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The screening for mutants and their subsequent molecular analysis has permitted the identification of a number of genes of
Arabidopsis involved in the development and functions of the gynoecium. However, these processes remain far from
completely understood. It is clear that in many cases, genetic redundancy and other factors can limit the efficiency of
classical mutant screening. We have taken the alternative approach of a reverse genetic analysis of gene function in the
Arabidopsis gynoecium. A high-throughput fluorescent differential display screen performed between two Arabidopsis
floral homeotic mutants has permitted the identification of a number of genes that are specifically or preferentially expressed
in the gynoecium. Here, we present the results of this screen and a detailed characterization of the expression profiles of the
genes identified. Our expression analysis makes novel use of several Arabidopsis floral homeotic mutants to provide floral
organ-specific gene expression profiles. The results of these studies permit the efficient targeting of effort into a functional
analysis of gynoecium-expressed genes.

The gynoecium is the fourth and innermost whorl
of a typical bisexual flower. It is composed of the
female reproductive organs, or carpels, and encloses
the ovules, which develop into seeds after fertilization. The gynoecium may be composed of simple,
unfused carpels, although in most species it is syncarpic, i.e. composed of several carpels fused together. The gynoecium functions to protect the ovules
and to allow the operation of pollen-pistil incompatibility mechanisms. After fertilization, it develops into
a fruit that participates in seed dissemination.
In Arabidopsis, the gynoecium is a complex syncarpic structure. This first develops as an open-ended
tube from a primordial dome in the center of the
floral meristem. A vertical septum then forms internally from either side of the gynoecial tube, and the
two halves of this septum fuse to divide the structure
into two loculi. Placental tissues develop in the zones
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where the vertical septum and gynoecial wall meet to
generate two rows of ovule primordia within each
loculus. Each ovule consists of a seven-celled embryo
sac of the Polygonum type (Fahn, 1975), together with
a small nucellus and two covering integuments. Cell
division occurring at the distal end of the gynoecial
cylinder forms the style and stigma tissues. The
stigma consists of a pappillate epidermal cell layer
with a modified external wall and cuticle. This tissue
receives and permits the germination of compatible
pollen grains. After the penetration of the stigma by
pollen tubes, a transmitting tissue in the style and
vertical septum functions to guide the pollen tubes
toward the ovules where fertilization takes place.
After fertilization, the Arabidopsis gynoecium develops into a two-chambered, capsular fruit, termed a
silique. This structure opens at maturity to release its
seeds by rupture along four zones of dehiscence in
the silique wall situated on either side of the vertical
septum. Detailed descriptions of gynoecium development in Arabidopsis are given by Bowman (1994)
and Sessions (1997).
Relatively few genes have so far been identified
that play important roles in the functional processes
of the Arabidopsis gynoecium such as pollen reception, pollen tube guidance, and fertilization (for review, see Wilhelmi and Preuss, 1999; Faure and Dumas, 2001). By contrast, mutant screening and
subsequent molecular analysis has been very successful in the identification of genes that control gynoecium development (for review, see Bowman et
al., 1999, 2001; Ferrandiz et al., 1999) and ovule de-
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velopment (for review, see Schneitz et al., 1998). Despite the success of these mutagenesis-based approaches, some of the genes now known to influence
gynoecium development had to be identified by the
alternative reverse genetic approach. In these cases,
genetic redundancy between similar genes led to a
lack of mutant phenotypes in single-mutant plants.
Examples of such genetic redundancy are to be found
in two groups of MADS box genes controlling flower
development: the genes SHATTERPROOF1 and -2,
which are necessary for dehiscence zone development (Liljegren et al., 2000), and the genes SEPALLATA1, -2, and -3, which are necessary for the specification of floral organ identity (Pelaz et al., 2000;
Honma and Goto, 2001).
To identify further genes that play important roles
in the development and functions of the gynoecium,
we have taken a reverse genetic approach by firstly
performing a differential expression screen between
two floral homeotic mutants to identify genes that
are up-regulated in the Arabidopsis gynoecium. The
availability of large collections of T-DNA and transposon insertion lines (Bouché and Bouchez, 2001),
together with efficient techniques for the suppression
of gene activity based on posttranscriptional gene
silencing (PTGS; Wesley et al., 2001), then makes
possible the reverse genetic analysis of the genes of
interest and of closely related sequences with which
these may show redundant interactions. Here, we
present the first stage in a reverse genetic analysis:
the results of a differential screen to identify novel
genes that are up-regulated in the Arabidopsis gynoecium. We describe in detail the homologies and expression patterns of the genes identified, and for certain identified genes, we discuss possible functions.
RESULTS
The Identification of Genes Up-Regulated in the
Arabidopsis Gynoecium by Fluorescent Differential
Display (FDD) Analysis

To identify genes that were specifically upregulated in tissues of the gynoecium, we performed
a differential screen of gene expression between the
inflorescences of two floral homeotic mutants of Arabidopsis, pistillata-1 (pi-1) and agamous-1 (ag-1). Flowers of the pi-1 mutant are composed of carpel and
sepal organs, whereas those of the ag-1 mutant are
composed of sepals and petals. Genes specifically
up-regulated in pi-1 inflorescences were, therefore,
expected to be also up-regulated in the wild-type
(wt) Arabidopsis gynoecium. Our studies focused
mainly on early flower developmental stages to identify genes involved in early gynoecium development.
A total of 360 PCR primer combinations were used to
amplify an estimated 18,000 reverse transcriptase
(RT)-PCR products from inflorescences of pi-1 and
ag-1 mutants (data not shown), which included
flower buds at up to stage 10 of flower development
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(Bowman, 1994). Key events in the gynoecium at stage
10, which precedes female meiosis, include the elongation of the developing ovules, the closure of the end
of the gynoecial cylinder, and the fusion of the two
halves of the vertical septum (Bowman, 1994). From
the PCR products generated from early flower bud
developmental stages, 20 pi-1-up-regulated bands
were observed on FDD gels (approximately 0.06 RTPCR products per primer combination). Of these, 17
RT-PCR products were successfully purified and
cloned in plasmid cloning vectors. In addition, a second FDD analysis on ag-1 and pi-1 material including
later bud stages was performed. For this analysis, 60
PCR primer combinations were used together with
RNA samples derived from inflorescences containing
all flower bud developmental stages up to the mature
flower stage 13 (Bowman, 1994). From these later samples, gene expression differences between pi-1 and
ag-1 mutants were much more numerous than at early
bud developmental stages. Forty-five clearly pi-1-upregulated bands (approximately 0.75 RT-PCR products per primer combination) were observed on FDD
gels using these samples. Of these, 12 pi-1-upregulated bands were cloned in plasmid vectors for
further analysis.
Sequencing of the total number of 29 RT-PCR products cloned after FDD analysis demonstrated the
presence of 22 distinct sequences, the other seven
having been amplified by more than one combination
of PCR primer. One of these 22 unique PCR products
proved, by searching of the complete Arabidopsis
genome sequence database and by Southern blotting
(data not shown), to show no homology to Arabidopsis DNA. Two others were derived from the Arabidopsis chloroplast genome and a further two represented nuclear rRNA genes. The remaining 18 PCR
products represented the 3⬘ ends of known or predicted protein-encoding genes from the Arabidopsis
nuclear genome. Further analysis of four of these by
northern blotting (data not shown) failed to provide
clear evidence of up-regulation in pi-1 over ag-1 mutant inflorescences. The remaining 14 PCR products
represent partial cDNA sequences that were confirmed by subsequent analyses to be up-regulated in
inflorescences of the pi-1 mutant. These cDNAs were
termed Pup (for pistillata-up-regulated) 1 to 14 and are
described in Table I, which includes details of the
stages of development from which they were identified during FDD analysis. For each of the 14 Pup
cDNAs, full-length gene-coding regions predicted
from the complete Arabidopsis genome sequence
were amplified using RT-PCR from wt inflorescence
RNA. These putatively full-length cDNAs were
cloned and partially sequenced to demonstrate their
authenticity. In several cases, where full-length
cDNAs had not previously been characterized, sequencing of the full-length amplified cDNAs was
performed. These novel full-length cDNA sequence
data have been deposited with the EMBL database
Plant Physiol. Vol. 132, 2003
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Table I. Details of the cDNA sequences Pup1–14, identified as up-regulated in the Arabidopsis gynoecium, and of their associated genes
Details of the full-length cDNAs referred to can be found at http://signal.salk.edu/SSP/index.html.
Published
Name

