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The female gametophyte (embryo sac or megagametophyte) plays a critical role in sexual reproduction of angiosperms. It is
the structure that produces the egg cell and central cell which, following fertilization, give rise to the seed’s embryo and
endosperm, respectively. In addition, the female gametophyte mediates a host of reproductive processes including pollen
tube guidance, fertilization, and the induction of seed development. Several major events occur during megagametogenesis,
including syncitial nuclear divisions, cellularization, nuclear migration and fusion, and cell death. While these events have
been described morphologically, the molecules regulating them in the female gametophyte are largely unknown. We discuss
a genetic screen based on reduced seed set and segregation distortion to identify mutations affecting megagametogenesis and
female gametophyte function. We report on the isolation of four mutants (fem1, fem2, fem3, and fem4) and show that the
four mutations map to different locations within the genome. Additionally, we show that the fem1 and fem2 mutations
affect only the female gametophyte, while the fem3 and fem4 mutations affect both the female and male gametophyte. We
analyzed female gametophyte development in these four mutants as well as in the gfa2, gfa3, gfa4, gfa5, and gfa7 mutants.
We found that the fem2, fem3, gfa4, and gfa5 mutants abort development at the one-nucleate stage, while the fem1, fem4,
gfa2, gfa3, and gfa7 mutants are affected in processes later in development such as polar nuclei fusion and cellularization.
The establishment of a genetic screen to identify mutants and the development of a rapid procedure for analyzing mutant
phenotypes represent a first step in the isolation of molecules that regulate female gametophyte development and
function. © 1998 Academic Press
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embryo sac.

INTRODUCTION

Plants have a two-staged life cycle in which a haploid
gam etophyte generat ion alternates with a diploid sporo-
phyte generat ion . Angiosperm s are heterosporous and have
m ale and fem ale gam etophytes. The m ale gam etophyte
(pollen grain) develops with in the stam en’s anther and
consist s of two sperm cells encased with in a vegetat ive cell.
The fem ale gam etophyte (em bryo sac or m egagam etophyte)
develops with in the carpel’s ovary and exhibit s a variety of
form s. The most common form , which is found in approxi-
m ately 70% of the species exam ined, is referred to as the
Polygonum type (Maheshwari, 1950; Willem se and van
Went , 1984; Reiser and Fischer, 1993). As shown in Fig. 1,
the Polygonum -type fem ale gam etophyte is a seven-cell

st ructure consist ing of one egg cell, two synergid cells,
th ree ant ipodal cells, and one cent ral cell.
The fem ale gam etophyt e plays a cen t ral role in sexual

reproduct ion in angiosperm s. Du ring sexual reproduc-
t ion , t h e m ale gam etophyt e is t ran sferred from the an ther
t o t h e carpel’s st igm a, where it form s a pollen t ube t hat
grows th rough the carpel t o deliver it s two sperm cells t o
t h e fem ale gam etophyt e. Follow ing fert ilizat ion , t h e fe-
m ale gam etophyt e’s egg cell and cen t ral cell give rise t o
t h e seed’s em bryo and endosperm , respect ively. The
fem ale gam etophyt e plays a role in several st eps of t h is
reproduct ive processes in cluding pollen t ube gu idance
(Hu lskam p et al., 1995; Ray et al., 1997), fert ilizat ion
(van Wen t and Willem se, 1984; Russell, 1993), t h e induc-
t ion of seed developm en t (Ohad et al., 1996; Chaudhu ry
et al., 1997), and gam etophyt ic m at ernal con t rol (Ray,
1997; Drews et al., 1998).
Fem ale gam etophyte developm ent consist s of two phases

referred to as m egasporogenesis and m egagam etogenesis.
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During m egasporogenesis, a diploid m egaspore m other cell
undergoes m eiosis and gives rise to four haploid m egas-
pores, th ree of which undergo cell death . During m egaga-
m etogenesis, the surviving m egaspore undergoes three
rounds of m itosis without cytokinesis, producing an eight -
nucleate cell. N uclear m igrat ions, nuclear fusion , and cel-
lu larizat ion then resu lt in the seven-cell st ructure depicted
in Fig. 1.
Lit t le is known abou t t h e haploid-expressed genes t h at

regu lat e and m ediat e t h e m ajor even t s in m egagam eto-
genesis (m it osis, polarit y est ablishm en t , nuclear m igra-
t ion , nuclear fu sion , cellu larizat ion , and cell specifica-
t ion ) and fem ale gam etophyt e funct ion (pollen t ube
gu idance, fert ilizat ion , induct ion of seed developm en t ,
and gam etophyt ic m at ernal con t rol). A num ber of fem ale
gam etophyt e m u t an t s have been iden t ified in both A ra-
b idopsis (Redei, 1965; Cast le et al., 1993; Kieber et al.,
1993; N iyogi et al., 1993; Springer et al., 1995; Moore et
al., 1997) and m aize (Singlet on and Mangelsdorf, 1940;
N elson and C lary, 1952; Kerm icle, 1971), indicat ing a
requ irem en t for haploid-expressed genes in m egagam eto-
genesis and fem ale gam etophyt e funct ion (Drews et al.,
1998). However, a specific funct ion is known on ly for t h e
PRL gene, wh ich encodes a prot ein requ ired in DNA
replicat ion and cell division (Springer et al., 1995).
We have been using A rab idopsis as a syst em to iden t ify

and st udy haploid-expressed genes regu lat ing and m edi-

at ing fem ale gam etophyt e developm en t and funct ion .
Ext en sive descript ive st udies of A rab idopsis fem ale ga-
m etophyt e st ru ct u re and developm en t have been carried
ou t and have shown that A rab idopsis has a Polygonum -
t ype fem ale gam etophyt e (Misra, 1962; Poliakova, 1964;
Webb and Gunn ing, 1990; Mansfield and Briart y, 1991;
Mansfield et al., 1991; Murgia et al., 1993; Webb and
Gunn ing, 1994; Schneit z et al., 1995; Ch rist en sen et al.,
1997). Phenotypic analysis of fem ale gam etophyt e m u-
t an t s in A rab idopsis is facilit at ed by the fact t h at an
A rab idopsis pist il con t ain s a large num ber of ovu les (50
t o 60) and that t h e fem ale gam etophyt es w it h in t h ese
ovu les develop synch ronously (Ch rist en sen et al., 1997).
Addit ionally, con focal laser scann ing m icroscopy proce-
du res have been developed that allow for t h e rapid
charact erizat ion of m u t an t phenotypes, m ak ing large-
scale genet ic screen s pract ical (Ch rist en sen et al., 1997).
In th is paper we describe a procedure to ident ify fem ale

gam etophyte m utants and report the isolat ion of four m u-
tan ts, fem ale gam etophy te1 (fem 1), fem 2, fem 3, and fem 4.
We show that all of the fem mutat ions exhibit reduced
t ransm ission through the fem ale gam etophyte and that the
fem 3 and fem 4 mutat ions also affect the m ale gam etophyte.
We also report the phenotypic characterizat ion of these four
m utants, as well as the gfa2, gfa3, gfa4, gfa5, and gfa7
mutants (Feldm ann et al., 1997).

