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SUMMARY

In higher plants the gametophyte consists of a gamete in
association with a small number of haploid cells,
specialized for sexual reproduction. The female
gametophyte or embryo sac, is contained within the ovule
and develops from a single cell, the megaspore which is
formed by meiosis of the megaspore mother cell. The dyad
mutant of Arabidopsis, described herein, representsa novel
class among female sterile mutants in plants. dyad ovules
contain two large cellsin place of an embryo sac. The two
cells represent the products of a single division of the
megaspore mother cell followed by an arrest in further
development of the megaspore. We addressed the question
of whether the division of the megaspore mother cell in the
mutant was meiotic or mitotic by examining the expression
of two markers that are normally expressed in the
megaspore mother cell during meiosis. Our observations
indicate that in dyad, the megaspore mother cell enters but
fails to complete meiosis, arresting at the end of meiosis 1

inthe majority of ovules. Thiswas corroborated by a direct
observation of chromosome segregation during division of
the megaspore mother cell, showing that the division is a
reductional and not an equational one. In a minority of
dyad ovules, the megaspore mother cell does not divide.
Pollen development and male fertility in the mutant is
normal, asistherest of the ovule that surroundsthefemale
gametophyte. The embryo sac is also shown to have an
influence on the nucellus in wild type. The dyad mutation
therefore specifically affects a function that is required
in the female germ cell precursor for meiosis. The
identification and analysis of mutants specifically affecting
female meiosis is an initial step in understanding the
molecular mechanisms underlying early events in the
pathway of female reproductive development.
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INTRODUCTION

The life cycle of plants dternates between a haploid
gametophyte and a diploid sporophyte. In higher plants the
gametophyte is reduced to a small number of cells surrounded
by sporophytic tissue. The female gametophyte is contained
within the ovule and consists of an embryo sac which harbors
the egg cell and other associated haploid cells required for
fertilization and development of the embryo sac and endosperm
(Maheshwari, 1950; Willemse and van Went, 1984; Reiser and
Fisher, 1993). The molecular mechanisms underlying female
gametophyte devel opment have begun to be elucidated with the
identification of genes that act in the gametophyte and are
necessary for its development (Drews et a., 1998; Grossniklaus
and Schneitz, 1998). Mutationsin genesthat are required in the
haploid phase of female gametophyte development would be
expected to cause semisterility and show non-Mendelian
segregation arising from reduced transmission through the
affected sex. Female gametophytic mutants affecting
development of the embryo sac have been identified in both

Arabidopsis and maize (Singleton and Manglesdorf, 1940;
Nelson and Clary, 1952; Redei, 1965; Kermicle, 1971; Castle
et a., 1993; Kieber et a., 1993; Niyogi et a., 1993; Springer
et a., 1995; Feldman et a., 1997; Moore et d., 1997;
Christensen et al., 1998). Another class of gametophytic
mutants that affect embryo and endosperm development have
also been identified (Ohad et al., 1996; Chaudhury et al., 1997;
Grossniklaus et a, 1998). The recent cloning of gametophytic
genes affecting female gametophyte development (Springer et
al, 1995), as well as genes affecting embryo and endosperm
development (Grossniklaus et al., 1998; Luo et al., 1998; Ohad
et al., 1999) has provided valuable insights into the molecular
events underlying this fascinating stage of the plant life cycle.

Lessisknown about genesthat areinvolved in the control and
elaboration of early steps in the female reproductive pathway,
during megasporogenesis. The first identifiable step in the
reproductive pathway at the anatomical level is the enlargement
of asingle cdll in the subepidermal layer at the tip of the ovule
primordium to form an archesporia cell. In Arabidopsis the
archesporid cell directly forms the megaspore mother cell
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(mmc) and undergoes meiosis to give four haploid megaspores.
Three of the spores undergo programmed cell death and the
remaining one becomes the functional megaspore (Misra, 1962;
Poliakova, 1964; Mansfield et a., 1991; Webb and Gunning,
1990). A large class of mutantsthat affect megasporogenesis has
been identified in Arabidopsis, and shown to cause both male
and female sterility (Schneitz et a., 1997). While a detailed
analysis of these mutants has not been described, it islikely that
many of these affect genera meiosis, recombination and
sporogenesis-related functions that would be common to
both mae and femae reproductive development. The
SPOROCYTELESS gene of Arabidopsis blocks formation of the
sporocyte and encodes a transcriptional regulator that is
localized to the nucleus (Yang et d., 1999). The SYN1 gene of
Arabidopsis has been shown to be required for meiosis and
encodes a RAD21 homologue (Bai et al., 1999). A number of
mai ze meiotic mutants have been described and shown to cause
both male and femade sterility (Curtis and Doyle, 1991). A
particularly interesting mutant is the macl mutant of maize in
which multiple archesporial cells are formed in a single ovule
(Sheridan et al., 1996). These cells undergo megasporogenesis
and megagametogenesis, resulting in a single ovule containing
multiple embryo sacs at various stages of development. The
macl mutant causes partial female sterility as well as complete
male sterility. The male sterility is due to a block in prophase 1
of meiosis. In the afd1l mutant of maize, the sporocyte undergoes
an equationa division instead of a reductiona one, indicating
that meiosis 1 is replaced by a mitotic division (Golubovskaya
and Mashnenkov, 1975). In the el 1 mutant, meiosis 2 is affected
leading to the production of unreduced spores (Rhoades, 1956).

