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Abstract The developmental expression pattern and
localization of calreticulin were studied in Nicotiana ta-
bacum L. anthers, pollen and pollen tubes. High tran-
script and protein levels were detected throughout
anther development. Immunolocalization of calreticulin
in the anthers showed particular dense label in tapetum
and pollen at developmental stage 2, when the tapetum
is highly active and the pollen tetrads are formed. Much
lower transcript and protein levels were detected in dry
and hydrated pollen and in pollen tubes. Immunofluo-
rescence labeling of both chemically fixed and cryo-fixed
and freeze-substituted pollen tubes showed the presence
of calreticulin in Golgi apparatus and endoplasmic
reticulum (ER). Calreticulin was seen throughout the
stacks in the Golgi apparatus and in the areas with
coated-Golgi vesicles but much less so in the ER. Cal-
reticulin was not found in the secretory vesicles. A rel-
atively intense label was occasionally seen adjacent to
the wall of the tube. No significant label was observed in
mitochondria, vacuoles, generative cells, cell wall or
callose plugs. The present results are consistent with a
role of calreticulin in Ca®"-dependent folding of se-
creted glycoproteins in tapetum, pollen and pollen tubes.
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Introduction

Soluble proteins residing in the lumen of the endoplas-
mic reticulum (ER) are called reticuloplasmins. One of
the more abundant and highly conserved reticuloplas-
mins is calreticulin, which has been shown to play an
important role in Ca®>* binding (Michalak et al. 1992)
and may function in Ca’" sequestration and Ca’"-
dependent protein folding (Michalak et al. 1999). Cal-
reticulin occurs ubiquitously in all eukaryotic organisms,
and in the complex system of higher plants it is consti-
tutively expressed in all meristematic and mature cell
types (Mariani et al. 2003). Its expression level appears
to be related to the abundance of ER membranes. As a
molecular chaperone and Ca®" sensor within the ER,
plant calreticulin shares a similar molecular structure
and basic functions with its animal counterpart (Mariani
et al. 2003).

Although the precise roles of calreticulin in plants
have not yet been fully ascertained, increased levels oc-
cur during the reproductive cycle in the ovaries of barley
shortly after pollination in the first stages of embryo-
genesis (Chen et al. 1994), in somatic embryos and fer-
tilized ovules of Nicotiana plumbaginifolia (Borisjuk
et al. 1998), in sperm cells (Williams et al. 1997), zygotes
and immature embryos of maize (Dresselhaus et al.
1996) and in Arabidopsis flowers (Nelson et al. 1997).
High levels also occur in pollen of Liriodendron tulipifera
(Navazio et al. 1998) and Ginkgo biloba (Nardi et al.
1998). In addition to the sequestration of Ca®", these
high levels of calreticulin have been implicated in
secretion events (Denecke et al. 1995). Calreticulin in
plant cells has also been suggested to be involved in cell
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contact via the plasmodesmata (Baluska et al. 1999) and
in pollen—pistil interaction (Lenartowska et al. 2002).

In the investigation reported here, we have addressed
the expression and distribution of calreticulin in anthers,
pollen and pollen tubes of N. tabacum L. Immunolo-
calizations at both the light microscopic and ultra-
structural level were performed to determine the
distribution patterns of calreticulin. The results are dis-
cussed within the framework of secretory events and
Ca®" sequestration during pollen formation and pollen
tube tip growth.

Materials and methods
Plant material

Plants of N. tabacum L. cv. Petit Havana (Botanical
Garden Leiden, The Netherlands; Nijmegen accession
no. 904750309) were grown under standardized green-
house conditions (19-22°C; photoperiod: 18/6 h [light/
dark]). Pollen was collected at anther dehiscence and
used either as fresh material or air-dried and stored in a
dessicator for use within a few days. For extraction
purposes, young anthers (stage 1-11, according to Kol-
tunow et al. 1990) were frozen in liquid nitrogen
immediately after harvesting and kept at —80°C. For
RNA extraction, 100-mg aliquots of pollen were mixed
with 10 ml sterile liquid medium (Read et al. 1993) and
maintained in suspension under slow agitation at 28°C
for various lengths of time. For protein extraction, hy-
drated pollen was obtained by placing the fresh or air-
dried pollen in a moist chamber for 1 h at room tem-
perature followed by mixing with 10 ml culture medium
for 10 min at room temperature. For the immunocyto-
logical studies, small samples of pollen were germinated
for at least 2 h on discs of dialysis membrane placed on
top of a solid agar (1%)/sucrose (10%)/boric acid
(0.01%) medium, as described by Derksen et al. (1995b).

