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SUMMARY

The maize cdl cycle regulation mutant polymitotic (po)
progresses through abnormal cell cycles, characterized
by premature cell divisions without chromosome dupli-
cation of the daughter cells produced by meiosis during
microsporogenesis and macrosporogenesis. There are
three recessive alleles of the Po gene; po, ms4, and ms6.
A new method of permeabilizing cells based on freeze-
fracture technology was used to study the distribution
of microtubules in wild-type and mutant microspores.
Here we show that an abnormal distribution of micro-
tubules is correlated with changes in chromosome mor-
phology in a cell cycle-dependent manner in po, ms4 and
ms6 mutant alleles. After meiosis||, thecell cycleiscom-
plete and becomes progressively less synchronous in po
homozygotes compared with wild-type cells. During
microspor ogenesis, the distribution of microtubules is
abnormal, and chromosome morphology is altered in
both po, ms4 and ms6 mutants. However, more chro-
mosome fragments or micronuclei associated with mini-
spindles are present in ms6 than po and ms4. After

microspores are released from the tetrads, disruptions
in structure and organization of chromosomes and
microtubules continues in subsequent abnormal cell
cycles. However, these cell cycles are incomplete since
phragmoplasts are not formed. During these incomplete
cell cycles, abnormal spindles and microtubule arrays
are induced and extra microtubule arrays are associ-
ated with irregularly distributed chromosome frag-
ments. States corresponding to interphase, prophase,
metaphase and anaphase can be recognized in the
mutant microspores. Abnormal cell cycles also occur
after female meiosis during ms4 macrospore develop-
ment. Since only the cell that normally undergoes
embryo sac development (the chazal-most cell) under-
goes supernumerary divisions this suggests that the po
phenotype can be characterized as premature haploid
divisions rather than repetition of meiosis 1.

Key words: meiosis, chromosomes, microtubule,
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INTRODUCTION

Although the regulation of the cell cycle has been studied
in many organisms (Nurse, 1990), relatively little is known
about its mechanism of regulation in plants (Feiler and
Jacobs, 1990; John et al., 1989, 1990; Colasanti et a.,
1991). Maize microsporogenesis has the potential to be a
model system for studying cell division and the progres-
sion of the cell cycle in higher plants. During maize
microsporogenesis, the meiocytes (the pollen mother cells)
proceed through a well-defined sequence of meiotic and
mitotic cell divisions to yield pollen grains. The availabil-
ity of alarge collection of maize meiotic mutants (Beadle,
1932; Burnham, 1982; Carlson, 1988; Clark, 1940; Coe et
al., 1988; Golubovskaya, 1989; Rhoades, 1950; Sheridan,
1982; Staiger and Cande, 1990, 1991) provides an unique

opportunity to study perturbations in the mechanisms of cell
division and cell cycle regulation. The large meiocytes are
superb cytological specimens making possible a detailed
analysis of how these mutations affect chromosome mor-
phology and cytoskeleton distribution throughout the cell
cycle. Several maize mutants may be defective in cell cycle
regulation of meiosis (Coe et al., 1988; Golubovskaya,
1989; Rhoades, 1950). These include am (ameiotic), which
substitutes a mitotic division for the first meiotic division;
afd (absence of first division), which has an altered meio-
sis I; el (elongate), which is involved in controlling meio-
sis I1; and the recessive alleles of polymitotic (po), which
alter the transition from meiosis to the subsequent haploid
mitosis without DNA replication. Investigation of these
mutants should help to define the mechanism of cell cycle
regulation in plants. In particular, analysis of po and its alle-
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les should help us understand the relationship between
DNA synthesis and the rest of the cell cycle.

The mechanism coupling DNA replication to entrance
into M phase, and the identification of potential regulatory
components involved in this process have been studied in
avariety of eukaryotic cells. In the fission yeast mutant pim
1 (premature initiation of mitosis), onset of mitosis is
uncoupled from the completion of DNA replication, and
cells undergo mitotic chromosome condensation and
mitotic spindle formation without completion of S phase
(Matsumoto and Beach, 1991). A mutant similar to po in
maize has been identified in Neurospora, and it is charac-
terized by cell divisions following meiosis without any
accompanying S phase (Rau, 1986). In wild-type
Drosophila embryos, S phase can be inhibited by injecting
aphidicolin. However, chromosomes continue to condense
and decondense (Glover et al., 1989). The relationship
between DNA replication and cell cycle progression has
also been studied in vitro with Xenopus egg extracts after
similar treatments (Dasso and Newport, 1990). Mitosis can
also be uncoupled from the completion of DNA replication
in BHK cells by caffeine treatment (Schlegel and Pardee,
1986, 1987).