Given the differences in form and function between male
and female gametes, it would be expected that these two
pathways of reproductive devel opment are under the control of
overlapping but distinct genetic programmes. The existence of
female- and male-specific aswell as non-specific gametophytic
mutants acting at the haploid stage, after megasporogenesis,
supports this notion. However, single gene mutations that
specifically affect earlier stages of megasporogenesis without
any effect in the male remain to be identified. We report here
the isolation and characterization of dyad, a novel femae-
specific meiotic mutant of Arabidopsis.

MATERIALS AND METHODS

Plant material and growth conditions

Plants were grown in pots under fluorescent lights (7000 lux at 20 cm)
at 21°C according to conditions described by Somerville and Ogren
(1982). EMS mutagenized M2 seed of Arabidopsis were purchased
from Lehle and Co., Round Rock, Texas. Wild-type plants of ecotype
Ler and No-O were used for backcrosses and mapping of the dyad
mutant.

Mutant Isolation and mapping

EMS mutagenized M2 plants were grown and sterile plants were
identified in which the siliques failed to €longate and contained no seed.
Reciprocal crosses to wild type were done to determine if the cause of
sterility was in the female, male, or both. In plants showing femae
sterility, ovules were examined after clearing (see below) to identify
possible developmental defects. Mapping of dyad with SSLP markers
was done using an F> population derived from a cross of dyad in the
Ler background to No-O. Dyad mutant plants were identified on the
basis of sterility and embryo sac phenotype. DNA was isolated from

2-3rosette leaves of dyad plants and used for PCR based mapping with
microsatellite markers (Bell and Ecker, 1994). Primer pairs were
purchased from Research Genetics Inc., Huntsville, Alabama.

Light microscopy

Flowers or inflorescences were fixed in FAA (3.7% formalin, 5%
acetic acid, 50% ethanol) overnight at 4°C, rinsed in 50% acetone,
and dehydrated in an acetone series to 100% acetone. Tissue was
cleared in methyl benzoate for 2 hours, followed by methyl
benzoate: Spurr’s resin (7:1) overnight. Ovules were dissected on a
slide under a stereo dissecting microscope, mounted with a coverdlip,
and observed on a Zeiss Axioskop microscope under DIC optics using
a x40 objective. Photography was done using low speed black and
white film (15-25 ASA) which gives better details and contrast, and
a x40 oil objective with a numerica aperture of 1.3. Prints were
scanned and edited using Adobe Photoshop 3.0.

For examination of developing microspores, buds were fixed and
processed according to Altman et al. (1992). Anthers were dissected,
squashed on a dlide to release developing microspore tetrads and
mounted with a coverslip.

Fluorescence and confocal microscopy

Pollen viability was measured using fluorescein diacetate according
to the method of Heslop-Harrison and Heslop-Harrison (1970).

Aniline blue staining for callose detection in the mmc was carried out
using dissected pidtils after fixing in FAA and rinsing in water. Pistils
were incubated in 0.1% aniline blue, 100 mM Tris pH 85, for 8-12
hours. Ovules were dissected on a dide and mounted in 30% glycerol
with a coverdip. Fluorescence was observed on a Zeiss Axioskop
microscope using a 365 nm excitation, 420 nm long-pass emission filter.

For confocal microscopy of meiotic chromosomes in the mmc,
pistils were dissected, Feulgen stained, and processed according to
Braselton et al. (1996). Ovules were dissected on slides, mounted with
a coverdip, and polymerized in LR-White (Electron Microscopy
Sciences) resin at 60°C. Observations of chromosomes were done on
a Zeiss confocal microscope using a x100 oil objective. Excitation
was at 488 nm and emissions were detected at 2515 nm.