Unique Gene
Identifier No.

Homology or Classification

Full-Length cDNA

ARGONAUTE9
(AGO9)

At5g21150

ARGONAUTE family genes

Pup2

At5g53870

Phytocyanins

Pup3
Pup4
Pup5
Pup6
Pup7
Pup8

At2g34870
At5g24420
At1g72290
At5g14700
At1g72260
At5g23960

Pro-rich proteins
Phosphogluconolactonases
Kunitz protease inhibitors
Cinnamyl coA reductases
Thionins
␦-Cadinene synthases

At5g24780
At1g52030

Vegetative storage proteins
Myrosinase-binding proteins
and other lectins
Myrosinase-binding proteins
and other lectins

EMBL accession no.
AJ544236
EMBL accession no.
AJ544237
Ceres 29605
Ceres 13806
Ceres 106020
Ceres 17229
Ceres 26029
EMBL accession no.
AJ544238
Ceres 32606
SSP R12767

cDNA
Pup1

Pup9
Pup10

Thi2.1

VSP1
MBP2

Pup11

At3g16470

Pup12

At2g39330

Pup13
Pup14

Stages of
Development Used
in FDD Analysis
Before stage 11
All stages

Ovules and anther sporogenous
tissues
Embryo sac

All stages
Before stage 11
All stages
Before stage 11
All stages
All stages

Epidermis of vertical septum
Ovary and ovules
Transmitting tissue
Seed integuments
Integuments of ovules and seeds
Mesocarp of silique wall

Before stage 11
Before stage 11

Ovary wall
Inner epidermis of ovary; ovule
integuments; tapetum
Inner epidermis of ovary; ovule
integuments; vasculature of
gynoecium and stamens
Ovary wall; vasculature of
gyneocium, stamens, and petals
Transmitting tissue; vasculature
of floral organs; anther wall
Inner epidermis of ovary; ovule
integuments; vasculature of
gynoecium and stamens

Ceres 30003

Before stage 11

Ceres 39069

Before stage 11

At1g69870

Myrosinase-binding proteins
and other lectins
Peptide transporters

Ceres 22243

All stages

At1g52400

␤-Glucosidases

Ceres 17229

Before stage 11

(Table I). The homologies shown by the genes identified in this study are discussed in detail below,
together with descriptions of their expression
profiles.
Expression Profiles of Genes Up-Regulated in the
Arabidopsis Gynoecium

The expression profiles of the 14 Pup cDNAs identified from pi-1 flowers by FDD analysis were investigated by a combination of northern blotting and in
situ hybridization. As floral organs of Arabidopsis
cannot easily be dissected in adequate quantities for
northern blotting, we used RNA samples from entire
inflorescence tissues of wt plants and of three floral
homeotic mutants whose flowers contain different
combinations of floral organs. The floral homeotic
mutants used in these analyses were pi-1 (flowers
containing sepals and carpels), ag-1 (flowers containing sepals and petals), and superman-1 (sup-1; flowers
containing sepals, petals, and stamens, with occasionally a vestigial gynoecium). The results of northern blotting for the 14 sequences analyzed, shown in
Figure 1, demonstrate stronger hybridization signals
for all of the cDNAs presented from pi-1 than from
ag-1 flower RNA, thereby validating the results of the
FDD screen. The detailed tissue-specific expression
patterns of the 14 cDNAs were also investigated by
non-radioisotopic in situ hybridizations to wt Arabidopsis flower bud, flower, and silique tissues, the
results of which are presented in Figure 2. In situ
Plant Physiol. Vol. 132, 2003
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Flowers and Siliques

