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Summary Microtubular cytoskeleton of free endosperm nuclei during division in wheat was inves-
tigated using immunofluorescence labeling technique and confocal scanning laser microscopy. Dur-
ing interphase, microtubles forming a cage around a free nucleus were observed and the orientations
of microtubuls (Mts) paralleled to long axis of the ellipsed-shaped free nucleus. During prophase,
the orientation of the perinuclear Mts changes from parallel to long axis of a free nucleus to vertical
to it, and subsequently the Mts constituted directly metaphase spindle Mts while the nuclear enve-
lope broke down. Spindle Mts were observed during both metaphase and anaphase. A short lived cell
plate was deposited in the just formed phragmoplast at either late anaphase or early telophase, but it
disappeared subsequently resulting in the failure of cell wall formation. The perinuclear Mts were re-
constructed initiating from the daughter nuclear envelopes at early interphase stage. The results sug-
gested that changes of the Mts orientation during prophase might be associated with the determina-
tion of plane of nuclear division and the perinuclear Mts had a role in maintenance of the shape of
interphase nuclei in syncytium of wheat endosperm.
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Endosperm is a product of double fertilization in angiosperms, i.e., the union of one sperm
cell with the egg results in the diploid zygote and the other sperm with polar nuclei or secondary
nucleus results in the primary endosperm nucleus from which develops the nutritive tissue. Three
general types of endosperm development were recognized (Vijiayraghavan and Prabhakart 1984):
i.e. cellular, nuclear and helobial. Endosperm development in cereals is of the nuclear type and es-
pecially in wheat, has been studied by several authors (Evers 1970, Mares ef al. 1975, 1977, Morri-
son and O’Brien 1976, Morrison 1978, Fineran ef al. 1982, Van Lammeren 1988). But much atten-
tion of aforementioned authors was paid to dealing with cellularization of the nuclear type en-
dosperm, which was also studied on other species by some authors (Newcomb and Fowke 1973,
Bosnes et al. 1992, Brown et al. 1994), and little dealt with the free nuclear division of it. In spite
of lots of literature dealing with the microtubuls (Mts) in division of plant body cells (For review
see Gunning 1982, Zhu 1996) and in endosperm cells (Morrison and O’Brien 1976, Jensen 1982,
Bajer and Mole-Bajer 1986, Brown et al. 1994), little was known in detail about changes of the mi-
crotubular cytoskeleton of free nuclear division in the nuclear type endosperm during its early de-
velopment, which was only dealt with occasionally in studying on the Mts of endosperm in some
species (Van Lammeren 1988, Huang et al. 1990, Webb and Gunning 1991, Brown et al. 1994).

The aim of this research was to reveal changes of Mts during the division of free nuclei in
wheat endosperm using immunofluorescence labeling technique and confocal scanning laser mi-
croscopy (CSLM). Our results showed that some new features of the changes of Mts existed in the
free nuclear division in wheat endosperm.

* To whom correspondence should be adressed.



428 Guo-Wei Tian, Rui-Lin You, Feng-Li Guo and Xue-Chen Wang Cytologia 63

Materials and methods

Plants of spring wheat, Triticum aestivum L, used for this study were cultivated in the field at
Peking University, Beijing. Ovaries at 0 to 2 days after pollination (DAP) were collected and divid-
ed into two groups for the immunofluorecence microscopy and the Feulgen staining.