Analysis of maize cell cycle regulation mutants offers a
unique opportunity to study the mechanism coupling DNA
replication to cell cycle progression in multicellular eukary-
otic systems. Mutant alleles of the maize polymitotic gene,
po, ms4 (male sterile 4) and ms6 (male sterile 6), disrupt
S phase during the progression from meiosis to mitosis
(Beadle, 1929, 1931, 1932; Albertson and Phillips, 1981,
Golubovskaya and Urbach, 1981; Golubovskaya and Khris-
tolyubova, 1985; Golubovskaya, 1989; Liu, unpublished
data). The mutant phenotypes were characterized cytol ogi-
cally as premature haploid mitotic cell divisions or reiter-
ations of meiosis Il without chromosome replication
(Beadle, 1929, 1931; Albertson and Phillips, 1981; West,
1985; D. P. West and R. L. Phillips, persona communica
tion; West and Phillips, 1985). During multiple abnormal
cell divisions of the po mutant, chromosomal fragmenta
tion occurred (Beadle 1929, 1931). Here, we have analyzed
cellular changes in the distribution and morphology of
microtubules and chromosomes in po, ms4 and ms6 cells
during abnormal microspore and macrospore cell cycles.
The cellular phenotypes we observed suggest that the Po
gene specifies a protein that is involved in the transition
from the meictic to the haploid mitotic cell cycle.

MATERIALS AND METHODS

Plant material

Maize (Zea mays L.) seeds of the wild-type (inbred B73), the
mutant strain (stock), po and ms6, (Maize Genetics Cooperative
Stock Center, Urbara, IL), and ms4 (seeds from the personal colec-
tion of 1. N. Golubovskaya) were germinated in vermiculite flats
for 15-25 days, and then transferred to pot cultures and grown in
the greenhouse. After two months of growth, stages of tassel
development were identified, and tissue samples were collected
according to Staiger and Cande (1990). Allelic tests for po, ms4
and ms6 were also carried out in both greenhouse and field con-

ditions by testcrossing po with ms4 and ms6 (Albertson and
Phillips, 1981; Golubovskaya and Urbach, 1981).

Cellular analysis of male microsporogenesis
Chromatin staining with 4¢6-diamidino-2-phenylindole (DAPI)
was used to visualize chromatin structure at all stages of
microsporogenesis in both mutant and wild-type cells by using
fluorescence light microscopy. Tassel samples were collected at
different stages and fixed in ethanol:acetic acid (3:1) and trans-
ferred to 70% ethanol for cellular analysis (Burnham, 1982). After
anthers were dissected on slides, meiocytes or microspores were
extruded and incubated with DAPI (Sigma) at 1 ng/ml in 70%
ethanol. To analyze different stages of the cell cycle, samples were
collected from the same tassel, and 3 anthers from spikelets at a
similar developmental stage were dissected. The different stages
of the cell cycle in the anthers were based on chromatin mor-
phology and each stage was scored as the percentage of total cells
in the anthers. Mitotic cell divisions were aso investigated by
using root tip meristem tissue of mutant and wild-type plants
(Hogan, 1987).

Cellular analysis of female macrosporogenesis

Female meiosis in maize archeosporic cells was studied by using
amodified squash/enzyme dissection technique of ovary isolation.
Briefly, 2-4 cm young ears were dissected from leaf envelopes
and fixed in Chemberlenes fixative (Golubovskaya et al., 1992).
After fixation, ears were washed with 95% ethanol and kept in
70% ethanol in a refrigerator until use. Ears were then incubated
in 2% pectinase solution for 24 hours at room temperature to
digest the cell walls. Then, the ears were treated by cold hydrol-
ysis a room temperature as follows. 1.5 hours in 1 M HCI, 2
hours in 50% HCI, followed by 1 hour in 1 M HCI. The ears were
then incubated in Feulgen’s reagent for 3 hours to stain al cells,
then the ears were washed three times in distilled water. Ear flo-
rets were placed on a slide in a drop of glycerol and 45% acetic
acid mixed together in a 1:1 ratio. Archeosporic cells (megaspore
mother cells) dissected away from the surrounding ovarian tissue,
were used to analyze all stages of female meiosis.

