American Journal of Botany 86(6): 759—766. 1999.

MICROTUBULE ORGANIZATION IN GERMINATED
POLLEN OF THE CONIFER PICEA ABIES
(NORWAY SPRUCE, PINACEAE)*!
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The organization of microtubulesin germinated pollen of the conifer Picea abies (Norway spruce, Pinaceae) was examined
using primarily confocal microscopy. Pollination in conifers differs from angiosperms in the number of mitotic divisions
between the microspore and the sperm and in the growth rate of the pollen tube. These differences may be orchestrated by
the cytoskeleton, and this study finds that there are important functional differences in microtubule organization within
conifer pollen compared to the angiosperm model systems. Pollen from P. abies contains two degenerated prothallial cells,
a body cell, a stalk cell, and a vegetative cell. The body cell produces the sperm. In the vegetative cell, microtubules form
a continuous network from within the pollen grain, out through the aperture, and down the length of the tube to the elongating
tip. Within the grain, this network extends from the pollen grain wall to the body and stalk cell complex. Microtubules
within the body and stalk cells form a densely packed array that enmeshes amyloplasts and the nucleus. Microtubule bundles
can be traced between the body and stalk cells from the cytoplasm of the body cell to the adjoining cell wall and into the
cytoplasm of the stalk cell. Body and stalk cells are connected by plasmodesmata. The organization of microtubules and
the presence of plasmodesmata suggest that microtubules form a path for intercellular communication by projecting from
the cytoplasm to interconnecting plasmodesmata. Microtubules in the elongating tube form a net axial array that ensheathes
the vegetative nucleus. Microtubules are enriched at the elongating tip, where they form an array beneath the plasma
membrane that is perpendicular to the direction of tube growth. This enriched region extends back 20 wm from the tip.
There is an abrupt transition from a net perpendicular to a net axial organization at the edge of the enriched region. In
media sections, microtubules are present in the core of the elongating tip. The organization of microtubulesin the tip differs

from that seen in angiosperm pollen tubes.
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Pollination in conifers differs from angiosperms in the
number of mitotic divisions between the microspore and
the sperm, the growth rate of the pollen tube, the length
of time between pollination and fertilization, and the ab-
sence of double fertilization (reviewed in Singh, 1978).
Since these differences may be orchestrated by cytoskel-
etal organization, this study examines microtubule orga-
nization in germinated conifer pollen. In Norway spruce
(Picea abies), pollen is released in the spring in a five-
cell stage containing two degenerated prothallial cellsand
a body and stalk cell complex surrounded by the vege-
tative cell (Singh, 1978). Pollen lands in the pollination
droplet and germinates in the micropyle. The pollen tube
tip secretes proteases and hydrolases (Pettitt, 1985) as it
slowly digests through integumentary tissue to reach the
egg cell within the female gametophyte (Singh, 1978).
After the tube tip reaches the archegonium, the body and
stalk cells separate, migrate into the tube, and the body
cell undergoes mitosis to produce two sperm nuclei, but
cell division is incomplete since only a partial cell plate
forms in vivo (Dawkins and Owens, 1993). One of these
sperm nucle fertilizes the egg. The gap between polli-
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nation and fertilization in P. abies is 2-3 wk (Singh,
1978).

