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To understand better the role of genes in controlling ovule development, a female-sterile mutant, aintegumenta (ant) ,  
was isolated from Arabidopsis. In ovules of this mutant, integuments do not develop and megasporogenesis is blocked 
at the tetrad stage. As a pleiotropic effect, narrower floral organs arise in reduced numbers. More complete loss of floral 
organs occurs when the ant mutant is combined with the floral homeotic mutant apetala2, suggesting that the two genes 
share functions in initiating floral organ development. The ANT gene was cloned by transposon tagging, and sequence 
analysis showed that it is a member of the APETALAS-like family of transcription factor genes. The expression pattern 
of ANT in floral and vegetative tissues indicates that it is involved not only in the initiation of integuments but also in 
the initiation and early growth of all primordia except roots. 

INTRODUCTION 

Ovule development involves four main events: (1) initiation of 
primordia; (2) regionalization of the primordia into three zones, 
the stalk (funiculus), a central region (chalaza), and the tip 
(nucellus); (3) initiation, growth, and differentiation of the en- 
veloping integument(s) from the chalazal region; and (4) 
development of the embryo sac from a nucellus-derived mega- 
spore mother cell (Bouman, 1984; Reiser and Fischer, 1993). 

As an approach to understanding ovule deveiopment, mu- 
tants that affect a range of different developmental aspects 
have been obtained in Arabidopsis. Development of the wild- 
type ovule has been described in detail for this species 
(Robinson-Beers et al., 1992; Modrusan et al., 1994; Schneitz 
et al., 1995). Most mutations reported to date involve disrup- 
tions to the integuments. These mutations reduce their size 
(e.g., short integuments [sin]; Robinson-Beers et ai., 1992; Lang 
et al., 1994), result in excessive, region-specific integument 
growth (superman [sup]; Gaiser et al., 1995), convert their iden- 
tity (bell[belj; Modrusan et al., 1994; Ray et al., 1994), or affect 
late integument differentiation into the seed coat (apetala2 
[ap2]; Jofuku et al., 1994; and aberranttesta shape [afs]; Léon- 
Kloosterziel et al., 1994). General conclusions from these 
studies have been limited thus far. However. it seems clear 
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that integument and embryo sac development are interdepen- 
dent processes because none of the mutants that severely 
disrupt integuments generate a normal embryo sac (Reiser 
and Fischer, 1993). 

Ovule development genes may also play parallel roles ear- 
lier in flower development. For example, the AGAMOUS (AG) 
gene, whose expression in integuments is suppressed by BEL, 
is involved in specifying floral organ identity (Bowman et al., 
1989; Weigel and Meyerowitz, 1994). AG may also have an 
identity function in ovules, because a change in integument 
identity is the consequence of ectopic expression of AG within 
them (Modrusan et al., 1994; Ray et al., 1994). The SUP gene 
is also expressed in developing flowers as well as in ovules. 
In flowers, it plays a role in maintaining the stamen/carpel 
boundary, and this may occur through a growth-suppressing 
function parallel to its proposed action in the developing in- 
teguments (Sakai et al., 1995). As a final example, the AP2 
gene is also involved in the development of both ovules and 
floral organs. In floral organs, it controls the identity of the first 
two whorls as well as playing a cadastra1 role in spatially re- 
stricting the expression of another organ identity gene, AG 
(Drews et al., 1991). Control of AG activity may also be a role 
of AP2 in early ovule development, although independent of 
the later regulation of AG by BEL (Modrusan et al., 1994). 
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Thus, to understand better the mechanisms of ovule devel-
opment, it is important to obtain additional mutant genes in
new classes. It may be that such genes will also throw light
on earlier aspects of flower development through their com-
mon involvemen' in both. To this end, we isolated a female-
sterile mutant (aintegumenta [ant]) that shows severe disrup-
tions in ovule development. The mutant also results in defects

outside the ovule in all four whorls of the flower. The/Wfgene
was cloned by transposon tagging, revealing that it is related
to the floral homeotic gene AP2. By analyzing its expression
pattern in wild-type tissues in relation to the mutant pheno-
type, we propose that ANT plays a specific role in initiating
integument growth in Arabidopsis ovules and a general role
in initiating and maintaining early floral primordium growth.

Figure 1. Scanning Electron Microscopy of Mature Ovules of Wild-Type and ant-9 Strains of Arabidopsis.

A valve has been dissected from the gynoecium to reveal underlying ovules in each instance.
(A) Landsberg erecta wild type
(B) ant-9 mutant in a C24 background. Integuments are absent, and the site where they normally arise is indicated (white line).
(C) anf-9 mutant in a Landsberg erecfa background. The ovule defects are slightly less severe.
(D) ant-9 mutant complemented with a transgenic ANT gene.
c, chalaza; f, funiculus; m, micropyle; nl, nucellus-like structure; oi. outer integument; pt. pollen tube. Bar in (C) = 50 urn for (A) to (D).
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Figure 2. Sections of Wild-Type and anr-9 Ovules at Two Stages of Development.

All plants had a Landsberg erecta background.
(A) Wild-type ovule at the stage when integument growth has commenced and the megaspore has just been generated.
(B) ant-9 ovule at the same age as the ovule shown in (A). Integument initiation does not occur in the ant-9 ovule, but normal megasporogenesis
apparently occurs to the tetrad stage.
(C) Wild-type ovule at maturity when the embryo sac is embedded in a two-layered outer integument and a three-layered inner integument, with
the two inner layers having differentiated into the endothelium in the basal (chalazal) region. The micropyle lies to the right but is not present
in this section.
(D) ant-9 ovule at the same age as the ovule shown in (C). The ovule's nucellus-like region at the apex contains collapsed, darkly staining cells
(arrowhead), and there is no sign of an embryo sac. A collar of larger, bulbous epidermal cells usually occurs in the central, chalaza-like region
where the integuments would normally have arisen, although they mostly lie outside the plane of this section. The stalk (funiculus) is relatively
normal. Lines indicate the limits of the three regions.
c. chalaza; cl, chalaza-like region; em, embryo sac; en, endodermis: f, funiculus; li, inner integument; m, megaspore; n, nucellus; nl, nucellus-like
region; oi. outer integument: t. tetrad. Bar in (D) = 50 urn for (A) to (D).