Indirect immunofluorescence

Cells were double stained with DAPI and an antibody against
tubulin (a monoclonal antibody against sea urchin flagellar tubu-
lin, a generous gift from Dr David Asai, Department of Biology,
Purdue University). Anther samples from tassels were collected
and fixed in 4% paraformaldehyde in PIPES'/EGTA medium
(Tiwari and Polito, 1990; Staiger and Cande, 1990) for at least 40
minutes. More than 50 anthers at similar stages from the same
tassel were dissected in Petri dishes. Fixed meiocytes or
microspores were transferred to a round coverdlip, and another
coversip was put on top to make a sandwich for freeze-fracture.
The cells in this coverslip sandwich were quickly frozen in liquid
propane and liquid nitrogen for 20-30 seconds, and then fractured
by forcing the coverdips apart. Freeze-fractured cells were col-
lected in 1 ml centrifuge tubes and centrifuged at low speed (1,000
rpm) at room temperature for 10 minutes to pool the sample for
washing with PBS (phosphate-buffered saline) buffer at least three
times. Cells were then incubated in PBS plus 0.5% Triton X-100
for 30 minutes, and then incubated in primary antibody (1:200 or
500 dilution) for 1-2 hours at 37°C or overnight at room temper-
ature. Cells were then washed with PBS at |east 3 times, and incu-
bated in 0.1 mg/ml fluorescein-conjugated goat anti-mouse 1gG
(Cappel laboratories Malvern, PA) for 1-2 hours at 37°C, followed
by three washes with PBS buffer. DAPI (1 ng/ml) was added in
the final wash, the cells were then pipetted onto slides, and cov-
erdlips were mounted with 90% glycerol containing 100 mg/ml of
antioxidant 1,4-diazobicyclo-(2,2,2)-octane (Ernest F. Fullam,



Schenectady, NY). As a control, samples were processed as
described above except for omission of primary antibody.

Cellsin microsporogenesis were examined on a Zeiss Axiophot
microscope in the NSF Plant Development Center, University of
Cadlifornia, Berkeley, and images were recorded on Kodax Tmax
film (400 ASA) and developed in Kodak D-76. Cells in
macrosporogenesis were examined using a Biolar light microscope
and images were taken with a MFN |l Micro Camera.

RESULTS

Chromosome morphology and microtubule
distribution during microsporogenesis in wild-
type cells

Microtubule distribution during microsporogenesis has
been described in wild-type meiocytes after enzymatic
digestion of their cell walls to make the cells permeable to
antibodies (Staiger and Cande, 1990). However, these
enzyme mixtures cannot digest the microspore cell wall,
limiting our investigation of changes in cytoskeletal
arrangement during development to events before tetrad
formation (Staiger and Cande, 1990, 1991). In this study,
a freeze-fracture method was used to rupture both meiocyte
and microspore cell walls and allowed us to circumvent this
obstacle. Meiotic spindle structure is similar in meiocytes
permeabilized by freeze-fracture (Fig. 1B) or enzymatic
digestion (Staiger and Cande, 1990) and chromosome mor-
phology is normal (Fig. 1A), thus demonstrating that this
new method of permeabilizing cells yields similar results
to that used previously. In another example, four interphase
nuclei from tetrads (Fig. 1C) show an even distribution of
microtubule arrays extending from the nuclel to the cell
periphery (Fig. 1D).

As the calose wall around the tetrads disintegrated,
microspores are released. The transition from meiosis to
pollen mitosis took 7 to 10 days. During this period,
microspore nuclei are in interphase (data not shown) and
pollen walls were formed. The interphase microtubule
arrays are also maintained. As a result of the first pollen
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mitosis, vegetative and generative nuclel are produced (data
not shown). Normal healthy pollen grains are formed.