hybridizations indicate that the majority of the Pup
cDNA sequences show expression patterns largely
confined to the gynoecium. In all cases, sense-strand
cDNA control probes were used (data not shown) to
verify the signals apparent with antisense cDNA
probes. The detailed expression patterns shown by
the 14 Pup cDNAs, as deduced from comparison of
northern and in situ hybridization data, are as
follows.
The Pup1 cDNA corresponds to the gene ARGONAUTE9 (AGO9) of the ARGONAUTE gene family.
This family consists of 10 genes in Arabidopsis, three
of which, ARGONAUTE (AGO1), ZWILLE (ZLL, also
known as PINHEAD), and ARGONAUTE4 (AGO4),
have been functionally characterized. Mutations in
AGO1 (Bohmert et al., 1998) and ZLL (Moussian et al.,
1998; Lynn et al., 1999) lead to developmental perturbations in both vegetative and reproductive
tissues. Additionally, AGO1 has been found to be
necessary for PTGS (Fagard et al., 2000). AGO4 is
required for the methylation-dependent silencing of
the SUPERMAN gene in a clark kent epigenetic
mutant and for the accumulation of certain classes
of small interfering RNAs (Zilberman et al., 2003).
Northern hybridization (Fig. 1) shows Pup1/AGO9 to
be expressed in wt and pi-1 mutant inflorescences
and unexpressed in ag-1 inflorescences and in wt
vegetative tissues, suggesting the up-regulation of
Pup1/AGO9 in the gynoecium. A Pup1/AGO9 hybridization signal on northern blots is also revealed
in sup-1 inflorescence RNA, suggesting this gene to
655
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Figure 1. Northern blots probed with full-length predicted coding
regions of the cDNAs Pup1 to Pup14. The blots contain total RNA
samples (or polyadenylated RNA samples in the case of Pup2) extracted from Arabidopsis plants of the Landsberg erecta (wt) genetic
background and three mutant lines pi-1, ag-1, and sup-1. A control
hybridization to demonstrate RNA loading in all tracks is shown
using a cDNA probe corresponding to the gene At2g27040, encoding a close homolog of the Pup1/AGO9 cDNA, which is expressed in
all Arabidopsis tissues so far tested. Molecular sizes of hybridizing
transcripts, calculated from tracks of RNA size markers, are shown on
the right.
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be also expressed in stamens (Fig. 1). In situ hybridization shows that Pup1/AGO9 is expressed principally in the ovule (Fig. 2, A and B). The Pup1/AGO9
gene appears to have a uniform level of expression
throughout each ovule up to stage 12 (Fig. 2A) and
lower and less uniform expression in ovule tissues at
stage 13 (Fig. 2B) and later. A Pup1/AGO9 in situ
hybridization signal is also apparent in the sporogenous tissue contained in the loculi of the anthers at
around stage 8 of flower development (Fig. 2C),
which is before pollen meiosis. This result is in accordance with the Pup1/AGO9 signal detected on
northern blots of sup-1 inflorescence RNA (Fig. 1). At
this earlier stage of development, Pup1/AGO9 expression is also apparent in two zones of the gynoecial tube corresponding to the placentae and ovule
primordia (Fig. 2C), demonstrating that expression of
this gene in female tissues also commences early in
development. AGO9 is the first member of the ARGONAUTE family for which expression specifically
in reproductive tissues has been demonstrated.
The Pup2 cDNA encodes a phytocyanin protein
and is homologous to a number of early nodulin
(ENOD) genes expressed in the developing root nodules of species of the Leguminosae (Greene et al.,
1998). Northern blotting of total RNA samples failed
to detect expression of the Pup2 gene (data not
shown). However, northern blotting of polyadenylated RNA samples demonstrated weak Pup2 expression specifically in wt and pi-1 flowers and in leaves
(Fig. 1). In situ hybridization (Fig. 2, D and E) shows
the precise location of Pup2 expression in flowers to
be the embryo sac, with the signal being more apparent toward the chalazal pole, opposite to the micropyle where pollen tubes enter (Fig. 2D). In situ hybridization to leaf tissue (data not shown) failed to
reveal any Pup2 expression. Pup2 expression in
leaves, which was apparent on northern blots, may
therefore be below the limit of detection of in situ
analysis, or be at a uniform level in all leaf cells and
therefore difficult to locate. Database searching indicates the Pup2 cDNA to be a member of a gene family
containing approximately 35 genes in Arabidopsis.
However, no other Arabidopsis-predicted protein
shows particularly close similarity to that predicted
from the Pup2 cDNA, the closest being the protein
predicted from the gene At4g27520 (40.4% amino
acid identity).
The Pup3 cDNA encodes a short, Pro- or Hyp-rich
peptide. Hydropathy predictions (Kyte and Doolittle,
1982) for this predicted peptide (data not shown)
indicate a high probability of an N-terminal signal
sequence with a consensus peptide cleavage site, allowing the possibility that the mature peptide may be
secreted from the cell. Northern blotting demonstrates expression of the Pup3 gene to be entirely
flower specific and mostly confined to the gynoecium, because hybridization signals are very weak
from ag-1 and sup-1 mutants by comparison with
Plant Physiol. Vol. 132, 2003

Arabidopsis Gynoecium-Expressed Genes

those from wt plants and pi-1 mutants (Fig. 1). In situ
hybridizations (Fig. 2, F and G) demonstrate expression of Pup3 in the gynoecium to be confined to the
epidermal layers of the vertical septum. Expression
of this gene commences in the latter half of stage 12
of flower development in the central region of the
epidermis of the vertical septum (Fig. 2F). Pup3 expression then spreads to all epidermal cells of the
vertical septum in fully mature flowers at stage 13
(Fig. 2G). This gene is additionally, but more weakly,
expressed in the adaxial epidermis of the petal and
the epidermis of the stamen filaments at the fully
mature stage 13 of flower development (Fig. 2G).
Although several distinct gene families encoding Pro
and Hyp-rich proteins are known to be expressed in
plant reproductive tissues (Sommer-Knudsen et al.,
1997), the protein encoded by Pup3 belongs to a novel
family containing only three members in Arabidopsis, the other two being the genes At1g30875 and
At3g02670.
The Pup4 gene putatively encodes a phosphogluconolactonase, the second enzyme in the oxidative
pentose phosphate pathway. This enzyme is responsible for the conversion of d-glucono-⭸-lactone-6phosphate into 6-phosphogluconic acid. Northern
blotting (Fig. 1) shows the Pup4 mRNA to be present
uniquely in inflorescence tissues, with expression
specifically in wt, pi-1, and sup-1 inflorescences, suggesting expression only in the gynoecium and stamens. In situ hybridization (Fig. 2H) confirms the
northern-blot results and demonstrates expression of
the Pup4 gene in all parts of the gynoecium, with
strongest expression in the developing ovules. A
strong Pup4 signal is also apparent in the tapetum of
the anthers at around stages 9 to 10 of flower development (Fig. 2I). At this earlier stage of development,
gynoecial expression of Pup4 seems to be particularly
strong in the ovary wall and in two internal zones
corresponding to the placentae and developing ovule
primordia (Fig. 2I). The specific expression of a phosphogluconolactonase in rapidly developing reproductive tissues is indicative of high activity in the
pentose phosphate pathway. This pathway provides
NADPH in non-photosynthetic tissues, generates
Rib-5-phosphase for nucleic acid synthesis and contributes to the production of shikimic acid, which is a
precursor of aromatic ring compounds (Goodwin
and Mercer, 1983; Miclet et al., 2001). Database
searching indicates the Pup4 gene to belong to a
family of five genes in Arabidopsis. Pup4, therefore,
seems to be a differentially regulated member of the
phosphogluconolactonase gene family that functions
uniquely in tissues within the third and fourth floral
whorls.
Pup5 encodes a protein that shows 57.2% amino
acid sequence identity to a heat shock-induced
kunitz proteinase inhibitor from cauliflower (Brassica
oleracea; Annamalai and Yanagihara, 1999). The Pup5
mRNA appears to be entirely specific to gynoecial
Plant Physiol. Vol. 132, 2003