FIG. 1. The A rabidopsis fem ale gam etophyte. (A,B) Depict ions of a wild-type fem ale gam etophyte at the seven-cell stage (stage FG6).
Depicted are cytoplasm (ligh t gray areas), vacuoles (black areas), nuclei (dark gray areas), and nucleoli (white areas with in the nuclei). The
fem ale gam etophyte in A is shown in longitudinal view; it is orien ted with it s adaxial surface (adjacent to the funicu lus; ad) to the righ t ,
it s abaxial surface (opposite the funicu lus; ab) to the left . The fem ale gam etophyte in B is viewed from the abaxial direct ion . (C) CLSM
im age of a wild-type fem ale gam etophyte at the term inal stage (stage FG7). The second synergid cell was present but not included in th is
im age. This im age consist s of a single 1.5-�m opt ical sect ion . All fem ale gam etophytes are orien ted with their chalazal poles up and their
m icropylar poles down. Abbreviat ions: ab, abaxial surface; ac, an t ipodal cells; ad, adaxial surface; ch , chalazal pole; cv, cen t ral cell vacuole;
en , egg cell nucleus; ev, egg cell vacuole; f, fun icu lus; m p, m icropylar pole; sen , secondary endosperm nucleus; sn , synergid cell nucleus;
sv, synergid cell vacuole. Scale bar, 10 �m .
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MATERIALS AND METHODS

Plant grow th and kanamycin selection. Plant growth conditions
and kanamycin selection (50 �g/m l) were performed as previously
described (Christensen et al., 1997; Feldmann et al., 1997).
Mutant isolat ion. The fem 1 mutant was isolated in a screen of

ethyl m ethanesu lfonate (EMS)-m utagenized lines. Landsberg
erecta seed was soaked in 0.1% EMS for 14 h , washed for 3 h in
water, and then sown. On each of 1000 M1 plants, the M2 seed
from a single silique was collected. Five M2 seeds from each M1
silique were plan ted and grown unt il at least 15 flowers had been
self-pollinated. With each M2 plant , at least th ree siliques were cut
open and scored for the 50% desiccated ovules phenotype. The
fem 1 mutant was backcrossed five generat ions before genet ic and
morphological analysis was carried out .
The fem 2, fem 3, and fem 4 mutants were isolated in a screen of

T-DNA-mutagenized lines as described under Result s. The fem 2
and fem 3 mutants were isolated from lines generated by Ken
Feldm ann and obtained from the A rabidopsis Biological Resource
Center in pools of 20. For these lines, we screened an average of 53
plan ts in each of 57 pools (pools CS2361–CS2365, CS2461–CS2494,
CS2497–CS2501, CS2505, CS2507, CS2509 –CS2515, CS2520,
CS2522, CS2523, and CS2534). We isolated fem 4 from a screen of
195 lines generated and provided by Tom Jack .
Genet ic mapping. We used sim ple sequence length polymor-

phism s (Bell and Ecker, 1994) and cleaved amplified polymorphic
sequences (Konieczny and Ausubel, 1993) to m ap the mutat ions
with in the A rabidopsis genom e. fem 1, in the Landsberg erecta
background, and fem 2 and fem 3, in the Wassilewskija (Ws) back-
ground, were crossed to Columbia (Col) ecotype fem ales. fem 4 in
the Col background was crossed to a Ws fem ale. For the fem 2, fem 3
and fem 4 mutants, one KanR F1 plan t from each cross was selected
and again crossed to a Col fem ale (fem 2 and fem 3) or a Ws fem ale
(fem 4). For the fem 1 mutant one F1 plan t exhibit ing the 50%
desiccated ovules phenotype was selected and again crossed to a
Col fem ale. In all cases, the progeny resu lt ing from the second cross
const itu ted our m apping populat ion .
DNA was ext racted from either KanR plants (fem 2, fem 3, and

fem 4) or plan ts exhibit ing the 50% seed set phenotype (fem 1) in the
m apping populat ions as described by Murray and Thompson
(1980). Twenty-m icroliter polym erase chain react ion (PCR) reac-
t ions were done using 1.6 �l of tem plate (concent rat ion not
determ ined), 10 pmol of each prim er (Research Genet ics, Hunts-
ville, AL), 4 �mol each dNTP, 30 �mol MgCl2, 0.5–1 unit of Biolase
polym erase (ISC BioExpress, Kaysville, UT), 1� Biolase react ion
buffer (ISC BioExpress), and either 1� t art razine/Ficoll or 1�
sucrose/creosol red (Idaho Technologies, Idaho Falls, ID). PCR
cycling param eters were an in it ial denaturat ion step at 94°C for 4
m in and then 40 cycles of denaturat ion at 94°C for 15 s, annealing
at 55°C for 15 s, extension at 72°C for 30 s, and then a final
extension at 72°C for 4 m in on an MJ Research , Inc., PTC-100
Programmable Therm al Cont roller.
At least 52 individuals from each m apping populat ion were

tested against each m arker for linkage. In all cases, the m ost closely
linked m arkers had recombinat ion frequencies that were sign ifi-
cant ly differen t than 0.5 by �2 analysis (P � 0.025). Recombinat ion
frequencies were calcu lated and converted to genet ic m ap distances
according to Koornneef and Stam (1992) and Kosambi (1944). fem 1
mapped between nga76 and LFY3 on chromosom e 5. fem 1 and
nga76 had a recombinat ion frequency of 33.3 � 7.8 (m ap distance �
40.2 cM, n � 54) and fem 1 and LFY3 had a recombinat ion
frequency of 25.0 � 6.0 (m ap distance � 27.5 cM, n � 52). fem 2 and

nga8 on the top of chromosom e 2 had a recombinat ion frequency of
9.6 � 4.1 (m ap distance � 9.7 cM, n � 52). fem 3 and nga280 on
chromosom e 1 showed no recombinat ion (LOD score � 16.3, n �
54). Finally, fem 4 mapped between nga280 and AthATPASE on
chromosom e 1. fem 4 and nga280 had a recombinat ion frequency of
33.3 � 7.8 (m ap distance � 40.2 cM, n � 54) and fem 4 and
AthATPASE had a recombinat ion frequency of 24.1 � 5.8 (m ap
distance � 26.3 cM, n � 54).
Confocal laser scanning microscopy . Tissue preparat ion , m i-

croscopy, im age capture, and figure preparat ion were perform ed as
previously described (Christensen et al., 1997) with the following
modificat ions. For fem ale gam etophyte analysis, carpel walls were
separated from the septum prior to fixat ion by slicing along both
sides of the pist il’s replum with a 30-gauge syringe needle. After
clearing, each placenta was dissected by rem oving the pedicel,
style, and carpel walls. For m ale gam etophyte analysis, an thers
were fixed just prior to dehiscence and whole m ounted.
Assignment of a female gametophyte stage to a pist il. We

previously showed that fem ale gam etophyte developm ent with in a
pist il is fairly synchronous (Christensen et al., 1997). In m ost cases,
a single fem ale gam etophyte stage predom inates (�75% ) with in a
pist il. Under th is circum stance, we assign one fem ale gam etophyte
stage to a pist il. In som e cases, a single stage does not predom inate
because the pist il is at a t ransit ion between two stages. Under th is
circum stance, we assign the pist il the two stages that together
const itu te �75% of the fem ale gam etophytes.
Reciprocal crosses. To prevent the possibility of inadverten t

self-pollinat ion or cross-contam inat ion , single fem ale paren ts were
isolated in 2-lit er soda bot t les, all flowers on the prim ary inflores-
cence were em asculated daily before dehiscence and pollinated the
following day, and secondary inflorescences were rem oved. In
crosses between mutant m ales and wild-type fem ales, the fem ale
paren t was m ale sterile1-1 (van der Veen and Wirtz, 1968).

RESULTS

Isolat ion of Female Gametophyte Mutants
We screened for lines contain ing fem ale gam etophyte

lethal m utat ions. Our screen consisted of two steps. As a
prim ary screen , we opened siliques and screened for plan ts
with reduced seed set . On a plan t heterozygous for a fem ale
gam etophyte m utat ion , about 50% of it s fem ale gam eto-
phytes are wild type and funct ional, and approxim ately
50% are mutant and nonfunct ional. Following fert ilizat ion ,
funct ional ovules develop in to seeds. By cont rast , ovules
harboring defect ive fem ale gam etophytes fail to undergo
seed developm ent and desiccate instead. Thus, siliques
from heterozygous fem ale gam etophyte m utants contain
approxim ately 50% norm al seeds and 50% desiccated
ovules.
The secondary screen was based on the concept that