Chromosome morphology and microtubule
distribution in po meiocytes and microspores

Abnormal progression through the meiotic cell cycleisfirst
shown by the presence of asynchronous meiocytes in late
stages of meiosis Il. The po meiocyte cells undergo a
normal anaphase Il and telophase 11 as shown by the pres-
ence of apparently normal spindles and phragmoplasts (data
not shown). However, even within one tetrad, asynchronous
cell divisions are observed in late stages of meiosis Il (Fig.
2A and B). In Fig. 2A, two of the tetrads have not yet com-
pleted cytokinesis, while the other two have entered the
equivalent of a post-tetrad interphase. The interphase
nuclear morphology is abnormal in these cells. The chro-
matin is more diffuse than that in wild-type cells at a Sim-
ilar stage (compare to Fig. 1C). In Fig. 2B, two tetrad cells
show abnormal interphase nuclear microtubule arrays.
However, the other two cells are separated by a phragmo-
plast. In wild-type cells al four cells would be at exactly
the same stage in the cell cycle.

The abnorma divisions occurred immediately after
meiosis |1 and are asynchronous within the anther and even
within one tetrad (data not shown). At this early stage of
post-tetrad development, the tetrad cells were embedded in
an amorphous callose wall. This abnormal cell cycleischar-
acterized by abnormal cell divisions without chromosome
duplication (Fig. 2C). Although the chromosomes take on
a compact rod shape they are not doubled (Fig. 2C). As a
consequence of this abnormal chromosomal segregation
(Fig. 2D), some microspore cells have many chromosome
fragments of disparate and small size (Fig. 3C and 3E). The
chromosome fragmentation and the reduction in chromo-
some number in these abnormal cell divisions is consistent
with Beadl€'s original observations concerning the absence
of chromosome replication (Beadle 1928, 1931).

After tetrad formation, the po cells immediately form
spindles (Fig. 2E). The microtubule arrays in mutant cells
are abnormal. Microspindles (Fig. 2E) are associated with

Fig. 1. Microtubule distribution and chromosome morphology in freeze-fractured wild-type meiocytes as visualized by epi-fluorescence
optics using an antibody against tubulin and a DAPI stain for chromatin. (A-B) Focused meiotic spindles (B) and normally segregating
chromosomes (A) are observed in anaphase | of the same meiocyte. (C-D) Interphase microtubule arrays (D) are associated with each

nucleus (C) of the tetrad. Bars, 5 nm.
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Fig. 2. Abnormal microtubule arrays and chromatin morphology in po tetrads. (A and B) Double-stained po meiocytes (stained as
described in Fig. 1) show abnormal chromatin morphology (A), and phragmoplast (B, large arrow) in telophase 11 and unevenly
distributed nuclear associated microtubules (B, small arrows). Thisis an example of the initiation of asynchronous cell divisions after
telophase I1. (C and D) Asvisualized using DAPI, po meiocytes display unduplicated chromosomes (C, n=10) and undergo segregation of
chromosomes (D) following abnormal cell divisions. (E and F) In two tetrad cells, there are abnormal interphase microtubule arrays

(E, large arrows), each with irregularly distributed microtubules. In the other two cells of the same tetrad, abnormally focused meiotic-
like spindles are present, each with a different morphology (E, small arrows). (F) Four overlapping phragmoplasts form following
abnormal cell divisions of the tetrad. (G and H) A double-stained tetrad shows irregularly distributed interphase microtubule arrays (H)
associated with abnormally condensed chromatin (G). Within one of the tetrad cells two perinuclear microtubule arrays surrounding each
of the condensed chromatin groups (H, arrows) can be seen. (1) DAPI staining of chromatin in po meiocytes shows more than 8 interphase

nuclei as aresult of abnormal cell divisions of the tetrad. Bars, 5 mm.

randomly segregating chromosome fragments (data not
shown). In the other two cells of the same tetrad, micro-
tubules extend unevenly from the nuclear envelope (Fig.
2E). Binucleate microtubule arrays were also seen (Fig.
2H) in association with abnormally condensed and
unevenly distributed chromosomes (Fig. 2G). Phragmo-
plasts are also formed (Fig. 2F). As a consequence of these
abnormal divisions, more than 8 meiotic-like products are
formed before the cells are released from the callose walls
(Fig. 21).

