
&p.1:Abstract The female gametophyte is an essential struc-
ture for angiosperm reproduction that mediates a host of
reproductive functions and, following fertilization, gives
rise to most of the seed. Here, we describe a rapid meth-
od to analyze Arabidopsis female gametophyte structure
using confocal laser scanning microscopy (CLSM). We
present a comprehensive description of megagametogen-
esis in wild-type Arabidopsis. Based on our observa-
tions, we divided Arabidopsis megagametogenesis into
eight morphologically distinct stages. We show that syn-
ergid cell degeneration is triggered by pollination, that
dramatic nuclear migrations take place during the four-
nucleate stage, and that megagametogenesis within a pis-
til is fairly synchronous. Finally, we present a phenotypic
analysis of the previously reported Gf mutant (Redei
1965) and show that it affects an early step of megaga-
metogenesis.
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Introduction

The female gametophyte is an essential structure for sex-
ual reproduction in angiosperms. Following pollination,
the female gametophyte participates in directing pollen
tube growth toward the ovule (Hulskamp et al. 1995).
Fertilization takes place in the female gametophyte and
is likely to be mediated by a host of female gameto-
phyte-encoded products (van Went and Willemse 1984;
Russell 1993). Upon fertilization, female gametophyte-
expressed genes are involved in inducing seed develop-
ment (Kermicle 1969; Kobayashi and Tsunewaki 1980;
Tsunewaki and Mukai 1990; Ohad et al. 1996). During

seed development, the female gametophyte’s egg and
central cells give rise to the seed’s embryo and endo-
sperm, respectively. The female gametophyte is also im-
portant for some forms of asexual reproduction, as in ga-
metophytic apomixis for example (Nogler 1984; Koltu-
now 1993).

The female gametophyte has a variety of forms. The
most common form, exhibited by 70% of the species ex-
amined, is monosporic-type megasporogenesis combined
with Polygonum-type megagametogenesis (Maheshwari
1950; Willemse and van Went 1984; Reiser and Fischer
1993). During monosporic-type megasporogenesis, a
diploid megaspore mother cell undergoes meiosis to pro-
duce four haploid megaspores. One of the megaspores
survives and the other three degenerate. During Polygo-
num-type megagametogenesis, the functional megaspore
undergoes three rounds of mitosis, producing an eight-
nucleate cell. Nuclear migration and cellularization re-
sult in the seven-celled embryo sac depicted in Figs. 1A
and 1B.

We have been using Arabidopsis to study Polygonum-
type megagametogenesis. Arabidopsis megagametogene-
sis has been examined by light microscopy of paraffin-
sectioned material (Misra 1962; Poliakova 1964) or of
cleared ovules (Webb and Gunning 1994; Schneitz et al.
1995). We recently isolated a battery of mutants with de-
fects in megagametogenesis or female gametophyte
function (C. A Christensen, S. Subramanian, and G. N.
Drews, unpublished). To facilitate the analysis of a large
number of megagametogenesis mutants, we developed a
rapid (1 day) procedure to analyze Arabidopsis megaga-
metogenesis using confocal laser scanning microscopy
(CLSM). CLSM is particularly well suited for the rapid
analysis of female gametophyte development because
specimen preparation does not require time-consuming
physical sectioning and is substantially faster than the
tissue clearing and staining procedures used with inter-
ference contrast microscopy. CLSM provides thin optical
sections characterized by excellent resolution, high con-
trast, and near absence of out-of-focus information. Fur-
thermore, CLSM serial optical sections can be assembled
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into digital volume sets that may be reoriented and/or re-
sectioned to provide perspectives on the specimen that
were not available in the specimen’s original orientation
(e.g., the data in Fig. 3).

In this paper we describe a rapid procedure to analyze
Arabidopsis female gametophyte development using
CLSM. We used this CLSM procedure to extend previ-
ous observations of Arabidopsis megagametogenesis
(Misra 1962; Poliakova 1964; Webb and Gunning 1994;
Schneitz et al. 1995). New observations allowed us to di-
vide Arabidopsis megagametogenesis into eight morpho-
logically distinct stages. We also used our CLSM proce-
dure to analyze megagametogenesis in the previously-re-
ported Gf mutant (Redei 1965). We show that the Gf mu-
tation affects an early step of megagametogenesis.

Materials and methods

Plant material and growth conditions

Seeds were sown in Sunshine Mix #3 (Sun Gro Horticulture,
Bellevue, Wash.). Plants were grown at 22°C and 50% relative hu-
midity under eight fluorescent lamps (Sylvania cool white) in an
EGC growth chamber. In each photoperiod, plants were given 18 h
of illumination. Plants were watered three times per week. The Gf
mutant was produced by X-ray irradiation in a Columbia back-
ground (Redei 1965). Because of the presence of additional muta-
tions, the Gf mutant was backcrossed two generations before mor-
phological analysis.

Confocal laser scanning microscopy

Pistils were dissected by first removing the sepals, petals and sta-
mens from isolated flowers. Cuts were then made on both sides of
the pistil replum using a 30.5-gauge syringe to expose the ovules
to fixative. Pistils were fixed in a solution of 4% glutaraldehyde
and 12.5 mM cocadylate (pH 6.9) for 2 h at room temperature.
The initial 30 min of fixation was performed under a house vacu-
um (~200 torr). Following fixation, the tissue was dehydrated in a
graded ethanol series (20% steps for 10 min each). Following de-
hydration, the tissue was cleared in a 2:1 mixture of benzyl ben-
zoate:benzyl alcohol. The pistils were mounted in immersion oil
(Scientific products high viscosity) and sealed under coverslips
with fingernail polish.

A Bio-Rad MRC 600 laser scanning confocal system equipped
with a Kr/Ar laser and mounted on a Nikon Optiphot was used to
examine the female gametophytes within the pistils. The 568 nm
laser line and YHS filter set were used to illuminate the siliques.
Optical sections of 1.5 µm were collected with a Nikon Plan apo
!60 objective. Images were collected using Comos version 7.0a
software (Bio-Rad).

NIH image version 1.58 software and Confocal Assistant ver-
sion 3.08 software (copyright Todd Clarke Brelje) was used for
subsequent image analysis. Voxblast version 1.2 software (Vay
Tek) was used to perform three-dimensional reconstruction, three-
dimensional measurements, and analysis. Figures were prepared
using Canvas version 3.1 software (Deneba) and Photoshop ver-
sion 3.0 software (Adobe). Prints were made with a Kodak 3600
dye sublimation printer.

With the CLSM procedure, cytoplasm, nucleoplasm and nucle-
oli exhibit autofluorescence when illuminated by the 488 nm or
568 nm laser lines. Fluorescence from cytoplasm and nucleoplasm
is moderate and fluorescence from nucleoli is extremely bright.
Fluorescence from cytoplasm and from nucleoplasm is approxi-
mately equal, but these two cellular compartments can be distin-
guished because nucleoplasm has a smoother texture (e.g., the
central cell and egg cell nuclei in Fig. 7A). Nucleoli are distin-
guished by their extremely bright autofluorescence (all figures).
Vacuoles are distinguished by having no fluorescence (all figures).
Cell boundaries are distinguished by a dark line between two cells
(e.g., the inner integument cells and the one-nucleate embryo sac
in Fig. 2B, and the antipodal cells in Fig. 6A), by slight differ-
ences in cytoplasmic fluorescence between two adjacent cells
(e.g., the synergid cells in Fig. 4C, D), or by vacuolar appression
of cytoplasm (e.g., the outer integument cells in Fig. 2B, C and the
synergid cells in Fig. 4C, D).