fem ale gam etophyte m utants exhibit altered segregat ion
pat terns. For example, self-pollinat ion of a heterozygous
fem ale gam etophyte m utant produces heterozygous and
wild-type progeny in a 1:1 rat io (if the m utat ion is fu lly
penet ran t and does not affect the m ale gam etophyte). The
lines we screened were mutagenized with a T-DNA con-
tain ing the chim eric npt II gene which confers kanamycin
resistance (Feldm ann et al., 1997). Thus, self-pollinat ion of
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a heterozygous fem ale gam etophyte m utant produces kana-
m ycin resistan t (KanR) and kanamycin sensit ive (KanS)
progeny in a 1:1 rat io (if the m utat ion is fu lly penet ran t and
does not affect the m ale gam etophyte). By cont rast , self-
pollinat ion of a heterozygous sporophyt ic m utant (e.g., a
m utant defect ive in flower developm ent ) produces KanR
and KanS progeny in a 3:1 rat io.
All poten t ial m utan ts ident ified in the prim ary screen

were allowed to self-pollinate, 100 –200 progeny seeds were
germ inated in the presence of Kan, and Kan resistance
rat ios (KanR/KanS) were scored. Although we were prim ar-
ily in terested in lines in which KanR/KanS was 1.0, we also
exam ined lines in which KanR/KanS was sligh t ly h igher or
lower than 1.0 because, as discussed below, fem ale gam eto-
phyte m utat ions can be part ially penet ran t and can also
affect the m ale gam etophyte.
Three lines, fem 2, fem 3, and fem 4, were ident ified that

exhibited reduced seed set and in which KanR/KanS was
less than 1.5. We also ident ified one fem ale gam etophyte
m utant (fem 1) in an EMS screen (see Materials and Meth-
ods) and obtained five addit ional fem ale gam etophyte m u-
tan ts (gfa2, gfa3, gfa4, gfa5, and gfa7) from other sources, as
listed in Table 1.

Linkage Analysis
To determ ine whether the fem 2–fem 4 mutat ions were

linked to the npt II gene, we crossed heterozygous fem ale
gam etophyte m utants with wild type, germ inated the F1
progeny in the presence of Kan, t ransferred 100 KanR F1
progeny to dirt , and scored these plan ts for reduced seed set .
With the fem 2–fem 4 mutants, all 100 of the F1 progeny
scored exhibited reduced seed set , indicat ing that in each of
these lines, the npt II gene was linked to the fem ale gam eto-
phyte m utat ion with in 3.7 cM at the 95% confidence level.
The t igh t linkage between the npt II gene and the fem ale
gam etophyte m utat ions allowed us, in subsequent experi-
m ents, to use the KanR trait as a m arker for the presence of
the m utat ions.

We determ ined the genet ic m ap posit ions of the fem
mutat ions. All four m utat ions m apped to locat ions in the
genom e that were differen t from each other and from the
gfa1–gfa7 mutat ions (Feldm ann et al., 1997), indicat ing
that they are not allelic (see Materials and Methods). Of the
other m utants discussed in th is paper, on ly gfa3 and gfa7
map to sim ilar posit ions (Feldm ann et al., 1997).

Penetrance in the Female Gametophyte
To determ ine the penet rance of the fem mutat ions in the

fem ale gam etophyt e, we crossed het erozygous m u tan t
plan ts as fem ale paren ts with wild-type m ales and scored
the number of F1 progeny that were heterozygous (KanR or
exhibited 50% seed set ) and homozygous wild type (KanS or
exhibited 100% seed set ). The data from these crosses are
summarized in Table 2. With all m utan ts tested, the rat io of
heterozygous to homozygous wild-type (KanR/KanS) prog-
eny was �1.0, indicat ing that these m utat ions exhibited
reduced t ransm ission through the fem ale gam etophyte and
thus affected the fem ale gam etophyte. With the fem 1 and
fem 4 mutants, no t ransm ission of the m utat ion was ob-
served, indicat ing that the fem 1 and fem 4 mutat ions were
100% penet ran t in the fem ale gam etophyte. By cont rast ,

TABLE 1
Mutants Discussed in This Paper

Mutant
Isolate
no. Mutagen

Mutant
classa Source

fem ale gam etophy te1 (fem 1) 864 EMS FGS This paper
fem ale gam etophy te2 (fem 2) 2462-5 T-DNA FGS This paper
fem ale gam etophy te3 (fem 3) 2465-35 T-DNA GG This paper
fem ale gam etophy te4 (fem 4) TJ160 T-DNA GG This paper
gam etophy t ic factor2 (gfa2) 102 T-DNA GG (Feldm ann et al., 1997)
gam etophy t ic factor3 (gfa3) 13 T-DNA GG (Feldm ann et al., 1997)
gam etophy t ic factor4 (gfa4) 84 T-DNA GG (Feldm ann et al., 1997)
gam etophy t ic factor5 (gfa5) 114 T-DNA GG (Feldm ann et al., 1997)
gam etophy t ic factor7 (gfa7) 21 T-DNA GG (Feldm ann et al., 1997)

a FGS, fem ale gam etophyte-specific; GG, general gam etophyt ic.

TABLE 2
Result s from Crosses of Heterozygous Fem ale Gam etophyte
Mutants as Fem ale Paren ts with Wild-Type Males

Mutant

N o. of progeny

Het /Homoa
Penet rance
in FGHeterozygous Homozygous

fem 1 0 206 0 100
fem 2 273 486 0.56 44
fem 3 225 388 0.58 42
fem 4 0 111 0 100

a Rat io of heterozygous to homozygous progeny.
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with the fem 2 and fem 3 mutants, at least 56% transm ission
of the m utat ion through the fem ale gam etophyte was
observed, indicat ing that the corresponding mutat ions were
part ially penet ran t in the fem ale gam etophyte. We, in
addit ion , carried out crosses with the gfa2, gfa3, gfa4, gfa5,
and gfa7 mutants and obtained penet rance values sim ilar to
those reported previously (Feldm ann et al., 1997).

Female Gametophyte Specificity
To determ ine whether the fem mutat ions also affect the

m ale gam etophyte, we crossed heterozygous mutant plan ts
as m ale paren ts with wild-type fem ales and scored the
number of F1 progeny that were heterozygous (KanR or
exhibited 50% seed set ) and homozygous wild type (KanS or
exhibited 100% seed set ). The data from these crosses are
summarized in Table 3. With the fem 1 and fem 2 mutants,
heterozygous and homozygous wild-type progeny were
present in approxim ately equal proport ions in the F1 gen-
erat ion , indicat ing that the fem 1 and fem 2 mutat ions do
not affect the m ale gam etophyte. By cont rast , with the
fem 3 and fem 4 mutan t s, t he rat io of het erozygous to
homozygous wild-type (KanR/KanS) progeny was �0.6,
indicat ing that the corresponding mutat ions exhibited re-
duced t ransm ission through the m ale gam etophyte and
thus affected the m ale gam etophyte.
In summary, we have ident ified two classes of fem ale

gam etophyte m utat ions. One class affect s the fem ale ga-
m etophyte but not the m ale gam etophyte and the second
class affect s both gam etophytes. We refer to these two
classes as fem ale gam etophyte-specific mutat ions and gen-
eral gam etophyt ic m utat ions, respect ively. The class that
each of the fem ale gam etophyte m utat ions falls with in is
listed in Table 1.

Megagametogenesis in the fem and gfa Mutants
Fem ale gam etophyte m utat ions could affect the fem ale

gam etophyte either by disrupt ing m egagam etogenesis or by
in terfering with one of the fem ale gam etophyte’s funct ions.
To dist inguish between these possibilit ies, we analyzed the

term inal phenotypes of the fem ale gam etophyte m utants.
To do th is, we allowed the fem ale gam etophytes with in
heterozygous pist ils to progress to the term inal develop-
m ental stage (stage FG7, Fig. 2A) and exam ined at least 80
fem ale gam etophytes for each mutant . The fem 1, fem 2,
fem 3, fem 4, gfa2, gfa3, gfa4, gfa5, and gfa7 mutants had
morphologically abnorm al fem ale gam etophytes at the ter-
m inal developm ental stage, indicat ing that the m utat ions
in these lines affect m egagam etogenesis. The term inal
phenotypes of the fem ale gam etophyte m utants are sum -
m arized in Table 4 and are discussed in detail below.
To determ ine the developm ental stage at which m egaga-