Later stages of po microspore development are marked

by a breakdown of the callose wall and release of the
microspores. At this stage of development, irregular dis-
tributions of chromatin with morphologies corresponding
to interphase, prophase, metaphase and anaphase are
observed in microspores from adjacent anthers (Fig. 6),
showing that these abnorma multiple cell cycles are
unsynchronized and disordered. Poorly organized spindles
are also observed in many cells. At a metaphase-like stage,
spindle poles are tightly focused with many abnormal chro-
mosome fragments aligned on the metaphase plate (Fig.
3A and B). However, in the same cell, chromosomal frag-
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Fig. 3. Abnormal spindle microtubules and chromatin morphology in po microspores (stained as described in Fig. 1). (A-B) Abnormal
spindle microtubule arrays (B) are associated with chromosomes at the metaphase plate (A), and two lagging chromosomes (A, arrows)
are at the spindle poles with their own microtubule array. (C and D) Irregularly distributed chromosomal fragments (C) are aligned along
poorly focused spindle microtubule arrays (D). (E-G) Spindle microtubules (F) are associated with irregularly distributed chromosome
fragments in an anaphase-like stage of the same microspore (E). In a micrograph taken at a different focal plane of the same cell, abundle
of microtubules (G) appear to run from one pole to the other through these chromosome fragments (E). (H and 1) A microtubule array (1)
is associated with two groups of chromosome fragments (H) that are unevenly distributed in the microspore cell. The staining for
microtubules is very pronounced surrounding these chromosome fragments. Bar, 5 nm.

ments (Fig. 3A arrows) at each pole appear to organize
their own spindles (Fig. 3B). Spindles can be ragged and
poorly organized and chromosome fragments are randomly
aligned on them (Fig. 3C and D) instead of aligned on a
metaphase plate. In another example, spindle microtubules
are broadly focused and associated with variable size chro-
mosome fragments, which appear to be undergoing an
anaphase-like segregation (Fig. 3E,F and G). A bundle of
microtubules (Fig. 3G) runs from one pole to the other
through these chromosome fragments (Fig. 3F). Spindles
with abnormally divergent poles are also observed (data
not shown). Furthermore, microtubule arrays are also asso-
ciated with segregated groups of chromosome fragments.
For example, multiple aster-like microtubule arrays radi-
ate from chromosome fragments in opposite regions of the
same cell (Fig. 3H and 1). However, phragmoplasts are
never observed after microspores are released from the
abnormal tetrads, suggesting that these cell cycles are
incomplete.

In subsequent abnormal cell cycles, perinuclear and cyto-
plasmic microtubule arrays are associated not only with the
interphase nucleus (Fig. 4A and B), but a so with condensed
late prophase-like chromosomes (Fig. 4C and D). Normally,
perinuclear microtubule arrays would break down at this
stage (Staiger and Cande, 1990). As a consequence of these

incomplete cell cycles without cytokinesis, two interphase
nuclear microtubule arrays corresponding to two nuclei and
amicronucleus occur in the same cell (Fig. 4E and F). Many
microspores containing more than two micronuclei are pro-
duced (data not shown). Abnormal cell division activity per-
sists for about one week until chromatin and cytoplasm
have disintegrated.

Chromosome morphology and microtubule
distribution in ms4 and ms6 meiocytes and
microspores

All€elic tests have confirmed that both ms4 and ms6 are po
alleles (Golubovskaya and Urbach, 1981; Albertson and
Phillips, 1981; data not shown). Similar chromosome and
microtubule defects are observed in tetrads of po, ms4 and
ms6 before the microspores are released (Fig. 5 and 6).
However, many more chromosome fragments with associ-
ated mini-spindles are present in the tetrads of ms6 (Fig.
5A,B and C). The ms6 microspores undergo more abnor-
mal cell division cyles than do po and ms4 microspores
(Fig. 5D). As a conseguence, more microspores are released
and there are fewer chromosome fragments or micronuclei
per cel in ms6 than po and ms4. (Fig. 5E). Thick
microspore walls devel op after microspores of variable size
are released from the tetrads of ms6 (Fig. 5E).
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Abnormal cell divisions in female meiosis of ms4
macrospores

Female meiosis in wild-type cells has been described in iso-
lated macrospores after the cells were dissected from the
ear by a modified squash technique that relies on enzymatic
digestion and cold hydrolysis of the cell wall to permit sub-
sequent tissue dissection (Golubovskaya et al., 1992).
Although this technique is incompatible with indirect
immunofluoresence, chromosomes and phragmoplasts are
visible after Feulgen staining. Female meiosis in ms4
macrospores was analyzed using the same technique.
During normal development the large archeosporic cell has

C

Fig. 4. Abnormal interphase microtubule arrays and chromatin
morphology in po microspores (stained as described in Fig. 1).