Flower development stages 12a, 12b, and 12c

For CLSM analysis, pistils were collected from flowers at specific
stages of flower development (Smyth et al. 1990). As shown in Ta-
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Fig. 1A, B Depiction of a seven-celled Arabidopsis female game-
tophyte. A Longitudinal view; B view from the abaxial direction.
Depicted are cytoplasm (light gray areas), vacuoles (black areas),
nuclei (dark gray areas), and nucleoli (white areas within the nu-
clei). The female gametophyte in A is oriented with its adaxial
surface (adjacent to the funiculus; Ad) to the right, its abaxial sur-
face (Ab) to the left, its micropylar pole (M) down, and its chalazal
pole (Ch) up. The female gametophyte in B is oriented with its
right surface (R) to the right, its left surface (L) to the left, its mi-
cropylar pole (M) down, and its chalazal pole (Ch) up. AC Antipo-
dal cell, CC central cell, EC egg cell, F funiculus, SC-L “left” syn-
ergid cell, SC-R “right” synergid cell, SEN secondary endosperm
nucleus &/fig.c:
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Fig. 2A–D Stages FG0–FG3 of Arabidopsis female gametophyte
development. A Confocal laser scanning microscopy (CLSM) im-
age of a female gametophyte at stage FG0. This panel shows the
megaspore mother cell (MMC) surrounded by, and in direct con-
tact with, the nucellar epidermis (Nu). At this stage, the outer
(OIn) and inner (IIn) integuments have just initiated. This image
consists of a single 1.5 µm optical section. B CLSM image of a
developing female gametophyte at stage FG1. The developing fe-
male gametophyte [functional megaspore (FM)] is uninucleate (N)
and teardrop-shaped. Degenerating megaspores (DM) are shown.
The outer (OIn) and inner (IIn) integuments do not completely en-
close the nucellus (Nu). This image consists of five 1.5 µm optical
sections. C CLSM image of a developing female gametophyte at
stage FG2. The developing female gametophyte consists of two

nuclei with one nucleus (MN) toward the micropylar pole and the
other nucleus (CN) toward the chalazal pole. The nucellus (Nu) is
enclosed by the outer (OIn) but not by the inner integuments (IIn).
This image is a projection of two 1.5 µm optical sections. D
CLSM image of a developing female gametophyte at stage FG3.
The developing female gametophyte consists of two nuclei (CN
and MN) separated by a large central vacuole (V1). An FG3 fe-
male gametophyte also contains a smaller vacuole (V2) at its cha-
lazal pole. At this and all subsequent stages the nucellus (Nu) is
completely enclosed by the inner integuments (IIn). This image is
a projection of two 1.5 µm optical sections. In all panels except A,
the female gametophytes are oriented with the micropylar pole
down and the chalazal pole up. F Funiculus. Bars=10 µm &/fig.c:



ble 3, most female gametophyte development in Arabidopsis oc-
curs during flower development stage 12. We therefore defined
three substages that we refer to as 12a, 12b, and 12c. During stage
12a the petals are level with the long stamens. The petals are
translucent and the anthers are green. During stage 12b the petals
are longer than the stamens but are shorter than the sepals. The
petals are milky-white (somewhat translucent) and the anthers are
yellow-green. During stage 12c, the petals are equal to or longer
than the sepals. Anthesis has not occurred. The petals are white
and the anthers are yellow.

Assignment of a female gametophyte stage to a pistil

In most cases, a single female gametophyte stage predominates
(!75%) within a pistil. Under these circumstances, we assign one
female gametophyte stage to a pistil. For example, pistils 1, 3, and
5 in Table 4 would be assigned stages FG0, FG1, and FG3, respec-

tively. In some cases, a single stage does not predominate because
the pistil is at a transition between two stages. Under this circum-
stance, we assign the pistil the two stages that together constitute
!75% of the female gametophytes. For example, pistils 2 and 10 in
Table 4 would be assigned stages FG0/1 and FG5/6, respectively.

The imperfect synchrony of female gametophyte development
was used to define female gametophytes at early and late stage
FG4. We defined early stage FG4 female gametophytes as those
found in pistils containing predominantly earlier stages (e.g., pistil
number 5 in Table 4). By contrast, we defined late stage FG4 fe-
male gametophytes as those found in pistils containing predomi-
nantly later stages (e.g., pistil number 8 in Table 4).

Transmission electron microscopy

Pistils were cut into 1 mm segments and fixed overnight in a solu-
tion of 4% glutaraldehyde in 12.5 mM sodium cacodylate buffer
(pH 6.9). The tissue segments were then washed in buffer, post-
fixed for 4 h in 1% aqueous osmium tetroxide, washed in distilled
water, and postfixed for 1 h in 1% aqueous uranyl acetate. All so-
lutions were kept at 4°C. The tissue was then dehydrated at room
temperature in a graded ethanol series (20% steps for 20 min
each), transferred into propylene oxide through intermediate stag-
es of 1:2, 1:1, and 2:1 mixtures of propylene oxide:ethanol, and
infiltrated and embedded in Embed 812 (Electron Microscopy Sci-
ences). Thin sections (90 nm) were stained with 2% aqueous ura-
nyl acetate and with Reynold’s lead citrate, and examined in a
Hitachi H-7100 electron microscope. Photographic images were
recorded on Kodak 4489 electron microscope film.

Results

CLSM analysis

We developed a procedure to prepare Arabidopsis ovules
for CLSM analysis (see Materials and methods). This
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Fig. 3A, B Stage FG4 of Arabidopsis female gametophyte devel-
opment. The developing female gametophyte consists of four nu-
clei. A large central vacuole (V1) separates a pair of chalazal nu-
clei (CN) from a pair of micropylar nuclei (MN). An FG4 female
gametophyte also contains a smaller vacuole (V2) at its chalazal
pole. A CLSM image of a developing female gametophyte at early
stage FG4. The line between the two chalazal nuclei (CN) lies or-
thogonal to the chalazal-micropylar axis. This image is a projec-
tion of three 1.5 µm digital resections of the original volume data
set. B CLSM image of a developing female gametophyte at late
stage FG4. The line between the two chalazal nuclei (CN) lies par-
allel to the chalazal-micropylar axis. This image is a projection of
four 1.5 µm digital resections of the original volume data set. In
both panels, the female gametophytes are oriented with the adaxial
surface to the right, the abaxial surface to the left, the micropylar
pole down, and the chalazal pole up. For both panels, the raw two-
dimensional data has been rendered into a volume using Voxblast
software. The volume was then reoriented and resectioned to
achieve the optimal view of the data. Bars=10 µm &/fig.c:



procedure is extremely rapid (4 h) for two reasons. First,
ovule dissection is not required. In this procedure,
whole-mount pistils are fixed and mounted for CLSM
analysis. Second, tissue is not stained. Rather, develop-
ing ovules exhibit autofluorescence. Fluorescence from
nucleoli is extremely bright, and that from cytoplasm and
nucleoplasm is moderate. By contrast, vacuoles do not
autofluoresce. Nucleolar fluorescence makes female ga-
metophyte nuclei distinct because, in Arabidopsis and
many other species, embryo sac nuclei contain single nu-
cleoli which are much larger than the nucleoli of the sur-
rounding ovule cells (Willemse and van Went 1984;
Mansfield et al. 1991). With this procedure, we can dis-
tinguish cytoplasm, nuclei, nucleoli, vacuoles, and cell
boundaries (see Materials and methods). Because of the
rapidity of this procedure and of CLSM analysis, we
were able to observe over 1000 developing embryo sacs
in our analysis of wild-type female gametophyte devel-
opment.