m etogenesis depart s from wild type in the fem and gfa
mutants, we analyzed m egagam etogenesis at all develop-
m en t al st ages in h et erozygou s pist ils. We previou sly
showed that fem ale gam etophyte developm ent with in a
pist il is synchronous (Christensen et al., 1997), which
allowed us to use wild-type fem ale gam etophytes to deter-
m ine the developm ental stage of m utant fem ale gam eto-
phytes with in the sam e pist il. Each developm ental stage
was analyzed by confocal laser scanning m icroscopy
(CLSM). Using th is procedure, nucleoli appear white, cyto-
plasm appears gray, and vacuoles appear black (Figs. 1C, 3,
and 4) (Christensen et al., 1997). The resu lt s of th is analysis
are summarized in Table 5. CLSM im ages of m utant fem ale
gam etophytes are shown in Figs. 3 and 4.
Megagametogenesis in w ild type. Megagam etogenesis

in wild-type A rabidopsis has been described (Misra, 1962;
Poliakova, 1964; Webb and Gunning, 1990; Mansfield et al.,
1991; Murgia et al., 1993; Webb and Gunning, 1994;
Schneitz et al., 1995; Christensen et al., 1997) and has been
divided in to seven morphologically dist inct stages that are
depicted in Fig. 2A (Christensen et al., 1997). First , the
surviving m egaspore (stage FG1) undergoes m itosis to pro-
duce a two-nucleate cell (stage FG2). Short ly thereafter, the
two nuclei separate to the chalazal and m icropylar poles
and a vacuole form s in the center (stage FG3). The develop-
ing fem ale gam etophyte then undergoes second (stage FG4)
and th ird rounds of m itosis. This resu lt s in an eight -
nucleate cell with four nuclei at each of two poles separated
by a large cent ral vacuole (beginning of stage FG5). N ext ,
one nucleus from each pole (the polar nuclei) m igrates
toward the fem ale gam etophyte’s center and the embryo sac
becom es cellu larized. The polar nuclei eventually fuse and
the fem ale gam etophyte consist s of seven cells and seven
nuclei (stage FG6; Figs. 1A and 1B). As a final developm en-
tal step, the three ant ipodal cells undergo cell death . Thus,
the m ature A rabidopsis fem ale gam etophyte (stage FG7)
consist s of one haploid egg cell, two haploid synergid cells,
and one diploid cent ral cell (Figs. 1C and 2B). Megagam eto-
genesis in A rabidopsis occurs over a period of approxi-
m ately 3.5 days (C . A. Christ ensen and G. N . Drews,
unpublished resu lt s).
To determ ine the exten t to which abnorm al fem ale

gam etophyte developm ent occurs in wild type, we analyzed
�1000 wild-type fem ale gam etophytes encompassing all
developm ental stages. Under our growth condit ions (Chris-

TABLE 3
Result s from Crosses of Heterozygous Fem ale Gam etophyte
Mutants as Male Paren ts with Wild-Type Fem ales

Mutant

N o. of progeny

Het /Homoa
Penet rance
in MGHeterozygous Homozygous

fem 1 219 221 0.99 1b
fem 2 342 303 1.13 0
fem 3 340 606 0.56 44
fem 4 238 412 0.58 42

a Rat io of heterozygous to homozygous progeny.
b Not sign ificant ly differen t than 0% .
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t ensen et al., 1997), less than 1% of the ovules we observed
contained a fem ale gam etophtye that had undergone abnor-
m al developm ent . Of those that developed abnorm ally, all
aborted at the one-nucleate stage and none had a defect in a
later developm ental step (i.e., polar nuclei m igrat ion , cellu -
larizat ion , polar nuclei fusion , or an t ipodal cell death).
gfa2. At the term inal developm ental stage (stage FG7)

approxim ately half of the embryo sacs in gfa2/GFA 2 pist ils
were phenotypically m utant (Table 5), consisten t with the
100% penet rance of the gfa2 mutat ion in the fem ale ga-
m etophyte (Feldm ann et al., 1997). The term inal phenotype
of gfa2 fem ale gam etophytes is shown in Fig. 3B and
depicted in Fig. 2D. In m ature gfa2 fem ale gam etophytes,
the overall m orphology of the egg cell, cen t ral cell, and
synergid cells was norm al (Fig. 3B and data not shown).
However, in cont rast to wild-type fem ale gam etophytes at
stage FG7, the nucleoli of the two polar nuclei were unfused
(Fig. 3B). Because Fig. 3B is a project ion of several CLSM
opt ical sect ions, the nuclear m embrane boundary was not
dist inguishable. Figures 3C and 3D are single opt ical sec-
t ions of m ature gfa2 fem ale gam etophytes showing that the

two polar nuclei, as well as the nucleoli, were separate.
Thus, the gfa2 mutat ion appears to specifically affect fusion
of the polar nuclei.
To determ ine the stage in which fem ale gam etophyte

developm ent depart s from wild type, we analyzed gfa2/
GFA 2 pist ils contain ing fem ale gam etophytes between
stages FG1 and FG7. In gfa2/GFA 2 pist ils contain ing fem ale
gam etophytes between stages FG6 and FG7 (pist il stages
FG6/7 and FG7), approxim ately half (109/207) of the fem ale
gam etophytes observed were abnorm al (Table 5). By con-
t rast , in gfa2/GFA 2 pist ils contain ing fem ale gam etophytes
at stage FG5 and earlier (pist il stages FG1-FG5/6), essen-
t ially all (283/291) fem ale gam etophytes observed were
morphologically wild type (Table 5). We therefore conclude
that gfa2 fem ale gam etophytes begin to develop abnorm ally
beginning at the t ransit ion from stage FG5 to stage FG6,
which is the t im e when the polar nuclei fuse (Fig. 2A).
In our analysis of developing fem ale gam etophytes, the

m ajor defect observed was a failu re of the polar nuclei to
fuse. In wild-type fem ale gam etophytes, an t ipodal cell de-
generat ion occurs subsequent to polar nuclei fusion . In gfa2

FIG. 2. Depict ions of m egagam etogenesis in wild-type (A,B) and fem ale gam etophyte m utant phenotypes at the term inal stage (C–F). (A)
Megagam etogenesis stages (Christensen et al., 1997). (B) Longitudinal view of a wild-type fem ale gam etophyte at the term inal stage (stage
FG7). (C) Term inal phenotype of fem 2, fem 3, gfa4, and gfa5 fem ale gam etophytes. (D) Term inal phenotype of gfa2, gfa3, and gfa7 fem ale
gam etophytes. (E) Term inal phenotype of gfa3 and gfa7 fem ale gam etophytes. (F) Term inal phenotype of the fem 4 mutant . Depicted are
cytoplasm (ligh t gray areas), vacuoles (black areas), nuclei (dark gray areas), and nucleoli (white areas with in the nuclei). All fem ale
gam etophytes are orien ted with their chalazal poles up and their m icropylar poles down. Abbreviat ions: ac, an t ipodal cells; cc, cen t ral cell;
ce, cell in sim ilar posit ion and polarity to egg cell; cs, cell in sim ilar posit ion and polarity to synergid cell; ec, egg cell; pn , polar nucleus;
sc, synergid cell; sen , secondary endosperm nucleus.
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FIG. 3. CLSM im ages of fem 3, gfa2, and gfa3 fem ale gam etophytes. (A) Term inal phenotype of a fem 3 fem ale gam etophyte. This im age
is a project ion of two 1.5-�m opt ical sect ions. (B) Term inal phenotype of a gfa2 fem ale gam etophyte. This im age is a project ion of four
1.5-�m opt ical sect ions. (C,D) Single opt ical sect ions showing a m agnified view of the unfused polar nuclei in two gfa2 fem ale
gam etophytes. The im age in C is a single opt ical sect ion of the project ion shown in B. Arrowheads show the posit ion of the nuclear
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fem ale gam etophytes, an t ipodal cell degenerat ion also oc-
curs, although it appeared to occur m ore slowly than in
wild type (data not shown).
gfa3. Under our growth condit ions, the penet rance of

