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An electron microscopic-cytochemical localization of
plasma membrane Ca2+-ATPase activity in poplar apical
bud cells during the induction of dormancy by short-day
photoperiods
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ABSTRACT

Plasma membrane (PM) Ca2+-ATPase activity in poplar

apical bud meristematic cells during short-day (SD)-induced

dormancy development was examined by a cerium precipita-

tion EM-cytochemical method. Ca2+-ATPase activity, indicated

by the status of cerium phosphate precipitated grains, was lo-

calized mainly on the interior face (cytoplasmic side) of the

PM when plants were grown under long days and reached a

deep dormancy. A few reaction products were also observed on

the nuclear envelope.

When plant buds were developing dormancy after 28 to 42

d of SD exposure, almost no reaction products were present on

the interior face of the PM. In contrast, a large number of

cerium phosphate precipitated grains were distributed on the

exterior face of the PM. After 70 d of SD exposure, when buds

had developed a deep dormancy, the reaction products of Ca2+-
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ATPase activity again appeared on the interior face of the PM.

The results seemed suggesting that two kinds of Ca2+-ATPases

may be present on the PM during the SD-induced dormancy in

poplar. One is the Ca2+-pumping ATPase, which is located on

the interior face of the PM, for maintaining and restoring the

Ca2+ homeostasis. The other might be an ecto-Ca2+-ATPase,

which is located on the exterior face of the PM, for the exocyto-

sis of cell wall materials as suggested by the fact of the cell wall

thickening during the dormancy development in poplar.

Key words : Ca2+-homeostasis, Ca2+-ATPase, ecto-Ca2+-ATPase,

poplar dormancy, populus deltoides.

INTRODUCTION

Cytoplasmic calcium concentration plays an important role in various physiological

processes in plants by acting as a second messenger in the transduction of endog-

enous or exogenous signals[1-3]. Endogenous and exogenous hormones and environmen-

tal stimuli, such as temperature, light and wind, can increase cytosolic Ca2+ levels[1-3]. A

low temperature-induced transient increase in cytosolic Ca2+ concentration is necessary

for the expression of cold-acclimation-specific genes and the development of freezing tol-

erance in alfalfa[4],[5].

A prolonged high level of Ca2+in the cytosol is harmful, and often results in metabolic

dysfunction and structural damage, when such as chilling-sensitive plants are subjected

to chilling stress[6],[7]. Plasma membrane (PM) Ca2+-ATPase plays a crucial role in

controlling cytosolic Ca2+ concentration[8-14]. The PM calcium-pumping, ATPase uses

the energy supplied by the hydrolysis of ATP to transport calcium ions from the cyto-

plasm to the extracellular space. Because of its high affinity for calcium, this enzyme can

either reduce the cytoplasmic concentration of free calcium ions to extremely low levels

(thus maintaining a Ca2+ homeostasis), or restore it after a specific stimulus causes an

increase in cytosolic Ca2+ concentration[11],[15].

We previously found a dynamic change in calcium distribution in poplar apical bud

meristematic cells when dormancy was induced by short days (SD)[16]. For example,

during SD exposures of up to 20 d (prior to a measurable level of dormancy), Ca2+ increased

in cytosol and nuclei. Whilst from day 28 to 49 of SD exposure, when dormancy was

developing rapidly, it increased further in the same compartment. After 70 d of SD

exposure, when deep dormancy had been reached, the levels of Ca2+ in cytosol and nuclei

decreased. This suggests that Ca2+ dynamics are tightly regulated during the development

of dormancy in poplar buds.
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In this study, we used an electron-microscopic cytochemical method to examine the

change in PM Ca2+-ATPase activity in poplar apical bud meristematic cells during SD-

induced dormancy.

MATERIALS AND METHODS

Plant materials

Poplar ( Populus deltoides Bartr. ex March) plants were established as previously described

[16]. They were grown in a greenhouse with 16 h light (long day, LD) at 25/21  oC day/night (D/N).

When plants were 40-50 cm tall, they were transferred to a growth chamber with 8 h light (short

days, SD) at 25/21  oC D/N. The SD experiment was designed so that all samples for fixation could

be collected at the same time to avoid any environmentally caused discrepancy during sample

preparation.

Measurement of dormancy

After 10, 20, 28, 42 or 70 d of SD exposure, one set of 6-8 plants at each date was transferred

from the SD chamber to a LD greenhouse at 25/21 oC D/N. Plants were manually defoliated and

the shoot tips, about 2.5 cm long, were removed. The degree of dormancy was expressed as the

number of days to first bud break (i.e., the first visible shoot growth) in the defoliated and

decapitated plants.