tissues, giving signals only in pi-1 and wt inflorescence tissues on northern blotting (Fig. 1). In situ
hybridization reveals this gene to be expressed in the
transmitting tissue of the style (Fig. 2J) and vertical
septum (Fig. 2, K and L), the route taken by pollen
tubes toward the ovules.
The Pup6 cDNA encodes a putative cinnamoyl CoA
reductase, the enzyme which catalyzes the first committed step in the production of lignin by the conversion of cinnamoyl CoAs to their respective cinnamaldehydes (Lauvergeat et al., 2001). Northern
analysis (Fig. 1) indicates the Pup6 cDNA to be entirely flower specific and, from its much higher expression in wt and pi-1 inflorescences as compared
with ag-1 and sup-1 inflorescences, to be largely
gynoecium-specific. Although the Pup6 mRNA was
identified from relatively early stages of flower development, no strong expression signal could be
found in young flower buds by in situ hybridization
(data not shown). By contrast, the Pup6 cDNA was
found to be expressed in the outer integument of the
developing seeds (Fig. 2M). Its expression seems to
be strongest in the subepidermal cell layer. A natural
coloration of the tissue, possibly due to an accumulation of phenolic compounds (Western et al., 2000),
obscures any possible Pup6 expression in the inner
cell layer of the inner epidermis (Fig. 2M).
Pup7 corresponds to the published AthTH1 cDNA
encoding a thionin (Epple et al., 1995). The corresponding gene, Thi2.1 (Bohlmann et al., 1998), has
been previously shown by northern blotting (Epple
et al., 1995) and by GUS reporter gene studies (Vignutelli et al., 1998) to be expressed constitutively in
flowers and siliques. In addition to its constitutive
expression in reproductive tissues, Thi2.1 expression
can be induced in vegetative tissues by wounding
and infection (Bohlmann, et al., 1998; Vignutelli et al.,
1998). Northern blotting (Fig. 1) performed in the
current study confirms the findings of Epple et al.
(1995), showing signals only in wt and pi-1 inflorescence tissue, suggesting up-regulation in the gynoecium. In situ hybridization demonstrates the exact
location of Pup7/Thi2.1 expression to be the integuments of the ovule, a result that was not apparent
from the study of the promoter activity of this gene
(Vignutelli et al., 1998), which appeared to show a
rather more generalized expression in the ovary. Expression of Pup7/Thi2.1 commences at stage 11 (Fig.
2N), during the formation of inner and outer integument primordia, and then increases throughout
stages 12 and 13 to a maximum level in the integuments of the mature ovule at late stage 13 (Fig. 2O).
The Pup8 cDNA encodes a putative ␦-cadinene synthase, the enzyme that catalyzes the conversion of
farnesyl diphosphate into ␦-cadinene, a committed
step in the production of sesquiterpene phytoalexins
(Benedict et al., 2001). Northern blotting (Fig. 1) indicates Pup8 expression to be entirely flower-specific.
Furthermore, the expression of this gene is limited to
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wt and pi-1 mutant inflorescences, with no detectable
expression in ag-1 or sup-1 inflorescences, suggesting
an entirely gynoecium-specific expression profile. In
situ hybridization (Fig. 2P) demonstrates expression
of the Pup8 gene only in post-fertilization stages of
development. Its expression is limited to the wall of
the silique and seems to be particularly abundant in
the mesocarp cell layers. No Pup8 hybridization signals are apparent in the ovary wall before stage 14 of
flower development (data not shown).
The Pup9 cDNA is identical to the previously identified vegetative storage protein1 (VSP1)cDNA, encoding a vegetative storage protein (Utsugi et al., 1998).
VSP1 is located at a distance of 6 kb from its close
homolog VSP2 on Arabidopsis chromosome 5. Vegetative storage proteins were first identified by their
accumulation in the vacuoles of leaf mesophyll cells
of soybean (Glycine max) plants that had been depodded and thereby deprived of a nutrient sink (Wittenbach, 1983). It is thought that VSPs represent a protein reserve in the mature or developing plant and
are termed vegetative to distinguish them from the
storage proteins that accumulate in seeds. The promoter activity of the Pup9/VSP1 gene in Arabidopsis has been previously investigated using a
␤-glucuronidase reporter gene strategy (Utsugi et al.,
1998). The Pup9/VSP1 promoter was found to be
active in gynoecium tissues, although no promoter
activity in the stamens or elsewhere in the flower was
noted. Northern blotting in the present work indicates Pup9/VSP1 expression only in inflorescence

tissues (Fig. 1). Hybridization signals are strongest
from pi-1 mutant inflorescences, with considerable
expression also from wt and sup-1 mutant inflorescences. A slight hybridization signal is also apparent
in ag-1 mutant inflorescence tissue. Taken together,
these data suggest a strong Pup9/VSP1 expression in
the gynoecium and in stamens and a weak Pup9/
VSP1 expression elsewhere in the flower. In situ hybridization of Pup9/VSP1 confirms the findings of
northern analysis, showing a high level of expression
in the ovary wall and the inner and outer epidermal
cell layers of the ovary (Fig. 2Q). The high levels of
Pup9/VSP1 expression apparent in sup-1 inflorescences by northern blotting (Fig. 1) are in agreement
with in situ hybridization signals detected in the
vasculature of the stamen filaments (Fig. 2Q). Although Pup9/VSP1 seems less highly expressed in
filaments that in the gynoecium, a considerable level
of expression in sup-1 mutants would be apparent on
northern blots, because sup-1 flowers contain large
numbers of stamens. In addition to high levels of
Pup9/VSP1 in the gynoecium and stamen filaments,
a general low level of hybridization of Pup9/VSP1 to
all floral tissues is apparent (Fig. 2Q). This observation is in agreement with the low level of Pup9/VSP1
expression in ag-1 inflorescences observed on northern blots (Fig. 1).
The three cDNAs Pup10, Pup11, and Pup12 are
homologous to genes encoding various classes of
lectins, including myrosinase-binding proteins
(MBPs), ␤-glucosidase-binding proteins (Rask et al.,