the gfa3 mutat ion in the fem ale gam etophyte was 82% ;
thus, the expected frequency of phenotypically m utant
em bryo sacs in gfa3/GFA 3 pist ils was 41% . However, at the
term inal developm ental stage (stage FG7), approxim ately
30% of the fem ale gam etophytes in gfa3/GFA 3 pist ils were
phenotypically m utant (Table 5), suggest ing that som e
nonfunct ional gfa3 fem ale gam etophytes were m orphologi-
cally norm al at the resolu t ion of CLSM.
The phenotypes exhibited by gfa3 fem ale gam etophytes

at the term inal developm ental stage are shown in Figs.
3E–3H and depicted in Figs. 2D and 2E. The predom inant
(54/92) defect observed was failu re of the polar nuclei to
fuse (Figs. 2D and 3E). As with gfa2 mutants, individual
opt ical sect ions showed that the polar nuclei were adjacent
to one another but rem ained separate (Fig. 3F). Two less
frequent term inal phenotypes were also observed at the
term inal stage (Table 4). The first was fem ale gam etophytes
that were uncellu larized but contained five nuclei that were
in approxim ately the correct posit ions to be the egg
nucleus, synergid nuclei, and unfused polar nuclei (Figs. 2E

and 3G). The second was an ovule lack ing a fem ale gam eto-
phyte (Fig. 3H).
The defects exhibited by developing gfa3 fem ale gam eto-

phytes are summarized in Table 6. The m ajor defect ob-
served occurred during stage FG6. During stage FG6 in wild
type, the polar nuclei are fused and the ant ipodal cells are
undergoing cell death . By stage FG7, the ant ipodal cells are
completely degenerated (Fig. 2A). In gfa3/GFA 3 pist ils at
stage FG7, 304 fem ale gam etophytes were observed that
lacked ant ipodal cells, and of these 54 had unfused polar
nuclei (“unfused polar nuclei” colum n in Table 6, Fig. 3E).
Prior to stage FG6, two less frequent defects were observed.
The first was compressed embryo sacs at the four-nucleate
stage (“Four nuclei and compressed” column in Table 6)
and the second was uncellu larized fem ale gam etophytes at
late stage FG5 (“Uncellu larized” column in Table 6, Fig. 3I).
Based on frequency and developm ental progression , these
two defects probably gave rise to the ovules lack ing fem ale
gam etophytes (“N o FG” column in Table 6, Fig. 3H) and the
uncellu larized fem ale gam etophytes observed at the term i-
nal stage (“Uncellu larized” column in Table 6, Fig. 3G),
respect ively.
gfa7. The gfa7 mutant exhibited the sam e three term i-

nal phenotypes that were exhibited by the gfa3 mutant in

TABLE 4
Term inal Phenotypes of Fem ale Gam etophyte Mutants

Mutant Phenotype

fem 1 Fem ale gam etophyte absent . Embryo sac cavity filled with highly autofluorescent m aterial.
fem 2 One-nucleate fem ale gam etophyte.
fem 3 One-nucleate fem ale gam etophyte.
fem 4 At the m icropylar pole, cell m orphology, including nuclear posit ion ing, vacuolar and cellu lar shape, and vacuole

number was irregular. N uclear and cell numbers correspond to those of stages FG5, FG6, or FG7.
gfa2 Polar nuclei fail to fuse.
gfa3 In m ost (59% ), the polar nuclei fail to fuse. In som e (22% ), the embryo sac has five nuclei in approxim ately the correct

posit ions (to be the egg, synergid and unfused polar nuclei), bu t appears to be uncellu larized. In som e (19% ), the
ovules lacked fem ale gam etophytes.

gfa4 One-nucleate fem ale gam etophyte.
gfa5 One-nucleate fem ale gam etophyte.
gfa7 In m ost (58% ), the polar nuclei fail to fuse. In som e (28% ), the embryo sac has five nuclei in approxim ately the correct

posit ions (to be the egg, synergid and unfused polar nuclei), bu t appears to be uncellu larized. In som e (14% ), the
ovules lacked fem ale gam etophytes.

boundaries. (E) Term inal phenotype of a gfa3 fem ale gam etophyte. This im age is a project ion of five 1.5-�m opt ical sect ions. (F) Single
opt ical sect ion showing a m agnified view of the unfused polar nuclei in a gfa3 fem ale gam etophyte. Arrowheads show the posit ion of the
nuclear boundaries. (G) Term inal phenotype of a gfa3 fem ale gam etophyte. This im age is a project ion of eight 1.5-�m opt ical sect ions. (H)
Term inal phenotype of a gfa3 fem ale gam etophyte. This im age consist s of a single opt ical sect ion . (I) Phenotype of a gfa3 fem ale
gam etophyte at pist il stage FG5. This im age is a project ion of eight 1.5-�m opt ical sect ions. All fem ale gam etophytes are orien ted with their
chalazal poles up and m icropylar poles down and their abaxial surface to the left and adaxial surface to the righ t . Abbreviat ions: en , egg cell
nucleus; cv, cen t ral cell vacuole; m fg, m utant fem ale gam etophyte; n , nucleus; ne, nucleus in sim ilar posit ion to egg nucleus; npn , nucleus
in sim ilar posit ion to polar nucleus; ns, nucleus in sim ilar posit ion to synergid nucleus; pn , polar nucleus; sn , synergid cell nucleus; v,
vacuole. Scale bars, 10 �m .
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FIG. 4. CLSM im ages of fem 1 and fem 4 fem ale gam etophytes. (A) Term inal phenotype of a fem 1 fem ale gam etophyte. This im age is a
project ion of six 1.5-�m opt ical sect ions. (B,C) Phenotypes of two fem 1 fem ale gam etophytes at pist il stage FG5/6. Each im age is a
project ion of four 1.5 �m opt ical sect ions. (D–H) Phenotypes of fem 4 fem ale gam etophytes at the term inal stage. Due to abnorm al cellu lar
m orphologies, dist inct cellu lar ident it ies could not be assigned. The posit ion and overall polarity of cell e are sim ilar to those of the egg cell.
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approxim ately the sam e frequencies (Table 4). Since the
gfa3 and gfa7 mutants have an ident ical term inal pheno-
type (Table 4) and also have the sam e m ap posit ion (Feld-
m ann et al., 1997), they most likely harbor m utat ions in the
sam e gene. For th is reason , we exam ined earlier develop-
m ental stages only in the gfa3 mutant .
fem1. At the term inal developm ental stage (stage FG7),

approxim ately half of the fem ale gam etophytes in fem 1/
FEM1 pist ils were phenotypically m utant (Table 5), consis-
ten t with the 100% penet rance of the fem 1 mutat ion . As

shown in Fig. 4A, fem 1 fem ale gam etophytes at the term i-
nal stage were completely degenerated and their em bryo sac
cavit ies were filled with autofluorescent m aterial.
As shown in Table 5, fem 1 fem ale gam etophytes begin to

develop abnorm ally at approxim ately late stage FG5 or
stage FG6, which is about the t im e when the polar nuclei
fuse (Fig. 2A). The most commonly observed (27/33) phe-
notype at th is developm ental t im e is shown in Fig. 4B. As
with later stages (Fig. 4A), the fem ale gam etophyte was
completely degenerated and the embryo sac cavity was

The posit ions and overall polarit ies of cells s1 and s2 are sim ilar to those of the synergids. (D–F) Serial opt ical sect ions of the m icropylar
half of one fem 4 fem ale gam etophyte. (D) A single opt ical sect ion showing cell s1 (ns1 and vs1). (E) A project ion of two 1.5-�m opt ical
sect ions showing cell e (ne and ve). (F) A project ion of two 1.5-�m opt ical sect ions showing cell s2 (ns2 and vs2). The vacuole labeled v was
in addit ion to the three vacuoles norm ally seen in the egg apparatus. The two vacuoles labeled cv were connected (not shown). (G) In th is
fem 4 fem ale gam etophyte, the polar nuclei have fused (sen) and the ant ipodal cells have degenerated. This im age is a project ion of three
1.5-�m opt ical sect ions. An addit ional synergid cell was present but not included in the project ion . (H) In th is fem 4 fem ale gam etophyte,
the polar nuclei (npn) were unfused and the ant ipodal cells (an) were present . This im age is a project ion of five 1.5-�m opt ical sect ions. All
fem ale gam etophytes are orien ted with their chalazal poles up and m icropylar poles down and their abaxial surface to the left and adaxial
surface to the righ t . Abbreviat ions: an , an t ipodal cell nucleus; cv, cen t ral cell vacuole; m fg, m utant fem ale gam etophyte; ne, nucleus in
sim ilar posit ion to egg nucleus; npn , nucleus in sim ilar posit ion to polar nucleus; ns, nucleus in sim ilar posit ion to synergid nucleus; ns1,
nucleus of cell s1; ns2, nucleus of cell s2; sen , secondary endosperm nucleus; v, vacuole; ve, vacuole in sim ilar posit ion to egg cell vacuole;
vs, vacuole in sim ilar posit ion to synergid cell vacuole; vs1, vacuole of cell s1; vs2, vacuole of cell s2. Scale bars, 10 �m .