RESULTS

Ovule Development Is Abnormal in ant-9 Mutants

As illustrated in Figure 1, female sterility in ant-9 mutants is
a consequence of major disruptions to ovule development. The
mature ovules lack integuments, and the nucellus develops
as a thin, elongated structure, whereas the stalk (funiculus)
is relatively unaffected (compare Figures 1B and 1A). The num-
ber of ovules per flower is reduced by more than half (15.0 ±
0.8 per flower on average, compared with 39.9 ± 1.1 in wild-
type flowers). This cannot be due to a smaller gynoecium be-

cause the ovules that do arise are more distantly spaced than
in the wild type.

Developmental studies illustrated in Figure 2 show that in-
tegument growth is not initiated in ant-9 mutant ovules. The
two integuments normally arise as ringlike epidermal swell-
ings on the fingerlike primordia. Anticlinal divisions in these
rings then generate two sheaths of tissue (Figure 2A) that even-
tually encase the nucellus (Figure 2C). In ant-9 mutants, the
epidermis of this region remains flat (Figure 2B).

The other major effect of the anf-9 mutation on ovule devel-
opment is a block to embryo sac formation. In wild-type
primordia, the nucellus normally differentiates into the mega-
spore mother cell and an enveloping epidermis just before the
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Figure 3. Morphology of ant-9 Single and ant-9 ap2-2 Double Mutant Flowers.

All flowers are in the Landsberg erecta background except for the rightmost flower in (E).
(A) to (C) Vertical views of inflorescences of the Landsberg erecta wild type, an ant-9 plant, and ant-9 complemented with a transgenic copy
of the wild-type gene, respectively.
(D) Wild-type Landsberg erecfa flower
(E) Four ant-9 flowers showing that petals and stamens are narrow and occur in reduced numbers. The right flower is in the C24 background
and is more severely abnormal than the other three flowers that are in the Landsberg erecta background Its floral organs are thinner, and the
astigmatic carpels are unfused at their apex (arrowhead).
(F) Cleared ant-9 flower stained with aniline blue and Nuoresced to reveal the presence of callose. Pollen tubes, blocked at regular intervals by
callose plugs, can be seen in the transmitting tract. The arrowhead shows a band of cells containing callose present in ant-9 ovules.
(G) and (H) ap2-2 single flower and anf-9 ap2-2 flowers, respectively. The double mutants lack organs in which sepals, petals, and stamens nor-
mally occur, although flowers may be subtended by bractlike organs or filamentous structures. The carpels are often unfused, revealing ovules
of the anf-conferred phenotype (arrowhead).
(I) Side view of an inflorescence of an ant-9 ap2-2 double mutant showing the range of flower forms seen and the greatly reduced pedicels (arrowhead),
br. bractlike organ; fs, filamentous structure; pt, pollen tubes. Bars = 2 mm in (A) to (C) and (I). 1 mm in (D), (E), (G), and (H); and 200 urn in (F).
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integuments arise. The mother cell then undergoes meiosis 
(Figure 2A), with one product undergoing megagametogene- 
sis that results in the mature embryo sac (Figure 2C). In anf-9 
ovules, however, it seems that although the megaspore mother 
cell alises and generates a tetrad of daughter cells (Figure 
2B), megagametogenesis does not occur. 

Even so, the mutant nucellus continues to grow and, at matu- 
rity, consists of a core of small cells that show moderately hcavy 
staining in sections (Figure 2D). The interna1 cells lying at the 
tip where the embryo sac would normally develop are often 
collapsed and darkly stained. In an occasional anf-9 ovule, a 
cell in this region differentiates into a tracheid-like element (data 
not shown). When mature anf-9 ovules are stained for the pres- 
ente of callose, a sector of intensely fluorescent cells occurs 
in the nucellus-like region. These cells, illustrated in Figure 
3F, seem to occupy the central region of this zone and are not 
distinguishable in toluidine blue-stained sections (Figure 2D). 

In mature anf-9 ovules, a zone of chalaza-like tissue is pres- 
ent adjacent to the nucellus-like cells (Figure 2D). These are 
large and lightly stained in sections, and the epidermal cells 
at the nucellar end are particularly large and bulbous. The 
funiculus of mature anf-9 ovules is apparently normal. 

Ovule abnormalities are most severe in ant-9 mutants in the 
genetic background in which the mutant was isolated (C24; 
Figure 16). When crossed into the Landsberg erecta back- 
ground, the defects are slightly ameliorated (Figure íC). Some 
later growth of large, bulbar epidermal cells now occurs where 
integuments normally arise, and the mature ovules show a right- 
angled bend in the region corresponding to the integu- 
ment-nucellus boundary. 

Development of Floral Organs 1s Also Affected in ant-9 

Other parts of the anf-9 flower are also disrupted. Figure 3 
shows their appearance, both in the inflorescence (compare 
Figures 3 8  and 3A) and as individual flowers (Figures 3D and 
3E). The number of floral organs is often reduced (shown in 
Table l), and their shapes may also be modified. Sepals oc- 
cur in irregular numbers and sizes and are sometimes fused. 
Their surface is irregular, and the upper edge may be serrated. 
Petals are narrower and fewer in number than in the wild type 
(Table 1). In 10% of the flowers, a threadlike organ occurs in 
place of a petal. Stamens are also reduced in numbers, and 
the two lateral stamens are usually absent. Both filaments and 
anthers may be relatively thin, and mosaic organs containing 
stamen and petal tissue are occasionally seen. The gynoecium 
is narrow, and its stigmatic papillae are fewer and shorter. It 
is unfused in 30% of the ant-9 flowers in the Landsberg erecta 
background, ranging from an unfused stigmatic region to a 
separation extending down three-quarters of the gynoecial 
length. Floral organ defects, especially gynoecial defects, are 
more severe in anf-9 plants in the original C24 genetic back- 
ground (Figure 3E). 

Conversely, there are very few effects of the anf-9 mutation 
on vegetative development. The cotyledons and leaves arise 

in normal numbers and shapes, and the vasculature of the 
stem appears normal. Flower numbers are unaffected. Plants 
are, however, slightly dwarfed and less vigorous than their wild- 
type siblings. 