Electron microscopy

For ultrastructural studies by transmission electron microscopy (TEM),
pistils were fixed in 3% glutaraldehyde, 0.05 M cacodylate pH 7, for 2
hours, washed with water, followed by postfixation in 2% OsOs, 0.05
M cacodylate, for 2 hours. Tissue was rinsed several timeswith distilled
water and dehydrated in an acetone series. The 100% acetone step was
repeated twice, followed by Spurr's resin: acetone (1:1), Spurr's:
acetone (3:1) for 1 hour, and finally Spurr’s for 24 hours. The resin was
replaced and the tissue polymerized in an oven at 60-65°C for 2 days.
Semithin (0.5-1 pm) and thin (0.1 pm) sections were cut on an
ultramicrotome and examined by transmission electron microscopy.

Analysis of AtDMCL1 expression

RNA in situ hybridization was carried out essentially according to the
protocol of Jackson (1991) with modifications (Vielle Calzada et al.,
1999). Digoxigenin-labelled antisense RNA was synthesized from an
AtDMC1 cDNA clone (Klimyuk et a., 1997) using a Boehringer
Mannheim kit (Cat. No. 1 175025) according to protocols supplied by
the manufacturer and used as a probe. Sense RNA was used as a
control probe.

For GUS-staining of ovules, pistils from plants carrying a
pAtDMC1-GUS fusion were dissected and placed in staining solution
(Sundaresan et al., 1995) in a microtiter dish. The tissue was vacuum
infiltrated and placed at 37°C for 1 day. Pistils were transferred to
slides, ovules were dissected out, and mounted with a coverdlip.

Observation was under DIC optics as described above and
photographs were taken on Kodak Gold print film using a blue filter.
Prints were scanned on a UMAX 3000 scanner and edited on Adobe
photoshop 3.0.



RESULTS

The dyad mutation causes female sterility

In order to identify mutants defective in female gametophyte
development we screened approximately 22,000 EMS
mutagenized M2 plants (derived from 20,000 M1 plants) for
female sterile mutants. We found 46 mutants with defects in
ovule or female gametophyte development. Here we report on
the characterization of one of the mutants, which showed a
novel phenotype. The mutant was identified as a sterile plant
with nonelongated siliques containing no seed. To determine
the basis for sterility, we carried out reciprocal crosses to wild-
type plants. The results clearly indicated the cause of sterility
wasin the female, and that pollen from mutant plants was fully
fertile (Table 1). We also assayed for pollen viability in
addition to checking for morphological abnormalities in the
pollen, and failed to observe any differences from wild type.
Pollen viability of the wild type was 88% (401/456) and for
the mutant it was 86% (705/824). We examined cleared ovules
to look for any morphological defect that would account for
the observed female sterility. Pistils from open flowers and
buds were fixed, cleared, dissected, and ovules examined by
DIC microscopy. Mature ovules of the mutant lacked a
differentiated embryo sac (Fig. 1B). Instead they contained two
cells with prominent nuclei in the central region of the ovule
where the embryo sac is normally located. The mutation
therefore causes female-specific sterility.

Genetic analysis
The mutant was outcrossed as male to wild-type Arabidopsis
ecotype Ler and No-O for genetic analysis and mapping. F1
plants were fertile, indicating that the mutation was recessive. In
the first backcross generation we observed partial sterility in Fy
plants amounting to a 20-50% reduction in seed set. However in
subsequent backcrosses of the mutant to wild type we did not
observe partial sterility inthe F1. The basisfor the partid sterility
observed initialy in the F1 was not pursued further. Segregation
data for the dyad mutant
phenotype in the F> are
shown in Table 2. Based on
the data we cannot reject the
hypothesis that the mutant
phenotype segregates as a
singlegenerecessivetrait, but
we can reject the hypothesis
that the phenotype is due to
two unlinked mutations.
Mapping of the mutant using
PCR-based markersindicated
that it maps 3 cM south of
ngal29 at the lower end
of chromosome 5 (90
chromosomes  examined).
Linkage was also observed to
a maker north, PHYC
(R=36%), to g2368 towards
the south (R=20%), and
not to markers on other
chromosomes or other parts
of chromosome 5 (data not
shown).
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Table 1. The dyad mutant causes female sterility

Female parent Male parent No. of seeds per silique
dyad wild type 0

wild type dyad 29+13

wild type wild type 34411

Reciprocal crosses between dyad and wild type to measure seed yield were
conducted and the results represent the mean and standard deviation from a
minimum of 12 crosses.

Table 2. Segregation of the dyad phenotype
Wild type: mutant
Observed
108: 29

Expected X2
102.75: 34.25 (3:1)* 1.073, P>0.25
128.44:8.56 (15:1)t 52.06, P<<0.001

*Mutant phenotype results from a single gene recessive mutation.
FTwo unlinked mutations are responsible for the mutant phenotype.