Figure 2. Non-radioisotopic in situ hybridizations using antisense-strand riboprobes corresponding to full-length predicted
gene-coding regions of cDNAs Pup1 to Pup14. Hybridizations were performed on tissues of flower buds, mature flowers,
and siliques of Arabidopsis plants of the Landsberg erecta genetic background. Probe hybridization signals corresponds to
dark blue/violet staining, whereas counterstaining of cellulose-containing material shows as bright fluorescence. A,
Longitudinal section (LS) of ovary showing Pup1/AGO9 signals in ovules at early stage 12. B, LS of flower bud showing
Pup1/AGO9 signals in ovules at stage 13. C, LS of flower bud showing Pup1/AGO9 signals in placentae/ovule primordia and
in anther loculi at stage 8. D, Transverse section (TS) of ovary showing a Pup2 signal in the embryo sac at stage 13. E, LS
of ovary showing Pup2 signals in embryo sacs at stage 13. F, TS of flower bud showing Pup3 signals in epidermal cells of
the vertical septum at late stage 12. G, TS of flower bud showing Pup3 signals in epidermal layers of the vertical septum,
petals (abaxial surface), and filaments at stage 13. H, TS of flower bud showing Pup4 signals in the ovary and ovules at stages
11 to 12. I, TS (oblique) of flower bud showing Pup4 signals in the gynoecium wall, placentae/ovule primordia, and tapetum
at stages 9 to 10. J, LS of upper gynoecium showing a Pup5 signal in the stylar transmitting tissue at stage 13. K, LS of flower
bud showing a Pup5 signal in the vertical septum at stage 13. L, TS of flower bud showing a Pup5 signal in the transmitting
tissue of the vertical septum at stage 13. M, LS of silique showing a Pup6 signal in the outer integument of the seed,
approximately 3 d after fertilization. N, LS of flower bud showing Pup7/AtTH1 signals in ovules at early stage 12. O, LS of
ovary showing Pup7/Thi2.1 signals in ovule integuments at stages 12–13. P, TS (oblique) of silique showing a Pup8 signal
in mesocarp cell layers, 1 to 2 d after fertilization. Q, TS of flower bud showing Pup9/VSP1 signals in the ovary wall and
stamen filaments at stage 13. R, TS of flower bud showing Pup10 signals in the placentae/ovule primordia of the gynoecium
and in the tapetum at stages 9 to 10. S, TS of flower bud showing Pup10 signals in the inner epidermis of the ovary and in
the integuments at stage 13. T, TS (oblique) flower bud showing Pup11 signals in the inner epidermis of the ovary, in the
integuments, and in the vasculature of the gynoecium and filaments at stage 13. U, TS of flower bud showing Pup12 signals
in the ovules, in the valves of the ovary and in the vasculature of the gynoecium, filaments, and petals at early stage 12. V,
LS of upper gynoecium showing general Pup13 signals, although stronger in the stigmatic epidermis and stylar transmitting
tissue at stage 13. W, TS of flower bud showing general Pup13 signals, although stronger in the anther walls and vascular
tissue of floral organs at stage 10. X, TS of flower bud showing Pup14 signals in the epidermal cell layers of the ovary, in
the ovule integuments, and in the vasculature of the gynoecium and filaments at stage 13. an, Anther; ds, developing seed;
em, embryo; es, embryo sac; fi, filament of stamen; fu, funiculus; gy, gynoecium; in, integuments; oi, outer integument; op,
ovule primordia; ov, ovule; ow, ovary wall; pe, petal; se, sepal; ss, stigmatic surface; st, style; sw, silique wall; ta, tapetum;
tt, transmitting tissue; va, vasculature; vs, vertical septum. All scale bars ⫽ 100 M, except where otherwise indicated.
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2000), and jacalin lectin from the seeds of Artocarpus
integrifolia (Young et al., 1991). The Pup10 cDNA has
been previously characterized (Capella et al., 2001)
and termed MPB2 on the grounds of similarity between its predicted protein and a characterized MBP
from canola (Brassica napus; Taipalensuu et al., 1997).
The Pup2/MBP2-predicted protein shows 47.2%
amino acid similarity to this MBP from canola and is
the most similar predicted protein to the canola MBP
that exists in the Arabidopsis predicted proteome.
However, no evidence as yet exists to indicate that
the Pup10-predicted protein binds to myrosinases
either in vitro or in vivo. Because many other classes
of lectins share close similarity to MBPs and because
database searching indicates Pup10, Pup11, and
Pup12 to belong to a family of approximately 50
genes in Arabidopsis, the designation of Pup10 as
encoding an MBP must await further evidence.
MBPs bind to myrosinases, which are glycosylated
enzymes that show a thioglucosidase activity and are
implicated in defense against insects, especially in
the Brassicaceae and closely related families. Myrosinases catalyze the release of thiocyanates and other
toxic compounds from glucosylated precursors,
termed glucosinolates. Myrosinase enzymes are
known to be constitutively present in specialized
myrosinase cells, particularly in the seed and seedling, and are also inducible in the mature plant by
wounding (Rask et al., 2000). MPBs are capable of
binding to myrosinases and colocalize with these in
some plant tissues (Geshi et al., 1998). The role of
MPBs is not known, although it has been suggested
that they may be capable of modulating myrosinase
activity (Andreasson et al., 1999) or may show direct
toxicity toward insects (Rask et al., 2000). Although
the Pup10 and Pup11-predicted peptides show reasonable levels of similarity to a characterized MBP
from canola (Taipalensuu et al., 1997), the putative
lectin predicted from the Pup11 cDNA is considerably less similar to this protein of known myrosinasebinding activity (40.4% amino acid identity).
Northern blotting of the Pup10, Pup11, and Pup12
cDNAs (Fig. 1) demonstrates these to be expressed in
wt and pi-1 inflorescences and to be expressed very
lowly or to be unexpressed in ag-1 inflorescences,
suggesting up-regulation in the gynoecium. All three
of these genes additionally show hybridization to
sup-1 inflorescence RNA, suggesting expression in
the stamens. None of the genes Pup10, Pup11, or
Pup12 is constitutively expressed in leaf tissue, and of
the three of them, only Pup11 was found to be expressed in roots (Fig. 1).
In situ hybridization demonstrates that Pup10 is
expressed at stages 9 to 10 of flower development in
two regions internal to the gynoecial cylinder corresponding to the developing placentae and ovule primordia (Fig. 2R). By the mature stage 13, Pup10 is
expressed specifically in the ovule integuments, in
the funiculus, and in the internal epidermis of the
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ovary (Fig. 2S). In addition to its expression in female
tissues, Pup10 is expressed in the tapetum of the
anthers at stages 9 to 10 of flower development,
during and immediately following pollen meiosis
(Fig. 2R). Tapetal expression of Pup10 (MBP2) is also
apparent in the in situ analysis performed by Capella
et al. (2001), although the precise location of the
expression of this gene in the inner epidermis and
ovule integuments, clearly demonstrated in the
present work, is not clear from the in situ hybridization data presented by Capella et al. (2001).
Pup11, like Pup10, shows expression in the integuments and in the inner epidermis of the ovary (Fig.
2T). However, this gene is additionally expressed in
the four vascular strands of the gynoecium and in the
vasculature of the stamen filaments in flowers buds
at stage 13 of development (Fig. 2T). Pup11, again
unlike Pup10, is not expressed in the tapetum (data
not shown).
Pup12 is principally expressed in the vasculature of
the immature floral organs (Fig. 2U). Expression
of this gene is apparent in the four vascular bundles
of the gynoecium, in the vasculature of the stamen
filaments, and in the mid-vein of the petals (Fig. 2U).
Pup12 is also expressed in the developing ovules at
stages 11 and 12 (Fig. 2U). However, the ovule expression of Pup12 ceases at more mature developmental stages such that it is not expressed in the
integuments of the mature ovule, as are Pup10 and
Pup11 (data not shown). Pup12 is more generally
expressed in the tissues of the immature ovary wall
(Fig. 2U) than are Pup10 and Pup11. Again unlike
Pup10 and Pup11, this gene does not show specific
expression in the inner epidermis of the mature
ovary. Like Pup11 but unlike Pup10, Pup12 is not
expressed in the tapetum (data not shown). The
Pup10, Pup11, and Pup12 cDNAs therefore show precise and distinct cellular patterns of expression that
do not correspond to the presence of specialized
myrosinase cells. Although from their sequence homologies, the proteins encoded by these genes may
be predicted to show probable lectin activities, any
carbohydrate-containing molecules to which they
may bind in vivo have yet to be identified.
The Pup13 cDNA encodes a putative peptide transporter protein. The peptide transporter of known activity that exhibits closest similarity to the Pup13predicted protein (36.4% amino acid sequence
identity) is encoded by the HvPTR1 gene of barley
(Hordeum vulgare; West et al., 1998). This gene is expressed specifically in the barley embryo during seed
germination and is thought to be involved in the mobilization of protein reserves. Database searching indicates that the Pup13 gene is a member of a very
extensive Arabidopsis gene family containing over 50
members. Northern blotting indicates the Pup13 gene
to be expressed in all tissues tested other than roots
(Fig. 1). Its expression is highest in the inflorescences
of wt plants and of pi-1 and sup-1 mutants, with lower
Plant Physiol. Vol. 132, 2003
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expression in ag-1 mutant inflorescences and in wt
leaves. These results suggest the up-regulation of
Pup13 expression in the gyneocium and stamens, with
lower levels of expression in the perianth organs and
the aboveground vegetative organs. In situ hybridization to mature flowers indicates some Pup13 expression in all flower tissues, with higher signals in the
stigmatic epidermis (Fig. 2V) and the transmitting tissue of the style (Fig. 2V) and vertical septum (data not
shown). At an earlier stage of flower development,
higher levels of Pup13 expression are also apparent in
the anther wall layers (Fig. 2W), explaining the high
expression levels of this gene apparent on northern
blotting of RNA from sup-1 mutant inflorescences (Fig.
1). In flower buds at stage 10, Pup13 is not expressed
at a detectable level in the tapetum or sporogenous
tissues (Fig. 2W). Pup13 is, however, highly expressed
in the vasculature of the gynoecium, stamen filaments,
and sepals at this same developmental stage (Fig. 2W).
The Pup14 cDNA encodes a putative ␤-glucosidase.
␤-Glucosidases are known to play a large variety of
roles in plants by liberating many different classes of
molecules from inactive glucosylated precursor
forms. Databases searching indicates the protein of
known function most closely resembling the Pup14predicted protein (71.2% amino acid identity) to be a
␤-glucosidase that specifically degrades zeatin-oglucosides in canola seeds (Falk and Rask, 1995).
Another enzyme showing a similar activity related to
hormone metabolism is involved in the release of
active cytokinin during the development of maize
(Zea mays) embryos (Brzobohaty et al., 1993). Several
other ␤-glucosidases of unknown functions and substrate specificities have previously been found to be
differentially regulated in response to environmental
conditions such as phosphate starvation (Malboobi
and Lefebvre, 1997) or to be developmentally upregulated in reproductive tissues such as the Arabidopsis tapetum (Rubinelli et al., 1998). ␤-Glucosidases
show high levels of sequence similarity to thioglucosidases (myrosinases). One amino acid position within
the active sites of these two classes of enzymes is
occupied invariably by a Glu residue in ␤-glucosidases and by a Gln residue in myrosinases (Rask et
al., 2000). This amino acid residue corresponds to position 207 in the Pup14-predicted peptide (data not
shown), where the presence of Glu indicates a probable ␤-glucosidase activity.
Northern blotting (Fig. 1) indicates Pup14 to be
entirely flower-specifically expressed. It is expressed
in wt, pi-1, and sup-1 mutant inflorescences and also
shows a very slight hybridization to ag-1 inflorescence RNA, suggesting up-regulation of this gene in
the gynoecium and in stamens, with some expression
elsewhere in the flower. In situ hybridization confirms the findings of northern blotting and demonstrates expression of Pup14 in various tissues of the
mature flower bud. The Pup14 gene is strongly expressed in the integuments of the ovules and in the
Plant Physiol. Vol. 132, 2003