Megagametogenesis in Arabidopsis wild type

We used our CLSM procedure to analyze wild-type
megagametogenesis in the Arabidopsis ecotypes Lands-
berg erecta (L-er), Columbia, and Wassilewskija. We
found no differences in megagametogenesis among these
three ecotypes. To provide a framework for future genet-
ic and molecular analysis, we divided Arabidopsis mega-
gametogenesis into eight stages. Table 1 summarizes
these eight female gametophyte stages. Table 2 gives the
female gametophyte dimensions at each developmental
stage in the L-er ecotype. Table 3 lists the flower and
ovule developmental stages within which the female ga-
metophyte stages occur.

Megasporogenesis (stage FG0)

Stage FG0 encompasses all of megasporogenesis. We
found that the archesporial cell functions directly as the
megaspore mother cell (Webb and Gunning 1990; Schn-
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Table 1 Stages of Arabidopsis female gametophyte development &/tbl.c:&tbl.b:

Stage Female gametophyte morphology

FG1 One-nucleate female gametophyte. Teardrop shaped with the micropylar end being broader.
Three degenerating megaspores are present.

FG2 Two-nucleate female gametophyte. Several small (<5 µm) vacuoles are present. During late stage FG2,
the vacuoles begin to coalesce in the center. Degenerate megaspores are present.

FG3 Two-nucleate female gametophyte with a central vacuole. The two nuclei are located near the chalazal
and micropylar poles. A large central vacuole is present between the nuclei and a second, smaller vacuole is usually
present at the chalazal pole. Degenerate megaspores are present.

FG4 Four-nucleate female gametophyte. Two nuclei at each pole. The two pairs of nuclei are separated by a large central
vacuole. A second, smaller vacuole is usually present at the chalazal pole. During early stage FG4, the chalazal nuclei lie
along a line that is orthogonal to the chalazal-micropylar axis. During late stage FG4, the chalazal nuclei lie along a line
that is parallel to the chalazal-micropylar axis.

FG5 Eight-nucleate/seven-celled female gametophyte with unfused polar nuclei. Initially, four nuclei at each pole.
Cellularization begins immediately following mitosis and is completed by mid-stage FG5. During cellularization,
one nucleus from each pole (polar nuclei) migrates toward the center.

FG6 Seven-celled female gametophyte with polar nuclei fused. During this stage, the three antipodal cells are in the process
of degenerating.

FG7 Four-celled female gametophyte. The antipodal cells have degenerated. The female gametophyte is comprised
of the egg cell, the central cell, and two synergid cells.

FG8 Three-celled female gametophyte. One of the synergid cells degenerates. The female gametophyte consists
of the egg cell, the central cell, and one persistent synergid cell.

&/tbl.b:

Table 2 Female gametophyte
dimensions during develop-
ment in L-er &/tbl.c:&tbl.b:

Stage Number Length (µm) Width (µm)
analyzed

Mean Range Mean Range

FG1 (One-nucleate) 10 13.19 12.01–15.99 6.72 5.67–7.91
FG2 (Early two-nucleate) 10 18.31 16.21–20.07 6.79 6.29–7.39
FG3 (Late two-nucleate) 10 25.89 20.53–29.43 10.04 6.87–12.64
FG4 (Four-nucleate) 10 52.70 32.93–66.00 18.51 15.75–21.36
FG5 (Eight-nucleate) 12 94.23 90.06–97.81 19.75 18.25–24.06
FG6 (Seven-celled) 6 98.77 94.67–104.00 23.60 23.08–24.01
FG7 (Four-celled) 4 95.00 94.74–95.79 23.71 22.99–24.01
FG8 (Three-celled) 2 104.77 104.23–105.32 25.35 24.99–25.71

&/tbl.b:



eitz et al. 1995) and that the megaspore mother cell is in
direct contact with the nucellar epidermis (Fig. 2A). This
indicates that the Arabidopsis ovule is tenuinucellate
(Maheshwari 1950; Bouman 1984; Webb and Gunning
1990; Schneitz et al. 1995). Fig. 2A shows that the Arab-
idopsis nucellus is of the type that is elongated and in
which the integuments arise near its base (Maheshwari
1950).

Fig. 2A shows the megaspore mother cell prior to
meiosis. It is a relatively large cell (~17 µm) with a cyto-
plasm containing one or more vacuoles (data not shown).
The diploid megaspore mother cell undergoes meiosis to
form a tetrad of haploid megaspores. We generally ob-
served T-shaped tetrads (Maheshwari 1950; Bouman
1984; Webb and Gunning 1990; Schneitz et al. 1995).
We also observed linear tetrads (Misra 1962), but at a
frequency far less than that of the T-shaped tetrads
(Schneitz et al. 1995).

Shortly after meiosis, three of the megaspores degen-
erate, and one megaspore expands and gives rise to the
female gametophyte. The degenerating megaspores were
readily identified because they autofluoresced with ele-
vated intensity when compared with the surviving mega-
spore and the surrounding ovule cells (Fig. 1C, D). The
autofluorescence was perhaps due to the accumulation of
callose in the walls of these cells (Webb and Gunning
1990). We found that it was the chalazal-most megaspore
that survived (Fig. 1B) (Webb and Gunning 1990; Modr-
usan et al. 1994; Schneitz et al. 1995) and we found this
to be the case in all of over 500 ovules examined; thus,
there appears to be no exception to this rule. Survival of
the chalazal-most megaspore is the usual condition in
Polygonum-type female gametophyte development (Ma-
heshwari 1950; Willemse and vanWent 1984; Haig 1990;
Reiser and Fischer 1993).

One-nucleate stage (stage FG1)

Stage FG1, shown in Fig. 2B, is defined as the uninucle-
ate female gametophyte stage. This stage occurs late dur-

ing megasporogenesis, when the functional megaspore is
expanded and the other three megaspores are undergoing
degeneration. During stage FG1, the developing female
gametophyte adopts a teardrop shape, with the micropy-
lar end being the more expanded (Fig. 2B) (Webb and
Gunning 1990). As stage FG1 progresses, the three de-
generate megaspores become crushed at the micropylar
end between the megaspore and the nucellar epidermis
(Fig. 2B). Late in stage FG1, several small (<1 µm) vac-
uoles are observed (data not shown). At stage FG1, the
ovule’s inner integument is approximately one-half the
length of the nucellus, and the outer integument sur-
rounds the inner integument but does not completely en-
close the nucellus. This is in contrast to Schneitz et al.
(1995) who reported that the outer integument complete-
ly surrounds the nucellus at this stage.