Floral Organ Development 1s Severely Disrupted in 
ant-9 ap2-2 Double Mutants 

In strong ap2 mutants, such as ap2-2, there are fewer first whorl 
organs than in the wild type, second whorl organs do not arise, 
and the number of stamens is greatly reduced (e.g., Figure 
3G). anf-9 mutants also result in a reduction in the number 
of these organs (Table 1). To test whether ANT shares a role 
with AP2 in specifying their development, we generated plants 
mutant for the two loci. Redundant functions would be shown 
by loss of additional structures and processes still present in 
each of the single mutants. This proved to be the case, be- 
cause flowers of the anf-9 ap2-2 double mutants are markedly 
different from those of the single mutants (Figures 3H and 31). 
The production of all floral organs except carpels is completely 
abolished. The flowers also lack a pedicel and are usually sub- 
tended by a short, thin, threadlike structure or a narrow bract. 
The gynoecium is relatively unaffected, and the ovules develop 
essentially as they do in anf-9 single mutants. However, car- 
pels are unfused to varying degrees in almost all flowers, much 
more frequently than in either of the single mutants. 

Cloning of ANT and Complementation of the ant 
Mutant 

The locus of the ant-9 mutant was mapped to the same loca- 
tion as a new Activafor (Ac) insertion (near the bottom of 
chromosome 4), and the two markers cosegregated among 
70 F2 plants (see Methods). The sequence flanking the 3'side 
of the Ac insertion was amplified, using inverse polymerase 
chain reaction (IPCR), and used to identify genomic clones 
of the region. Figure 4 shows a restriction map of the 17-kb 
insert of one of these, B19. A region of this clone homologous 
to the flanking IPCR product was then used to identify cDNA 
clones from an inflorescence library. 

Comparison of the 1.9-kb insert sequence of the largest 
cDNA (cDNA5) with that of genomic clone B19 revealed that 
cDNA5 is derived from a 2.65-kb gene composed of eight exons 

Table 1. Mean Numbers of Floral Organs in 50 ant-9 Flowers rn 
the Landsberg erecta Background 

Floral Mean No. 
Organ per Flower (f SE) Mode Range 

Sepals 3.00 IC_ 0.11 3 2 to 4 
Petals 2.51 IC_ 0.15 2 o to 4 
Stamens 3.86 f 0.08 4 2 to 5 
Carpels 2.02 f 0.04 2 1 to 3 
Ovules 14.96 f 0.84 17 10 to 23 
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Figure 4. Deduced Structure of the ANTGene and Site of lnsertion 
of the Ac Element in the ant-9 Mutant. 

The upper part of the diagram shows a restriction map of genomic 
clone B19 from wild-type Arabidopsis that contains the ANTgene. The 
map below shows the 5'and 3'ends of cDNA5, the eight deduced exons 
of the ANTgene (numbered boxes), the two AP2 domains within these 
exons (filled regions of the boxes), and the site of the Ac insertion. 
C, Clal; E, EcoRI; H, Hindlll; S, Sall; X, Xhol. 

and seven introns (Figure 4). The gene is interrupted in ant-9 
mutants by an Ac element present in intron 2 in the same tran- 
scriptional orientation as the disrupted gene (Figure 4). The 
element is apparently full sized, and PCR sequencing of the 
border regions showed that 8 bp of intron 2 (nucleotides 1095 
to 1102) are duplicated at the insertion site. 

We confirmed that this gene corresponds to the ANT gene 
by complementing the ant-9-conferred phenotype with a trans- 
genic copy of the wild-type gene (see Methods; Figures 1D 
and 3C). A 9-kb Sal1 genomic fragment from B19, including 
-3.4 kb upstream of the 5' end of cDNA5 and 4.0 kb down- 
stream of the poly(A) site (Figure 4), was transformed into 
wild-type Arabidopsis plants. T2 plants representing five differ- 
ent primary transformants were then crossed to plants 
heterozygous for ant-9. In F2 families derived from those that 
segregated for ant, only 4.8% of the plants on average had 
the ant-conferred phenotype. This is close to the expected ra- 
tio of 1:16 if ant-9 is complemented by a segregating transgenic 
ANT gene. However, complementation was not complete. In- 
spection of the F2 plants revealed that .u20% of them were 
the wild type with regard to floral organ development (Figure 
3C) but female sterile. These plants were shown to be com- 
plemented anf-9 homozygotes (see Methods). lntegument 
growth of their ovules was partially and variably restored. Some 
ovules had near normal-sized integuments, whereas in others 
the nucellus protruded (Figure 1D). Their sterility may have 
been the consequence of abnormal embryo sac development 
within the relatively normal ovules. Recently, it has been shown, 
using other ovule mutants, that embryo sac development is 
necessary for correct pollen tube guidance to the micropyle 
in Arabidopsis (Hülskamp et al., 1995) and that pollen tube 
growth is not directed in this way in the partially complemented 
plants (results not shown). 

Given the similarity in behavior of five independent trans- 
genic lines, it is unlikely that the partia1 complementation of 
ovule development results from a position effect of the inserted 
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Figure 5. Full Sequence of ANT cDNA5 and Deduced Sequence of 
the ANT Protein. 

The locations of the seven introns are indicated with inverted trian- 
gles. The two tandemly repeated AP2 domains are underlined with 
double lines, and the putative serine-rich and glutamine-rich activa- 
tion domains are underlined with single lines. 
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EREBP-1 GRHYRGVRRR PWGKFAAEIR DPAKNGARW LGTYETDEEA AIAYDKAAYR MRGSKAHLNF PHRIGLNEP 

Figure 6. Alignment of the AP2 Domains of ANT with Those of Three Related Genes 

Shown is the the first repeat (Rl) for ANT, its putative ortholog from maize (ZMMHCFI [ZM]), and the AP2 R I  domain (Jofuku et al., 1994). 60th 
ANTand the maize sequence contain an insertion of 10 amino acids after codon 23. The alignment of the second repeat (R2) for the same three 
genes is also shown. Amino acids shared with ANT are shown with asterisks in each case. Gaps are indicated by dashes. The single repeat 
present in a tobacco ethylene response element binding protein (EREBP-1; Ohme-Takagi and Shinshi, 1995) is also presented. The consensus 
sequence is indicated with uppercase letters for amino acids shared by all seven domains and as lowercase letters for those found in the six 
duplicated domains but not in the single EREBP-1 domain. The region predicted to generate an amphipathic a-helix is underlined (Jofuku et al., 1994). 

transgene. Also, similarities in the phenotype of ant-9 and other 
antmutants (Reiser and Fischer, 1993) mean that it is unlikely 
that an uncomplemented mutation is present at a second site 
in ant-9. Rather, the activity of the transgene may be insuffi- 
cient to restore ovule development fully, although sufficient 
to allow wild-type floral ofgans to arise. 