Chemicals and antibodies

Unless stated otherwise, all chemicals (grade: P.A.) were
from Merck (Darmstadt, Germany), and the commercial
antibodies were from Nordic (Nordic Immunological
Lab., Tilburg, The Netherlands). An antiserum against
spinach calreticulin (Navazio et al. 1995) was used for
immunoblot analysis and immunolocalization on both
the light and electron microscopic preparations. Spinach
calreticulin was used as a positive control in SDS-PAGE
and Western analysis.

Northern analyses
RNA was isolated as described by van Eldik et al.

(1995). RNA and DNA extracts were quantified by
absorbance measurements at 260 nm. Ten-microliter

aliquots of RNA were separated on 1% agarose gels
containing 0.4 M formaldehyde and 0.1 pg/ml ethidium
bromide. The probes were obtained following the
restriction of part of the cDNA of tobacco calreticulin
(Denecke et al. 1995) with the endonuclease BamHI
(Fermentas, St Leon-Rot, Germany), which released a
599-nucleotide cDNA fragment that was subsequently
labeled with [**P] (Costa Mesa, CA, USA) by random
primed labeling. Following the electrophoresis, the gels
were photographed under UV illumination to document
equal loading of each lane and then blotted to nylon
Hybond N7 filters (Amersham, UK) overnight in 20x
SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0). The
blots were subsequently pre-hybridized for 1 h at 65°C
in a solution containing 6x SSC, 5x Denhardt’s reagent,
0.1% SDS and 100 pg/ml of denatured herring sperm
DNA (Promega) and then hybridized overnight under
the same conditions but in the presence of the [**P]-
labeled probe. After two washes for 15 min at 65°C in 2X
SSC and 0.1% SDS and two additional washes at the
same temperature in 0.2x SSC and 0.1% SDS, the blots
were exposed using X-omat AR X-ray films (Eastman
Kodak) at —80°C for 5 days with an intensifying screen.
Following development, the blots were stripped, re-hy-
drated and re-hybridized with a tobacco ribosomal [**P]-
labeled DNA probe homologous to the tobacco 28s
ribosomal RNA for quantitative analysis. [**P] labeling
was performed by random primed labeling.

Biochemical analyses

Tobacco pollen was suspended in 10 ml/g of 0.1 M
potassium phosphate buffer, pH 7.1, 2.66 M (NH,4),SOq,,
I mM EDTA, 0.5 mM phenylmethanesulfonyl fluoride
(PMSF), 0.5mM benzamidine and broken up
(5x1.5 min, each period followed by 30 s on ice) in a
bead beater (BioSpec Products, Bartlesville, OK, USA)
with 1.5 g/ml acid-washed 500-pm glass beads (Sigma).
Homogenates were removed from the settled beads, and
the beads were washed three times with the same volume
of extraction buffer. Calreticulin was isolated and puri-
fied from the total pollen homogenates by a selective
ammonium sulfate precipitation procedure followed by
chromatography on DEAE-cellulose (Whatman, Maid-
stone, UK) using a linear elution gradient (0.050-1 M
NaCl, pH 7.1) as described by Milner et al. (1991).

Protein extracts from tobacco anthers were prepared
by grinding the material to a fine powder under liquid
nitrogen and re-suspending it with 4 ml/g of extraction
buffer (10 mM Hepes pH 7.4, 0.32 M sucrose, 0.5 mM
PMSF, 0.5 mM benzamidine). The homogenates were
centrifuged at 20,000 g for 10 min at 4°C and the
supernatant collected for SDS-PAGE analysis.

To prepare protein extracts from the pollen tubes,
pollen was grown in vitro for varying lengths of time and
then centrifuged for 2 min at 150 g. After rinsing and re-
suspension in extraction buffer, the samples were
homogenized in a French Pressure Cell (American



Instruments Company, Silver Spring, Md) at 1,500 psi
for 10 s (10 cycles).

Proteins were quantified following the method of
Bradford (1976). SDS-PAGE electrophoresis was car-
ried out on 10% or linear (7.5-10%) gradient gels.
Molecular weights were determined with standard
molecular markers (BDH, Dorset, UK). Staining was
with Coomassie Brillant Blue R-250 (Sigma) or Stains
All (BioRad). With Stains All, proteins that either bind
Ca®" or can be phosphorylated or glycosylated with
sialyc acid stain blue; all other proteins stain pink-purple
(Campbell et al. 1983).