(A and B) A microtubule array (B) is associated with the
interphase nucleus (A) in one microspore. (C and D) An abnormal
nuclear microtubule array (D) is associated with condensed
prophase chromosomes (C) in another microspore. (E and F)
Interphase microtubule arrays (F) are associated with two nuclei
(E) and amicronucleus in the same microspore cell. Bar, 5 nm.

an elongated shape (Golubovskaya et a., 1992). The
metaphase | spindle forms parallel to the long axis of the
cell and the subsequent dyads are different in shape (see
aso Fig. 7a). Normally the lower (chazal-most) cell enters
the second meiatic division before the upper (or micropy-
lar-most) cell (see also Fig. 7b). Often the upper cell never
completed meiosis |1 but degenerated. In any case the lower
cell always completed meiosis |1 and subsequently became
the initial cell of the embryo sac.

During ms4 female meiosis, the cell cycle proceeded nor-
mally from meiosis | to the end of meiosis I1. In telophase
| of the dyad stage (Fig. 7A), a phragmaplast was observed
between the nucleus of the apical micropilar cell and bottom
halazal cell. In meiosis Il, the micropilar cell was in
prophase and the halazal cell entered telophase (Fig. 7B)
as in wild-type plants (Golubovskaya et al., 1992). After
this stage, macrosporogenesis was disrupted. Chromosomes
in the halazal cell condensed and proceeded to divide abnor-
mally immediately after telophase Il (Fig. 7C-E). However,
this abnormal division cycle only occured in the bottom
daughter cell (Fig. 7D and E), and the top cell remained in
an interphase state (Fig. 7E, arrow). Similar abnormal
female postmeiotic cell divisions have also been described
for the other po aleles (West, 1985; Golubovskaya, unpub-
lished data).

DISCUSSION

Overview

Our results suggest that po, ms4 and ms6 alter the normal
transition from meiosis to mitosis during microsporogene-
sis and macrosporogenesis. The first sign of abnormality is
asynchronous divisions associated with meiosis Il in
microspores. As described previously, we confirmed that
po, ms4, ms6 are alleles and that chromosome morphol ogy
and behavior is atered in po terads (Beadle, 1931; West,
1985), ms4 tetrads (Golubovskaya and Urbach, 1981) and
ms6 tetrads (Albertson and Phillips, 1981). Using a new
freeze-fracture method to permeabilize microspore cells, we
show that an abnormal distribution of microtubules is cor-
related with these chromosome alterations in a cell cycle-
dependent manner. After microspores are released from the
tetrads, the cell cycle-dependent disruption in structure and
organization of chromosomes and microtubules continues,
but no phragmoplasts are present, suggesting that the cell
cycle is further reduced. During these incomplete cell
cycles, abnormal spindles and multinucleate microtubule
arrays form, but structural association of chromosomes and
microtubules is further altered. Although it is difficult to
determine the number of supernumerary divisions in this
mutant, Beadle (1931) suggested that there were an extra
5-6 abnormal cell cycles, sometimes producing microspore
cells with as few as one chromosome.

Cdlular analysis of ms4 female macrosporogenesis
showed similar defects in the transition from meiosis to
mitosis during male microsprogenesis in po plants (West,
1985). However, during po macrosporogenesis this abnor-
mality appeared to be developmentally regulated. That is,
the only post-meictic cell that went through additional cell
division cycles was the cell that would normally develop
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Fig. 5. Microtubule arrays and chromatin morphology in ms6 tetrad and microspores after abnormal cell divisions. (A-C) In the same ms6
meiocytes, many abnormal mini-spindles (B and C, arrows in the same cell at different depth of focus) are associated with condensed
chromatin (A, large arrow) following abnormal tetrad cell divisions. (D) There are about 30 abnormal small meiocytes with small
chromosome fragments or micronuclei, afeature of the mutation that results from supernumerary divisions of the tetrad. The nuclei in the
meiocytes are much smaller than in the tapetal cells (D, arrow). (E) In ms6, more microspores are produced than in po, they are smaller
and contain chromosome fragments and micronuclei inside thick cell walls. Bars, 5 nm.