Angiosperms are the primary model systems for in-
vestigating the cytoskeleton in germinated pollen and
pollen tubes. In angiosperms, both microfilaments and
microtubules form a network in the vegetative cell within
germinated pollen grains (reviewed in Pierson and Cresti,
1992). Microfilaments are found throughout the pollen
tube in a net axial array (reviewed in Pierson and Cresti,
1992; Li et a., 1997), but their presence in the elongating
tip is controversial. Microfilaments are found in chemi-
caly fixed and cryofixed material, but recent evidence
indicates that in living material microfilaments are ex-
cluded from the tip (reviewed in Taylor and Hepler,
1997). The role of microtubules in angiosperm pollen
tube growth remains controversial. Microtubules are
found throughout the tube primarily in the cell cortex in
either net helical or axial arrays, but are either excluded
from the tip or found sparingly (Pierson and Cresti, 1992;
Li et al., 1997). Much less is understood about the cy-
toskeleton in the pollination of conifers, an economically
important plant group. Since P. abies pollen survives
long-term storage and is easily germinated in vitro, it is
a useful model system for investigating the role of the
cytoskeleton in conifer pollen tube growth. Actin micro-
filaments in P. abies pollen tubes form an array that is
parallel with the direction of elongation, ensheathes the
vegetative nucleus, and is enriched at the tip (Lazzaro,
1996). In the terminal 30 wm of the pollen tube, actin
filaments form a 6-pum thick band beneath the plasma
membrane, which ensheathes a microfilament depleted
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core (Lazzaro, 1996). Within the pollen grain, actin mi-
crofilaments form a network in the vegetative cell that
ensheathes the body and stalk cell complex. In addition,
the body and stalk cells both contain actin microfila-
ments. The presence of microfilaments in the spermato-
genous body cell is a fundamental difference from the
angiosperms (Lazzaro, 1998), where the spermatogenous
generative cell reportedly lacks microfilaments but con-
tains microtubules organized in bundles that ensheathe
the nucleus (reviewed in Palevitz and Tiezzi, 1992). Al-
though microtubules have been identified with epifluo-
rescence microscopy as paralel bundles in Pinus densi-
flora pollen tubes (Terasaka and Niitsu, 1994), microtu-
bule organization has not been thoroughly examined. Us-
ing primarily confocal microscopy, the organization of
microtubules within the pollen grain, the body and stalk
cells, the pollen tube, and the elongating pollen tube tip
is described here.

MATERIALS AND METHODS

Male cones from Picea abies (L.) Karch were collected from a seed
orchard 10 km from Stockholm, Sweden, and kept in the laboratory at
20°C for 10 d while the scales opened to shed pollen, which was then
stored at —20°C. Pollen grains were taken directly from —20°C and
scattered on a layer of 1% agar containing 10% sucrose, 1 mmol/L
calcium chloride, and 1 mmol/L boric acid (Pettitt, 1985). After 24 h
in a humid chamber at 30°C (Frankis and Grayson, 1990), 95% of the
pollen grains had germinated, with pollen tubes 200 wm long. The veg-
etative nucleus had moved into the elongating tube, while the body and
stalk cells remained within the pollen grain. Germinated pollen grains
were fixed directly on the agar surface for 1 h with 4% paraformalde-
hyde in PEM buffer (66 mmol/L PIPES, 1 mmol/L EGTA, 1 mmol/L
MgSO,) at pH 7.0. Fixed pollen was then transferred to microfuge tubes
and pelleted by centrifuging at 1400 X g for 10 s. Cell walls were then
permeabilized using either enzymatic digestion of freeze shattering.

For enzymatic digestion, pollen was then rinsed three times for 10
min each in PEM buffer at pH 5.0. Pollen tubes in the final pellet were
fractured in a microfuge tube using a plastic pestle. This partially rup-
tured the tube cell wall and increased the enzymatic digestion of the
body cell walls and the penetration of antibodies. The body cell wall
was digested by agitating material for 1 h at 35°C in 1% cellulase
(Onozuka R-10; Serva, Heidelberg, Federal Republic of Germany) and
1% macerase (Macerozyme R-10; Serva, Heidelberg, Federal Republic
of Germany) in PEM buffer (pH 5.0) containing protease inhibitors (4
mmol/L phenylmethylsulfonyl fluoride, 20 wg/mL leupeptin, 50 pg/mL
aprotinin, 10 pg/mL pepstatin).

As an dternative to enzymatic digestion, cell walls were permeabil -
ized with freeze shattering using a method developed by Wasteneys,
Willingale-Theune, and Menzel (1997). Pollen tube pellets were sand-
wiched between two glass slides. These slides were plunged into liquid
nitrogen until they reached —180°C. The slide sandwich was then
placed on a precooled aluminum block (—180°C), and even downward
pressure was applied with another precooled aluminum block (—180°C).
The pressure created small fractures in the pollen tube walls. Slides
were then separated and placed on a third aluminum block at +20°C
and as the pollen tubes warmed they were bathed in extraction buffer
(phosphate-buffered saline, pH 7.5 plus 1% Triton X-100) for 30 min.
The freeze shattering method greatly improved the percentage of pollen
tubes with optimal cell morphology and immunolabeling.