The ANT Gene Encodes a Putative Transcription 
Factor Containing Two AP2 Domains 

Figure 5 shows that cDNA5 contains an insert of 1905 nucleo- 
tides. An open reading frame of 555 codons occurs within this 
insert. It begins at the first methionine 38 bp from the 5' end 
and ends 199 bp before the poly(A) tail. Translation of the cDNA 
sequence showed that ANTencodes a putative protein related 
to the AP2 gene product of Arabidopsis (Jofuku et al., 1994). 
The AP2 protein contains two tandemly repeated 68-amino 
acid motifs designated AP2 domains (Jofuku et al., 1994). 
These are also found in ANT, and Figure 6 shows that each 
domain has >50°/o amino acid sequence identity with those 
in the AP2 protein. Significantly, the region between the two 
domains is also conserved between ANT and AP2, with 13 
of the 25 linking residues being identical (data not shown). 
Otherwise, the two proteins show little recognizable similarity. 

Recently, four proteins that bind to specific DNA sequences 
found in ethylene response elements of tobacco have been 
described (Ohme-Takagi and Shinshi, 1995), and their DNA 
binding domain was shown to be related to the AP2 domain 
(Weigel, 1995; Figure 6). Because ANT and AP2 both share 
this conserved domain, it seems that they to0 are transcrip- 
tion factor genes. ANT contains a serine-rich sequence of 13 
amino acids near its N terminus and a glutaminelaspara- 
gine/histidine-rich sequence extending from codon 214 to 231 

(Figure 5). Such serine- and glutamine-rich sequences are 
characteristic of transcriptional activation domains by which 
transcription factors interact with basal proteins of the tran- 
scriptional apparatus (Mitchell and Tjian, 1989). 

It is clear that the AP2 domain is present in a large family 
of plant genes (Jofuku et al., 1994; Weigel, 1995), although 
most have only one AP2 domain, and many have been identi- 
fied only as expressed sequence tags of unknown function. 
Sequence comparisons showed that ANT is most closely 
related to members that contain two repeats, including AP2 
of Arabidopsis and the ZMMHCFl sequence of maize. The 
latter is the likely ortholog of ANT and is a cDNA sequence 
derived from postpollination maize endosperm (GenBank ac- 
cession number 247554; unpublished data of T.J. Daniell and 
R. Edwards, Durham University, Durham, UK). It contains two 
tandemly repeated AP2 domains that are 84% identical to the 
ANT repeats. This identity is much greater than the 56% shown 
between ANT and AP2 (Figure 6). Furthermore, the first re- 
peat contains a 10-amino acid insertion that is also found in 
ANT but not in AP2 or in single AP2 domain proteins. lntron 
splicing sequences are found in the nucleic acid sequences 
corresponding to the beginning and end of this insert, indi- 
cating that the insert may have arisen from the expression of 
a former intron. Even though the AP2 domains and the link 
between them are highly conserved between ANT and the 
maize ortholog, the two putative proteins show little sequence 
similarity elsewhere. 

ANT 1s Expressed in Developing Ovules and in the 
Primordia of Other Floral and Vegetative Organs 

ANT expression was examined by in situ hybridization of a 
35S-labeled antisense probe with tissue sections of inflores- 
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Figure 7. In Situ Hybridization of 35S-Labeled Antisense cDNA of ANT with Floral and Vegetative Organs.
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cences, flowers, developing seed, and seedlings. The results 
are illustrated in Figure 7. In general, ANT is expressed not 
only in developing ovules but also in the primordia of all other 
floral organs, cotyledons, and leaves. Results for flower organs, 
where patterns are particularly complex, are summarized in 
Figure 8. 

In the inflorescence, ANTexpression is either low or absent 
in the apical meristem itself, although it is expressed in procam- 
bial cells of the developing stem (Figure 7A). The first heavy 
labeling occurs in the newly arising flower primordia (stage 
1; Smyth et al., 1990). As these separate from the flank of the 
inflorescence meristem (stage 2 ;  Figures 7A and 7B), ANTex- 
pression is gradually localized to regions that will give rise to 
sepal primordia. The expression in sepals continues from when 
they arise at stage 3 (Figure 76) to about the time they fully 
enclose the bud (stage 6; Figures 7C and 7D). Initially, all se- 
pal cells are labeled, but expression is gradually reduced to 
a core at the sepal's base before finally disappearing. 

ANTexpression appears in regions that will give rise to sta- 
mens in stage 3 buds (Figure 7B), well before they arise at 
stage 5. Expression occurs initially in all cells of stamen primor- 
dia (Figure 7C) but is confined to a central region as they 
become stalked (stage 7; Figure 7E) and develop locules (stage 
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Figure 8. Summary of ANTExpression Patterns in Developing Flowers 
as Deduced from in Situ Hybridization Experiments. 

The stages and their durations are from Smyth et al. (1990). The rela- 
tive thickness of lines reflects the leve1 of labeling observed (see Figure 
7). Arrows define the times at which primordia arise. For all types of 
primordia, labeling occurs throughout as they arise. As the labeling 
becomes localized, its specific site(s) within each organ is indicated. 

Figure 7. (continued). 