The protein gels were blotted to nitrocellulose mem-
branes according to Towbin et al. (1979) and used in a
number of assays. Western blotting to detect calreticulin
was performed by incubating the blotted membrane with
anti-spinach calreticulin antiserum (Navazio et al. 1995)
at a 1:2,000 dilution. The secondary antibody was a goat
anti-rabbit IgG antibody conjugated to alkaline phos-
phatase, and the substrate was S5-bromo-4-chloro-3-
indolyl phosphate and nitro-blue-tetrazolium (Sigma).

The presence of high-mannose N-glycans was de-
tected using overlays with horseradish peroxidase-con-
jugated concanavalin A (Con A; 1 pg/ml [Sigma], as
described by Navazio et al. 1995).

For Ca®>" binding analysis, [**Ca’*]-overlay assays
were performed on nitrocellulose membranes in a med-
ium containing 5 mM MgSQO,, 60 mM KCl, 5 mM
imidazole (pH 7.4) and 10 pM [**Ca]Cl, (Amersham
Pharmacia Biotech, Piscataway, NJ, USA), as described
by Maruyama et al. (1984). Visualization occurred by
autoradiography on Hyperfilm MP films (Amersham
Pharmacia Biotech).

In vitro phosphorylation was performed according to
Baldan et al. (1996). Briefly, samples of calreticulin were
incubated for 10 min at 37°C in 50 mM Tris—HCI, pH
7.5, 12 mM MgCl, with 20 pM -[**P]-ATP (ICN) in
the presence of 10 mU purified (Meggio et al. 1994)
casein kinase-2 (CK2; kindly provided by F. Meggio,
Padova, Italy). The reaction was blocked in an ice bath
and the samples separated on 10% SDS-PAGE. After
staining with Coomassie Brilliant Blue R-250, the gels
were analyzed with a Camberra-Packard Instant Imager
(Santa Clara, CA, USA).

Immunocytochemistry of anthers

Anthers were first fixed in 3% paraformaldehyde (PFA)
and 0.5% glutaraldehyde in 50 mM K-phosphate buffer,
pH 7.2, for 2 h at room temperature, rinsed, embedded
in paraplast (Sigma), sectioned and once again hydrated
according to standard procedures. After a 2 h incuba-
tion at room temperature with anti-spinach calreticulin
antiserum (Navazio et al. 1995) it was diluted in the ratio
1:1,000 in 50 mM Tris—saline buffer, pH 7.4 with 1%
BSA, the sections were rinsed (three times) in buffer
containing BSA and incubated for 1 h in horseradish
peroxidase-conjugated goat anti-rabbit (GAR-HRP,
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Pierce Rockford, IL, USA) (1:100 dilution in buffer with
BSA). The peroxidase reaction was carried out at room
temperature for 10 min with 0.5 mg/ml 3,3-diam-
inobenzidine (DAB; Sigma) and 0.01% H,0O, in a buffer
containing 2.5 mg/ml nickel ammonium sulfate (Bruns-
chwig Chemie, Amsterdam) as substrate (Adams 1981).
Following washing in double-distilled water, the sections
were transferred to xylene via a water/ethanol/xylene
series and mounted in entellan. Eosine (0.01%) was
added to the 50% ethanol dehydration step as a coun-
terstain. Photography occurred with a Leitz Orthoplan
(Leica) microscope equipped with a Color Coolsnap
digital camera (Roper Scientific, Tucson, AZ, USA) and
MetaVue (Universal Imaging Corporation, West Ches-
ter, PA, USA) software.