Early two-nucleate stage (stage FG2)

Stage FG2 is shown in Fig. 2C. Stage FG2 begins as the
functional megaspore undergoes mitosis, giving rise to a
two-nucleate female gametophyte. Throughout stage
FG2, several small vacuoles are present at various posi-
tions within the developing embryo sac, but toward the
end of this stage, these vacuoles appear to coalesce in the
center (data not shown). The developing female gameto-
phyte continues to expand during this stage (Table 2).

54

Table 3 Flower development and ovule stages during which the
female gametophyte stages occur &/tbl.c:&tbl.b:

Female Flower Ovule
gametophyte development development
stage stagea stageb

FG0 (Megasporogenesis) 11 2
FG1 (One-nucleate) 12a 3-I
FG2 (Early two-nucleate) 12b 3-II
FG3 (Late two-nucleate) 12b–12c 3-III
FG4 (Four-nucleate) 12b–12c 3-IV
FG5 (Eight-nucleate) 12b–13 3-V
FG6 (Seven-celled) 12c–14 3-VI
FG7 (Four-celled) 13–14 3-VI
FG8 (Three-celled) 14 –

a Flower development stages from Smyth et al. (1990); See Mate-
rials and methods for definitions of flower development stages
12a, 12b, and 12c
b Ovule development stages from Schneitz et al. (1995) &/tbl.b:

Fig. 4A–D Stages FG5 and FG6 of Arabidopsis female gameto-
phyte development. A CLSM image of a developing female game-
tophyte at early stage FG5. A large central cell vacuole (CV) sepa-
rates two sets of nuclei. At the chalazal pole are three antipodal
nuclei (AN) and one polar nucleus (CPN), and at the micropylar
pole are two synergid nuclei (SN), one egg nucleus (EN), and one
polar nucleus (MPN). This image is a projection of four 1.5 µm
optical sections. B CLSM image of a developing female gameto-
phyte at mid stage FG5. A large central cell vacuole (CV) sepa-
rates two sets of cells. At the chalazal pole are three antipodal nu-
clei (A1N, A2N, and A3N), and at the micropylar pole are two syn-
ergid nuclei (“left” SLN and “right” SRN) and one egg nucleus
(EN). The chalazal polar nucleus (CPN) and the micropylar polar
nucleus (MPN) have migrated toward each other along the adaxial
surface. This image is a projection of the four 1.5 µm optical sec-
tions shown in Fig. 5. A1N, A2N, A3N, SLN, and SRN correspond
to the nuclei of the same names in Fig. 5. C CLSM image of a de-
veloping female gametophyte at late stage FG5. Polar nuclei mi-
gration is complete and the female gametophyte cells are fully cel-
lularized. The two polar nuclei (PN) lie in close proximity to each
other and to the egg cell nucleus (EN). The line between the polar
nuclei (PN) is approximately perpendicular to the chalazal-micro-
pylar axis. The “left” synergid cell (nucleus, SLN and vacuole,
SLV) and the “right” synergid cell (nucleus, SRN and vacuole,
SRV) lie side-by-side. This image is a projection of six 1.5 µm op-
tical sections. D CLSM image of a developing female gameto-
phyte at stage FG6. The polar nuclei have fused, yielding the sec-
ondary endosperm nucleus (SEN). This image is a projection of
nine 1.5 µm optical sections. In all panels, the female gametophyte
is oriented with the micropylar pole down and the chalazal pole
up. The female gametophyte in A is oriented at an oblique angle.
The female gametophyte in B is oriented with the adaxial surface
to the right and the abaxial surface to the left. The female gameto-
phytes in C and D are viewed from the abaxial surface such that
the right surface is to the right and the left surface is to the left
(defined in Fig. 1). Bars=10 µm &/fig.c:
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The degenerate megaspores are still present during stage
FG2. We observed stage FG2 much less frequently than
stages FG1 and FG3, suggesting that stage FG2 is short-
lived and that formation of the central vacuole (discussed
below) occurs shortly after mitosis. At stage FG2, the
ovule’s inner integument is approximately two-thirds the
length of the nucellus, and the outer integument sur-
rounds the inner integument and completely encloses the
nucellus. This is in contrast to previous studies in which

enclosure by the outer integument was reported to occur
at a later stage (Robinson-Beers et al. 1992; Webb and
Bowman 1994).

Late two-nucleate stage (stage FG3)

Stage FG3, shown in Fig. 2D, is defined by the presence
of a prominent central vacuole in the two-nucleate fe-



male gametophyte. This vacuole separates the two nuclei
to the chalazal and micropylar poles. Toward the end of
stage FG3, an additional smaller vacuole forms at the
chalazal pole. Throughout this stage, degenerate mega-
spores are still present. During stage FG3, the female ga-
metophyte first becomes curved as a consequence of the
ovule’s anatropous orientation. At stage FG3 and subse-
quent stages, the ovule’s inner and outer integuments
both completely enclose the nucellus. A two-nucleate fe-
male gametophyte with a prominent central vacuole is
frequently observed among Polygonum-type species
(Maheshwari 1950; Willemse and van Went 1984; Haig
1990; Reiser and Fischer 1993).

Four-nucleate stage (stage FG4)

The developing female gametophyte next undergoes a
second round of mitosis to produce a four-nucleate fe-
male gametophyte, which we define as stage FG4. We
were able to identify developing embryo sacs in early
and late stage FG4 (see Materials and methods). Figure
3A and Fig. 3B show early and late stage FG4, respec-
tively. During this stage, the chalazal nuclei and the mi-
cropylar nuclei are separated by a large central vacuole.
A second smaller vacuole is also present at the chalazal
pole. Female gametophyte curvature, as a consequence
of the ovule’s anatropous orientation, is very conspicu-
ous during stage FG4 and all subsequent stages. Degen-
erate megaspores are no longer apparent at stage FG4
(Fig. 3A).

In a female gametophyte at early stage FG4, the two
chalazal nuclei lie along a line that is orthogonal to the
chalazal-micropylar axis (Fig. 3A). In a late stage FG4
female gametophyte, by contrast, the two chalazal nuclei
lie along a line that is parallel to the chalazal-micropylar
axis (Fig. 3B). Thus, during stage FG4, the chalazal nu-
clei migrate such that the line between them rotates ap-
proximately 90° relative to the chalazal-micropylar axis.

In most (>90%) late stage FG4 female gametophytes
observed, the micropylar nuclear pair lie along a line that
is orthogonal to the chalazal-micropylar axis, as shown
in Fig. 3B. Infrequently, however, we also observed late
stage FG4 female gametophytes in which the micropylar
nuclear pair lie along a line that is parallel to the chala-
zal-micropylar axis or slightly offset from this (data not
shown). These observations suggest that the micropylar
nuclei may also migrate to become parallel to the chala-
zal-micropylar axis. The low frequency of these observa-
tions indicates that if micropylar nuclear migration does
occur, it probably occurs just prior to the third mitosis.
Nuclear migration in the four-nucleate embryo sac has
been observed in other Polygonum-type species (Folsom
and Cass 1990; Huang and Sheridan 1994)

Eight-nucleate stage (stage FG5)

Stage FG5 is the most active stage of female gameto-
phyte development. During this stage, the female game-
tophyte progresses from an eight-nucleate coenocyte to a
seven-celled embryo sac.
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Stage FG5 is shown in Figs. 4A–C and 5A–D. Stage
FG5 begins as the developing female gametophyte un-
dergoes a third and final round of mitosis. The initial re-
sult is an eight-nucleate cell with four nuclei at each pole
separated by a central vacuole (Fig. 4A). Two major
events occur during stage FG5. The first is a dramatic
migration of one nucleus from each pole (the polar nu-
clei) toward each other and the second is cellularization.