Stages of ovule development in the dyad mutant

To investigate the basis of the dyad phenotype and the origin
of the two cells seen in ovules of the mutant, we carried out
a stagewise analysis of development by examining cleared
ovules using DIC microscopy. Early stages of reproductive
development were as in wild type, with normal initiation of
the ovule primordia and appearance of the mmc (Fig. 2E),
and initiation of the inner and outer integuments (Fig. 2F).
However, instead of undergoing a normal meiosisto give four
spores, the mmc divides only once to give adyad of two cells
(Fig. 2G). Further divisions do not occur and the two cells
persist through later stages of ovule development without
degenerating (Fig. 2H) and are observed even in mature
ovules at stages beyond when fertilization would normally
have occurred (Fig. 1B). In a minority of dyad ovules (4%)
which we call class Il, we observed that the mmc does not
enter meiosis (Fig. 21,J). Although this number is small, the

Fig. 1. Mature ovule of wild type (A) and dyad mutant (B). Optical sections of cleared ovules observed
under DIC microscopy. a, antipodals; ¢, central cell; cn, central cell nucleus; e, egg cell; s, synergid; et,
endothelium; ii, inner integument; oi, outer integument; d, dyad. Bar, 10 um.
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observation is significant as it points to a low penetrance  sporophyte is norma and the ovule attains its eventual
effect before or during meiosis 1 (see below and Discussion). campylotropous (curved) configuration (Maheshwari, 1950)
The development of the integuments and remainder of the  with both integuments extending beyond the nucellus and

Fig. 2. Stages of female gametophyte development in wild type and dyad mutant. Ovule stages were determined from the development of the
sporophyte using the nomenclature of Schneitz et al. (1995): 3-1, outer integument extends beyond nucellus; 3-2, outer integument surrounds
nucellus; 3-4, inner integument extends beyond nucellar apex; endothelium differentiates; 3-6, inner integument forms an additional layer; 4,
campylotropous ovule with micropyle next to funiculus. (A-D,K) Wild-type, (E-J)dyad. (A,E) Mmc has differentiated (arrowhead) and inner
integument has initiated. (B,F) Premeiotic ovule showing integument primordia and enlarged mmc. Note that the nucleus (arrowhead) occupies
amore proximal position towards the basal end of the cell in both dyad and wild type. (C,G) Postmeiotic ovule; in dyad the mmc has undergone
asingle division to give two cells separated by a cell wall (arrowhead), whereasin wild type, three of the four haploid spores formed by
division of the mmc, degenerate (arrowhead). The arrow marks the functional megaspore. (D,H) Wild-type and dyad ovules at the 3-2 stage of
ovule development. In dyad, megasporogenesis has arrested at the end of thefirst division of the mmc. Note the presence of degenerating spores
(arrowhead) in D and two nuclei (arrows) without a cell wall. In H the two cells are separated by a cell wall (arrowhead). (1,J) Class |1 dyad
ovules at the 3-2 and 3-6 stage containing an undivided mmc (arrowhead). Seven out of 172 ovules that ranged from the 3-2 stage to mature
ovules contained a single mmc that had failed to divide. (K) Mature wild-type ovule with proximal nucellus degenerating (arrow). Bar, 20 pm
(A-J) and 15 pm (K).



Fig. 3. Developing pollen grains of the dyad mutant showing
normally developing microspore tetrads. Bar, 10 pm.

enclosing the micropyle. There is however, an interesting
difference in the sporophyte, which is particularly striking in
the case of older ovules. In wild-type ovules, the cells in the
proximal nucellus below the embryo sac become irregular and
degenerate (Fig. 2K). In the case of dyad this does not occur
and four to five files of columnar cells can be observed in the
proximal nucellus extending to the base of the dyad (Fig. 1B).
We have al so observed the lack of degeneration of the proximal
nucellus in other mutants that lack an embryo sac (I. S,
unpublished observations).

Arabidopsis female meiotic mutant 201

At the cellular level therefore, the basis for the dyad
phenotype is that the mmc divides abnormally, giving a dyad
instead of a normal tetrad. To determine if any of the pollen
mother cells also showed this feature, we examined developing
microspores for defects in meiosis and observed only normal
tetrads with no apparent defects in male meiosis (Fig. 3).

Megaspore mother cell division in the dyad mutant
mmc polarity

Initially, the mmc is unpolarized but becomes polarized shortly
before meiosis with the nucleus occupying a more proximal
location and a greater concentration of organelles
(mitochondria and plastids) being found towards the chalazal
end (Willemse, 1981; Willemse and van Went, 1984). It is
possible that the aberrant division of the mmc and subsequent
arrest seen in the dyad mutant is the conseguence of loss of
cell polarity and this might be evidenced by an altered
distribution of intracellular organelles. As a test of this
possibility we carried out an ultrastructural examination of the
mmc by transmission electron microscopy.