The resulting samples from enzymatic digestion or freeze shattering
were rinsed three times for 5 min each in blocking buffer (phosphate-
buffered saline (pH 7.5), 1% bovine serum abumin, 1% TX-100)
(Wick, 1993). The pollen sample was then divided into three aliquots
for parallel treatment with primary and secondary antibody, secondary
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antibody alone, or no antibody. The first aliquot was incubated for 16
h at 20°C in a mouse monoclonal antibody to alpha tubulin (Amersham
N356; Amersham, Buckinghamshire, UK), diluted 1:100 in blocking
buffer. Pollen tubes were then rinsed four times for 10 min each in
blocking buffer and then incubated for 2 h at 35°C with a Cy3-conju-
gated goat secondary antibody to mouse immunoglobins (Sigma C2181;
Sigma, St. Louis, Missouri, USA), diluted 1:200 in blocking buffer. The
pollen tubes were then rinsed three times for 10 min each in blocking
buffer and mounted in Moviol. As a control, the second aliquot was
processed in paralel with the first, but incubated in blocking buffer
without primary antibody followed by incubation with the Cy3-conju-
gated secondary at 1:200 to evaluate nonspecific binding of the sec-
ondary antibody. The third aliquot was processed in paralel with the
first and second, but incubated in blocking buffer without primary or
secondary antibodies to measure autofluorescence. Pollen grains were
examined on either a BioRad MRC600 or a Zeiss LSM510 confocal
laser scanning microscope. Nomarski DIC images were collected si-
multaneously through the confocal scan head. Optical seria sections
were collected at a thickness of 400 or 500 nm. Confocal projections
were generated by digitally combining adjacent serial sections into a
single image with the public domain program NIH Image on a Mac-
intosh computer. Identical confocal settings were always used for both
treated pollen tubes and controls. Confocal projections were used for
the measurement of pollen tube tips, and the measurements were cali-
brated with an image of a stage micrometer recorded through the con-
focal microscope.

For electron microscopy, germinated pollen was fixed in 5% glutar-
aldehyde in 66 mmol/L PIPES (Piperazine-N,N’-bis[2-ethane-sulfonic
acid]) buffer (pH 7.0) for 1 h directly on germination slides, and then
transferred to microfuge tubes. Pollen grains were subsequently rinsed
in PIPES buffer, postfixed in 1% OsO, for 1.5 h, rinsed again in PIPES
buffer, dehydrated through an acetone series, and embedded in Spurr’s
resin. Thin sections (90 nm) were stained with uranyl acetate and lead
citrate and examined on a Zeiss EM 906.

RESULTS

Microtubules are present throughout the pollen grain
and elongate pollen tube, forming a continuous network
from within the grain to the tip (Fig. 1). Within the grain
they are organized in a meshwork from the pollen grain
wall to the body/stalk cell complex (Figs. 1 and 2). Mi-
crotubules are more densely organized within the body
and stalk cells compared to the vegetative cell (Figs. 1
and 2). The body and stalk cells sit within the vegetative
cell, and the stalk cell is appressed against the pollen
grain wall, adjacent to the two degraded prothallial initial
cells (Fig. 3). In median confocal sections through the
body and stalk cells, microtubule bundles traverse the
cytoplasm from the plasma membrane to the nuclear en-
velope (Fig. 4). In 500-nm thick optical section, micro-
tubule bundles can be traced from the body cell across
to the stalk cell forming apparent connections between
the two cells (Fig. 4). Microtubule bundles were not ob-
served in continuity between the body or stalk cells and
the surrounding vegetative cell. Plasmodesmata connect-
ed the body and stalk cells (Fig. 5) and connected the
two cells to the surrounding vegetative cell (Fig. 6).
Within the body cell, microtubules are associated with
the nuclear envelope (Fig. 4) and bundles viewed using
transmission electron microscopy extend to the nuclear
envelope (Fig. 7). Microtubules are also associated with
the amyloplasts in the body cell (Fig. 8).