Fluorescence microscopy on pollen tubes

Pollen tubes were fixed with 3% PFA in one of two
buffers (50 mM K-phosphate or 50 mM Pipes with
1 mM CacCl,, both at pH 7.4 and 10% sucrose) for 2 h
at room temperature. For whole mounts, the samples
were washed in buffer (three times), treated with 1%
Macerozyme (Serva) in buffer for 60 s and washed
again. A portion of the samples was treated with 0.5%
Triton X-100 in buffer for 10 min to improve perme-
ability. The samples were blocked with 1% BSA in
buffer for 10 min, washed in buffer (three times) and
incubated overnight at room temperature with the anti-
spinach calreticulin antiserum (Navazio et al. 1995)
diluted 1:400 in buffer containing 1% BSA. The samples
were then washed again, incubated for 2 h at 4°C with
Alexa 488-conjugated goat anti-rabbit IgG (Molecular
Probes) diluted 1:200 in buffer containing 1% (BSA)
and, after three additional washes, mounted in 1:1 (v/v)
glycerol/water. For sectioning, the pollen tubes were
dehydrated, embedded in butyl methyl methacrylate
(BMM) and processed as described by Baskin et al.
(1992). The sections were used immediately as even
short-term storage appeared to be detrimental to the
label intensity. The preparations were post-fixed with
3% PFA in PBS for 30 min and rinsed in PBS. Alde-
hydes were blocked with 0.1 M ammonium chloride in
PBS for 10 min. After one rinse and further blocking
with 1% bovine serum albumin acetylated (BSAc)
(Aurion, Wageningen, The Netherlands) in PBS for
30 min, the preparations were incubated overnight at
4°C with anti-spinach calreticulin antiserum diluted
1:400 in PBS containing 0.1% BSAc. Following three
rinses in PBS, the preparations were incubated with
Alexa 488 goat anti-rabbit IgG diluted 1:200 in 0.1%
BSAc containing PBS for 1 h at room temperature,
rinsed in PBS and mounted in 1:1 (v/v) glycerol/water.
In the control experiments, the primary antibody was
either replaced by pre-immune serum or was completely
omitted. Preparations were examined in a Zeiss Axiovert
TV135 microscope (Zeiss,) using the METAFLUOR
software (Universal Image Corp, Downingtontown, PA,
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USA). Differential interference contrast (DIC) images
were made for the identification of cellular structures.
For photographic purposes, a Coolsnap fx camera
(Roper Scientific, Duluth, GA, USA) was used. Mono-
chrome images were printed in black and white. Prepa-
rations from at least three independent experiments were
used.

Electron microscopy of pollen tubes

Pollen tubes were grown on dialysis-membrane disks,
cryo-fixed and freeze-substituted as described by
Derksen et al. (1995b), but omitting uranyl acetate and
Os0Oy from the substitution medium. Disks with pollen
tubes were embedded in LR White (London Resin Cy,
Reading, UK) and cured at 60°C. Sections were cut
using a Sorvall MT-2 ultra-microtome (Sorvall) and
mounted on nickel grids (Stork-Veco, Eerbeek, The
Netherlands). A 50-mM K-phosphate, pH 7.0, was
used as the buffer. For immunodetection, grids with
sections were floated on a drop of buffer containing
1% BSA for 15 min and then incubated for 2 h with
the 1:50 diluted anti-calreticulin antiserum or with the
pre-immune serum. After three washes of 10 min each
in buffer containing 1% BSA, the sections were incu-
bated with 1:100 diluted goat anti-rabbit IgG bound to
10-nm colloidal-gold particles (Aurion, Wageningen,
The Netherlands) for 1 h and rinsed in buffer (three
times). After three additional rinses in double-distilled
water, the sections were stained with 2% uranyl acetate
in double-distilled water for 15 min, washed three times
(5 min each time) in double-distilled water and air-
dried. The preparations were examined in a Jeol 100
CX (Jeol, Tokyo, Japan) transmission electron micro-
scope. For quantitative evaluation, particle counts were
made on images of five randomly chosen organelles or
wall areas per pollen tube printed at a magnification of
5x7,500. The total surface area was always 225 pm?.
All results were obtained from at least three indepen-
dent experiments.

Results
Isolation and characterization of calreticulin

Calreticulin was purified and biochemically character-
ized from tobacco pollen. Protein fractionation by
DEAE-cellulose chromatography produced fractions
containing putative calreticulin at elution concentrations
between 0.2 and 0.3 M NaCl. In the immunoblotting
analysis, antibodies against spinach calreticulin (Nav-
azio et al. 1995) specifically recognized a 60-kDa protein
band (Fig. 1a), which stained blue with Stains All in the
SDS-PAGE (data not shown). No other bands were
detected, demonstrating the specificity of the antiserum
that was subsequently used for additional immunologi-
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Fig. 1 Identification of purified tobacco pollen calreticulin. a
Immunoblot with anti-spinach calreticulin antiserum. Left lane
(Sp) Spinach calreticulin (2 pg), right lane (To) tobacco pollen
extract fraction eluted from DEAE-cellulose between 0.2 and
0.3 M NacCl (20 pg). A 60-kDa band is recognized by the anti-
calreticulin antiserum. b [*Ca®*J-overlay assay. Left lane (Sp)
spinach calreticulin (30 pg), right lane (To) purified tobacco pollen
extract (40 pg). ¢ In vitro phosphorylation by protein kinase CK2.
Left lane (Sp) Spinach calreticulin (2 ng), right lane (To) purified
tobacco pollen extract (20 pg). d Affinoblot with Con A. Left lane
(Sp) spinach calreticulin (2 pg), right lane (To) purified tobacco
pollen extract (20 pg). The labeled bands in b, ¢ and d correspond
with the bands detected with the anti-calreticulin antiserum in a.
The arrow indicates the 60-kDa position

