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The Arabidopsis homeotic gene AGAMOUS (AG) is necessary for
the specification of reproductive organs (stamens and carpels)
during the early steps of flower development'~. AG encodes a
transcription factor of the MADS-box family that is expressed in
stamen and carpel primordia. At later stages of development, AG
is expressed in distinct regions of the reproductive organs>. This
suggests that AG might function during the maturation of
stamens and carpels, as well as in their early development.
However, the developmental processes that AG might control
during organogenesis and the genes that are regulated by this
factor are largely unknown. Here we show that microsporo-
genesis, the process leading to pollen formation, is induced by
AG through activation of the SPOROCYTELESS gene (SPL, also
known as NOZZLE,NZZ), a regulator of sporogenesis®’. Further-
more, we demonstrate that SPL can induce microsporogenesis in
the absence of AG function, suggesting that AG controls a specific
process during organogenesis by activating another regulator
that performs a subset of its functions.

AG triggers reproductive organ development®’, a process which
presumably involves temporally and spatially specific expression of
a large number of genes'®. However, only a few putative target genes
of AG are currently known''~">. One of these genes is the MADS-box
gene SHATTERPROOF2 which shares partially redundant func-
tions with AG in addition to its function in fruit dehiscence'>'*".
No other putative target genes have been identified that may
function downstream of AG during floral organ formation.

To analyse the processes downstream of AG, we produced a
strain with inducible AG activity. This strain is homozygous for the
ag-1-null mutation and transgenic for 355::AG-GR, a constitutive
promoter-driven AG gene with a carboxy-terminal fusion to the
steroid-binding domain of the rat glucocorticoid receptor'®".
Plants of this genotype make ag-1 mutant flowers, with indefinite
numbers of successive whorls of sepal-petal-petal (Fig. 1a). Con-
tinuous treatment with the steroid hormone dexamethasone
(DEX)—which leads to a translocation of the fusion protein from
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the cytoplasm to the nucleus—resulted in flowers with functional
stamens and carpels, which resemble the flowers of 35S::AG plants®
(Fig. 1b). Thus, the AG-GR fusion protein can perform the function
of AG. In contrast, a single DEX treatment resulted in only a partial
phenotypic rescue; flowers bore petals with stamenoid structures
(Fig. 1¢). Most of the petals produced in whorl 3 of these flowers had
locules (pollen sacs) at the lateral edges containing normal-looking
pollen grains (Fig. 1d—f). These results show that a single DEX
treatment is not enough to produce normal stamens, but is
sufficient to induce microsporogenesis.

The strain with inducible AG activity was used in a gene
expression profiling experiment performed with a complementary
DNA microarray'. Several AG-responsive genes were identified,
one of which was SPL (see Supplementary Fig. S1). SPL encodes a
putative transcription factor, and has been implicated in ovule
pattern formation and early microsporogenesis®”'®. In sp/ mutants,
the differentiation of primary sporogenous cells as well as anther
wall formation are blocked. This results in mutant anthers that lack
pollen grains®’. The induction of SPL by AG activity was confirmed
by semi-quantitative polymerase chain reaction with reverse tran-
scription (RT-PCR), as well as real-time PCR (Fig. 2a; see also
Supplementary Fig. S2). AG-dependent SPL upregulation was
detected at the 4 hour time-point, and the signal became stronger
at 8 h, remaining relatively stable afterwards. We next tested whether
AG activates SPL in the presence of 10 pM cycloheximide, an
efficient inhibitor of protein synthesis'”". Cycloheximide did not
block the induction of SPL by AG, suggesting that this induction
might be direct (Fig. 2a).

To examine whether there are putative binding sites of AG in
the SPL promoter, the SPL genomic region was examined for the
16-base pair consensus binding sequence of AG***', which contains
the 10-bp ‘CArG-box core’ (5'-CCNN(A/T),GG-3"). In the 3’
region of the gene (897 bp downstream from the stop codon), one
site was identified that contains a single mismatch from the
consensus sequence of the CArG box (Fig. 2b). An electrophoretic
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Figure 1 Activation of AG—GR rescues the ag-7 mutant phenotype. a—¢, Flowers from ag-
1 35S::AG-GR plants untreated (a), or after continuous (b), or a single (¢) DEX treatment.
Treatments were initiated 12 days before imaging. Four DEX treatments at 0.5-day
intervals, or three treatments at 2-day intervals, were sufficient to fully rescue the mutant
phenotypes (data not shown). d, Petal with loculed structures produced in whorl 3 of the
flower shown in ¢. e, f, Close-up of a loculed petal after clearing. Morphologically normal
pollen grains (f) were produced in the locules (€). Asterisk indicates a pollen grain released
by manually breaking a locule. Lo, locules. Scale bars, 100 wm.
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mobility shift assay using a synthetic DNA probe showed that
recombinant AG protein binds to this sequence in vitro (Fig. 2c).
The binding was increased when the single mismatch of the wild-
type sequence was altered to produce the consensus sequence, or
lost when additional mutations were introduced into the CArG-box
core (Fig. 2b, ¢). Another site with a perfect CArG-box core, but
with three mismatches to the 16-bp AG consensus sequence, was
found 100 bp downstream from the stop codon. No clear binding of
AG to this site was observed in vitro (data not shown).