The network of microtubules in the vegetative cell of
the pollen grain forms a meshwork that extends through
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Fig. 1.
within the pollen grain, out the aperture, down the length of the tube,
and is enriched at the pollen tube tip. The body and stalk cells remain
within the grain in vitro and contain an enriched network of microtu-
bules. This is a montage of four projections. Each projection is from
40 confocal optical sections through 20 wm of total thickness. Scale bar
= 25 pm.

Microtubules form a complex network, which extends from
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the pollen grain aperture and into the elongating pollen
tube (Figs. 1 and 9). This network is concentrated around
the vegetative nucleus and in single confocal section, mi-
crotubule bundles surround the nuclear envelope and ex-
tend along the envelope (Fig. 10). Microtubules extend
down the entire pollen tube and are enriched at the tip
(Fig. 1). The overall organization of microtubules is par-
alel to the direction of elongation (Fig. 11). However,
microtubules in the cell cortex at the tip are organized
perpendicular to the direction of elongation (Fig. 12).
There is an abrupt transition to a perpendicular array at
the border of the enriched tip region (Fig. 12). The en-
riched region of microtubules extends back from the tip
20.15 *+ 4.03 pum (mean = 1 SD, N = 17 pollen tubes).
Microtubules are present throughout the pollen tube tip.
In median confocal sections, microtubules are present but
no longer have a net organization perpendicular to the
direction of elongation (Fig. 13). There was no nonspe-
cific binding of the secondary antibody, and only faint
autofluorescence from the nuclel and from the pollen
grain walls was detected with the confocal settings used
(not shown).

DISCUSSION

Within the pollen grain, microtubules are found in the
vegetative, body, and stalk cells. The network in the veg-
etative cell is a meshwork from the pollen grain wall to
the body/stalk cell complex. Microtubules are more dense
in the body and stalk cells, where they are found through-
out the cytoplasm, extending from the plasma membrane
to the nuclear envelope. Microfilaments also form a net-
work throughout the vegetative cell and are found in both
the body and stalk cells (Lazzaro, 1998) so both elements
may coordinate to organize the cytoplasm within the pol-
len grain. However, the detailed organization of micro-
tubules within the pollen grain differs from the organi-
zation of actin microfilaments, and these differences may
reflect functional distinctions between the two cytoskel-
etal systems. Microfilaments form an enmeshing basket
in the vegetative cell that surrounds the body and stalk
cells (Lazzaro, 1998). Microfilaments are also present
within the body and stalk cells and form an array
throughout the cell cortex, which is enriched beneath the
plasma membrane (Lazzaro, 1998). The microtubule ar-
ray was not particularly enriched beneath the plasma
membrane in either the body, stalk, or vegetative cells.
In the angiosperms, microtubules form a network
throughout the germinated pollen grain (Tiwari and Pol-
ito, 1988, 1990) and form helical or longitudinal arrays
in the generative cell, which ensheathe the nucleus (Derk-
sen, Pierson, and Traas, 1985; Pierson, Derksen, and
Traas, 1986; Raudaskoski et al., 1987; Heslop-Harrison
et al., 1988).