inner epidermis of the ovary and less strongly expressed in the outer epidermis of the ovary (Fig. 2X).
In addition, it is strongly expressed in the four vascular strands of the gynoecium and in the vasculature of the stamen filaments and petals (Fig. 2X). The
Pup14 expression pattern is therefore complex, involving several distinct tissues. This expression pattern resembles very closely that of the gene Pup11,
also characterized in the present study, which shows
similarity to myrosinase-binding and ␤-glucosidasebinding proteins and other lectins.
DISCUSSION
The FDD Analysis of Floral Homeotic Mutants
Proves an Efficient Method for the Identification of
Novel Gynoecium-Specific Genes

We have identified 14 genes that are up-regulated
in tissues of the Arabidopsis gynoecium by the comparison of the genes expressed in the inflorescences
of two Arabidopsis floral homeotic mutants, pi-1 and
ag-1, using the technique of FDD. Eight of the 14
sequences described here were identified from early
stages of flower development. However, in situ hybridization demonstrated all of these cDNAs to be
also expressed at later developmental stages, suggesting that our intention to clone genes specifically
expressed early in gynoecium development did not
work as well as intended.
Most of the sequences identified in the present
study were at least moderately highly expressed. All
except one of them, Pup2, could be detected by northern blotting of total rather than polyadenylated RNA.
In addition, none of the low-expressed genes already
known to control gynoecium development (Bowman
et al., 1999; Ferrandiz et al., 1999) was re-identified in
the present study. This suggests that FDD may be
more efficient for the detection of moderately or
highly expressed rather than low-expressed mRNAs.
Comparison of pi-1 and ag-1 inflorescences containing flower buds up to developmental stage 10 in the
present study yielded approximately 0.06 pi-1
mutant-up-regulated RT-PCR products per PCR
primer combination. Inflorescences additionally containing buds up to developmental stage 13, however,
yielded the much higher number of approximately
0.75 pi-1 mutant-up-regulated RT-PCR products per
PCR primer combination. This suggests a large (approximately 12.5-fold) increase in the expression of
moderately and highly abundant mRNAs during the
latter phases of gynoecium and ovule development.
Only a small proportion of the differential genes
detected by FDD at later stages of flower development were cloned in the present study. Having already been identified in FDD analysis, these other
differential mRNAs should, however, be amenable to
cloning at a later time.
Despite the potential drawback of limited sensitivity, our results indicate the FDD technique to repre661
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sent a substantial improvement over conventional
differential display using radioactive detection (Liang
and Pardee, 1992). An earlier study of gynoeciumspecific gene expression in Arabidopsis using a similar
mutant-based strategy in combination with conventional differential display succeeded in identifying
only two gynoecium-expressed genes (Yung et al.,
1999), one of which had been previously characterized. Although FDD may continue to provide the most
efficient available means of differential screening that
is of applicability to any eukaryotic organism, it is
probable that microarray-based methods, due to their
potentially greater convenience and sensitivity, will
supersede the use of FDD in organisms for which
complete genome sequences and/or large expressed
sequence tag collections are available.