TABLE 5
Summary of CLSM Analysis of Fem ale Gam etophyte Mutants

Mutant Pist il stagea

No. of
pist ils
analyzed

N o. of
norm al FGs
observed

N o. of
abnorm al FGs
observed % Abnorm al

fem 1 FG3–FG4/5 9 108 2 2
FG5 4 60 0 0
FG5/6 4 41 33 45
FG6/7 9 74 77 51
FG7 5 38 42 53

fem 4 FG1–FG3/4 11 158 1 � 1
FG4 4 51 4 7
FG4/5 4 37 7 16
FG5 5 45 13 22
FG5/6 2 19 13 41
FG6 2 11 10 48
FG6/7 4 18 17 49
FG7 10 86 86 50

gfa2 FG1–FG4/5 15 197 3 2
FG5 6 60 1 2
FG5/6 2 26 5 16
FG6/7 3 21 19 48
FG7 11 77 90 54

gfa3 FG1–FG4 7 83 0 0
FG4/5 4 77 3 4
FG5 5 44 10 19
FG5/6 7 66 12 15
FG7 18 212 92 30

a Assignm ent of a pist il stage is described under Materials and Methods.
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filled with autofluorescent m aterial. Occasionally (6/33)
the less severe phenotype shown in Fig. 4C was observed. In
such fem ale gam etophytes, the nuclei were present in the
correct numbers and at the appropriate posit ions to be the
polar nuclei, egg nucleus, and synergid nuclei, bu t a prom i-
nent cent ral vacuole was absent (compare Fig. 4C with Fig.
1C). In som e (3/6) of these, the “polar nuclei” were adjacent
to each other but were unfused (e.g., the fem ale gam eto-
phyte shown in Fig. 4C). Generally, one or m ore of the
nuclei had an irregular shape and thus was probably in the
process of degenerat ion (data not shown). Taken together,
these data suggest that developm ent of fem 1 fem ale ga-
m etophytes begins to depart from wild type just before
polar nuclei fusion (late stage FG5) and that an early event
appears to be degenerat ion of the cent ral vacuole.
fem4. At the term inal developmental stage (stage FG7),

50% of embryo sacs in fem 4/FEM4 pistils were abnormal
(Table 5), corresponding to the 100% penetrance of the fem 4
mutation (Table 2). The term inal phenotype of fem 4 female
gametophytes is shown in Figs. 4D–4H and depicted in Fig.
2F. Essentially all (85/86) of the fem 4 female gametophytes we

observed at the term inal developmental stage had defects in
cellular morphology in the cells at the embryo sac’s m icropy-
lar pole (Table 7). In wild type, the egg cell has a distinctive
pear shape and a highly polarized cytoplasm ; its nucleus and
most of its cytoplasm are at its chalazal end and a large
vacuole occupies the remaining three-fourths of the cell (Fig.
1). Likewise, wild-type synergid cells have a distinctive shape
and a highly polarized cytoplasm , which has the opposite
polarity of the egg cell cytoplasm (Fig. 1). As with wild type,
fem 4 female gametophytes at the term inal developmental
stage had three cells at the m icropylar pole. However, in
contrast to wild type, these cells had irregular shapes and
polarit ies. An example of a fem 4 female gametophyte at the
term inal developmental stage is shown in Figs. 4D–4F. In this
example, the egg cell is not pear shaped and is tilted relative to
the female gametophyte’s long axis (Fig. 4E), and the synergid
cells were abnormally shaped and their nuclei occupied posi-
t ions more chalazal and abaxial than those of wild type (Figs.
4D and 4F).
In addit ion to the cellu lar m orphology defects exhibited

by all fem 4 fem ale gam etophytes, som e m ature fem 4 fe-

TABLE 6
Summary of Defects Observed in Developing gfa3 Fem ale Gam etophytes

Pist il
stagea

No. of
pist ils
analyzed

N o. of
FGs

analyzed

N o. of abnorm al fem ale gam etophytes observed

Four nuclei and
compressed N o FG Uncellu larized

Unfused
polar nuclei Total

FG4/5 4 80 1 0 2 0 3
FG5 5 54 5 1 3 1 10
FG5/6 7 78 2 6 3 1 12
FG7 18 304 0 18 20 54 92

a Assignm ent of a pist il stage is described under Materials and Methods.

TABLE 7
Summary of Defects Observed in Developing fem 4 Fem ale Gam etophytes

Pist il
stagea

No. of
pist ils
analyzed

N o. of
FGs

analyzed

N o. of abnorm al fem ale gam etophytes observed

Abnorm al
nuclear

posit ion at
stage FG4

Developm ental
delay

Abnorm al
cellu lar

m orphology
at stage FG5

Abnorm al
cellu lar

m orphology
at stage FG6

Abnorm al
cellu lar

m orphology
at stage FG7 Total

FG4 4 55 2 0 1 1 0 4
FG4/5 4 44 4 0 2 1 0 7
FG5 5 58 3 3b 7 0 0 13
FG5/6 2 32 4 0 9 0 0 13
FG6 2 21 0 10 0 0 0 10
FG6/7 4 35 0 0 15 2 0 17
FG7 10 172 0 1 35 23 27 86

a Assignm ent of a pist il stage is described under Materials and Methods.
b One of these fem ale gam etophytes was at stage FG3, and the others were at stage FG4.
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male gam etophytes also exhibited defects in polar nuclei
fusion and ant ipodal cell degenerat ion , which are develop-
m ental steps that follow cellu larizat ion (Fig. 2A). Of the 86
abnorm al fem ale gam etophytes observed at the term inal
developm ental stage, 27% had in tact an t ipodal cells and
41% had unfused polar nuclei and in tact an t ipodal cells
(Fig. 4H, Table 7).
To determ ine the developm ental stage at which cellu lar

m orphology becom es abnorm al, we analyzed fem ale ga-
m etophyte developm ent in fem 4/FEM4 pist ils at all devel-
opm ental stages. These data are summarized in Table 7. In
wild type, cellu larizat ion begins immediately following the
th ird m itosis (early stage FG5) and by late stage FG5, the egg
and synergid cells have dist inct polarit ies and morphologies
as described above (Fig. 2A; Christensen et al., 1997). In
fem 4 fem ale gam etophytes at late stage FG5, the egg and
synergid cells already exhibited defects in cell shape, vacu-
olar shape, and cell posit ion , indicat ing that cellu lar m or-
phology was abnorm al as soon as these cells were form ed
(Table 7).
Analysis of fem ale gam etophyte developm ent in the fem 4

mutant also revealed two subt le defects that occurred
before stage FG5 and were not m anifested at the term inal
developm ental stage (Table 7). The first was abnorm al
nuclear posit ion at stage FG4 (“Abnorm al nuclear posit ion
at stage FG4” column in Table 7). In fem 4/FEM4 pist ils,
som e four-nucleate em bryo sacs were observed in which
one of the two nuclei at each pole was closer to the center
of the embryo sac than in wild type (data not shown). The
second defect was apparen t developm ental asynchrony
(“Developm ental delay” column in Table 7). We previously
showed that m egagam etogenesis in wild type is fairly
synchronous and that fem ale gam etophytes at stage FG4 are
not presen t in pist ils contain ing fem ale gam etophytes at
stage FG6 (Christensen et al., 1997). However, som e fem 4/
FEM4 pist ils contained both stage FG4 and stage FG6
fem ale gam etophytes (Table 7). N evertheless, fem 4 fem ale
gam etophytes do progress beyond stage FG4 because by the
term inal stage nearly all (85/86) fem 4 fem ale gam etophytes
observed had undergone the th ird m itosis and had becom e
cellu larized (Table 7).
fem2, fem3, gfa4, and gfa5. The phenotype of the fem 2,