Microtubule bundles can be traced between the body
and stalk cells from the cytoplasm of the body cell to the
adjoining cell wall and into the cytoplasm of the stalk
cell. These cells are mitotic sisters (Singh, 1978) and are
connected by plasmodesmata. The organization of micro-
tubules and the presence of plasmodesmata suggest that
microtubules form a path for intercellular communication
by projecting from the cytoplasm to interconnecting plas-
modesmata. There is evidence that the cytoskeleton is
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Figs. 2-4. Microtubules within the germinated pollen grain. Scale bars = 5 pm. 2. Microtubules form a network from the germinated pollen
grain wall to the body and stalk cells, where they are enriched. Projection of 25 optical sections (12.5 um total thickness). 3. The body and stalk
cells are appressed against the pollen grain wall near the two degenerated prothallial initials (arrows). 4. Microtubules form a network in the body
and stalk cells. Discrete bundles can be traced from the body cell nuclear envelope (N,), across the cell wall space, to the stalk cell nuclear envelope
(Ng). The separating cell wall is marked by arrows. Single confocal optical section (500 nm thick).
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Figs. 5-8. Electron micrographs of the body cell within the ger-
minated pollen grain. Scale bars = 300 nm. 5. Plasmodesmata (arrow)
connect the body and stalk cells. 6. Plasmodesmata (arrow) also connect
the body and vegetative cells. 7. Microtubules (arrows) are closely as-
sociated with the body cell nucleus. 8. Microtubule bundles are also
closely associated with amyloplasts (arrow) in the body cell.

LAZZARO—MICROTUBULES IN CONIFER POLLEN 763

involved in intercellular traffic via plasmodesmata. The
movement protein from tobacco mosaic virus colocalizes
with regions of the cytoplasm containing microtubules
and microfilaments suggesting that protein transport
through plasmodesmata may use the cytoskeleton (Hein-
lein et al., 1995; McLean, Zupan, and Zambryski, 1995).
Microfilaments may control the size exclusion limit of
plasmodesmata since cytochalasins and profilin, which
depolymerize microfilaments, increase the size exclusion
limit and diameter of plasmodesmata (White et al., 1994,
Ding, Kwon, and Warnberg, 1996). However, since mi-
crotubules were not specifically detected within plasmo-
desmata in electron micrographs, one can only conclude
from the confocal micrographs that the organization of
microtubules provides a direct path up to and away from
the plasmodesmata between the body and stalk cells.
Since there was no continuity between microtubules in
the body and stalk cells and the surrounding vegetative
cell, this pathway appears specific for the plasmodesmata
between body and stalk cells and not vegetative cells. In
Picea glauca pollen germinated in vitro, plasmodesmata
were observed between all three cells, but in pollen ger-
minated in vivo, they were only observed between the
body and stalk cells and not to the surrounding vegetative
cell (Dawkins and Owens, 1993). Although actin micro-
filaments have been detected in plasmodesmata in other
plant material (White et al., 1994), they were not seen in
continuity between the body and stalk cellsin Picea abies
pollen (Lazzaro, 1998).

Microtubule bundles extend through the pollen grain
aperture and down the length of the tube in a generally
axia orientation. This is similar to the overall organiza-
tion of microtubules in Pinus densiflora (Terasaka and
Niitsu, 1994), Pinus sylvestris (de Win et al., 1996), and
in angiosperm pollen tubes (Derksen, Pierson, and Traas,
1985; Pierson, Derksen, and Traas, 1986; Raudaskoski et
al., 1987). Microtubules are enriched around the vegeta-
tive nucleus and are closely associated with the nuclear
envelope. Actin microfilaments also form a net axial or-
ganization in these pollen tubes and are enriched around
the vegetative nucleus (Lazzaro, 1996). The possibility
therefore exists that both microtubule and microfilament
systems may be involved in the transport of the tube nu-
cleus. In Pinus sylvestris, microtubules and microfila-
ments are closely associated in cryofixed material (de
Win et al., 1996). In angiosperms, treatment with cyto-
skeletal inhibitors indicates that microfilaments (Franke
et a., 1972; Heslop-Harrison et al., 1988)_ and microtu-
bules (Joos, van Aken and Kristen, 1994; Astrom, Sorri,
and Raudaskoski, 1995; Heslop-Harrison and Heslop-
Harrison, 1996) direct the movement of the vegetative
nucleus. In Pinus densiflora, the microfilament motor
protein myosin is found on the nuclear surface (Terasaka
and Niitsu, 1994). Myosin is also detected on the surface
of the vegetative nucleus in angiosperms (Tang, Hepler,
and Scordilis, 1989; Heslop-Harrison and Heslop-Harri-
son, 1989; Miller, Scordilis, and Hepler, 1995), but the
microtubule motor proteins kinesin and dynein are not
(Ca et al., 1993; Liu and Palevitz, 1996; Moscatelli et
a., 1998).