Immunofluorecence microscopy

A modified procedure for immunofluorecence microscopy was conducted below based on the
method described by Huang ef al. (1993). The ovaries were separated and put in PEMG buffer
[50mM Pipes (piperazine-N,N’-bis[2-ethanesulphonic acid]), SmM EGTA (ethylene glycol-bis[3-
aminoethyl ester]-N,N,N’,N'-tetraacetic acid), 2mM MgSO, and 4% glycerol, pH 6.9], in which
ovules were dissected and immediately fixed in 4% paraformaldehyde in PEMG buffer containing
10% dimethylsulphoxide (DMSO) and 0.1% Triton X-100 for 1 hr at room temperature, and rinsed
in four changes of PEMG buffer without above-mentioned additives. Endosperm were isolated from
ovules in PEMG buffer by hand dissection with needles under a dissecting microscope, and subse-
quently put them in a mixture of 1% Triton X-100 and 3% Nodient P-40 (v/v=1:1) in PEMG
buffer for 2hr. After three rinses in phosphate buffered saline (PBS) (pH 7.2), the samples were
treated with —20°C methanol for 10 min, then rinsed in three 10 min changes of blocking solution
(PBS containing 1% bovine serum albumin). Subsequently samples were incubated in a mouse
monoclonal Anti-o~tubulin (Sigma) diluted 1 : 500 in blocking solution at 37°C for 2 hr. After three
rinses in blocking solution the samples were treated with FITC-conjugated sheep anti-mouse IgG
(Sigma) diluted 1:250 for 1-2hr at 37°C. After three rinses in PBS the samples were mounted in
anti-fading solution containing a 1:1 ratio of PBS: glycerol to which 3% n-propyl gallate was
added.

Control experiments were conducted as follows: (1) omission of primary antibody, (2) omis-
sion of secondary antibody, (3) omission of both antibodies (Huang et al. 1993). All controls
showed no tubulin fluorescence. CSLM were conducted using a Bio-Rad MCR-1024 microscope.

Feulgen staining

In order to show the morphological features of free endosperm nuclei in mitosis clearly, the
free nuclear DNA of endosperm was stained with Feulgen technique. The overies were dissected
and fixed in acetic-alcohol (1 :3) for 2-3 hr and stored in 70% alcohol. After rinsing with declining
gradient alcohol and then distilled water, the ovules were extracted with the mixture of 1% Triton
X-100 and 5% DMSO for 2 hr and subsequently rinsed with distilled water for 2 hr. The nuclear
DNA stained according to Feulgen reaction (Jian 1987). Subsequently, the endosperm were isolated
from ovules by hand dissection with needles and dehydrated through an ascending gradient alcohol
and clarified with xylol grades and mounted in Canada balsam. Observations and photography were
conducted under an Olympus BH-2 research photomicroscopy.

Results

The processes of double fertilization in wheat were completed within about 10 hr after pollina-
tion, in which one of two sperms fused with the central cell to produce a primary endosperm cell
(Shen et al. 1983). Subsequently, the free nuclear endosperm was formed by repeated divisions of
the primary endosperm nucleus and numerous free nuclei distributed along the periphery of en-
dosperm cytoplasm in which a large central vacuole existed. Cellularization of endosperm initiated
from about 3 to 4 DAP (Bennett et al. 1973, Morisson and O’Brien 1976, Van Lammeren 1988).
The following described mainly in the changes of Mts in free nuclear division of endosperm at 0 to
2 DAP.



1998 Microtubular Cytoskeleton of Free Endosperm Nuclei During Division in Wheat 429

Figs. 1-15. Free endosperm nuclei in wheat. 1-5, 11, 12. Showing various changes of chromosomes at

different stages of division with Feulgen staining. 6~10, 13-15. Showing microtubules changes at differ-

ent stages of division. 1. Interphase (X720). 2. Prophase (X720). 3. Prometaphase (720). 4. Metaphase

(X720). 5. Anaphase (X720). 6. Interphase (X850). 7. Prophase (X850). 8. Prometaphase (X850).

9. Metaphase (X850). 10. Anaphase (X 1000). 11. Telophase (X720). 12. Two daughter nuclei (X720).

13. Telophase, showing a slightly dark band in the center of phragmoplast microtubules (X900). 14. Two
daughter nuclei (X900). 15. Numerous free nuclei in metaphase (<340).

During interphase, a free nucleus containing 3 to 5 nucleoli was ellipse- or kidney-shaped and
distributed in cytoplasm of endosperm (Fig. 1). Numerous Mts were observed around the free nu-
cleus in interphase, which formed a perinuclear cage in parallel to the long axis of the ellipsed-
shaped free nucleus (Fig. 6). Neither extensive networks of Mts radiating from the interphase nuclei
nor connective Mts between the two free nuclei were observed.