cal studies. No label was observed with the pre-immune
serum (data not shown).

The tobacco 60-kDa protein detected by anti-spinach
calreticulin antiserum (Fig. 1a) was found to bind Ca’”"
in a [**Ca®"J-overlay assay (Fig. 1b) and to undergo in
vitro phosphorylation by protein kinase CK2 (Fig. 1c).
In addition, the presence of glycan chains, probably of
the high-mannose type, was detected by affinoblotting
with lectin Con A (Fig. 1d). Taken together, the bio-
chemical properties of the calreticulin that we obtained
from tobacco pollen match well with those of all plant
calreticulins.

Calreticulin expression

The expression profile of calreticulin was obtained by
Northern blot analysis (Fig. 2a) of total RNA with the
599-nucleotide ¢cDNA fragment from tobacco calreti-
culin (Denecke et al. 1995) and by protein blotting
(Fig. 2b, ¢) with the anti-spinach calreticulin antiserum
(Navazio et al. 1995). The results show relatively high
levels of calreticulin and its transcripts at all stages in the
developing anthers. In dry and hydrated pollen, the
signal was much lower, and this low level of expression
remained stable in germinating and growing pollen tubes
(Fig. 2a). Immunoblot analysis of crude protein extracts
from anthers at different developmental stages and ger-
minating pollen tubes showed the same trend at the
protein level (Fig. 2b, c). Therefore, we conclude that
calreticulin transcripts and protein are present at high
levels in the anthers but that they occur at low, although
constant, levels in dry, hydrated and germinating pollen
as well as in the growing pollen tubes.
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Fig. 2 Expression of calreticulin in anthers, pollen and pollen
tubes. a Northern blotting of calreticulin transcripts from anthers
during pollen develog)ment and from pollen and pollen tubes
growing in vitro. A [**P]-labeled 599-nucleotide cDNA fragment
(see text) from the tobacco calreticulin (CR) DNA sequence was
used (row I). All lanes were egually loaded (10 pg of total RNA).
Post hybridization with the [**P]-labeled DNA fragment homolo-
gous to 28S rRNA as a probe (row 2) shows equal loading. RNA
from anthers (A4) at stages 1-11 (Koltunow et al. 1990) showed a
strong reaction. Dry (D) and hydrated (H) pollen and pollen tubes
grown for 1, 2, 4, 12 and 24 h show much lower but constant
calreticulin transcript levels. b Western blotting of total anther
protein extracts using anti-spinach calreticulin antiserum. Protein
was extracted from anthers at stages 2, 6, 8 and 11. In all lanes,
120 pg of protein was loaded. The label appears largely equal in all
extracts. ¢ Western blotting of total pollen-tube extracts (taken at 1,
2, 4, 8 and 24 h of growth) using anti-spinach -calreticulin
antiserum. In all lanes, 120 pg of protein were loaded. The label
appears to be largely equal in all extracts. In the last lane some
aspecific cross-reacting bands of a higher M, are present. The arrow
in b and c¢ indicates the 60-kDa position