Polar nuclei migration begins immediately after the
third mitosis. The chalazal polar nucleus migrates most
of the length of the embryo sac along the adaxial surface
(Figs. 4B, 5A). The micropylar polar nucleus, by con-
trast, migrates a much shorter distance along the adaxial
surface (Figs. 4B, 5B). As a consequence, the polar nu-
clei meet in the embryo sac’s micropylar half, at a posi-
tion that is toward the adaxial surface and very close to
the egg nucleus (Fig. 4C). Just prior to fusion, the nucle-
oli of the two polar nuclei lie adjacent to each other,
forming an axis almost perpendicular to the chalazal-mi-
cropylar axis (Fig. 4C) (Mansfield et al. 1991).

Cellularization is completed during stage FG5. Fig-
ures 4C and 6A show that during late stage FG5 the fe-
male gametophyte cells have conspicuous cell bound-
aries, vacuoles, and distinct polarities. During early stage
FG5, cell boundaries can also be seen, but the cells have
neither well-developed vacuoles nor distinct polarities
(data not shown). Taken together, these data indicate that
cellularization begins early during stage FG5, probably
immediately after the third mitosis (Schneitz et al. 1995),
and is completed before polar nuclei fusion.

Figure 5 contains serial optical sections of a develop-
ing female gametophyte at mid stage FG5 (the projection
of these optical sections is shown in Fig. 4B). This figure
shows that by this time the female gametophyte cells oc-
cupy specific positions and have distinct polarities. At
the micropylar end, the two synergid cells lie along the
adaxial surface (Figs. 1A, 5A, D) and the egg cell lies
along the abaxial surface (Figs. 1A, 5C). When viewed
from the abaxial direction (Fig. 1B), the two synergid
cells lie side by side, defining a “left synergid” and a
“right synergid” (Figs. 1B, 4C). At the chalazal end are
the three antipodal cells (Figs. 1A, 4B, 5B–D). The cen-
ter of the embryo sac is occupied by the very large cen-
tral cell with its two unfused polar nuclei (Figs. 4B, C,
and 5A, B). This cellular arrangement is consistent with
prior studies in Arabidopsis (Mansfield et al. 1991; Mu-
rgia et al. 1993; Schneitz et al. 1995) and is typical of
Polygonum-type embryo sacs (Maheshwari 1950; Will-
emse and van Went 1984). By mid stage FG5, the egg,
synergid, and central cells have become highly vacuolate
(Fig. 5). The positioning of these vacuoles gives the cells
a distinct polarity (discussed below), indicating that
these cells have developed unique cell identities.

Seven-celled stage (stage FG6)

Stage FG6 is shown in Fig. 4D. Stage FG6 begins as the
two polar nuclei fuse. Polar nuclei fusion occurs toward
the adaxial surface of the embryo sac and at a position
that is about one-fourth the female gametophyte’s length



from the micropylar pole. The diploid nucleus created by
polar nuclei fusion is called the secondary endosperm
nucleus and is the nucleus of the central cell.

During stage FG6, the antipodal cells lose their promi-
nence and eventually disappear. We consistently observed
degeneration of the three antipodal cells (Poliakova 1964;
Murgia et al. 1993; Schneitz et al. 1995). Antipodal cell
degeneration is shown in Fig. 6A–C. During late stage
FG5, the antipodal cells are at their maximum promi-
nence (Fig. 6A). During stage FG6, the antipodal cell
cluster becomes increasingly compact and less distin-
guishable from the surrounding chalazal nucellus
(Fig. 6B). Eventually, the antipodal cells are no longer
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Fig. 5A–D Serial optical sections of a mid stage FG5 female ga-
metophyte. Each image consists of a single 1.5 µm optical section.
The image in Fig. 4B is a projection of the four sections shown in
this figure A1N, A2N, A3N, SLN and SRN correspond to the nuclei
of the same names in Fig. 4B. A Serial optical section number 1
showing the “right” synergid cell (nucleus, SRN and vacuole, SRV)
and the chalazal polar nucleus (CPN). B Serial optical section num-
ber 2 showing one of the antipodal cells (A1N), the chalazal polar
nucleus (CPN), and the micropylar polar nucleus (MPN). C Serial
optical section number 3 showing one of the antipodal cells (A2N)
and the egg cell (nucleus, EN and vacuole, EV). D Serial optical
section number 4 showing one of the antipodal cells (A3N) and the
“left” synergid cell (nucleus, SLN and vacuole, SLV). In all panels,
the female gametophyte is oriented with the adaxial surface to the
right, the abaxial surface to the left, the micropylar pole down, and
the chalazal pole up. CV central cell vacuoles. Bars=10 µm&/fig.c:



distinguishable and the tissue at the chalazal nucellus is
highly autofluorescent under 568 nm excitation (Fig. 6C).

Our analysis clearly indicates that at the time of polar
nuclei fusion the antipodal cells are still prominent and,
thus, that antipodal cell degeneration occurs after polar
nuclei fusion. This observation is in contrast to those by
Poliakova (1964), who reported that antipodal degenera-
tion occurs before polar nuclei fusion. Murgia et al.
(1993) and Schneitz et al. (1995) did not relate the tim-
ing of polar nuclei fusion to that of antipodal degenera-
tion.

Four-celled stage (stage FG7)

Stage FG7 is shown in Fig. 7A, 7B. The complete disap-
pearance of the antipodal cells defines the beginning of
stage FG7. Thus, during this stage, the female gameto-
phyte consists of the four cells (central cell, egg cell, and
two synergid cells) that constitute the female germ unit
(Dumas et al. 1984).

Figure 7A is a longitudinal section of a stage FG7 fe-
male gametophyte at the micropylar pole. This figure
shows a synergid cell lying along the adaxial surface and
the egg cell lying along the abaxial surface. The second
synergid cell also lies along the adaxial surface, but in a
different plane of section. The extreme micropylar por-
tion of the embryo sac is occupied by the two synergid
cells (Fig. 7A), causing the egg cell to occupy a more
chalazal position. Because the egg and synergid cells are

about the same length (egg, 19.4±0.6 µm, n=10; syner-
gids, 21.1±1.1 µm, n=20), the egg cell’s chalazal tip ex-
tends above (more chalazal) the synergid cells’ chalazal
tips (Fig. 7A, B). This cellular arrangement is consistent
with prior studies in Arabidopsis (Mansfield et al. 1991;
Murgia et al. 1993) and is typical of Polygonum-type
embryo sacs (Willemse and van Went 1984).