A Member of the ARGONAUTE Gene Family
Functions in Developing Ovules and
Sporogenous Tissue

The principal aim of this work has been to identify
target genes for a reverse genetic functional analysis
of processes occurring in the gynoecium. Our studies
have identified the Pup1 cDNA as a gene with potential functions in ovules and the sporogenous tissues of the anther. Pup1 is a previously unstudied
member of the ARGONAUTE gene family, designated after a homology search of the Arabidopsis
genome by Morel et al. (2002) as AGO9. ARGONAUTE genes encode proteins containing PAZ and
PIWI domains (Cerutti et al., 2000) and are known
from plants, fungi, and animals (Fagard et al., 2000).
These genes are variously involved in development
and in a group of related processes termed PTGS in
plants, RNA interference in animals, and quelling in
fungi. The effect of PTGS can be seen in the silencing
of reporter genes in transgenic plants by the specific
destruction of their transcripts (for review, see
Vaucheret and Fagard, 2001). Plants that are defective in PTGS due to mutations in the AGO1 gene have
been shown to be less resistant to viruses (Morel et
al., 2002), and it is hypothesized that the natural
function of PTGS and related processes is in virus
resistance.
In the present work, we show Pup1/AGO9 to be a
transcribed gene that is expressed specifically in the
ovule and in the sporogenous tissues of the anther
loculus. In both of these tissues Pup1/AGO9 expression commences before meiosis. Both ovules and
sporogenous tissues are in phases of rapid development and, in addition, both of these tissues might
represent control points for the prevention of the
vertical transmission of viruses. Several mutant alleles with differential effects on development and
PTGS are known for the previously investigated
AGO1 gene. In the ago1-27 allele, a mutation converting the predicted Ala-992 residue to Val causes a
complete loss of PTGS, but has only a slight effect on
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plant development (Morel et al., 2002). This Ala residue is not conserved with the wt Pup1/AGO9predicted peptide, which may suggest that Pup1/
AGO9 is not involved in PTGS. Further studies,
however, will be required to determine whether
Pup1/AGO9 functions in ovule and pollen development, in PTGS for virus resistance, or in both of these
processes.

FDD Identifies Several Classes of Genes with
Potential Roles in the Development or Essential
Functions of the Gynoecium

In addition to Pup1/AGO9, our studies have identified a number of other genes that present homologies and expression patterns suggesting potential
roles either in the development of the gynoecium or
in its essential processes. These genes also represent
interesting candidates for reverse genetic functional
analysis. The Pup2 gene is expressed specifically in
the Arabidopsis embryo sac and is homologous to
various early nodulin (ENOD) genes including
ENOD5 from pea (Pisum sativum; Scheres et al., 1990),
ENOD55 from soybean (de Blank et al., 1993), and
ENOD16 and ENOD20 from Medicago truncata
(Greene et al., 1998). These ENOD genes encode proteins of the phytocyanin class and, like other classes
of ENOD genes, are expressed early in the development of nitrogen-fixing root nodules in species of the
Leguminosae. The phytocyanins include a group of
chloroplast copper-binding proteins termed plastocyanins that function as photosynthetic electron
transporters. However, the known ENOD phytocyanins lack the ligands necessary for binding copper
that are present in plastocyanins (Greene et al., 1998).
The cellular or intracellular locations of the
plastocyanin-like ENOD proteins and their functions
during the process of nodulation are unknown. Multiple sequence alignment with plastocyanin proteins
(data not shown) indicates that the Pup2-predicted
phytocyanin also lacks three out of four of the residues that coordinate copper in plastocyanins (for
review, see Greene et al., 1998), strongly suggesting
that this predicted protein would be unable to bind
copper.
The Pup3 cDNA encodes a short Pro- or Hyp-rich
peptide that presents a very specific expression pattern in the epidermis of the vertical septum during
the later stages of flower development. Pro- and
Hyp-rich proteins are frequently secreted from the
cell and often accumulate in the cell wall. This may
be the case for the Pup3-predicted peptide, which
shows a putative N-terminal signal peptide sequence
and consensus cleavage site. Hyp-rich peptides are
involved in many processes in plant reproductive
tissues, including some cell-signaling processes, reviewed by Sommer-Knudsen et al. (1997). Because
Pup3 is expressed late in flower development, it may
not be involved in developmental processes that
Plant Physiol. Vol. 132, 2003
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would alter the pattern of cell division and differentiation in the vertical septum. Pup3 is, however, expressed in a cell layer that must be traversed by
growing
pollen
tubes
immediately
before
fertilization.
Pup14 encodes a ␤-glucosidase with greatest similarity to an enzyme involved in the release of active
cytokinin in canola seeds. Our studies show Pup14, by
contrast, to be expressed in several different tissues of
the developing Arabidopsis gynoecium. Our studies
have serendipitously identified, along with Pup14,
three genes encoding proteins that are similar to lectins known to bind to myrosinases, ␤-glucosidases,
and other glycoproteins. The ␤-glucosidase from
canola to which Pup14 shows close similarity was
originally copurified together with two low Mr proteins (Falk and Rask, 1995) that may be examples of
␤-glucosidase-binding proteins from B. napus. One of
the putative lectin-encoding cDNAs identified in the
present study, Pup11, shows a pattern of expression
very similar to that of the Pup14-predicted
␤-glucosidase. Further studies will be necessary to
determine the substrate specificity of the predicted
Pup14 ␤-glucosidase, its possible in vivo functions,
and any potential interaction with the protein encoded
by the Pup11 cDNA.

integument is specialized for the production of mucilage and sheds its outer cell wall on wetting (Western et al., 2000; Windsor et al., 2000). The expression
of Pup6 in the subepidermal layer, therefore, suggests
the presence of a lignified barrier below the outer
mucilage-secreting cell layer. Pup7/Thi2.1 encodes a
thionin that, like Pup6, is also specific to the integuments. Because thionins are implicated in plant defense, it is likely that Pup7/Thi2.1 also plays a role in
the protection of the seeds.
Pup8 encodes a putative ␦-cadinene synthase that is
specific to the mesocarp cell layers of the silique wall.
Pup8 can therefore be predicted to contribute to the
production of sesquiterpene phytoalexins in the silique wall. These compounds are secondary plant
products that play a defensive role against fungal
pathogens (Harborne, 1993).
In addition to the above-mentioned genes that are
likely to be primarily involved in plant defense, defensive roles cannot be excluded for some or all of the
genes Pup10, Pup11, and Pup12, encoding putative
lectins that may bind to myrosinases, ␤-glucosidases,
or other carbohydrate-containing molecules. A defensive role is also possible for Pup1/AGO9, which
may be involved in PTGS for viral resistance, in
addition to a possible function in ovule and pollen
development.