Immunolocalization of calreticulin
Light and fluorescence microscopy

Calreticulin immunolocalization of sectioned and fixed
anthers revealed the labeling at all stages of anther
development (e.g, stage 2 in Fig. 3a). In contrast, im-
munolocalization with pre-immune serum did not reveal
significant labeling (Fig. 3b). A particularly dense label
was observed in the active tapetum and in pollen at the
early stages of development, especially at the tetrad
formation (stage 2, Fig. 3a, ¢). The tapetum began to
degenerate after stage 2 (Fig. 3c), and by stage 5
(Fig. 3d) no significant label was discernable. Pollen also
became less strongly labeled between stages 2 and 5
(Figs. c, d), but the label increased once more in inten-
sity upto stage 8 and then remained stable between
stages 8 and 11. In the other parts of the anther, the
intensity of the label remained unchanged between
stages 2 and 11 (Fig. 3¢—f), indicating that there was no
decrease in the level of calreticulin during tissue degen-
eration.
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Fluorescence microscopy of the pollen tubes clearly
showed a speckled label throughout the cytoplasm of the
vegetative cell, but the corresponding structures could
not be identified unambiguously in the pollen tubes
viewed by DIC (Fig. 4a, d). BMM-embedded material
(Fig. 4b, e) and whole mounts fixed in 3% PFA in Pipes
buffer with 0.01 M CaCl, (Fig. 4c, f) revealed similar
patterns. In addition, some larger spots emitting less
fluorescence were observed (Fig. 4c). The fluorescence
was slightly less distinct following the Triton X-100
treatments and became even diffuse after fixation in
phosphate buffer (not shown). No label was found in the
hyaline zone with the secretory vesicles (SV) in the tip
(Fig. 4b, c, ). The most intense labeling often appeared
at the borders of the hyaline zone (Fig. 4b) and in the
cortical area behind the tip (Fig. 4f).

Faint streaks of label were occasionally observed in
the cytoplasm of the pollen tubes (Fig. 4c), while a rel-
atively strong label was occasionally found adjacent to
the wall of the tube (Fig. 4e). No label was ever recorded
in the generative cell, the nuclei and the vacuoles or in
the callose plugs (not shown). In pollen tubes fixed with
phosphate buffer, the tip areas often became densely
labeled, whereas the speckled label on the cytoplasm was
much less distinct (not shown). The non-specific signal
that emerged after omission of the second antibody or
after the use of pre-immune serum was always negligible
(not shown). These results show that calreticulin is
mainly associated with organelles that occur throughout
the pollen tubes. Immunolocalization on preparations
for the electron microscope was used to identify the
labeled structures.

Electron microscopy

The cytoplasmic organization and preservation of cryo-
fixed pollen tubes was the same as shown in previous
studies, with a clear zone at the tip that is essentially free
of organelles, with the exception of SV and, perhaps,
some putative smooth ER (Derksen et al. 1995a, b;
Lancelle et al. 1987). Immunocytochemistry with the
anti-calreticulin serum revealed label in the Golgi stacks
at both the cis and trans-sides of the stacks (Fig. 5a).
Label was also present in the area of the coated-Golgi
vesicles (Fig. 5b). Less intense labeling occurred in the
ER (Fig. 5¢). Gold particle counts were made on the
Golgi apparatus, rough ER, mitochondria, vacuoles,
wall and callose plugs (Table 1). With the exception of
the ER and Golgi apparatus, no significant label was
found. Low levels of irregularly distributed label were
found in the cytoplasm. No significant label was re-
corded using the pre-immune serum (Fig. 5d). These
observations clearly show that the brightly labeled
organelles observed by fluorescence microscopy (Fig. 4)
must be the Golgi apparatus. The less brightly labeled
structures (Fig. 4c) probably represent the ER. Thus,
calreticulin appears to be present in higher concentra-
tions in the Golgi apparatus than in the ER.
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Fig. 3 Immunolocalization of calreticulin in anthers. a Anther
section showing label in all tissues at stage 2. b, ¢ Sections of the
same anther as in a viewed at a higher magnification, showing
pollen, tapetum and some surrounding tissue. No significant
label could be detected with the pre-immune serum (b). In
particular, the pollen tetrads (pointers) and tapetum (arrows) are
densely labeled by the anti-spinach calreticulin antiserum (c).
d—f Similar sections of anthers labeled with anti-spinach

Discussion

The protein that we detected in tobacco anthers and
pollen with the anti-spinach calreticulin antiserum has
all the properties of a typical calreticulin molecule. Its
apparent molecular weight (60 kDa) falls within the
usual mobility range (50-60 kDa) shown by calreticulins
run on SDS-PAGE and corresponds to the M, detected
for calreticulin isolated from tobacco germinating seeds
(Denecke et al. 1995). Since tobacco calreticulin carries
two consensus sites for N-linked glycosylation (Denecke
et al. 1995), the observed size difference between spinach
(54 and 56 kDa) and tobacco (60 kDa) calreticulins may
be partly attributed to the presence of two high-mannose
glycan chains on the tobacco calreticulin (Crofts et al.
1999).