To evaluate whether the AG binding site detected in the 3' region
is necessary for the AG-dependent induction of SPL, translational
fusions between SPL and the GUS reporter gene were made and
transformed into wild-type plants. Overall, GUS expression pat-
terns in plant transgenic lines containing the wild-type SPL-GUS
reporter gene fusion recapitulated the endogenous SPL messenger
RNA expression pattern® (Fig. 2d-h, see also Supplementary
Fig. S3a—h). GUS expression started to appear at the lateral edges
of the stamen primordia in stage 6 floral buds (Fig. 2e), and
subsequently expanded, covering the developing stamens during
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stages 6-8 (Fig. 2f-h). In addition to the continued GUS expression
in the developing stamens, staining was also observed in ovule
primordia at stage 10, as well as in the nucellus, the integuments and
the funiculus of developing ovules at stages 11-13 (see Supplemen-
tary Fig. S3a—g). In contrast, transgenic plants carrying a SPL-GUS
fusion in which the putative AG-binding site had been mutated
(leading to a loss of AG binding in vitro; see above), showed weaker
overall GUS activity and reduced expression domains (Fig. 2i-1; see
also Supplementary Fig. S3i—k). During stages 6-8, weak staining
was observed at only the lateral sides of the stamen primordia, and
not throughout the primordia as observed using the wild-type
construct (Fig. 2i-1). In the ovules of the transgenic lines containing
the mutated construct, staining was observed in the nucellus, and
very weak staining was observed in the inner integuments; however,
staining was not observed in the outer integuments or in the
funiculus at stages 11-13 (compare Supplementary Fig. S3i-k
with e—g). This loss of GUS staining in the integuments and the
funiculus corresponds to the pattern of AG expression in developing
ovules; AG is specifically expressed in the integuments and
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Figure 2 AG-mediated induction of SPL through a binding site in the 3" region of the
gene. a, RT-PCR for SPL (top) or for a ubiquitously expressed lipase gene (bottom) using
RNA samples isolated from ag-1 35S::AG-GR plants (left) or control ag-7 plants (right) O,
4, 8,10, 12 or 16 h after mock (M) or DEX (D) treatment. The smaller panels show the
results for samples 4 h after simultaneous treatment with DEX and 10 wM cycloheximide
(DC) or cycloheximide alone (C). b, Diagram of the SPL genomic region (top), and the
16-bp consensus binding sequence of AG (bottom). The CArG-box-like sequence found
897 bp downstream from the stop codon of the SPL gene, as well as the mutations
that were introduced in it (indicated with small letters) are shown. D, not C; H, not G;
N, A/T/G/C; W, A/T. ¢, Electrophoretic mobility shift assay using recombinant AG protein
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tagged with the c-Myc epitope, anti-c-Myc monoclonal antibody (9E10) and the 30-bp
oligonucleotide probes described in b. Single and double asterisks indicate nonspecific
binding from the bacterial extract. d—I, GUS expression patterns in transgenic lines
carrying SPL—GUSfusion constructs either with the wild-type (d—h) or with a mutated (i-1)
CArG-box-like sequence. The mutation was the same as for the mutated probe 1 shown in
b. GUS staining for both constructs was performed under the same conditions. At least ten
independent lines for each construct were analysed and representative images are
shown. Insets in e-g and j—I are dark-field images showing enhanced staining of half-
magnifications. Numbers indicate floral stages®. Scale bars, 100 pm.
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Figure 3 Expression of SPL and AG in wild-type flowers, and expression of SPL in flowers
of ag mutants and in the lines with inducible AG activity. a—h, Expression of AG (a—d) and
SPL (e-h) in wild-type flowers. i-l, Expression of SPLin ag-1 (i, j) and ag-4 (k, I) mutant
flowers. m—o, SPL is induced by AG activity at the lateral edges of the distal part of organ
primordia. Inflorescences of ag-71 35S::AG-GR plants were fixed 8 h after mock- (m) or

the funiculus of stage 11-12 flowers’. These results show that the
CArG-box-like sequence in the 3’ region of the SPL gene, which is
bound by AG in vitro, is necessary for normal SPL expression in
developing stamens and ovules. The importance of the 3" region of
SPL for its function is further supported by the null nzz-3 allele,
which is caused by the insertion of a transposon 20-bp downstream
from the stop codon® (Fig. 2b). Together, these data suggest that AG
may bind to the 3" region of the SPL gene and thus may directly
regulate SPL expression during the development of the reproductive
organs.