The mmc at early stages is unpolarized with respect to
distribution of organelles (data not shown) but prior to meiosis
it becomes elongated and polarized (Fig. 4A). We observed that
the mmc in dyad also shows polarity with a concentration of

Fig. 4. Mmc polarity in dyad. Mmc ultrastructure in wild type (A) and dyad (B) seen by transmission electron microscopy. Insets at lower
magnification show the nucellar region containing the mmc and early integuments. (A) Longitudinal section of a mmc shortly before meiosis
showing a concentration of organelles at the chalazal end (m, mitochondria; n, nucleus; p, plastids; v, vacuole). The upper region of the cell
above the nucleusis relatively depleted of organelles. (B) Longitudinal/obligue section showing concentration of organelles towards the

chalazal end of the mmc in dyad. Bar, 2.5 pm.
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organelles at the chalazal end (Fig. 4B). Therefore there does
not appear to be a loss in polarity of the mmc at least at the
ultrastructural level and the cause of the aberrant division may
lie elsawhere.

The mmc in dyad undergoes a defective meiosis

A fundamental issue in understanding the effect of the dyad
mutation is the nature of the division of the mmc in the mutant
and whether it ismeiotic or mitotic. We addressed this question
using three experimental approaches. First we examined the
dividing mmc for the presence of calose, a crosslinked
polysaccharide that is synthesized in the mmc during meiosis
prior to cytokinesis. The presence of callose can be readily
detected by aniline blue fluorescence, which therefore acts as
a convenient cytological marker for meiosis in the mmc
(Rodkiewicz, 1970). In wild type, fluorescence first appearsin
the mmc during meiosis shortly before cytokinesis and
becomes concentrated at the site of the newly forming cell
plate (Fig. 6C). Subsequently the fluorescence gets
concentrated towards the micropylar end and ultimately in the
degenerating spores (Schneitz et a., 1995; data not shown). By
the time developing embryo sacs reach the 4N stage, the
material from the degenerating megaspores has been removed
and aniline blue fluorescence is no longer visible (data not
shown). In dyad, aniline blue fluorescence is observed in the
dividing mmc and is strongest at the site of the cell plate

Fig. 5. Calose production in the mmec. (A,B) dyad, (C,D) wild type.
(A,C) Aniline blue fluorescence image. (B,D) The corresponding
ovules viewed under DIC optics. Fluorescence is seen in both dyad
and wild type and is highest at the cell plate in the dividing mmc.
These ovules were not cleared, hence the DIC image does not reveal
internal details of the mmc. Bar, 10 um.

Fig. 6. AADMC1 expression in the mmc. (A,B) RNA insitu
hybridization of AtDMCL1 antisense RNA to ovule sections. Specific
hybridization is seen in the mmc (arrowhead) at meiosisin (A) dyad
and (B) wild type. Controls using a sense RNA probe gave no signal.
(C,D) pAtDMC1-GUS expression in the mmc at meiosis (arrowhead)
in dyad (C) and wild type (D). Bar, 5 um.

separating the two cells of the dyad (Fig. 5A). In some cases
we have observed fluorescence in dyad ovules even at later
stages of development beyond when it would normally be
found in the wild type (data not shown). Thiswould imply that
callose persists and is not removed in these ovules. Overall, the
frequency of mmcs showing aniline blue fluorescence in the
dyad mutant (33/41 ovules) is comparable though dightly
lower than that for wild type (37/37 ovules). These data would
suggest that in dyad, the division of the mmc is a meiotic one.

AtDMC1 expression

As discussed above, female meiosis is associated with the
appearance of callose, which can therefore be considered a
cytological marker for meiosis. However, thisinvolves making
certain assumptions. The exact relationship between meiosis
and callose production is unknown and it is possible that the
two are under the control of contemporaneous but parallel and
distinct developmental pathways. To address this issue, we
examined the expression of a molecular marker AtDMC1,
which has been shown to be specifically expressed during
meiosis in both the male and female lineage in Arabidopsis
(Klimyuk and Jones, 1997). We examined expression of
AtDMCL1 in the mmc using RNA in situ hybridization to
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Fig. 7. Chromosome segregation in the dividing mmc. Confocal microscopy of chromosomes in the mmc, equatorial views. (A,B) dyad, and
(C) wild type. (A) Early anaphase showing two sets of five chromosomes (*) starting to move apart. (B) Mid anaphase: each set contains five
chromosomes. (C) Late metaphase showing five chromosome pairs (*). Insets show ovules with mmc at low magnification. Bar, 2 um.

sections of mutant and wild-type inflorescences. The results
clearly indicate that AADMCL1 is expressed in the mmc in dyad
ovules at the stage when meiosis occurs (Fig. 6A).