All sections are from wild-type Landsberg erecfa, except for the section shown in (J), which is snf-9. Numbers refer to the stage of flower develop- 
ment reached by individual buds (Smyth et al., 1990). 
(A) Longitudinal section of an inflorescence apex showing strong labeling in flower and floral organ primordia, some labeling in procambium 
cells (arrowheads), but no label detectable in the apex of the inflorescence meristem. 
(6) Higher magnification of an inflorescence apex with early-stage buds. 
(C) More advanced buds showing that regionalization of label is occurring within flower and floral organ primordia. 
(D) Transverse section toward the top of a stage 6 bud showing labeling concentrated in the primordia of the medial stamens (arrowheads) and 
in internal zones of the four sepals (arrows). 
(E) Oblique longitudinal section of a stage 7 bud showing labeling of petal primordia, the core of developing stamens, and the top and inside 
of the growing gynoecium. 
(F) Transverse section of a stage 9 bud in which label is heaviest in the two lateral edges of the growing petals (arrowheads). 
(G) Longitudinal section of a stage 8 bud in which the placenta is heavily labeled, as are other regions of the gynoecium and the elongating petals. 
(H) Longitudinal section of a stage 9 gynoecium in which the ovule primordia are intensely and uniformly labeled. 
(I) Longitudinal section of wild-type ovules in which the integuments are arising (stage II) ,  showing that labeling is present in the two bands 
of integument cells and in the adjoining dista1 region of the funiculus. The nucellus and the base of the funiculus show little if any labeling. 
(J) Longitudinal section of ant-9 ovules showing reduced but significant labeling in the region of the funiculus close to where integuments would 
normally have arisen (arrowheads). 
(K) Longitudinal section of a gynoecium in the medial plane from a stage 12 flower showing that the developing ovules are labeled in the funiculus, 
in the chalaza at the base of the ovule proper, and in the newly arising endothelium derived from the inner integument. 
(L) Longitudinal section of a gynoecium in the lateral plane from a mature stage 13flower in which labeling continues in the funiculus, the chalaza, 
and the cup-shaped endothelium. 
(M) Section of a developing seed showing two zones of significant labeling in the globular-stage embryo, where cotyledons are likely to arise 
(arrowheads). 
(N) Section of a seed at a later stage in which the cotyledons of the torpedo-stage embryo are labeled internally. 
(O) and (P) Longitudinal sections of a seedling at the two-leaf stage showing zones of labeling on the flanks of the apical meristem where new 
leaves may arise (arrowheads in [O]) and bands of internal labeling in a newly arisen leaf (arrowheads in [P]). (O) and (P) are from a group 
of seria1 sections and are separated by two 8-pm sections. 
c, chalaza; ca, carpel; en, endothelium; f, funiculus; ii, inner integument; im, inflorescence meristem; n, nucellus; nl, nucellus-like structure; 
oi, outer integument; op, ovule primordium; pe, petal; pl, placenta; se, sepal; st, stamen. Bars = 100 pm in (A) and (E) to (G); 50 pm in (e) 
to (D), (H) to (J), (M), and (N); and 200 pm in (K), (L), (O), and (P). 
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8; Figure 7G). Ultimately, expression is reduced to procam- 
bial cells, especially in the filaments, as the stamens mature. 

Peta1 primordia appear between the developing sepals at 
the same time as stamen primordia (stage 5; Figure 78). Ini- 
tially, they are very small, but strong ANTexpression is clearly 
apparent from their earliest appearance (Figures 7C and 7E). 
As peta1 primordia become peltate (stage 9), expression is 
stronger along their lateral edges, which are rapidly extend- 
ing (Figure 7F). Lower but significant expression continues as 
the petals elongate during stages 11 and 12, by which time 
labeling is mostly localized to the epidermis. Expression could 
not be detected in mature petals as the bud opens (stage 13). 

In the carpels, ANT expression appears in the apical part 
of the flower primordium at stage 5 (Figure 7A). Once carpel 
primordia arise from this region and elongate to generate a 
hollow cylinder (from stage 6; Figure 7C), expression increases 
on the inner surface (Figure 7E) and reaches very high levels 
in the placenta (Figure 7G). Low ANTexpression also occurs 
in the developing carpel walls but not in stigmatic papillae or 
septal tissues. Procambial cells in the gynoecium are also la- 
beled (Figure 7H). 

Very strong levels of ANTexpression are maintained in ovule 
primordia from the time they arise from the placenta durina 
stage 8 (Figure 7G) and elongate during stage 9 (Figure 7H). 
However, expression does not occur in the nucellus that de- 
velops at the apex of the ovule primordium at around this time 
(stage 10; Figure 71). Instead, it becomes focused in regions 
in which the inner and outer integuments will arise in quick 
succession (Figure 71). The integuments are specifically la- 
beled through their early growth phase, but labeling decreases 
in the outer integument as it covers the nucellus during stage 
11. It becomes localized in inner integument cells that will 
differentiate into the endothelium during stage 12 (Figure 7K) 
and is maintained there until stage 13 (Figure 7L). ANTexpres- 
sion occurs in the dista1 half of the funiculus throughout ovule 
development (Figures 71, 7K, and 7L) and extends into a 
broader region at the base of the ovule proper (the chalaza; 
Figures 7K and 7L). 

After fertilization, ANTexpression shifts to the embryo. There 
appear to be two regions of expression in globular-stage em- 
bryos, presumably in cells that will give rise to the cotyledons 
(Figure 7M). Later, at the torpedo stage, ANTis expressed in 
cells in an internal zone extending the length of each cotyle- 
don (Figure 7N). These may include procambial cells that will 
ultimately give rise to the vasculature. The embryonic hypocotyl 
and root show no labeling. When ANTexpression was exam- 
ined in young seedlings at the two-leaf stage, the shoot apical 
meristem contained discrete zones of labeling in its periph- 
ery, presumably indicating where leaf primordia would 
ultimately arise (Figure 70). Also, developing leaves contained 
two internal zones of expression extending longitudinally down 
each side (Figure 7P), very similar to that seen in developing 
sepals (Figure 7D). Root meristems showed no evidence of 
ANTexpression, and neither did mature tissues of roots, stems, 
and leaves. 

The transcription of ANT is reduced but not eliminated in 
ant-9 plants. Preliminary RNA gel blot results showed that a 
transcript of wild-type length is not produced but that there 
are two new transcripts presumably associated with prema- 
ture termination and missplicing within the Ac insert. Thus, 
ant-9 is likely to be a null mutation. The tissue-specific patterns 
of expression in ant-9 mutants did not diverge markedly from 
that of the wild type, suggesting that autoregulation of ANT 
expression does not occur. In regions of ant-9 ovule primordia 
where integuments would normally develop, significant expres- 
sion could be detected (Figure 7J). Even though subsequent 
ovule development is abnormal, expression is maintained in 
this region and in much of the funiculus until at least stage 13. 

In summary, ANTexpression is particularly strong in ovule 
primordia and is associated with integuments that arise from 
these primordia. However, expression also occurs in the primor- 
dia of all other organ types of the developing plant, with the 
sole exception of roots. 