Both Northern blotting with the [*?P]-labeled 599-
nucleotide cDNA fragment from the tobacco calreticulin
DNA sequence (Denecke et al. 1995) and protein blot-
ting with the anti-spinach calreticulin antiserum (Nav-
azio et al. 1995) revealed a strong expression of
calreticulin in the anthers. Immunolocalizations on an-
ther sections showed distinct labeling, especially in the
tapetum and pollen tetrads at stage 2; subsequent to

calreticulin antiserum at stages 5, 8 and 11, respectively. The
tapetum degenerated between stages 2 (¢) and 5 (d), and no
significant amount of label remained at stage 5 (d). The strength
of the label diminished at the same time (between stages 2 and 5)
in the pollen; after stage 5 (d) labeling of the pollen increased
once again and remained stable between stages 8 (e) and 11 (f).
In the other anther tissues the label remained unchanged after
stage 2. Bars: 50 pm

stage 2, in maturating pollen, expression of the label was
relatively much weaker. In dry pollen, the levels of the
transcripts and protein were much lower that those
maintained after germination and for the first 24 h of
pollen tube growth. If we compare the situation in to-
bacco with observations made on barley aleuron tissue
(Denecke et al. 1995), the high abundance of calreticulin
present in the fertilized ovaries of N. plumbaginifolia
(Borisjuk et al. 1998) can be related to a specific function
of calreticulin: a chaperone of protein folding that is
required for the high secretion activity of the inner cell
layer of the ovule integument, the endothelium. Like-
wise, the high level of calreticulin in the tapetum and
pollen tetrads at stage 2 may relate to the high level of
chaperone activity required for the high secretory
activity of the tapetum and the wall synthesis of the
pollen (Bhandari 1984). Nelson et al. (1997) correlated
high levels of calreticulin to secretion in the various
flower parts during A. thaliana flower development.
Although these same researchers (Nelson et al. 1997)
also detected high calreticulin levels at anther dehiscence
in Arabidopsis, in tobacco no such specific high levels
have been recorded prior to (Fig. 3f) or at dehiscence
(not shown). Since no data on calreticulin distribution in
Arabidopsis anther tissues are available, the possible role



Fig. 4 Immunofluorescence
localization of calreticulin in
pollen tubes. a-c Pollen tubes
viewed along the longitudinal
median plane of the tip region.
a, b Section from a BMM-
embedded pollen tube labeled
with anti-spinach calreticulin
antiserum: a viewed in DIC,

b fluorescent image. ¢ Optical
section of a labeled whole
mount following fixation in
Pipes buffer with 1 mM CacCl,.
d, e Section from a BMM-
embedded pollen tube viewed
along the median plane
throughout the part shown:

d viewed in DIC, e fluorescent
image. f Cortical optical section
of a labeled whole mount
following fixation in Pipes
buffer containing 1 mM CaCl,.
A distinct, speckled label is
visible in all of the fluorescent
images, but no clear correlation
with the structures in the DIC
images could be made. b A
more intense label (arrows) was
seen occasionally at the border
of the hyaline zone in the tip.

¢ Labeled organelles were
sometimes detected in the tip.
Larger, weakly stained
structures (pointers) and
fluorescent streaks (arrow) were
also visible. e Strong label
(pointers) was occasionally seen
adjacent to the wall of the
pollen tube. f In cortically
viewed whole mounts, the label
may appear to be more intense
in the area behind the tip. All
magnifications: bar in f = 5 um

of calreticulin remains unclear. One possible explanation
is that the high level of calreticulin found in Arabidopsis
anthers originates from their mature, tri-cellular pollen.
An additional function of calreticulin in Ca®>* binding/
storage in the tobacco anthers, especially at stage 2,
should not be excluded and might reflect Ca®”"
exchanges between the tapetum and pollen, as presum-
ably is the case in Gasteria verrucosa at the tetrad stage
(Willemse 1993).