The most intriguing observation in this study is the
organization of microtubules in the pollen tube tip, where
they are enriched in the terminal 20 pm of the pollen
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Figs. 9-13. Microtubules within the pollen tube. Scale bars = 5 pm. 9. Microtubule bundles extend from the pollen grain, through the aperture
(arrows), and into the pollen tube. Projection of 13 optical sections (6.5 pm total thickness). 10. Microtubule bundles are associated with the nuclear
surface and enmesh the tube nucleus. Projection of two optical sections (1 pm total thickness). 11. Microtubules form a net axial array parallel to
the direction of elongation. Projection of 25 optical sections (10 pm total thickness). 12. At the pollen tube tip, microtubules beneath the plasma
membrane are enriched in a net radial array. The abrupt transition from net radial to net axial is marked by arrows. Projection of six optical sections
(3 wm total thickness). 13. In median sections, the central core of the tube tip contains microtubules in a net axial array. Projection of six optical
sections (3 wm total thickness).
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tube, coincident with the enriched actin microfilament
zone (Lazzaro, 1996). Microtubules in the cell cortex at
the tip are oriented perpendicular to the growing axis.
This orientation changes abruptly 20 wm from the tip to
a net axial organization. The microtubules perpendicular
to the elongating axis are coincident with the 6-pm thick
microfilament band in the tip that ensheathes a microfil-
ament-depleted core (Lazzaro, 1996). In medial sections
through the tip, microtubules are present in a net axial
orientation and in the same place as the microfilament-
depleted core (Lazzaro, 1996), so this core region, which
contains small organelles, does have a cytoskeletal (mi-
crotubule) network. The cytoskeletal organization of the
tip is very different from that in angiosperm pollen tubes
(reviewed in Pierson and Cresti, 1992; Li et al., 1997),
where microtubules are either not observed in the tips or
form short elements that are not organized in a radia
array (Derksen, Pierson, and Traas, 1985; Raudaskoski et
al., 1987; Del Casino et al., 1993). However, in fern pro-
tonemal cells, microtubules form a specific radial array
at the growing tip, which shiftsto a net axial array farther
back in the tube (Kadota and Wada, 1992), similar to the
organization seen in Picea abies.

Why are microtubules enriched in the growing tip and
oriented perpendicular to the growing axis? Conifer pol-
len tube tips secrete proteases and hydrolases (Pettitt,
1985) as they slowly digest their way through integu-
mentary tissue to reach the egg cell within the female
gametophyte (Singh, 1978). Pollen tubes grow by the de-
position of cell wall components at the tip (reviewed in
Derksen et al., 1995; Taylor and Hepler, 1997). My work-
ing model is that the radial microtubules at the tip may
orient the deposition of cellulose microfibrils at the tip
region. The cell wall may develop in the termina 20 pm
but may be mature in older parts of the tube. Farther back
in the tube where the microtubules are axial, their func-
tion may change to direct the migration of the nucleus
and other organelles, rather than the growth of the cel-
lulose microfibrils. There is an abrupt transition in mi-
crotubule organization from radia to axia in the pollen
tube cortex 20 pwm back from the tip. As the tube elon-
gates and this transition region moves down the tube,
microtubules are presumably probably broken down and
reorganized. Microtubules are dynamic structures where
tubulin dimers are continuously added and removed, and
plant microtubules have a high degree of dynamic insta-
bility (Moore et a., 1997) and can rapidly reorganize
from transverse to longitudinal in living cells (Yuan et
a., 1994).

In conclusion, the organization of microtubules in the
pollen grain and elongating tube of this conifer has some
similarities to microtubule organization in angiosperm
pollen, but there are important differences, especialy in
the elongating tip where they are enriched in a radia
array. This work provides additional evidence that cyto-
skeletal organization in conifer pollen is unique.
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