DISCUSSION 

The ANT gene appears to have two major roles in develop- 
ment. First, it plays a major part in the morphogenesis of ovules. 
Second, it is likely to have a general role in the initiation and 
growth of vegetative and floral organ primordia. The first role 
is clearly revealed by the abnormal ovule phenotype in ant 
mutants, whereas the second role is inferred from the loss of 
organs in ant-9 plants and the expression pattern of ANT in 
wild-type primordia. 

Role of ANT in Ovule Development 

The first defect seen in ant-9 mutant ovules is that no integu- 
ments arise. Expression of ANToccurs in wild-type cells that 
will generate the integuments, and it is maintained within them 
during their early growth. Thus, ANT presumably has a direct 
role in controlling integument initiation and growth. 

sup mutants also exhibit specific defects in integument de- 
velopment, although their growth is promoted rather than 
abolished (Gaiser et al., 1995). Thus, the wild-type SUP prod- 
uct may limit the extent of integument proliferation (Sakai et 
al., 1995). Because SUP is not expressed in the integuments 
but rather in the funiculus, this action is presumably nonau- 
tonomous (Sakai et al., 1995). If SUP integument function were 
negatively controlled by the ANT product, SUP would show 
increased function in ant mutants, thereby accounting for the 
complete suppression of integument growth. This proposal can 
be tested by examining the levels of SUP expression and ac- 
tivity in ant ovules. 

The second consequence of the loss of ANT function seen 
in ovules is the absence of the megaspore and embryo sac. 
This is unexpected given that ANT is not expressed in the 
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nucellus, where the megaspore arises. Severa1 hypotheses 
can be proposed to account for this. First, the mutant effect 
may be a delayed consequence of the loss of earlier ANT func- 
tion in nucellus precursor cells. Alternatively, ANT could be 
acting in a non-cell autonomous fashion. It is possible that 
ANT expression in the newly arising integuments is involved 
in setting up a morphogenetic gradient in the nucellus and 
that this gradient determines that the meiotic product closest 
to the integuments does not degenerate. When ANT activity 
is absent or reduced, all products abort. 

The late expression of ANTin the chalaza and endothelium 
of the maturing ovule could not have been predicted from the 
ant-conferred phenotype. Because mutant disruption occurs 
much earlier in ovule development, the endothelium does not 
arise, and growth in the chalazal region is much reduced. The 
role of ANT in these tissues is not clear, although its late ex- 
pression in the endothelium is shared with the floral homeotic 
gene AG (Bowman et al., 1991a). Also, it is interesting that the 
expression of ANT in the funiculus is not mirrored by defects 
in funicular structure in ant-9 mutants, and ANT function in 
the funiculus may be performed redundantly by other genes 
that can mask its loss. 

Finally, two aberrant differentiation events occur late in ant-9 
ovule development. First, a band of callose appears in the 
nucellus-like outgrowth. Callose is generally found surround- 
ing the four megaspores in wild-type ovules (Schneitz et al., 
1995) and later in cells at the base of the embryo sac and/or 
the endothelium (Kapil and Tiwari, 1978). It may be that the 
abnormal cells in the ant mutant reflect the ectopic execution 
of the developmental program of the latter cells. Second, the 
occasional development of a tracheid at the tip of the ant-9 
ovule is a phenomenon also reported in bel mutants (Ray et 
al., 1994; Herr, 1995). This may reflect the aberrant trans- 
determination of a developmental program well downstream 
of the primary site of mutant disruption. Alternatively, it has 
been proposed that this observation supports a possible evolu- 
tionary link between vasculature and sporogenous tissues 
(Herr, 1995). 

General Role of ANT in Promoting Primordium 
lnitiation and Growth 

The expression pattern of ANT is consistent with it having a 
general role in primordium initiation. All organ primordia ex- 
cept roots are involved. Expression also occurs in the newly 
arising vasculature, the procambium. ANTexpression appears 
very early in organ development, in some cases before the 
primordiaarise, as expected for a gene controlling organ initi- 
ation. When ANT function is lost in ant-9 mutants, ovule 
primordia and all four classes of floral organs arise in fewer 
numbers, although the loss is almost never complete. There 
are no homeotic transformations, and mature structures are 
relatively normal. This suggests that the primary role of ANT 
is to contribute to organ initiation without being absolutely re- 

quired for any organ type. On the other hand, other primordial 
cells that also express ANT display no mutational disruption. 
These include cotyledons, leaves, and the procambium in 
stems. ANT could control the initiation of these unaffected or- 
gans and tissues as well, but the function may be redundantly 
shared with other genes. 

Once organs have been initiated, their early growth may also 
be influenced by ANT function. After its initial expression 
throughout the primordia, ANTexpression soon becomes con- 
fined to specific areas, especially those where active growth 
is occurring. In some cases, these growing zones correspond 
to regions defective in mutant organs. For example, petals in 
ant mutants are usually very narrow, consistent with relatively 
late expression of ANT at their margins. Growth defects can 
also account for the ragged edges of sepals, the thin stamens, 
and the narrow, unfused carpels regularly seen in ant-9 flowers. 

ANT and AP2 Functions Overlap 

The striking synergistic phenotype of the ap2 ant double mu- 
tant reveals that some functions of AlVToverlap with those of 
AP2. One function of AP2 is the cadastral repression of AG 
in the first two whorls of the flower (Drews et al., 1991). When 
this function is lost, ectopic AG expression apparently results 
in the reduction or loss of these organs through the growth- 
suppression effects of AG (Bowman et al., 1991b). ANT may 
have a similar role in blocking AG expression. Evidence for 
this comes from the ant-9 ap2-2 double mutant phenotype. 
Some organs develop in each single mutant, but all are abol- 
ished in the double. That is, the full effect of AG on suppressing 
the initiation of organs in this region requires the loss of both 
AP2 and ANT activity. This predicts that AG expression oc- 
curs ectopically in the outer whorls of anf-9 flowers, as seen 
in ap2 mutants (Drews et al., 1991). Tests of such ectopic ex- 
pression are now under way. 