fem 3, gfa4, and gfa5 mutants is depicted in Fig. 2C. In th is
group, m egam etogenesis did not progress beyond stage FG1
(one-nucleate stage; Fig. 2A). As shown in Fig. 3A, ovule
m orphology (in tegum ent length and ovule shape) was sim i-
lar to ovules contain ing m ature, wild-type fem ale gam eto-
phytes. However, fem ale gam etophyte m orphology was
sim ilar to fem ale gam etophytes at stage FG1 [tear drop
shape, one nucleus, and sm all vacuoles (Webb and Gun-
ning, 1990; Christensen et al., 1997)]. We did not exam ine
earlier developm ental stages in th is group.
Wit h in fem 2/FEM2, fem 3/FEM3, gfa4/GFA 4, and gfa5/

GFA 5 pist ils, t h e frequencies of m orphologically abnor-
m al fem ale gam etophyt es were 51, 47, 10, and 18% ,
respect ively. The fact t h at t h e t h ese frequencies were
h igher t h an expect ed for t h e fem 2 and fem 3 mutan t s

(based on the genet ic t ran sm ission dat a in Table 2)
suggest s t h at t h ese m u t at ion s m ay be linked to ch rom o-
som al rearrangem en t s (Ray et al., 1997). The fact t h at
t h ese frequencies were h igher t h an expect ed for t h e gfa4
and gfa5 mutan t s [based on the 42% penet rance of t h e
gfa4 mutat ion and the 79% penet rance of t h e gfa5
mutat ion report ed by Feldm ann et al. (1997)] m ay suggest
t h at som e m orphologically norm al fem ale gam etophyt es
were non funct ional.

Microgametogenesis in the fem and gfa Mutants
As shown in Table 1, the fem 3, fem 4, gfa2, gfa3, gfa4,

gfa5, and gfa7 mutat ions also affect the m ale gam etophyte.
To determ ine whether they affect m icrogam etogenesis, we
analyzed the term inal phenotypes of these m utants. To do
th is, we used CLSM to analyze the m ale gam etophytes
with in anthers from late stage 12 (just prior to dehiscence)
flowers (Smyth et al., 1990). The resu lt s of th is analysis are
shown in Fig. 5. With in fem 3/FEM3, gfa3/GFA 3, gfa4/
GFA 4, and gfa5/GFA 5 anthers, m orphologically abnorm al
pollen grains were observed (Figs. 5B–5E). With these m u-
tan ts, abnorm al pollen grains were collapsed (arrows) or
h ighly vacuolate (arrowheads). These data indicate that the
fem 3, gfa3, gfa4, and gfa5 mutat ions affect m icrogam eto-
genesis. By cont rast , on ly m orphologically norm al pollen
grains (over 75 pollen grains scored) were observed in
fem 4/FEM4 and gfa2/GFA 2 anthers (Figs. 5F and 5G), sug-
gest ing that the fem 4 and gfa2 mutat ions m ay affect som e
aspect of m ale gam etophyte funct ion .

DISCUSSION

Isolat ion of Female Gametophyte Mutants
Molecules m ediat ing and regulat ing the m ajor events of

m egagam etogenesis (m itosis, polarity establishm ent , vacu-
ole form at ion , nuclear m igrat ion , cellu larizat ion , cell speci-
ficat ion and differen t iat ion , nuclear fusion , and cell death)
and fem ale gam etophyte funct ion (pollen tube guidance,
fert ilizat ion , induct ion of seed developm ent , and gam eto-
phyt ic m aternal cont rol) have not been ident ified. To begin
to ident ify these m olecules, we have in it iated a genet ic
screen for fem ale gam etophyte m utants that is based on
two criteria, seed set and segregat ion distort ion . Each of
these criteria alone is ineffect ive in definit ively ident ifying
fem ale gam etophyte m utants. Reduced seed set screens are
lim ited because th is phenotype also can be caused by a
variety of other factors including adverse environm ental
condit ions (e.g., h igh growth tem perature or water st ress),
chromosom al rearrangem ents (e.g., reciprocal t ransloca-
t ions and large inversions), and sporophyt ic m utat ions (e.g.,
a fem ale-sterile m utat ion with part ial penet rance). Segrega-
t ion distort ion screens are lim ited because they ident ify
both fem ale gam etophyte and m ale gam etophyte m uta-
t ions. However, when combined, these two criteria are
effect ive in ident ifying fem ale gam etophyte m utants. Using
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th is screening procedure, we ident ified four lines (fem 1,
fem 2, fem 3, and fem 4) contain ing fem ale gam etophyte
m utat ions. Several fem ale gam etophyte m utants were pre-
viously ident ified based on reduced seed set or segregat ion
distort ion including the A rabidopsis ct r1, em b173, Gf,
gfa1 � gfa7, hdd , prl, and t rp1;t rp4 mutants (Redei, 1965;
Cast le et al., 1993; Kieber et al., 1993; N iyogi et al., 1993;
Springer et al., 1995; Feldm ann et al., 1997; Moore et al.,
1997) and the m aize ig, lo1, lo2, sp1, and sp2 mutants
(Manglesdorf, 1931; Singleton , 1932; Rhoades and Rhoades,
1939; Singleton , 1940; Singleton and Mangelsdorf, 1940;
N elson and Clary, 1952; Kerm icle, 1971). The isolat ion of
these m utants, as well as the m utants described in th is
paper, dem onst rates that the criteria of reduced seed set and
segregat ion distort ion should be effect ive in large-scale
screens for fem ale gam etophyte m utants.

Female Gametophyte-Specific and General
Gametophyt ic Mutat ions
The mutants discussed in th is paper fall in to two classes.

The fem 1 and fem 2 mutat ions affect the fem ale gam eto-

phyte but not the m ale gam etophyte and, thus, fall in to the
fem ale gam etophyte-specific class. The fem 3, fem 4, gfa2,
gfa3, gfa4, gfa5, and gfa7 mutat ions affect both the fem ale
and m ale gam etophyte and, therefore, are general gam eto-
phyt ic (Feldm ann et al., 1997). Fem ale gam et ophyt e-
specific mutat ions are im portan t because the affected genes
encode funct ions required by the fem ale gam etophyte but
not the m ale gam etophyte including the establishm ent of
fem ale gam etophyte polarity, specificat ion and differen t ia-
t ion of the fem ale gam etophyte cells, cont rolled cell death
of the ant ipodal and synergid cells, cen t ral vacuole form a-
t ion and m ain tenance, pollen tube guidance, induct ion of
seed developm ent , and gam etophyt ic m aternal cont rol
(Drews et al., 1998). General gam etophyt ic m utat ions are
also an im portan t m utat ion class because m any im portan t
cellu lar processes are required in both gam etophytes in-
cluding m itosis, vacuole form at ion , cell expansion , subcel-
lu lar m igrat ion , nuclear m igrat ion and fusion , and cellu lar-
izat ion . Thus, m utat ions affect ing som e of the m ajor events
of m egagam etogenesis are likely to fall in to the general
gam etophyt ic class (Drews et al., 1998). With all of the
m utants described in th is paper, we do not yet know

FIG. 5. CLSM im ages of m ature pollen grains from wild type and the fem 3, fem 4, gfa2, gfa3, gfa4, and gfa5 mutants. (A) Wild type. (B)
fem 3. (C) gfa3. (D) gfa4. (E) gfa5. (F) fem 4. (G) gfa2. Arrows show collapsed pollen grains; arrowhead shows hypervacuolate pollen grain . All
im ages are single 1.5-�m opt ical sect ions. Scale bar, 10 �m .
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whether the corresponding mutat ions also affect the sporo-
phyte.