Fig. 6. Microtubule arrays and chromatin morphology in ms4 tetrad and microspores after abnormal cell divisions. In ms4, meiocytes
display condensed chromosomes (A) and undergo random segregation (D) following abnormal cell divisions. There are abnormal spindle
microtubule arrays (B and C in the same cell at different depth of focus), each associated with these irregularly distributed chromosomes.
Metaphase-like spindle arrays (E) are associated with afew chromosome fragments (F) at this stage. Broad focused spindle microtubule
arrays (G) are associated with two groups of chromosome fragments (H) that are unevenly distributed in the microspore cell in an
anaphase-like stage. Bar, 5 nm.
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Fig. 7. Abnormal cell divisionsin female meiosis of ms4 macrosporogenesis. Female meioses of ms4 macrospores have been investigated
by using a squash technique of ovary isolation as described in Material and Methods. Cells were Feulgen stained and viewed with bright
field optics. (A) In telophase |, a phragmaplast was seen between the nuclei of the apical micropilar cell and the bottom halazal cell.

(B) Inmeiosis |1, the micropilar cell wasin prophase and the halazal cell entered telophase Il asin wild-type plants (Golubovskayaet al.,
1992). Chromosomes in the halazal cell condensed and entered into an abnormal cell division immediately after telophase |1 (C and D).
However, this abnormal division only continued in the bottom daughter cell of the divided halazal cell (D and E), and the top daughter

cell remained in interphase (E, arrowhead). Bar, 5 nm.

100 -

1 = Interphase

2 = Prophase

3 = Metaphase/Anaphase

4 = Binucleate interphase cell

% cells ata given stage

Fig. 8. Cell cycle stages present in a population of po vswild-type
microsporesin asimilar developmental stage. For the data
presented here, anthers from a spikelet at a similar developmental
stage (immediately post-meiosis) were collected from apo and
wild-type plant. The cells from these anthers were pooled together
and stages in the cell cycle were determined based on
chromosome morphology. Each stage is represented as percentage
of the total cells observed.

as the embryo sac. This result is consistent with the sug-
gestion that po is a gene that is involved in regulating the
postmeiotic haploid cell cycles rather than the exit from
meiosis.

More chromosome fragments or micronuclei associated
with mini-spindles were observed in ms6 than in po and
ms4 after tetrad formation. There are several possible expla
nations for this result: either ms6 is a stronger alelein dis
rupting the cell cycle, or, cell divisions in ms6 occur at a
faster rate at the same stage than in po and ms4. Altern-
atively, microspores of po and ms4 may be released earlier
than ms6. Some of these differences could be due to the
genetic background of the different inbred lines. We are
interested in studying the role and sequence of events in
po, ms6 and ms4 in the transition from meiosis to mitosis
by combined cell biology and genetic approaches. We are
now in the process of crossing these alleles into the same
inbred background to make a more accurate comparison of
the function of each alele.

Abnormal microtubule arrays and chromosome
morphology are associated with the abnormal cell
divisions of po, ms4 and ms6 mutants

We observe that the microtubule distribution pattern is dis-
turbed during the abnormal po cell cyclesand that ran-
domly scattered chromosome fragments or micronuclei are
often associated with irregularly shaped spindles and
nuclear envel ope-associated microtubules. Some of these
abnormalities may be a direct consequence of having
unreplicated or prematurely condensed chromosomes



rather than abnormal centrosome activity. First, many of
the microtubule arrays are associated with clusters of ill-
defined chromosomes. Second, the spindles that are formed
during the po cell cycles are grosdy disturbed. In one
example, spindle poles are less focused or contain arrays
of microtubules running from one pole to the other pole,
and chromosome fragments have difficulty in aligning on
the metaphase plate. Similar spindle abnormalities are also
seen in a desynaptic mutant (dsy2) when a large number
of univalents are present (R. K. Dawe, personal commu-
nication). However, in po, ms4 and ms6, premature chro-
mosome condensation may generate these abnormalities.
The presence of individual extra chromosome fragments
each associated with its own microtubule array suggest that
chromatin components play an activerole in organizing
and stabilizing microtubule arrays. This conclusion is con-
sistent with studies of meiotic and mitotic spindle forma-
tion in a variety of organisms (Gard, 1992; Sawin and
Mitchison, 1991; Theurkauf and Hawley, 1992; Ledlie
1992). The kinetochore is a specialized structure attaching
the chromosome to the spindle and is the obvious cand-
idate for organize microtubule arrays. During the incom-
plete cell cyclesin po tetradsit is unlikely that the kine-
tochores are replicated and may be improperly positioned
on the condensed chromatin (see Brinkley et al., 1988). In
desynaptic mutants such as dsy2, univalent chromosomes
during meiosis | will have kinetochores that are asymmet-
rically positioned in the centromere. It is not surprising
then that these two classes of abnormal chromosomes,
athough generated by very different mutations, should
have similar effects on spindle organization if the kineto-
chore function and symmetry isinvolved. However, Brink-
ley et al. (1988) have shown that chromosome replication
is not a prerequisite for alignment and segregation of kine-
tochores in Chinese hamster ovary cells. In this cell line,
unreplicated kinetochores without any attached chromatin
can interact with microtubules and complete all mitotic
movements.