Many Classes of Defense-Related Genes Are
Up-Regulated in the Gynoecium

The Continued Reverse Genetic Analysis of Gene
Function in the Gynoecium

One of the primary functions of the carpel appears
to be the protection of the ovules and seeds that are
contained within it. In addition to providing a physical barrier to insects and microbial pathogens, the
carpel tissues and the integuments of the ovules and
seeds of Arabidopsis have been shown in the present
study to be the location of expression of many genes
that are specifically related to plant defense. Pup5
encodes a putative proteinase inhibitor expressed in
the transmitting tissue of the style and vertical septum. Proteinase inhibitors from the Brassicaceae have
been shown to be active against enzymes of both
fungal and animal origin (Lorito et al., 1994), whereas
another class of Ser proteinase inhibitor expressed in
the stigmas of Nicotiana alata (Atkinson et al., 1993)
has activity against insect proteinases (Heath et al.,
1997). Because the Pup5-encoded putative proteinase
inhibitor is very precisely expressed along the transmitting tissue, a potential route of entry route for
fungal hyphae, the natural function of Pup5 may be
principally in antifungal defense.
Pup6 encodes a putative cinnamyl CoA reductase,
expressed principally in the subepidermal cell layer
of the outer seed integument, potentially involved in
the production of lignin. Lignins of various structures and chemical compositions are known to play a
variety of structural and defensive roles in plants
tissues (Nicholson and Hammerschmidt, 1992). The
epidermal cell layer of the Arabidopsis outer seed

The data presented here mainly relate to the position and timing of specific gene expression in the
gynoecium and other Arabidopsis floral tissues. This
information, together with the complete Arabidopsis
genome sequence and efficient methods for insertional mutagenesis and gene knock-outs through
RNA interference, facilitates the next stage in our
analyses. The present work will enable the efficient
targeting of effort into a reverse genetic analysis of
gene function in the Arabidopsis gynoecium.
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MATERIALS AND METHODS
Plant Material
Seed stocks of wt and mutant lines of Arabidopsis were originally obtained from the Nottingham Arabidopsis Seed Centre Seed Bank (Nottingham, UK). Both the wt plants and the mutants analyzed, pi-1, ag-1 (Bowman
et al., 1989), and sup-1 (Bowman et al., 1992), were obtained in the Landsberg
erecta genetic background. Arabidopsis plants were grown in peat-based
potting compost in a growth chamber at 22°C with an 8-h photoperiod per
24 h. Flowering was induced by transfer to a greenhouse equipped with
supplementary lighting to increase the photoperiod to ⱖ14 h.

FDD Analysis
Differential screening to identify mRNAs that were up-regulated in
inflorescences of pi-1, compared with ag-1, mutants of Arabidopsis was
performed by the semi-automated method of FDD, as described by Kuno et
al. (2000). This method is based on the RT-PCR amplification of the 3⬘
extremities of mRNAs derived from different tissue samples. Reverse tran-
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scriptase PCR amplifications for FDD analysis employed three different
fluorescent oligo(dT) primers, respectively containing dA, dC, and dG
residues immediately 3⬘ to an oligo(dT) sequence. These 3⬘ residues were
included to anneal with the last base of mRNAs, adjacent to their poly(A)
tails, thereby selecting three subgroups of mRNAs. The three fluorescent 3⬘
primers were separately used in conjunction with 120 randomly chosen
10-mer primers (Operon Technologies, Alameda, CA). The mixtures of
products resulting from PCR amplifications were analyzed on an automated
DNA sequencer (SQ5500T, Hitachi, Tokyo). The molecular cloning of differentially expressed RT-PCR products identified by FDD analysis was
performed using a Southern blotting-based system as described by Scutt et
al. (2002).

Sequence Analysis and PCR Amplification of
Full-Length cDNAs
The cloned RT-PCR products identified by FDD analysis, representing
the 3⬘ extremities of transcribed sequences, were sequenced and their respective genes were located in the complete Arabidopsis genome sequence
by BLAST searching (Altschul et al., 1990). Full-length cDNAs corresponding to the identified genes were then amplified by RT-PCR (McPherson et
al., 1995) from inflorescence RNA of either the Landsberg or Columbia
ecotypes of Arabidopsis using primers designed from the 5⬘ and 3⬘ extremities of their respective predicted protein-coding regions. In cases where
full-length cDNAs had not previously been identified, these were fully
sequenced to confirm or correct the coding sequence predictions accompanying the complete Arabidopsis genome sequence.

Northern-Blot Analysis
Plants used for northern-blot analysis were of the Landsberg erecta genetic background, with or without additional mutations in floral homeotic
genes, as indicated. RNA was extracted from plant tissues either by a
method based on hot SDS and phenol (Scutt, 1997) or using Trisol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Where required, polyadenylated RNA samples were purified using a
PolyATract RNA extraction kit (Promega, Madison, WI). Inflorescence tissues included all stages of flower bud and flower development up to stage
14, the fertilization stage of wt flowers (Bowman, 1994). Inflorescence tissues
from three homeotic mutant lines were also included in northern analyses.
Of these, the pi-1 and ag-1 mutations showed high penetrance, giving
uniform mutant phenotypes. The sup-1 mutation, by contrast, showed low
penetrance, giving highly plastic phenotypic effects. For this reason, RNA
used in northern blotting from sup-1 mutants was extracted only from plants
that showed an extreme sup-1 phenotype. This phenotype corresponded to
a greatly increased number of stamens and a gynoecium that was reduced
to a thin filament-like structure or was absent (Bowman et al., 1992). Total
RNA samples of 10 g or polyadenylated RNA samples of 4 g were
analyzed on formaldehyde-containing agarose gels (Sambrook et al., 1989)
and capillary blotted onto Hybond-N membranes (Amersham Biosciences,
Little Chalfont, Buckinghamshire, UK) according to the manufacturer’s
instructions. Northern hybridizations with radiolabeled full-length cDNA
probes were carried out as described by Scutt et al. (1997) and washed to
high stringency in solutions containing 0.1⫻ SSPE (Sambrook et al., 1989)
and 0.1% (w/v) SDS at 65°C. This washing stringency has been demonstrated (data not shown) to discriminate between homologous sequences of
4 kb sharing an average of ⬎95% nucleic acid sequence similarity.

In Situ Hybridization
In situ hybridizations were performed on flower bud, mature flower, and
silique material of plants of the Landsberg erecta genetic background. Riboprobes of full-length gynoecium-expressed cDNAs were labeled by incorporation of digoxygenin-conjugated ribonucleotides during in vitro transcription reactions. These reactions employed templates of linearized
plasmids containing T3, T7, or SP6 RNA polymerase promoter sites flanking
the full-length, gynoecium-expressed cDNAs. Riboprobes corresponding to
antisense cDNA strands were used to detect the presence of homologous
mRNAs, whereas the corresponding sense strands were generated using
alternative RNA polymerases for use as negative controls. Tissue fixation,
embedding in Paraplast Extra (Sherwood Medical, St. Louis), sectioning,
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and in situ hybridization was carried out as described by Bradley et al.
(1993). Sections were counterstained with 0.1% (w/v) Calcofluor White MR2
(Sigma-Aldrich, San Luis Obispo, CA) to visualize cellulose-containing material under UV fluorescence microscopy. The sections were then dried and
rendered permanent in Entellan reagent (Merck, Darmstadt, Germany).
Photomicrographs were taken on daylight color reversal film using mixed
UV and visible illumination on a fluorescence microscope (Optiphot-2,
Nikon, Tokyo).
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