We also examined expression of a GUS reporter gene driven
by the AtDMC1 promoter in plants carrying the dyad mutation.
GUS expression is detected in the mmc at the time of meiosis
in both wild type and the dyad mutant (Fig. 6C,D).

Confocal microscopy of meiotic chromosomes

As a final test, we sought to directly examine chromosome
segregation during divison of the mmc. Arabidopsis
chromosomes are small in size and each ovule containsasingle
mmec, enclosed within the integuments. Hence observations on
female meiosis are more difficult when compared to male
meiosis, using conventional cytogenetic methods. To visualize
chromosomes, we carried out Feulgen staining of pigtils,
followed by dissection and embedding of ovules in resin.
Ovules were then examined using confocal laser scanning
microscopy (Braselton et al., 1996). We were able to identify
ovules in which the mmc was undergoing division and
chromosomes were at metaphase or early anaphase of meiosis
1. Both mutant (Fig. 7A) and wild-type (Fig. 7C) metaphase
plates were observed and each half-plate was seen to consist
of five chromosomes. Hence the division in dyad is a
reductional and not an equational one.

Taken together these data indicate that the mmc in dyad
enters meiosis and completes meiosis 1 but is blocked at the
stage of entry into meiosis II.

Variation in mmc division in dyad

Ovules carrying two cellsin the position normally occupied by
the embryo sac make up the largest single class in post stage
3-1 ovules of the dyad mutant (Table 3). This observation is
consistent with the primary defect being early in meiosis and
most ovules not progressing beyond the first division.
However, as noted above we also see a significant number
(26/581, or 4% of post stage 3-1 ovules), in which the mmc
does not divide. Therefore dyad may play a role in entry into
or during meiosis 1 and the undivided mmc may represent the
higher expressivity phenotype. We did not observe undivided
mmcs in wild-type ovules at stage 3-1 or later (0/357), and

whenever the developing gametophyte in these ovules
consisted of a single uninucleate cell, it was aways
accompanied by material from the degenerating megaspores.
The undivided mmc could be unambiguously distinguished
from afunctional megaspore in wild type, and undivided mmcs
were never observed in wild-type ovules at stage 3-1 or later.
By contrast, in the dyad mutant, we saw only undivided mmcs,
and no functional megaspores accompanied by degenerating
sister spores (except in 3/581 ovules). We therefore infer that
the undivided cells observed are mmcs, and not arrested
megaspores with all traces of the sister spores having been
removed. In cases where more divisions do occur in dyad, the
upper limit of the number of cellsformed isfour. The cellsthat
areformed by division of the mmc in dyad, therefore, probably
represent the four spores, albeit defective ones that are unable
to form a functional gametophyte.

The plane of division of the mmc in dyad is most commonly
transverse although oblique and longitudinal divisions are also
seen (Fig. 8A,B). Severa ovules show additional divisions of
one or both of the dyad cells (Fig. 8C-E; Table 3).
Multinucleated cells are also seen in many ovules. The pattern
and number of divisions is variable and we have observed up
to seven nuclel in one cell (Fig. 8F). In some cases we also
observe structures reminiscent of a developing embryo sac at
the 2N stage (Fig. 8G). This raises the question of whether
some parts of the program of embryo sac development
following megasporogenesis may be turned on even though
meiosis has been defective and incomplete. Although
additional divisions of one or both of the dyad nuclel are
frequently seen we have never observed anormally devel oping
or differentiated embryo sac and indeed, the dyad mutant fails
to set any seed. Taken together, our observations demonstrate
that the dyad mutation specificaly affects a function that is
required in the female germ cell precursor during meiosis and
megasporogenesis.

DISCUSSION

In al sexually reproducing organisms, the gametes develop
from haploid cells formed after meiosis. Meiosis is therefore a
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Fig. 8. Variation in mmc divisionin
dyad. The region of ovules containing
meiotic products or the developing
female gametophyte are shown.
Ovules were at different
developmental stages. (A-E) Stage 2-5
to 3-4 ovules. (F-K) Late stage mature
ovules corresponding to
postfertilization stages for wild type.
(A) Oblique division. (B) Longitudinal
division. (C) Linear triad. (D) T-shaped
tetrad. (E) Linear tetrad. The
uppermost cell has undergone an
additional nuclear division
(arrowhead). (F) A seven-nucleate cell.
Note the absence of avacuole that
would be present after stage 3-4ina
wild-type embryo sac. (G) A two-
nucleate cell with avacuole
resembling a stage 3-3 embryo sac.
Arrowheads show nuclei. The lower
cell of the dyad has degenerated and
residua materiad isvisible. (H) The
lower cell of the dyad has become
vacuolated. (I) Each cell of the dyad
contains 3 nuclei (arrowheads).