However, in addition to its role in suppressing growth, AG 
has a role in specifying floral organ identity (Bowman et al., 
1989, 1991b). It seems that this latter function is not ectopi- 
cally expressed in ant mutants because the identity of the first 
and second whorls is not affected. It may be that when ANT 
function is lost by mutation, the remaining AP2 function is fully 
effective in preventing AG expression in the first two whorls. 
That is, the cadastral aspect of ANT function is fully encom- 
passed by that of AP2. Alternatively, ANT may not have a 
cadastral role at all, and the effect of ANT on AG occurs only 
when ectopic expression of the latter is allowed in the first two 
whorls, for example, when AP2 function is lost. In this case, 
the ANT gene product would be able to antagonize some of 
the growth-suppression effects of AG but not the organ-identity 
effects. 

Recently, another gene, LEUNlG (LUG), has been shown 
to share a role with AP2 in inhibiting AG function in the first 
two whorls. Double mutants of lug and ap2 are very similar 
in phenotype to ant ap2 double mutants in that all outer floral 
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organs are lost, and the flower appears as a solitary gynoecium 
usually subtended by a bract (Liu and Meyerowitz, 1995). How- 
ever, unlike ant, lug single mutants reveal organ-identity 
changes in the first two whorls (Liu and Meyerowitz, 1995). 
Thus, LUG, likeAP2, may have a more direct effect on prevent- 
ing AG expression in the outer whorls than does ANT In this 
case, the similar effects of ant and lug mutations when in an 
ap2 mutant background would have different origins: for LUG, 
they would be the consequence of the loss of its cadastra1 role; 
for ANT, the loss of its role in the initiation of primordia would 
be the cause. If the latter is correct, the stronger phenotype 
of ant ap2 double mutants has uncovered and highlighted a 
direct role for AP2 in primordium initiation (Bowman et al., 
1991b). 

AG has also been shown to have effects in ovule develop- 
ment. In strong bel mutants, integuments are often homeotically 
transformed into carpekepal-like organs (Modrusan et al., 
1994; Ray et al., 1994). This transformation is associated with 
ectopic AG expression in the developing integuments and is 
also seen in plants containing a constitutively expressed AG 
transgene (Ray et al., 1994). For AG, it has been reported re- 
cently that suppression of growth requires higher levels of AG 
activity than does the specification of organ identity (Mizukami 
and Ma, 1995; Sieburth et al., 1995). If very high levels of AG 
activity were present in ant mutant ovules as a consequence 
of the loss of ANT activity in cadastrally preventing AG ex- 
pression, this could result in the observed suppression of 
integument growth rather than their homeotic conversion. 

ANT Redundancy and lnteraction with Other Genes 

As a putative transcription factor, the ANTgene product is likely 
to interact with a range of other transcription factors and coac- 
tivators of the transcription process. These interactions might 
often occur in a redundant way, with other transcription fac- 
tors being capable of substituting for some or all of the ANT 
interactions and vice versa. Functional redundancy could also 
arise if different transcription factors shared target genes whose 
expression could be regulated by either transcription factor. 

It is probable that ANTinteracts with some members of its 
own transcription factor family. We have already suggested 
that ANT and AP2 redundantly share functions in promoting 
floral organ growth. The more distantly related AP2 domain 
family members, such as those encoding ethylene response 
element binding proteins, probably have functions unrelated 
to ANT In this regard, ethylene appears to play little role in 
flower morphogenesis, with the exception of a reported post- 
pollination triggering of ovule development in orchids (Zhang 
and O’Neill, 1993). The AP2 domain family has two groups: 
in one the proteins have only one AP2 domain; in the other, 
they have two in tandem (Weigel, 1995). A duplication event 
generating the tandem copies within the protein apparently 
occurred relatively early in plant evolution, at least before the 
monocot-dicot divergence. This is because the Arabidopsis 

ANTgene has a maize ortholog of closely similar sequence. 
Presumably, the subsequent duplication of the two-domain 
gene to generate the ancestors of ANTand AP2 also occurred 
sufficiently long ago to allow for evolutionary divergence in 
their sequence and function. 

There are many other candidate transcription factor genes 
whose actions may be redundant with that of ANT For exam- 
ple, a range of AG-like genes is known whose expression 
patterns indicate that they could serve as ANT partners 
(Angenent et al., 1995; Rounsley et al., 1995). None of the pat- 
terns matches exactly that of ANT, but many overlaps occur. 
Another large transcription factor family is characterized by 
the possession of a Knottedl-like (Knl-like) homeodomain. In 
maize, Knl  and certain related genes are expressed in develop- 
ing shoot apical meristems (Jackson et al., 1994). In many ways, 
the expression pattern of Knl-like genes is complementary to 
that of ANT, and interactions with ANT in this case may take 
the form of mutual antagonism. 

The challenge now is to  identify other transcription factors 
with which ANT interacts physically, the genes they control, 
and the mechanisms by which these events combine to gener- 
ate the detailed form of the higher plant body. 

METHODS 

lsolation and Mapping of the aintegumenta-9 Mutant 

To obtain Acfivafor (Ac)-tagged mutants, the binary vector p35SAc12 
was used (Finnegan et al., 1993). This vector contains the maize Ac 
element under the control of the cauliflower mosaic v i m  355 promoter 
and was transformed into Arabidopsis fhaliana ecotype C24, using the 
Agrobacterium fumefaciens root transformation protocol of Valvekens 
et al. (1988). Female-sterile mutant 243-1 was identified among descen- 
dants of one transformant and rescued by outcrossing to a Columbia 
line. It was then crossed to a Landsberg erecfa line and made homozy- 
gous for the erecfa mutation. In subsequent generations, the mutation 
segregated as a single recessive allele that was given the preliminary 
name wormy ovules-1. Preliminary data showed that a new Ac inser- 
tion was strictly present in 20 homozygous mutant F, plants and in 
50 heterozygotes. 

To map the site of the new Ac insert, a cloned border fragment (~3015; 
see below) was used. This revealed an EcoRl polymorphism between 
Landsberg erecta and Niederzenz ecotypes that mapped to the bot- 
tom of chromosome 4, approximately five map units (two recombinants 
of 36 chromosomes) below the restriction fragment length polymor- 
phism marker m214. The locus of the mutant was also mapped to this 
region. When crossed with the spatula-2 mutant, F, segregation data 
revealed that its locus lies approximately two to three map units below 
the SPATULA locus (M. Heisler, personal communication), which in 
turn lies just below APETALAP (AP2). 

