’* precipitate was found in the wall of fertile
anther and the microsporocyte. The time differ-
ence of Ca®* distribution observed between our
male-sterile and fertile materials was earlier than
previous reports for other materials. Our data indi-
cated an earlier pollen abortion in no-pollen typse

CMS line of rice.

Tapetum located at the inside of the anther
wall showed the most affinity to the development
of pollen. Rice tapetum was a kind of secretion
organ and the pollen sac was its reservoir™®!, The
nutrients and ions necessary for pollen develop-
ment must be transported through the vascular
tissue and the connective tissue, and from the an-
ther wall to the pollen sac through the tape-
tum™, Qur study suggested that the tapstum of
the sterile anther ,which degenerated rapidly after
the dyad stage, affected the secretion and trans-
portation of nutrients. It seems that many Ca®*
precipitates located on the plasma membrane of
the middle layer and the tapetum were closely re-
lated to the degeneration of the tapetum at the
tetrad. Many Ca®* precipitates also congregated
on the inner longitudinal wall where Ubisch
bodies formed,which may be correlated with the
abortion of the pollens.
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