The fem1, fem2, fem3, fem4, gfa2, gfa3, gfa4, gfa5,
and gfa7 Mutat ions Affect Megagametogenesis
All of the fem ale gam etophyte m utat ions we analyzed

affect m egagam etogenesis. These nine mutat ions affect a
range of steps. In the fem 2, fem 3, gfa4, and gfa5 mutants,
m egagam etogenesis does not progress beyond the one-
nucleate stage (stage FG1; Figs. 2C and 3A). Developm ental
arrest at the one-nucleate stage could resu lt from defects in
a variety of processes including m itosis, cell cycle regula-
t ion , cellu lar m etabolism , or developm ental cont rol. From
the genet ic and morphological data presen ted here, there is
no way to determ ine which of these processes is affected by
the fem 2, fem 3, gfa4, and gfa5 mutat ions.
The gfa2 mutat ion affect s fusion of the polar nuclei (Figs.

2D and 3B–3D). In th is m utant , the polar nuclei m igrate
together, com e to lie side-by-side, bu t fail to fuse. Polar
nuclei fusion has been described in plan ts and has been
shown to consist of two steps. In the first step, the endo-
plasm ic ret icu lum (ER) m embranes that are cont inuous
with the outer nuclear m embranes of the two nuclei fuse,
resu lt ing in a cont inuous outer m embrane surrounding
unfused inner nuclear m embranes; and in the second step,
the inner nuclear m embranes com e in contact and m erge to
complete the fusion process (Jensen , 1964). We do not yet
know which of these steps is affected by the gfa2 mutat ion .
N uclear fusion has also been studied in yeast and has been
found to occur via a process sim ilar to that in plan ts
(Kurihara et al., 1994). Yeast nuclear fusion mutants have
been ident ified and som e of the affected genes encode
components of the t ranslocon , which is a protein complex
embedded in the ER membrane that is responsible for
protein t ranslocat ion in to the ER (Marsh and Rose, 1997).
Polar nuclei fusion is also affected by the gfa3 and gfa7

mutat ions (Figs. 2D, 3E, and 3F). However, un like the gfa2
mutat ion , the gfa3 and gfa7 mutat ions are pleiot ropic and
also resu lt in uncellu larized fem ale gam etophytes (Figs. 2E,
3G, and 3I). Pleiot ropy of m utat ions affect ing polar nuclei
fusion is not surprising because, in yeast , som e of the
m olecules required for nuclear fusion are also required for
other cellu lar processes and, as a consequence, som e of the
yeast nuclear fusion mutat ions are pleiot ropic (Marsh and
Rose, 1997). For example, the yeast Sec63 protein is re-
quired for both nuclear fusion and protein t ranslocat ion
in to the ER lum en (N g and Walter, 1996). Thus, by analogy,
the pleiot ropy exhibited by the gfa3 and gfa7 mutat ions
could reflect addit ional funct ions of the GFA3 and GFA7
gene products.
fem 1 fem ale gam etophytes develop norm ally unt il late

during stage FG5 (Table 5), which is just before polar nuclei
fusion but after three rounds of m itosis and cellu larizat ion .
Thus, the fem 1 mutat ion does not affect m any fundam ental
cellu lar processes such as m itosis, vacuole form at ion ,
nuclear m igrat ion , and cellu larizat ion . In som e (6/33, Table

5) fem 1 em bryo sacs, m ost aspect s of m orphology are
norm al except that the cent ral vacuole is not presen t (Fig.
4C). Thus, FEM1 may be required for m ain tenance of the
cent ral vacuole and the fem 1 mutat ion m ay cause disin te-
grat ion of th is vacuole. If th is is t rue, then the more severe
phenotype observed (Figs. 4A and 4B) could be caused by the
release of vacuolar conten ts. Addit ional analysis using
t ransm ission elect ron m icroscopy is required to determ ine
if that is the case.
fem 4 fem ale gam etophytes exhibit defects in cellu lar

m orphology (Figs. 2F and 4D–4H). The m echan ism of
cellu larizat ion during m egagam etogenesis is not well un-
derstood (Russell, 1993). One model is that following the
th ird m itosis, m icrotubules em anate radially from indi-
vidual nuclei, phragmoplast s form where the m icrotubules
m eet , and cell plates form at the equator of the phragmo-
plast s (Brown and Lemmon, 1991; Russell, 1993). In support
of th is m odel, phragmoplast s have been observed in A rabi-
dopsis fem ale gam etophytes between sister and nonsister
nuclei following the th ird m itosis (Webb and Gunning,
1994). In th is m odel, the locat ion of the cell walls is
u lt im ately determ ined both by the posit ion of the nuclei
and the organizat ion of the cytoskeleton . If th is m odel is
correct , then the fem 4 mutat ion could affect cellu lar m or-
phology by disrupt ing nuclear posit ion or the organizat ion
or funct ion of the cytoskeleton . Cytoskeletal organizat ion
defects also could explain the aberran t nuclear posit ion and
apparen t developm ental delay observed in fem 4 fem ale
gam etophytes at stage FG4 (Table 7). Further analysis of
cellu larizat ion and cytoskeletal organizat ion in fem 4 fe-
m ale gam etophytes is required to address these issues.
Som e fem 4 embryo sacs also exhibit defects in polar nuclei
fusion and ant ipodal cell degenerat ion (Table 7); however,
because these developm ental steps occur after cellu lariza-
t ion , these defects probably occur as a secondary conse-
quence of the earlier cellu larizat ion defect .
O f t h e previou sly iden t ified fem ale gam etophyt e m u-

t an t s, m orphological analysis t h roughou t m egagam eto-
genesis has been carried ou t on ly w it h t h e Gf (Redei,
1965), hdd (Moore et al., 1997), ig (Kerm icle, 1971), lo2
(N elson and C lary, 1952), and prl (Springer et al., 1995)
m u t at ion s. The Gf mutat ion cau ses a phenotype iden t ical
t o t h at of t h e fem 2, fem 3, gfa4, and gfa5 mutan t s,
developm en t al arrest at t h e one nucleat e st age (st age
FG1). By con t rast , t h e phenotypes of t h e hdd , ig, lo2, and
prl mutan t s do not resem ble t hose of t h e m u t an t s pre-
sen t ed here. The hdd , lo2, and prl mutat ion s cau se
developm en t al arrest at t h e one-, two-, fou r-, or eigh t -
nucleat e st age (Moore et al., 1997; Sheridan and Huang,
1997), and the ig mutat ion cau ses ext ra cycles of nuclear
division s t o occu r (Kerm icle, 1971; Lin , 1978; Lin , 1981;
Huang and Sheridan , 1996). In addit ion , t h e hdd and ig
mutat ion s cau se asynch rony of nuclear division s at t h e
m icropylar and chalazal poles (Huang and Sheridan , 1996;
Moore et al., 1997). These dat a suggest t h at t h e HDD, IG ,
LO 2, and PRL genes m ay play a role in con t rolling
nuclear division . Consist en t w it h t h is idea, t h e PRL gene
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is relat ed t o t h e yeast MCM2-3-5 genes t h at are requ ired
for in it iat ion of DNA replicat ion (Springer et al., 1995).

The fem3, gfa3, gfa4, and gfa5 Mutat ions Affect
Microgametogenesis
As discussed above, the fem 3, fem 4, gfa2, gfa3, gfa4, gfa5,

and gfa7 mutat ions affect both the fem ale and m ale gam eto-
phyte. Thus, in form at ion about the pollen defects caused by
these m utat ions m ay help to understand the funct ions of
the corresponding genes during m egagam etogenesis. As a
first step in th is direct ion , we analyzed the term inal pollen
phenotypes of these m utants. We found that fem 3, gfa3 (and
presum ably also gfa7), gfa4, and gfa5 affect m icrogam eto-
genesis. Further analysis is required to determ ine the spe-
cific steps of m icrogam etogenesis affected. By cont rast , the
gfa2 and fem 4 mutat ions do not appear to affect m icroga-
m etogenesis and m ay instead affect som e aspect of pollen
funct ion such as pollen germ inat ion , pollen tube growth , or
pollen tube guidance.
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