Toward the end of this study, it became apparent that the pheno- 
type of our female-sterile mutant was similar to that of ovule mutants 
isolated by others. Allelism with a mutant originally named ovule mufanf3 
(Reiser and Fischer, 1993) was established by exchanging a limited 
region of amino acid sequence with R. Fischer at the University of 
California, Berkeley. To test allelism with another mutant initially called 



Ovule Development Gene of Arabidopsis 167 

dragon, C. Gasser (University of California, Davis) kindly provided seed 
of dragon-4, After crossing our mutant with dragon-4 heterozygotes, 
we obtained F, progeny in which approximately half of the plants 
showed the mutant phenotype, thus proving allelism with this line as 
well. Ey agreement, the gene has been named AlNTEGUMENTA (ANT), 
and our mutant allele has been designated anf-9. 

Generation of ant-9 ap2-2 Double Mutants 

To obtain double mutants of ant-9 and the strong mutant allele ap2-2 
(Bowman et ai., 1991b), the two lines (both in the Landsberg erecfa 
background) were crossed, and a series of 100 F2 plants with the ap2- 
conferred phenotype was allowed to self-fertilize. Among the result- 
ing F3 families, two contained plants with a new, more severely 
disrupted phenotype. One of these plants was shown by polymerase 
chain reaction (PCR) to be homozygous for anf-9 and therefore an anf-9 
ap2-2 double mutant. Tests using appropriate primers revealed that 
it carried the Ac insert within ANT but lacked the uninterrupted form 
of the gene. The two F3 families were apparently derived from F2 par- 
ents that carried a chromosome that had recombined between the 
closely linked ANT and AP2 loci. 

Cloning of the ANT Gene and ANT cDNA 

The region 3 to the new Ac insert was cloned by inverse PCR (IPCR; 
Ochman et al., 1990). DNA from anf-9 plants was digested with Hind- 
111, religated, cut with Xbal, and amplified with primers from the 3end 
of Ac (5'-AGATGCTGCTACCCAATCTTTTGTGCA-3: and 5'CGTATCGGT- 
TTTCGATTACCGTATT-37. The IPCR product was cloned into the Smal 
site of pBluescript SK+ (Stratagene) and named p3015. 

p3015 was used to screen a phage h EMBL4 genomic library of 
Landsberg erecfa DNA. Three positive clones were isolated, and one 
(B19) was selected for further analysis (Figure 4). Portions of k B19 
surrounding the p3015-homologous sequences were used to screen 
a cDNA library made from Arabidopsis inflorescence RNA (ecotype 
Landsberg erecfa) in phage h ZAP 11 (Stratagene), kindly provided by 
D. Weigel (Salk Institute, La Jolla, CA). Two cDNA clones that cross- 
hybridized with p3015 and with each other were isolated. The longer 
clone, cDNA5, was used as a probe to rescreen the library, isolating 
an additional five cDNA clones. The longest of these was 4 . 9  kb, which 
is the same length as cDNA5. To screen for longer transcripts, reverse 
transcriptase PCR was applied to an inflorescence RNA preparation, 
using forward primers at -410, -237, and +I59 relative to the 5' end 
of cDNA5 and a reverse primer downstream of the first intron. Of the 
forward primers, only the +159 primer amplified a product success- 
fully. This, together with the absence of significam open reading frames 
in the region -410 to +1, suggests that cDNA5 encodes the complete 
ANT protein 

Both strands of the cDNA5 insert and a total of 4 kb of the genomic 
clone B19 were sequenced using DyeDeoxy termination cycle sequenc- 
ing (Perkin-Elmer, Applied Biosystems Division, Foster City, CA), and 
the cDNA sequence has the GenBank accession number U41339. Se- 
quence comparisons were performed at the National Center for 
Biotechnology Information, using the BLAST network service. 

Complementation of anf-9 

formed into Landsberg erecfa roots, using the protocol of Valvekens 
et al. (1988). Five different transformants in which kanamycin resis- 
tance segregated as expected for a single active insert were obtained. 
These transformants were then crossed as T2 plants to anf-9 hetero- 
zygotes, and F2 progeny were raised for each. The ANTgenotype of 
individual plants that were putatively complemented was confirmed 
by using a probe derived from a part of the genomic clone B19 down- 
stream of the ANT gene. This probe does not hybridize with the 
transgenic version of ANT but allows the endogenous ant-9 and ANT 
alleles to be distinguished through a polymorphic Hindlll site that is 
present in the anf-9 strain C24 but absent in the cosegregating wild- 
type Landsberg erecta allele. 

Microscopy and in Situ Hybridization 

Scanning electron microscopy was performed as described by Bowman 
et al. (1993). For tissue sections, buds were fixed for 18 hr in 2% 
glutaraldehyde in 0.025 M phosphate buffer, pH 6.8, rinsed, dehydrated 
through an ethanol series. and embedded in LR White (London Resin 
Co. Ltd., Basingstoke, England). Sections of 2 pm were cut and stained 
with 0.1% toluidine blue, pH 9.0. Fluorescent staining of callose with 
aniline blue was performed on flowers fixed for 30 min in 3:l (vh) eth- 
anol-glacial acetic acid and softened for 24 hr in 1 M NaOH at room 
temperature. They were stained overnight in 0.010/0 aniline blue in 0.15 
M phosphate buffer, pH 10. Fluorescence wasviewed by using a Leitz 
Ortholux I I  microscope (Wetzlar, Germany). lncident light was generated 
by a high-pressure mercury lamp passing through a UV UG1 excita- 
tion filter, and fluorescence was screened through a blue TK400 dichroic 
beam-splitting mirror. 

In situ hybridizations were performed as described by Bowman et 
al. (1993). A 700-bp Clal fragment of ANTcDNA5 extending to the 5' 
end (Figure 4) was subcloned and used as a probe. This probe lacks 
conserved AP2 domains that may cross-hybridize with other non-ANT 
sequences. It was labeled as an antisense transcript with 35S-UTP 
and hybridized with 8-pm seria1 sections of paraffin-embedded mate- 
rial. Slides were dipped in liquid emulsion (LM-1; Amersham), exposed 
for 8 to 12 days, developed with Kodak D19, and lightly stained with 
toluidine blue. 
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