During prophase, the nucleoli of a free nucleus began to disappear while the chromosomes
themselves began to appear, which became shorter and thicker and thus more easily visible (Fig. 2).
At this time, the orientation of perinuclear Mts changed from parallel to the long axis of a free nu-
cleus to an acute angle with (Fig. 7) and then vertical to it in prometaphase (Fig. 8), resulting in a
right angle rotation of the orientation of perinuclear Mts. The changes of orientation of Mts in
prophase determined that the free nuclei would divide in a longitudinal plane. At the same time, the
perinuclear Mts assembled gradually and became shorter forming thicker arrays (Figs. 7, 8). No
typical spindle arrays of Mts formed the same as plant body cells in prophase.

During metaphase, the nuclear membrane began to disappear (Fig. 3) and the spindle began to
appear. The centromere of each doublet became attached to a microtubule and migrated to a point
midway between the poles. The loose ends of the chromosomes may be oriented randomly, but all
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the centromeres lay exactly in a plane at the “equator” (Fig. 4). The prophase Mts constituted the
spindle Mts directly while nuclear envelopes broke down in metaphase (Figs. 9, 15). A dark region
in the center of spindle arrays represented the metaphase chromosomes arranged in the equatorial
plane. Two broad polar ends of the spindle responded because of the nucleus dividing in a longitu-
dinal plane (Figs. 9, 15).

During anaphase, the duplicated chromosomes of each doublet separated from each another
and migrated to the opposite poles (Fig. 5). At this time, the half of spindle Mts separated each
other and decreased gradually (Fig. 10), then the phragmoplast Mts appeared in the mid-zone at ei-
ther late anaphase or early telophase (Fig. 13).

During telophase, the chromosomes reached their poles (Fig. 11) and began to uncoil. New nu-
clear membrane began to form around the chromosomes (Fig. 12). Phragmoplast arrays emerged in
telophase, in which a slightly dark central band existed at early telophase (Fig. 13), showing the for-
mation of a cell plate at this time. Soon after, however, the dark central band disappeared (Fig. 14),
showing dissipation of the cell plate in later telophase. But the phragmoplast arrays existed between
the daughter nuclei for a longer time (Fig. 14). Perinuclear Mts were deposited gradually on the nu-
clear envelopes of daughtr nuclei at the same time (Fig. 14). A division cycle of a free nucleus was
completed without cytokinesis when the phragmoplast arrays disappeared completely. No distinct
Mts was observed in the cytoplasm of free nuclear endosperm during the free nuclear division.

Discussion

A lot of studies on microtubular cytoskeleton of plant body cells during division using indirect
immonofluorescence labeling technique and electron microscopy have revealed a general rule of
Mts changes including cyclic changes, that is, orderly from interphase Mts (peripheral and perinu-
clear Mts) to prophase Mts (preprophase band [PPB] Mts and spindle Mts), metaphase and
anaphase Mts (spindle Mts and phragmoplast Mts), telophase Mts (phragmoplast Mts) and the ap-
pearance of interphase Mts (for review see Gunning 1982, Zhu 1996). However, there were a few
reports on Mts of free endosperm nuclei during division (Fineran ef al. 1982, Huang et al. 1990,
Webb and Gunning 1991, Brown ef al. 1994). It has been known that there are mainly two differ-
ences in the changes of Mts between the plant body cells and free endosperm nuclei during divi-
sion. First, the later had no PPBs, which was also found in the meioses of microsporogenesis (Van
Lammeren 1985, Hogan 1987, Traas e al. 1989) and megasporogenesis (Bednara er al. 1988,
Willemse and Van Lammeren 1988), and in the divisions of protoplast (Foeke and Gamborg 1980),
moss protonema (Jensen 1981), formation of vegetative and generative cells (Sanger and Jackson
1971), and generative cells in pollen (Cass and Karas 1975, Van Lammeren et al. 1985). Second,
the phragmoplast Mts dissipated without cell walls formation during free nuclear division (Huang
et al. 1990, Webb and Gunning 1991, Brown et al. 1994). Similar phenomena on the above-men-
tioned two Mts behaviors of Mts were observed in free nuclear division of endosperm of wheat in
this paper. Apart from these, some new features of Mts changes that other authors had not reported
were also observed during free nuclear division in our data. First, the orientation of perinuclear Mts
paralleled to the long axis of an ellipsed-shaped free nucleus in interphase. Second, the orientation
of perinuclear Mts rotated a right angle from parallel to the long axis of a free nucleus to vertical to
it during prophase, and the Mts could directly constitute metaphase spindle Mts. Third, there was an
appearance and dissipation of the cell plate in telophase. Further research is required if these phe-
nomena also exist in free nuclear division of the endosperm in other species. The cause of different
results between our and others’ studies was not well known, it might be due to different plants used
or different procedures of investigation.