(J) Two cells each containing 2 nuclei.
(K) The upper cell has undergone an
additional nuclear division while the
lower one has remained uninucleate.
Bar, 7.5 um.

key step leading into the pathway of gametogenesis. In higher
plants there is sexual dimorphism between the megaspore and
microspore mother cells that are the precursors to the female
and male spores respectively. Most mutations affecting meiosis
affect both sexes, implying that a common set of genes
required for meiosis are integrated into two overlapping but
distinct developmental pathways leading to the formation of
the male and female spores. The properties of the dyad mutant
of Arabidopsis described above indicate that it specifically
affects a function required for female meiosis without any
effect in the male. It is however, possible that the mutation

could be a female-specific alele of a gene that aso acts
elsawhere.

The dyad mutant wasidentified in ascreen for female sterile
mutants of Arabidopsis among a population of EMS
mutagenized M2 plants. An examination of cleared mature
ovules showed that in place of an embryo sac, two large cells
were present. Pollen development, however, was normal, and
both morphological examination and pollen viability tests, as
well as outcrosses of the mutant as male to wild type asfemale
showed no evidence of any abnormality in the pollen. The
mutant is thus female sterile but male fertile. The two cells

Table 3. Megaspore mother cell division productsin dyad

Number of ovules

Ovule Multinuc. Number
stage 1lcel 2 cell 3cdl 4cell >4 cells cells of ovules
31 15 82 0 0 0 2 97
3-2 8 88 13 3 0 11 112
34 6 82 33 19 0 17 140
3-6 6 74 58 36 0 38 174
4 6 74 46 25 2 15 155
Total 41 400 150 83 2 83 678

Division products of the mmc at different stages of ovule development in dyad. Ovules were scored on the basis of ovule stage (see Fig. 2 legend for
assignment of ovule stages) and the number of cells formed by division of the mmc. A total of 680 ovules were scored, over arange of stages. In 2 caseswe
observed 5 cells, and in another 2 casesin stage 4 ovules we saw a 4-nucleate and a 6-nucleate structure which resembled a devel oping embryo sac with a

vacuole.




observed in the majority of dyad ovules, are the products of a
single division of the mmc followed by an arrest of subsequent
divisions. Unlike the case in wild type where three of the four
spores formed after meiosis undergo programmed cell death,
both the cells seen in dyad persist through later stages of ovule
development and are present in mature ovules. This suggests
the presence of a developmental checkpoint ensuring that
programmed cell death of the megasporesis only initiated after
completion of meiosis. The sporophytic parts of the ovule
develop normally.

We did notice a difference in the sporophyte between dyad
and wild type. In wild-type ovules, growth and expansion of
the embryo sac is accompanied by degeneration of cellsin the
proximal nucellar region below the embryo sac. By contrast in
dyad, 4-5 rows of cells are retained in the proximal nucellus
through the later stages of ovule maturation. The persistence
of nucellar cells may be an indirect effect of the mutation
arising from the absence of an embryo sac as we have observed
the same in other mutants that lack an embryo sac. It is
therefore likely that the degeneration of the proximal nucellar
cellsismediated directly or indirectly by the embryo sac. Thus,
in addition to the development of the gametophyte being
closely dependent upon and influenced by the surrounding
maternal tissue (Ray, 1998), our evidence shows that the
gametophyte also influences the sporophyte.

The mmc is a polarized structure in which organelles
(mitochondria and plastids) become concentrated at the
chalazal end of the cell towards |ater stages of its development,
just before the start of meiosis. This polarization probably
reflects the fact that it is the chalazal spore that becomes
functional, whereas the other three degenerate. The role of
asymmetric cell divison and the unequal partitioning of
cytoplasmic factors as a means of directing daughter cells
towards different developmental fates is well documented in a
number of animal as well as plant systems (Horvitz and
Herskowitz, 1992; Jan and Jan, 1998; Twell et al., 1998). In
the case of megasporogenesis, severa studies have implicated
cellular polarity as being important in the specification and
development of the functional megaspore (Willemse and van
Went, 1984; Webb and Gunning, 1990; Huang and Russdl,
1993). We considered the possibility that the defect in meiosis
and megasporogenesis in dyad is due to a defect in polarity of
the mmc and partitioning of cytoplasmic factors. Such a loss
of polarity could lead to a visible ateration in the distribution
of organelles, towards the chalazal end of the cell. An
examination of the mmc by transmission electron microscopy
failed to reveal any differences between the mutant and wild
type, suggesting that polarity is still present in the mmc at least
at the gross level. It does not of course rule out more subtle
molecular defectsin polarity that would not have been obvious
at the TEM level.