Figure 7A shows that the egg, synergid, and central
cells are highly polarized (Mansfield et al. 1991; Murgia
et al. 1993; Schneitz et al. 1995). The egg cell’s nucleus
and most of its cytoplasm are present at its chalazal pole
and a large vacuole occupies the micropylar two-thirds
of the cell (Figs.1A, B and 7A). Egg cell polarization is
almost universal among the angiosperms (Maheshwari
1950; Willemse and van Went 1984; Russell 1993) and
might be involved in establishing apical-basal polarity
during embryogenesis (Natesh and Rau 1983; West and
Harada 1993). The synergid cells have the opposite po-
larity of the egg cell, with their nuclei positioned at their
micropylar poles and their vacuoles at their chalazal
poles (Figures 1A, 1B, and 7A). The central cell is like-
wise polarized, with its nucleus and an accumulation of
cytoplasm adjacent to the egg apparatus (Figs. 1A, B and
7A). As a result, the secondary endosperm nucleus and
the egg nucleus lie very close to each other. Figure 7B is
a transmission electron micrograph showing that the nu-
clei of these two cells lie within 1.2 µm of each other,
presumably to facilitate double fertilization. Figure 7A,
B shows the relative size of the egg, synergid, and cen-
tral cell nucleoli. The egg cell’s nucleolus is slightly
larger than that of the synergid cell (Fig. 7A). However,
the central cell’s nucleolus is dramatically larger than
that of the other two cells (Fig. 7A, B). The Arabidopsis
female germ unit’s cellular morphology is typical of that
found among the angiosperms (Maheshwari 1950; Will-
emse and van Went 1984; Russell 1993).

Three-celled stage (stage FG8)

Stage FG8, shown in Fig. 7C, is marked by the degenera-
tion of one synergid cell. We found that synergid cell de-
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Fig. 6A–C Antipodal cell degeneration. A CLSM image of the
chalazal pole at late stage FG5. The antipodal cells are at their
maximum prominence. This image is a projection of three 1.5 µm
optical sections. B CLSM image of the chalazal pole at mid stage
FG6. The antipodal cells are in the process of degeneration and are
not distinguishable from the surrounding chalazal nucellus. This
image is a projection of three 1.5 µm optical sections. C CLSM
image of the chalazal pole at stage FG7. The antipodal cells are
absent. This image consists of a single 1.5 µm optical section. In
all panels, the female gametophytes are oriented with the adaxial
surface to the right, the abaxial surface to the left, the micropylar
pole down, and the chalazal pole up. AN Antipodal nuclei, CV
central cell vacuole. Bars=10 µm &/fig.c:



Fig. 7A–D Stages FG7 and FG8 of Arabidopsis female gameto-
phyte development. A CLSM image of the micropylar region of a
stage FG7 female gametophyte. This panel shows a synergid cell
(nucleus, SN and vacuole, SV) lying along the adaxial surface and
the egg cell (nucleus, EN and vacuole, EV) lying along the abaxial
surface. The synergid cell shown is the right synergid (Fig. 1B).
This image consists of a single 1.5 µm optical section.
Bar=10 µm. B Transmission electron micrograph of the nuclei in
the egg and central cells from a stage FG6 female gametophyte.
The nuclear membranes (NM) lie very close to each other (approx-
imately 1.2 µm). The darker-staining region within each nucleus is
the nucleolus. The black arrows indicate regions of cell wall depo-
sition between the egg and central cells. Bar=3 µm. C CLSM im-
age of a developing female gametophyte at stage FG8. The female

gametophyte consists of three cells: one central cell (secondary
endosperm nucleus, SEN and vacuole, CV), one egg cell (EN), and
one persistent synergid cell (pS). One of the synergid cells (dS)
degenerates. This image is a projection of three 1.5 µm optical
sections. Bar=10 µm. D CLSM image of a female gametophyte
just prior to fertilization. This image shows a pollen tube (PT) on
the funiculus (F) and tracking toward the micropyle (Mp). In this
female gametophyte both synergid cells (SN) are intact. This im-
age is a projection of nine 1.5 µm optical sections. Bar=10 µm.
The female gametophytes in A C and D are oriented with their ad-
axial surface to the right, their abaxial surface to the left, their mi-
cropylar pole down, and their chalazal pole up. The female game-
tophyte in B is viewed from the abaxial surface and oriented with
its micropylar pole down, and its chalazal pole up &/fig.c:



generation occurs consistently, and well after antipodal
cell degeneration (Murgia et al. 1993). Using CLSM
analysis, a degenerating synergid cell exhibits three mor-
phological features: (1) strong whole-cell autofluores-
cence, (2) absence of a vacuole, and (3) lack of a distin-
guishable nucleolus. An FG8 female gametophyte there-
fore consists of only three cells: one central cell, one egg
cell, and one synergid cell.

To determine whether a specific synergid cell degen-
erates, we identified stage FG8 female gametophytes and
determined whether it was the left or right synergid cell
(defined in Fig. 1B) that degenerated. Of 11 stage FG8
female gametophytes observed, six had a degenerating
left synergid and five had a degenerating right synergid.
Thus, within the context of the female gametophyte, the
selection of which synergid cell undergoes degeneration
appears to be a random process.

Synergid cell degeneration occurs as a consequence
of pollination

In Arabidopsis, flower development stage 14 (Smyth et
al. 1990) begins as the long stamens extend above the
stigma and self-pollination occurs. Table 3 shows that
the late stages of female gametophyte development
[stages FG6 (seven-celled stage) to FG8 (three-celled
stage)] occur during flower development stage 14. Thus,
at the time of pollination, female gametophyte develop-
ment is not yet complete. This raised the possibility that
pollination might trigger some late events of female ga-
metophyte development such as polar nuclei fusion, anti-
podal degeneration, or synergid degeneration. To address
this issue, we analyzed female gametophyte development
in the absence of pollination. We emasculated flowers at
flower development stage 12c (defined in Materials and
methods), waited 24–72 h, and fixed pistils for CLSM
analysis. In a parallel experiment, we hand-pollinated
emasculated flowers at 24 h following emasculation.
With unpollinated flowers, all of the events occurring up
to and including stage FG7 (four-celled stage) occurred
normally. However, the primary event of stage FG8
(three-celled stage), synergid cell degeneration, was nev-
er observed in over 100 ovules examined. With the polli-
nated flowers, by contrast, we consistently observed fe-
male gametophytes either with a degenerating synergid
cell or with only one remaining synergid cell. Taken to-
gether, these data indicate that synergid cell degeneration
occurs as a consequence of pollination.

In all species examined (except those lacking syner-
gid cells), the pollen tube enters the female gametophyte
by penetrating one of the synergid cells, and it is the pen-
etrated synergid cell that degenerates. In some species,
synergid cell degeneration occurs prior to pollen tube ar-
rival, but, in other species, this process occurs after pol-
len tube arrival (van Went and Willemse 1984; Willemse
and van Went 1984; Russell 1993). To determine wheth-
er synergid cell degeneration occurs before or after pol-
len tube arrival in Arabidopsis, we analyzed synergid

cell morphology in ovules just prior to pollen tube arriv-
al. We identified 14 ovules in which the pollen tube was
on the ovule. Of these, two ovules had a pollen tube on
the funiculus, nine ovules had a pollen tube in the micro-
pyle, and three ovules had a pollen tube adjacent to and
touching a synergid cell. In all such ovules observed,
both synergid cells were intact and showed no signs of
degeneration; that is, they were not autofluorescent and
had distinguishable vacuoles and nucleoli. For example,
Fig. 7D shows an ovule with a pollen tube on the funicu-
lus and with both synergid cells intact. These data sug-
gest very strongly that in Arabidopsis, synergid cell de-
generation occurs after pollen tube arrival.