The phenomenon of perinuclear Mts existing in interphase nuclei in free nuclear endosperm
has been reported in some plants including Triticum aestivum (Van Lammeren 1988), Arabidopsis
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thaliana (Webb and Gunning 1991), and Hordeum vulgare (Brown et al. 1994), and it was also
found in many other multinucleate cells (e.g., Woodcock 1971, LaClaire 1987). All above-men-
tioned perinuclear Mts were extensive networks of Mts radiating from nuclei, which were believed
to contribute to the correct spacing of the nuclei in coenocytic phase (Van Lammeren 1988) and
contribute to organizing the cytoplasm into discrete units and determining the placement of walls in
cellularization of endosperm (Brown et al. 1994). They were different from that in our study on in-
terphase Mts behaviors of free endosperm nuclei in wheat, of which the orientation was parallel to
the long axes of ellipsed-shaped free endosperm nuclei. It has been known that the microtubular
control of cells in shape existed in some plant cells, such as the zoospores of Pediastrum borynum
(Marchant 1979) and the generative cell of Haemanthus kahterinae (Sanger and Jackson 1971), and
some animal cells, such as the red blood cells (for review see Behnke 1970, Dustin 1984) and the
insect egg cells (Tucker and Meats 1976). So the perinuclear Mts of wheat endosperm may have a
role in the maintenance of the shape of ellipsed-shaped free nuclei of interphase in our study. Simi-
lar function of Mts was found in spermatogenesis of animals (Kessel 1966, McIntosh and Porter
1967, for review see Dustin 1984).

The plane of division of free endosperm nuclei in wheat did not follow the usual laws of cell
division. They divided vertically, in the longitudinal plane, thus contravening Errera’s law, which as-
serted that a cell would divide by a wall of minimal area (Cutter 1978, Lloyd and Barlow 1982).
Similar phenomena existed in the division of fusiform initials of cambium in plants (Cutter 1978).
The orientation of Mts of prophase and metaphase during division were closely associated with the
dividing plane in plant cells. Therefore, the changes of microtubular orientation in free nuclear divi-
sion of wheat endosperm in prophase determined the nuclear dividing plane, in a longitudinal
plane, of which function was similar to that of PPBs which anticipates the plane of division in plant
body cells (for review see Gunning 1982, Gunning and Hardham 1982, Mineyuki and Gunning
1990, Zhu 1996). Based on above-mentioned facts, the nucleus may be considered as a polar struc-
ture, at least it has a physiological polarity. What determined the changes of Mts orientation of the
free nuclei in prophase of division in wheat endosperm is still not well known, it is an interesting
and important question.

There was an appearance and then disappearance of a cell plate formation at late anaphase and
early telophase in free nuclear division of wheat endosperm. Similar result was found in Fineran’s et
al. (1982) study on ultrastructure of wheat endosperm, in which authors believed typical phragmo-
plasts appearing between the free nuclear division and cytokinesis had been observed in the forma-
tion of the first anticlinal walls during cellularization. The cause and mechanism of dissipation of
the cell plate at its late developmental stage are not known at present, which can help us well under-
stand the origin of the different endosperm types.
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