Two possibilities arise when considering the basis of the
dyad phenotype. One is that the mmc does not enter meiosis
but instead undergoes amitotic division to giveriseto two cells
that then arrest. Twin mmcs have been reported to occur in
wild-type Arabidopsis (Schneitz et al., 1995) at a low
frequency (in about 3% of ovules) and this could bear some
resemblance to what happens in dyad. The existence of a
mechanism by which a mmc once formed would inhibit
adjacent cells from adopting a sporogenic pathway of
development is one way of restricting the number of mmcs to
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one per ovule. In most plant species, there is one mmc per
ovule athough in some families such as the Amentiferae,
Casuarinaceae, Compositae, Rosaceae and Ranunculaceae,
more than one cell is found in some representatives
(Maheshwari, 1950). The macl mutant of maize (Sheridan et
al., 1996) forms multiple archesporia cells in the ovule and
these undergo meiosis and embryo sac development to
different extents. In addition to its effect in the female, the
macl mutant is also defective in pollen meiosis at prophase 1.
An dternative possibility in the case of dyad is that the mmc
enters meiosis and completes the first division but does not
carry out meiosis I1. Several lines of evidence support this and
taken together, rule out the possibility that the mmc undergoes
a mitotic division to give rise to two sporogenous cells, each
of which inhibits the further development of the other.

Firstly, callose, acytological marker that appearsin the mmc
during meiosis is observed in both mutant and wild type.
Secondly, AtDMC1, a molecular marker that is specifically
expressed in the megaspore and microspore mother cells at the
time of meiosis, is also expressed in the mmc in dyad. Finally,
examination of segregating chromosomes during metaphase
and anaphase of the dividing mmc using confocal laser
scanning microscopy shows that it undergoes a reductional
division. The mmc in dyad enters meiosis, completes meiosis
1, and arrests at the end of the first division in the majority of
ovules.

In Arabidopsis, it has been observed that cellularization of
the four spores occurs after both nuclear divisions have taken
place in meiosis (Webb and Gunning, 1990; Schneitz et dl.,
1995). In dyad, the two cells formed are clearly separated by
acell wall implying that it is the rapidity with which the second
nuclear division follows the first that is responsible for
cellularization occurring after it is complete. The second
divisionis not essential for cellularization and when it does not
occur, cellularization still takes place.

While the predominant mutant phenotype is the presence of
a dyad, there is considerable variation in the number of
divisions of the mmc. Based on the data in Table 3, by stage
3-1, the mmc in about 85% of ovules has undergone meiosis 1
whereas in 15% it has not. Of the 15% of mmcs that have not
divided, about two-thirds undergo a delayed meiosis whereas
one-third do not divide and can be observed even in late stage
ovules. The number of mmc divisionsis variable with the upper
limit being four cells, consistent with the view that the products
of mmc division are defective megaspores. The effect of the
dyad mutation therefore extends from the beginning of meiosis,
with asmall proportion of mmcs (4%) not undergoing meiosis
1. About half the mmcs progress through meiosis 1 but do not
undergo meiosis 2, and the remainder form atriad or a tetrad
which does not develop further in the majority of cases. In
addition we observed multinucleate cells which have also been
seen in other meiotic mutants. In some cases we observed
structures that resemble a developing gametophyte at the 2N
stage in one of the cells of the dyad. This raises the possibility
that in Arabidopsis, parts of the program underlying
development of the female gametophyte can sometimes
become uncoupled from the completion of meiosis. In
diplosporous apomictic species, meiosis 1 is aberrant or
bypassed and the mmc gives rise to two unreduced spores one
of which forms the embryo sac, while the other degenerates.
Whether any of the cells of the dyad express genes that are
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normally turned on during later stages of embryo sac
development remains to be seen and we are currently
examining the expression of molecular markers that are
expressed in parts of the female gametophyte at different
developmental stages.

The DYAD gene may encode a positive regulator required
for entry into meiosis 2. Genes that affect the second meiotic
division in other species are known to affect the cell cycle, and
in some cases have been shown to interact with components
that are central to cell cycle control (O'Keefe et al., 1989;
McCarroll and Esposito, 1994; Gonczy et a., 1994). It is
possible that the dyad gene may act in a related manner.
Alternatively, the arrest in dyad could be the consegquence of a
defect in meiosis 1, and afailure to pass a checkpoint control
at the end of the first division. Although the predominant
phenotypic class is an ovule containing a dyad, a small but
significant number of ovules (4%) contained a mmc that had
not undergone the first division and this would point to a role
for the dyad gene prior to or early in meiosis 1. Cloning and
molecular characterization of the dyad gene should provide
information to distinguish between these possibilities and also
shed light on processes that are unique to the female lineage
during meiosis and megasporogenesis in flowering plants.
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