EM-cytochemical localization of Ca2+-ATPase activity

Sample collection

Apical buds were collected from plants: a) grown under LD; b) exposed to SD for 28, 42, or 70

d; or c) exposed to SD for 42 d, when plants had developed some level of dormancy, and then

transferred to LD for 30 d to break dormancy.

Ca2+-ATPase EM-cytochemical procedures

Ca2+-ATPase activity was detected according to the one step lead method of Ando et al.[17], with

minor modifications[18],[19]. Cerium (CeCl3) was used instead of lead, and lower concentration

of calcium was used in the reaction medium for the activation of Ca2+-ATPase. After the bud scales

and young leaves were removed, the buds were cut into 0.5  0.5  0.5 mm slices, and immedi-

ately fixed in 4 % paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 1 h at room

temperature. After fixation, the samples were washed twice in cacodylate buffer (pH 7.2), then

twice with Tris-malate buffer (pH 7.5), for 25 min each at 4 oC. The samples were then incubated

in a reaction medium consisting of 50 m M Tris-malate buffer (pH 7.5), 2 m M ATP-Na, 1.5 m M

CaCl
2
 and 3 m M CeCl

3
 for 1 h at 23 oC.

Four control reactions were performed to demonstrate the specificity of the reaction products:

1) ATP was omitted from the reaction medium.

2) The samples were pre-treated with 5 m M EGTA in Tris-malate buffer (pH 7.5) for 30 min,

and then incubated in a medium without CaCl
2
, to which 5 m M EGTA was added.

3) The samples were pre-treated for 30 min at room temperature in a Tris-malate buffer (pH

7.5) containing 10 m< M sodium ortho-vanadate (Na
3
VO

4
), an inhibitor of PM Ca 2+-ATPase

activity[20], and then incubated in the complete reaction medium containing 10 m M Na
3
VO

4
.

4) The samples were pre-treated for 30 min at room temperature in Tris-malate buffer (pH 7.

5) containing 0.1 m M Erythrosin B, which is a specific inhibitor of Ca2+-ATPase activity[8],[21],

and then incubated in the complete raction solution containing 0.1 m M Erythrosin B.

After incubation, all samples were post-fixed in 4 % glutaraldehyde in cacodylate buffer (pH

7.2) for 3 h at 4  oC. They were then fixed in 1 % osmium tetroxide (0s04) in cacodylate buffer (pH
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7.2) overnight at 4 oC. Thereafter, the samples were dehydrated in an ethanol series, and embedded

in EMbed 812 (EMS, Fort Washington, PA, USA). The embedded samples were then sectioned with

a diamond knife and an RMC (Tucson, AZ, USA) MT 7000 ultramicrotome. The sections were

stained with uranyl acetate, then observed and photographed under a Philips (F.E.I. Company,

Tacoma, WA, USA) CM12 TEM operated at 60 kV. At the same time, one group of samples was

fixed according to routine glutaraldehyde-osmium tetroxide procedures. These samples were

also used as the control for Ca2+-ATPase cytochemical localization.

RESULTS

Dormancy development

The growth rate of the poplar plants decreased immediately upon transferring from LD

to a SD/warm temperature regime; growth stopped completely after 20 d of SD exposure

(data not shown). At this point, however, there was no significant change in dormancy

status. The number of days to bud break was 14 and 30 for plants exposed to SD for 28

and 42 d, respectively. After 70 d of SD exposure, it took 90 d of LD exposure before any

bud regrowth was detected.

Localization of Ca2+-ATPase activity in apical bud meristematic cells
of poplar grown in LD

When samples were incubated in the complete reaction medium containing ATP, CaCl
2

and CeCl
3
, Ca2+-ATPase hydrolyzed the substrate ATP to ADP and inorganic phosphate,

which was precipitated by cerium ions (i.e., ATP+Ce+3  ADP+CePO
4 

). The reaction

product cerium phosphate formed a fine-grained deposit that was sufficiently electron-

dense to be detected with electron microscopy. In EM observations of the section samples,

these cerium phosphate-precipitated grains were localized mainly on the cytoplasmic side

of the PM, indicating where the Ca2+-ATPase activity reaction had occurred (Fig 1A, B,

at arrows). A smaller number of reaction products were also observed on the nuclear

envelope (NE; Fig 1A, at arrow). The control reactions included samples in which: 1)

ATP was omitted (result not shown); 2) CaCl
2 
was omitted and 5 m M EGTA was added (Fig

1C); 3) 10 m M Na
3
VO

4
 was added (Fig 1D, E); or 4) 0.1 m M Erythrosin B was added (result

     Fig 1.