Fluorescence microscopy of the pollen tubes revealed
a distinctive speckled calreticulin label in the cytoplasm
of the vegetative cell with occasional streaks in the
cytoplasm. Based on the immunolocalization results
with the electron microscopic preparations, it is clear
that this speckled label derives from calreticulin in the
Golgi apparatus. The larger spots with less fluorescence
may represent flatly viewed rough ER or locally accu-
mulated smooth ER; however, it may just be out-of-
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focus Golgi apparatus. Sometimes the more intense
labeling at the borders of the hyaline zone in the tip is
probably caused by the Golgi apparatus and ER
reversing their motion at the tip (Derksen et al. 1995a,
b). The faint fluorescence streaks detected in the pollen
tubes probably represent rough ER, but they could also
represent Golgi apparatus lined up around the actin
filaments over which they presumably move (Derksen
et al. 1995b; de Win et al. 1999). The dense label seen in
the tip following fixation in phosphate buffer was not
reproducible in the cryo-fixed and BMM-embedded
preparations, indicating an artifact. Possible effects of
fixation on the specific cytoplasmic organization of tip
growing cells have been shown to occur in lily pollen
tubes (Miller et al. 1996) and Saprolegnia hyphae
(Kaminskyj et al. 1992). We also found some irregular
background label in the cytoplasm in our fluorescence
and electron microscopic preparations. This label,
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Fig. 5 Immunogold localization of calreticulin in electron micro-
scopic preparations of pollen tubes grown in vitro. a Strong
labeling occurred in the Golgi stacks and the area surrounding the
coated-Golgi vesicles. b Golgi apparatus sectioned through the
trans surface showing label in the area containing the coated-Golgi
vesicles. ¢ In the ER, distinct, but less intense label can be found. d
No labeling was found following incubation with the pre-immune
serum. All magnifications, bar ind = 0.1 pm

Table 1 Gold particle counts on immunogold-labeled electron
microscopic preparations of pollen tubes grown in vitro

Organelle/structure Average particle

number = SD/15 pm?

Golgi apparatus 10£3
Rough ER 4+2

Golgi apparatus pre-immuneserum 0.3+0.6*
Mitochondria 0.3+£0.5*%
Vacuoles 0.5+£0.9*%
Wall 0.7 £ 0.9*
Callose plugs 1£1*

Particle counts were highest in the Golgi apparatus, while those on
the rough ER were much lower. Particle counts on mitochondria,
vacuoles, wall and callose plugs are similar to those after pre-im-
mune serum on Golgi apparatus, the high SD(*) indicates variable
but random distribution

however, may derive from irregularly distributed
smooth ER, partly sectioned and obliquely viewed
rough ER and Golgi apparatus that cannot be identified
unambiguously due to the omission of OsQ, fixation.

The relatively strong label that was occasionally
found adjacent to the cell wall of the tube may represent
a plasma membrane-associated ER rich in calreticulin
(Borisjuk et al. 1998; Baluska et al. 1999), but it obvi-
ously cannot be related to the plasmodesmata. While in
vivo studies revealed a clear localization of calreticulin
in the vacuoles, cell walls and callose plugs of Petunia
hybrida (Lenartowska et al. 2002), this could not be
confirmed by our in vitro observations on tobacco pol-
len tubes (see also Table 1).

Calreticulin is a component of the Golgi stacks
(Borisjuk et al.1998) and Golgi-coated vesicles (Pimpl
et al. 2000), and it has been shown to be transported
from the cis- to trans-Golgi side based on protein
glycosylation with complex glycans (Navazio et al.
2002). The localization of calreticulin in the Golgi
apparatus, including Golgi-coated vesicles and, at a
lower abundance, in the ER that we found in tobacco
pollen tubes may reflect Golgi—-ER protein recycling if
we take into account that tobacco calreticulin also
carries two glycan chains of the typical ER high-man-
nose form (Crofts et al. 1999).

The presence of high levels of calreticulin in pollen
tubes would appear to be related to its role as a
chaperone of protein folding; as such, it would expe-
diate the high rate of protein synthesis required for fast
growth (Derksen et al. 1995b; Lancelle et al. 1987).
This is most likely the case for the tapetum and pollen
tetrads in the tobacco anthers at stage 2 and also for
the female reproductive system of the closely related
species N. plumbaginifolia (Borisjuk et al. 1998). The
present findings do not indicate that the putative
accumulation of smooth ER in the tip (Derksen et al.
1995a) is involved in Ca®" sequestration to maintain
the tip-focused Ca®* gradient (Pierson et al. 1994).
However, as ER and Golgi endomembrane compart-
ments may well act as releasable intracellular Ca®*
stores in the pollen tubes (Holdaway-Clarke and He-
pler 2003), calreticulin with its Ca*" -buffering proper-
ties may contribute to the maintenance of cytoplasmic
Ca?" -homeostasis.
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