Synchrony of female gametophyte development

To determine the extent to which female gametophyte
development within a pistil is synchronous, we fixed pis-
tils from L-er flowers at a variety of developmental stag-
es and scored the developmental stages of the female ga-
metophytes within these pistils using CLSM. The results
of this analysis are given in Table 4 and reveal two im-
portant points. First, within all pistils, only a narrow
range of developmental stages was present. Generally,
the range was two developmental stages. The exceptions
were those pistils containing female gametophytes at
stages FG2 (early two-nucleate stage) or FG6 (seven-
celled stage), most likely because these two stages are
short lived (discussed above). Second, within most pis-
tils, one developmental stage predominated. Generally,
>75% of the female gametophytes within a pistil were at
that developmental stage. Some pistils contained approx-
imately equal numbers of female gametophytes at two
developmental stages (e.g., pistil numbers 2 and 10) and
thus were considered to be at the transition between
those two stages. Taken together, these data indicate that
female gametophyte development within a pistil is fairly
synchronous and that, within a range, it is possible to as-
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Table 4 Synchrony of female gametophyte development in L-er &/tbl.c:&tbl.b:

Pistil Number of female gametophytes at developmental stages
number

FG0 FG1 FG2 FG3 FG4 FG5 FG6 FG7

1 18 2
2 10 13
3 1 19
4 14 4 2
5 2 15 3
6 6 15
7 1 19 1
8 2 12
9 9 1

10 12 8
11 9 1 3
12 4 2 8
13 1 3 7
14 1 1 10
15 3 10

&/tbl.b:



sign a female gametophyte developmental stage to a pis-
til (see Materials and methods).

Phenotypic analysis of the Gf mutant

The Gf mutation was originally identified by Redei in the
1960s (Redei 1965). Genetic analysis showed that Gf af-
fects both the female and the male gametophytes, is fully
penetrant in the female gametophyte, and is partially pe-
netrant in the male gametophyte (Redei 1965). From the
analysis of paraffin-sectioned material, it was reported
that Gf female gametophytes appeared morphologically
normal except for a low frequency of twin embryo sacs
(Redei 1965).

We analyzed development of Gf female gametophytes
throughout megagametogenesis using CLSM. To deter-
mine the terminal phenotype of Gf female gametophytes,
we emasculated Gf/GF flowers at flower development
stage 12c (defined in Materials and methods), waited
48 h, fixed the pistils for CLSM analysis, and analyzed
170 female gametophytes. When this was done with
wild-type pistils, all female gametophytes observed were
at the terminal developmental stage [stage FG7 (four-
celled stage)]. In Gf/GF pistils, approximately half of the
female gametophytes are genotypically mutant (Gf) and
about half are genotypically wild type (GF). As shown in
Table 5 (stage FG7 row), approximately half of the fe-
male gametophytes were morphologically abnormal,
suggesting very strongly that morphologically abnormal
female gametophytes were genotypically mutant. Figure
8 shows that abnormal female gametophytes contained
one nucleus. In contrast to wild-type female gameto-
phytes at stage FG1 (one-nucleate stage), Gf female ga-
metophytes at stage FG7 were not teardrop-shaped, were
more expanded, and contained one or more prominent
vacuoles (compare Figs. 2B and 8). We observed no twin
embryo sacs.

These data suggest that Gf female gametophytes fail
to progress out of stage FG1 (one-nucleate stage). To
verify this, we analyzed female gametophytes at earlier
developmental stages. Because female gametophyte de-

velopment within a pistil is fairly synchronous (Table 4),
the wild-type female gametophytes were used to predict
the stage of the mutant female gametophytes (discussed
in Materials and methods). As shown in Table 5, in
Gf/GF pistils containing female gametophytes at stages
FG3 (late two-nucleate stage) to FG6 (seven-celled
stage), approximately half of the female gametophytes
analyzed were abnormal. In all cases observed, abnormal
female gametophytes displayed the phenotype shown in
Fig. 8. By contrast, in pistils containing female gameto-
phytes predominately at stage FG1 (one-nucleate stage),
all embryo sacs observed were indistinguishable from
wild type. [Pistils containing female gametophytes pre-
dominantly at stage FG2 (early two-nucleate stage) were
not analyzed because, as shown in Table 4, they would
contain significant numbers of female gametophytes at
stage FG1 (one-nucleate stage).] Taken together, these
data indicate that the Gf mutation affects female gameto-
phyte development and that mutant female gametophytes
fail to progress out of stage FG1 (one-nucleate stage).

Discussion

Megagametogenesis in Arabidopsis wild type

We analyzed Arabidopsis megagametogenesis using
CLSM. Our results are in general agreement with those
of previous studies (Misra 1962; Poliakova 1964; Webb
and Gunning 1990; Mansfield et al. 1991; Murgia et al.
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Table 5 Summary of CLSM analysis of the Gf mutant &/tbl.c:&tbl.b:

Developmental Number of Number of Number of
stage pistils normal FGs abnormal FGs
analyzeda analyzed observed observed

FG1 (One-nucleate) 4 45 0
FG3/4 (Late two- 1 12 8
nucleate/four-nucleate)
FG4 (Four-nucleate) 2 20 11
FG4/5 (Four-nucleate/ 2 10 9
eight-nucleate)
FG5/6 (Eight- 3 25 23
nucleate/seven-celled)
FG7 (Four-celled) 12 90 80

a Assignment of a female gametophyte stage to a pistil is de-
scribed in Materials and methods &/tbl.b:

Fig. 8 Morphology of Gf female gametophytes. CLSM image of
an abnormal female gametophyte from a Gf/GF pistil at stage
FG7. This image shows a female gametophyte (mFG) arrested at
the uninucleate stage. This image is a single 1.5 µm optical sec-
tion. mFG Mutant female gametophyte, N nucleus. Bar=10 µm



1993; Webb and Gunning 1994; Schneitz et al. 1995).
However, the advantages of CLSM have allowed us to
extend these prior studies and to make several new ob-
servations.

Sequence of events

We have unambiguously determined that the following
events occur in a specific sequence: (1) first mitosis, (2)
central vacuole formation, (3) second mitosis, (4) third
mitosis, (5) cellularization, (6) polar nuclei fusion, (7)
antipodal degeneration, and (8) synergid degeneration.
Based on this sequence of events, we divided Arabidop-
sis female gametophyte development into eight stages
(Table 1). We developed this staging system primarily to
provide a framework for mutant analysis and have al-
ready used it in our analysis of the Gf mutant. However,
it also will be an essential tool for describing gene ex-
pression patterns during female gametophyte develop-
ment. Our female gametophyte staging system comple-
ments the staging systems for Arabidopsis flower devel-
opment (Smyth et al. 1990) and Arabidopsis ovule devel-
opment (Schneitz et al. 1995).

Synchrony

We found that female gametophyte development within a
pistil is fairly synchronous (Table 4). Thus, within a
range, it is possible to assign a female gametophyte stage
to a pistil (see Materials and methods). This feature is
extremely useful for mutant analysis because in the pis-
tils of a plant heterozygous for a female gametophyte
mutation, the developmental stage of the wild-type fe-
male gametophytes can be used to determine the approx-
imate developmental stage of the genotypically mutant
and morphologically abnormal female gametophytes
present in the same pistil (Table 5). For example, in our
analysis of the Gf mutant, we were able to determine that
the genotypically mutant and morphologically abnormal
female gametophyte in Fig. 8 was at stage FG7 (four-
celled stage).