Possible models for defects in cell cycle
regulation of po, ms4, and ms6 mutants

The cellular phenotypes we observed suggest that the Po
gene specifies a protein that is required for the transition
from the meiotic to the haploid mitotic cell cycle. There
are several possible models that can explain the defects
in cell cycle regulation we observed in the po, ms4, and
ms6 mutants. First, it is possible that meiosis continues
without chromosome duplication. The abnormal cell
cycle would be due to a repetition of meiosis Il as
suggested by West and Philips (West and Phillips, 1985).
Thus, in this model the defect is due to an inability of
the mutant cell to determine whether it has gone through
meiosis |l and it repeats it over again. Alternatively, pre-
mature pollen mitosis may be induced without chromo-
some duplication, an event which normally occurs one
week later in development. In this model the defect isin
the regulation of the mitotic cell cycle and the microspore
undergoes M phase without an accompanying S phase.
Cellular analysis of abnormal cell divisions during ms4
female meiosis support the second model. In the female,
the abnormal cell cycle only occurs in the one tetrad
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macrospore, which is scheduled to undergo haploid cell
divisions and does not occur in the other cells, which nor-
mally degenerate rather than divide further. Thus, the
abnormal po cell cycleis correlated with the possibility
of future haploid divisions rather than the completion of
meiosisI.

The mechanism of coupling of DNA replication and
mitosis have been investigated in many eukayotic cell
cyclesincluding that of Aspergillus nidulans (Osmani et
al., 1988) and Drosophila (Raff and Glover, 1988). Exper-
imental manipulation of the Drosophila embryonic mitotic
cycle suggest that DNA replication was not required for
cycles of chromatin condensation/decondensation and
nuclear envel ope breakdown/reformation (Raff and Glover,
1988). In this case, mitosis continues even when DNA syn-
thesis was inhibited by aphidicolin. Based on these exper-
iments, Raff and Glover (1988) suggested that a cell cycle
oscillator operates independently of the nucleus, and an
oscillating cytoplasmic signal could drive the nuclear
cycle.

Regulation of chromatin condensation may be a key
step in controlling cell cycle-dependent DNA replication.
The RCCL1 gene has been implicated in regulation of chro-
matin condensation in human cells. The RCC1 gene
product is localized in the nucleus and binds to DNA
(Ohtsubo et al., 1989). It complements the temperature-
sensitive (ts) BN2 mutation, a ts mutant in the baby ham-
ster kidney (BHK21) cell line, which induces premature
chromosome condensation at the restrictive temperature
(Ohtsubo et a., 1987). Nishimoto et a. (1978, 1981)
suggest that following premature chromatin condensation,
DNA replication ceases. Thisis similar to po in that pre-
mature chromatin condensation occurs without DNA repli-
cation. It is not obvious whether a defect in the RCC1
gene product would result in the maintenance of nuclear
and microtubul e cycles without chromosome replication,
asis observed in po. Research on bimE7, atemperature-
sensitive cell cycle mutation in Aspergillus nidulans,
suggests that a negative cell cycle control gene plays an
important role in the normal coupling of DNA replication
and mitosis (Osmani et al., 1988). The bim E7 mutation
causes premature spindle formation and chromatin con-
densation in S or Gy cells. This mutation can override
normal cell cycle regulation and lead to premature mito-
sis before completion of DNA synthesis. It is possible that
po encodes a gene product that is a functional analog of
bim E7 during maize microsporogenesis. To confirm this
possibility, we plan to use a molecular genetic approach
to identify the Po gene product. The analysis of the po
mutant and its alleles at the molecular and genetic level
should provide a further insight into the mechanism of
meiotic cell cycle regulation and address how it may differ
from mitotic cell cycle regulation.
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