EM-cytochemical localization of Ca2+-ATPase activity in poplar apical bud cells. A, B:

Samples were collected from plants grown under LD. The reaction products, cerium phos-

phate precipitated grains, are an indication of Ca2+-ATPase activity sites. These grains were

mainly localized on the interior face of the plasma membrane (PM). A smaller number of

cerium phosphate precipitates was also observed on the nuclear envelope (NE; at arrows).

A, 14000  ;B, 10000 . C-F: Controls for demonstrating the truthfulness of reaction

products. C, Cells of LD-grown plants. CaCl2 was omitted and 5 m M EGTA was added to

the reaction solution. D and E: Cells from either LD-grown plants, or those with 42 d of SD

exposure. Ten m M Na3VO4 was added to the reaction solution. F, Cells were fixed following

routine glutaraldehyde-osmium tetroxide procedures. No visible cerium phosphate pre-

cipitated grains were observed on the PM or NE in any of these control samples. C, 12000

 ; D, 12000  ; E, 10000  ; F, 25000  . W: Cell wall. N: Nucleus.

Poplar Ca2+-ATPase activity during dormancy
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not shown). In all four controls, either no or few visible electron-dense precipitate grains

were observed on the PM and the NE. This indicates that the Ca2+-ATPase detection

method was capable of specifically identifying the location of Ca2+-ATPase activities. In

addition, the cells fixed according to routine glutaraldehyde-osmium tetroxide procedures

did not show any electron-dense precipitate grains on the PM and the NE (Fig 1F). Our

results, therefore, demonstrate that the location of the electron-dense grains of cerium

phosphate is a reliable indicator of Ca2+-ATPase activity.

Changes in localization of Ca2+-ATPase activity in poplar apical bud
cells during dormancy induction

For poplar plants expose to SD for 28 and 42 d, when bud dormancy was rapidly

developing, the sites of PM Ca2+-ATPase activity were clearly altered (Fig 2A-C;3A-D). No

or only few cerium phosphate precipitate grains were present on the interior face of the

Fig 2.

EM-cytochemical localization of Ca2+-ATPase activity in the apical bud cells of

poplar plants grown under SD conditions for 28 d. No reaction products of the

enzymatic activity were observed on the interior face of the PM. In contrast,

many cerium phosphate precipitated grains were seen on the exterior face of the

PM. V: Vacuole. A, 12000  ; B, 19000  ; C, 12000 .

Poplar Ca2+-ATPase activity during dormancy
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Fig 3.

Localization of Ca2+-ATPase activity in apical bud cells of poplar plants after 42 d of

SD exposure. The reaction products of enzymatic activity were still distributed on the

exterior face of the PM. The number and the size of cerium phosphate precipitated

grains, however, appeared to be less and smaller than those after 28 d of SD exposure.

A, B, D, 15000 ; C, 19000 .

PM. In contrast, after 28 d of SD exposure, abundant cerium phosphate precipitate grains

were seen on the exterior face of the PM (Fig 2A-C), showing an ecto- Ca2+-ATPase

characteristic[22-24]. After 42 d of SD exposure, when a higher degree of dormancy had

developed, both the size and the number of the cerium precipitate grains on the exterior

face of the PM had decreased (Fig 3A-D). After 70 d of SD exposure, when buds were in

deep dormancy, the reaction products of Ca2+-ATPase activity reappeared on the interior

face of the PM (Fig 4A, B). Cerium precipitates were also localized on the NE (Fig 4A).

For plants exposed to SD for 42 d and then grown under LD, it took about 30 d until

bud break. Immediately after growth resumed, Ca2+-ATPase activity was localized mainly

on the interior face of the PM. This was similar to buds that were observed from plants

grown under LD (Fig 4C and D, at arrows), except that a few cerium precipitate grains

were also observed on the NE (Fig 4D, at arrow).

Jian  LC  et  al.
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Fig 4.

EM-cytochemical localization of Ca2+-ATPase activity in poplar apical bud cells. A and B:

Cells from plants exposed to SD for 70 d. The reaction products of Ca2+-ATPase activity

reappeared on the interior face of the PM. A few cerium phosphate precipitated grains were

also appeared on the NE. C and D: Cells from 42-d/SD exposed plants when the dormancy

was just broken after a 30-d/LD exposure. The sites of the Ca2+-ATPase activity were similar

as those before the dormancy was developed. The reaction products were distributed on the

interior face of the PM and a few cerium phosphate precipitated grains (at arrow) were also

found on the NE (at arrow). A, B, 16000 ; C, D, 13000 .