Nuclear migration in the four-nucleate embryo sac

We found that during stage FG4 (four-nucleate stage),
the chalazal nuclear pair initially lie orthogonal to the
chalazal-micropylar axis (Fig. 3A), but that they migrate
such that they become parallel to the chalazal-micropylar
axis (Fig. 3B). We also found that the micropylar nuclear
pair may migrate to occupy a position parallel to the cha-
lazal-micropylar axis. Nuclear migration in a four-nucle-
ate embryo sac has been observed in several other spe-
cies (Folsom and Cass 1990; Russell 1993; Huang and
Sheridan 1994). In such cases, the micropylar-most nu-
cleus of the chalazal pair gives rise to one polar nucleus
and one antipodal nucleus, and the chalazal-most nucleus

of the chalazal pair gives rise to two antipodal nuclei
(Brown 1909; Cooper 1937; Folsom and Cass 1990;
Huang and Sheridan 1994). Likewise, the chalazal-most
nucleus of the micropylar pair divides to form the egg
and micropylar polar nuclei, and the micropylar-most
nucleus of the micropylar pair gives rise to the two syn-
ergid nuclei (Schaffner 1901; Brown 1909; Brown and
Sharp 1911; Ishikawa 1918; Howe 1926; Johanhsen
1929; Cooper 1937; Palser et al. 1971; Howe 1975; Fol-
som and Cass 1990; Russell 1993; Huang and Sheridan
1994). Thus, the nuclear migrations we observed in Ar-
abidopsis probably have determinative consequences.

Synergid cell degeneration

We found that if pollination is inhibited, synergid cell
degeneration does not occur in Arabidopsis. Thus, al-
though synergid cell degeneration is a component of the
flower developmental program, it is not an intrinsic step
of the female gametophyte developmental program.
These data indicate that the terminal developmental stage
in Arabidopsis is stage FG7 (four-celled stage) and that
the mature embryo sac consists of one central cell, one
egg cell, and two synergid cells. These four cells consti-
tute the female germ unit, which is the minimum cell
complement required for reproduction (Dumas et al.
1984; Russell 1993). Whether synergid cell degeneration
is an intrinsic step of the female gametophyte develop-
mental program in other species is not well studied.
However, in cotton, synergid cell degeneration occurs in
cultured ovules that are unpollinated and unfertilized
(Jensen et al. 1977). Thus, in at least one species, syner-
gid cell degeneration appears to be an intrinsic step of
the female gametophyte developmental program.

Our data show that synergid cell degeneration is trig-
gered by pollination in Arabidopsis. The signal to trigger
synergid cell degeneration may be either long-range (dif-
fusible) or require cell-cell contact. We found that syner-
gid cell degeneration occurs after pollen tube arrival,
suggesting that degeneration is triggered by pollen tube
contact in Arabidopsis. In several other species, includ-
ing Capsella, the synergid does not degenerate until pol-
len tube arrival (Schulz and Jensen 1968; van Went
1970; Newcomb 1973). However, in most species exam-
ined, synergid cell degeneration occurs prior to pollen
tube arrival (Jensen 1965; Diboll 1968; Cocucci and Jen-
sen 1969; Cass and Jensen 1970; Chao 1971; Maze and
Lin 1975; Mogensen and Suthar 1979; Wilms 1981).
Synergid cell degeneration prior to pollen tube arrival
suggests the existence of a long-range signal; however,
in these species, it has not been determined whether pol-
lination is required for degeneration. In at least one spe-
cies, pollination is not required for synergid cell degen-
eration (Jensen et al. 1977).

We observed that either synergid cell can degenerate.
Thus, within the developmental context of the female ga-
metophyte, synergid degeneration appears to be a ran-
dom event. However, Murgia et al. (1993) reported that
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the synergid cell that degenerates is the one that is locat-
ed on the side that is closest to the placenta. Similar ob-
servations have been observed in other species (Mogen-
sen 1984; Yan et al. 1991). Thus, within the developmen-
tal context of the carpel, synergid cell degeneration may
not be a random event (Murgia et al. 1993).

CLSM analysis of megagametogenesis mutants

From analysis of paraffin-sectioned material, it was pre-
viously reported that Gf female gametophytes appeared
morphologically normal except for a low frequency of
twin embryo sacs (Redei 1965). In contrast to these ear-
lier studies, we did not observe twin embryo sacs. Fur-
thermore, we found that the Gf mutation has a dramatic
effect on female gametophyte development. We found
that Gf female gametophytes fail to progress beyond
stage FG1 (one-nucleate stage). Nevertheless, mutant
embryo sacs remain viable, become more expanded and
develop one or more prominent vacuoles (Fig. 8). This
indicates that the GF gene product is not required for
cell viability and that rather, it is required for progression
out of stage FG1 (one-nucleate stage). The Gf mutation
exhibits reduced transmission through the male gameto-
phyte (Redei 1965), indicating that the GF gene also
functions during pollen development. Because the Gf
mutation is fully penetrant in the female gametophyte, it
cannot become homozygous; thus, it cannot be deter-
mined whether the GF gene functions during sporophyte
development.

Several other mutations affecting female gametophyte
development or function have been identified, including
the Arabidopsis trp4 trp1 (Niyogi et al. 1993), ctr1 (Ki-
eber et al. 1993), emb173 (Castle et al. 1993), and prl
(Springer et al. 1995) mutations, as well as the maize ig
(Kermicle 1971), lo1 (Singleton and Mangelsdorf 1940),
lo2 (Nelson and Clary 1952), and sp (Singleton and
Mangelsdorf 1940) mutations. Of these, morphological
analysis throughout megagametogenesis has been carried
out only with the ig mutant (Lin 1978, 1981; Huang and
Sheridan 1996). The ig mutation appears to affect pri-
marily regulation of the nuclear division cycle resulting
in asynchronous and/or extra nuclear divisions, and caus-
ing multiple secondary defects, including abnormal mi-
crotubule patterns, abnormal nuclear migration, abnor-
mal nuclear positioning, and lack of cellular specializa-
tion of micropylar cells.

We recently developed a genetic screen for female ga-
metophyte mutants, and have identified over 20 mutants
with defects in megagametogenesis or female gameto-
phyte function (C.A. Christensen, S. Subramanian, and
G.N. Drews, unpublished). Our preliminary data suggest
that the frequency of female gametophyte mutations is
extremely high (C.A. Christensen, S. Subramanian, and
G.N. Drews, unpublished). Thus, a procedure to rapidly
determine the phenotype of a female gametophyte mu-
tant is required. In this paper, we demonstrate that our
CLSM procedure is effective for rapidly analyzing hun-
dreds of developing female gametophytes to determine

the phenotype of a megagametophyte mutant. For exam-
ple, approximately 1 day was required to perform the Gf
mutant characterization presented here. We are currently
using this procedure in conjunction with our genetic
screen to identify female gametophyte mutants with de-
fects in specific cellular and developmental processes
such as the establishment of female gametophyte polari-
ty, specification of female gametophyte cell identity, mi-
tosis, central vacuole formation, cell expansion, nuclear
migration, polar nuclei fusion, cellularization, pro-
grammed cell death, pollen tube-female gametophyte in-
teraction, fertilization, and the induction of seed devel-
opment.
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