DISCUSSION

The PM Ca2+-ATPase has been studied extensively in both animal and plant cells using

either biochemical or cytochemical methods[8-10],[13],[14], [18],[25],[26]. In biochemi-

Poplar Ca2+-ATPase activity during dormancy
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cal assay with cell free preparation, Mg2+ ions must be added to the reaction medium in

addition to the Ca2+ for the activation of the Ca2+-ATPase[8],[9],[13]. However, for

cytochemical assay with integral cells, the Ca2+-ATPase activity can proceed in the

absence of added Mg2+ in the reaction medium, because endogenous Mg2+ ions already exist

in the cells[18],[23],[26]. We tested the poplar Ca2+-ATPase activity in the reaction media

with and without added Mg2+ ions. Our results agreed with the literature that no added

Mg2+ is needed in the reaction medium for the cytochemical assay of poplar apical buds

(data not shown). Also, in this study, we used a 4 % paraformaldehyde for the fixation

instead of the classic glutaraldehyde fixative, because PM Ca2+-ATPase activity could be

partially inhibited by the latter[18],[27]. Our results (Figs 1-4) with the former fixative

yielded a much better resolution than the latter (data not shown).

The one-step lead detection method of Ando et al.[17] has been used by many scien-

tists[18],[24-26],[28-32] for the cytochemical localization of Ca2+ATPase activity. The

reliability and specificity of this method has also been demonstrated by locating the bands

of Ca2+-ATPase activity on polyacrylamide gel film, using the same conditions as for EM-

cytochemical localization[33]. EM-cytochemical localization experiments have revealed

that the reaction products of the PM Ca2+-pump ATPase activity were localized on the

interior face of the PM[18],[20],[22], [26],[34],[35]. Our findings agreed with the litera-

ture, but only when poplar plants were actively growing under LD or reached a full

dormancy, e.g., after 70 d of SD exposure. Between the 28 and 42 d of SD exposure, when

the dormancy was developing, no reaction products of the enzymatic activity were seen

on the interior face of the PM. The dynamic of Ca2+-ATPase activity appears to be an

adaptive nature corresponding to the alterations of the intracellular Ca2+ concentration

[16].

This enzyme has high affinity for calcium, and can reduce internal calcium concen-

tration to an extremely low level[11],[14],[15], [34]. Active calcium pumping is necessary

in order to maintain a Ca2+-homeostasis, as plants such as poplar are actively growing.

When poplar plants were exposed to SD, e.g., between the 28-42 d period, the dormancy

was developing, and intracellular Ca2+ concentration was increased[16]. Naturally, it

may be expected that during this period of SD exposure the PM Ca2+ pumping should be

very low or inactive, and thus would result in no cerium phosphate grains on the interior

face of the PM. When the plant has completed its dormancy process, we believe the plant

should be back to the status of a resting low Ca2+ concentration, as evidenced by the

observation in poplar after a 70-d SD exposure in which the PM Ca2+ pumping was

restored (Fig 4) and a low concentration of intracellular Ca2+ was observed[16].

As shown in Fig 2 and 3, many reaction products were present on the exterior face of

the PM during the dormancy development. We did not attempt to identify them, but from

the literature, it seems suggesting that the cerium precipitated grains on the exterior

face of the PM may be the reaction products of the ecto- Ca2+-ATPase activity[23],[24].

An ecto- Ca2+-ATPase has been reported in animal cells and its reaction products were

located on the exterior face of the PM[22-24],[36-40]. Ca2+-ATPase and ecto- Ca2+-

Jian  LC  et  al.
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ATPase may be distinguished by using different concentrations of CaCl
2
 in the cytochemi-

cal reaction medium. The activity of former could be obtained at a range of 0.5  1.0 m

M CaCl
2
[18],[20], [22],[23], whereas the latter needed a range of 5.0  10.0 m M CaCl

2
[22-

24], [40]. In our study, we used 1.5 mM CaCl
2
 in the reaction medium. It appeared that a

concentration of 1.5 mM CaCl
2
 may be workable for both enzymes in the poplar. Ecto- Ca2+-

ATPase has been known in animal cells for many years, its biological function has been

considered to be involved in many aspects of physiological and biochemical processes in

various organs and tissues[40]. Thirion et al.[24] suggested that ecto- Ca2+-ATPase ac-

tivity may associate with the exocytotic secretion of neuropeptide granules containing

ATP. We have observed that when poplar dormancy was rapidly developing, the cell wall

was markedly thickened[16]. Therefore, we speculate that the ecto- Ca2+-ATPase in pop-

lar may play some role in the exocytosis of cell wall materials. Its activity may involve in

the kinetics of the fusion of transporting vesicles with plasma membrane, and of the

secretion of the materials in the vesicles into cell wall.
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