To determine whether AG is responsible for SPL expression
throughout stamen development, the expression patterns of SPL
and AG were compared in detail. The expression of SPL in stamen
primordia during stages 6—7 was completely within the expression
domain of AG (compare Fig. 3a, b with e, f). At stages 8-9, the SPL
transcript was localized to tapetal and sporogenous cells (micro-
spore mother cells)®, whereas there was strong AG expression in the
tapetum and the filament, but not in the sporogenous cells’ (Fig. 3c,
g). In anthers of stage 10 flowers, SPL expression continued in the
tapetum and microspores®, whereas AG was expressed in the
tapetum, but not in microspores® (Fig. 3d, h). These partly over-
lapping expression patterns are in agreement with the idea that AG
is required to activate SPL expression, but is not necessary for its
maintenance. In the weak ag-4 mutant, which produces flowers
with stamens in whorl 3 (ref. 22), weak but distinct expression of
SPL was observed in stamen primordia, but expression was barely
detectable in sporogenous cells and inner organs of mature flowers
(Fig. 3k, 1). No clear expression of SPL was observed in the strong
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DEX (n, 0) treatment. Transverse (m, n) and longitudinal (o) sections were hybridized with
a SPL-specific antisense probe. The inset in n shows the close-up view of the SPL signals.
Numbers indicate floral stages®. Fi, filament; Sp, sporogenous cell; Ta, tapetum. Scale
bars, 100 pm.

Untreated

Figure 4 SPL is sufficient to induce microsporogenesis in the inner organs of ag- 7 mutant
flowers. a, b, Flowers from ag-71 35S::SPL—GR transgenic plants untreated (a) or after
continuous DEX treatment (b). The inset in b shows loculed petals produced in the inner
whorls. DEX-treated non-transgenic ag-7 plants did not show any loculed petals (data not
shown). ¢, Flower from a 35S::SPL—GR plant (wild-type background) after continuous DEX
treatment. d, Normal-looking petal in whorl 2 (left) and loculed petals (middle and right)
that developed in the inner whorls of a DEX-treated ag-1 35S::SPL—GR flower.

e, f, Cleared view of loculed petals induced by ectopic SPL activity. Asterisk in b indicates
an internal loculed petal. Scale bar, 100 wm.
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ag-1 mutant allele (Fig. 3i, j), indicating that the induction of SPL
expression is dependent on AG.

To obtain further evidence for the induction of SPL by AG,
localization of SPL transcripts in flowers of ag-1 355::AG-GR plants
was examined. Eight hours after DEX treatment, induction of SPL
was observed along the lateral edges of the distal parts of organ
primordia, which matches the region where microsporogenesis is
induced in stamenoid petals (compare Fig. 3m—o with Fig. 1d). This
expression domain also coincides with the initial expression of SPL
observed in the SPL-GUS reporter lines (Fig. 2e). No induction was
observed in fully developed sepals or petals (Fig. 3n, o). These
results demonstrate that AG specifically upregulates SPL expression
in a developmentally controlled manner in specific floral tissues.

To test whether SPL can induce microsporogenesis in the absence
of AG function, a 355::SPL-GR construct was used. The function-
ality of the SPL-GR fusion protein during microsporogenesis was
confirmed in the nzz-2 mutant background (data not shown). In
transgenic lines in the ag-1 background, loculed petals were
observed after continuous DEX treatment (Fig. 4a, b). These loculed
structures were similar to the ones induced by a single DEX
treatment in ag-1 355:AG-GR plants (compare Fig. 4b, e with
Fig. 1d, e), and inside the locules, pollen grains were observed
(Fig. 4f). This result shows that SPL can induce microsporogenesis
in the absence of AG activity, suggesting that SPL acts as a central
mediator for the function of AG in sporogenesis. Although SPL-GR
was ectopically expressed, locule formation was observed in ag-1
mutant flowers only at the lateral edges of organs in whorl 3 and
inward; the ectopic locule formation was never observed in whorl 2
of DEX-treated flowers (Fig. 4c, d). These data suggest that other
whorl-specific factors are involved in the induction of
microsporogenesis.

Our results, together with the previous identification of NAP (an
NAC-family transcription factor gene) as a late-stage target of
APETALA3 (ref. 17), indicate that floral homeotic proteins control
target genes with various functions throughout organ development.
In addition, the interaction of AG and SPL shows the likelihood that
AG activates other regulators that perform a subset of its functions.
Therefore, this study provides direct evidence to support the idea
that plant homeotic genes control organogenesis as part of a
regulatory hierarchy. O

Methods

Plant materials and treatments

All plants used in this study were in the Landsberg erecta background, and were grown at
22°C under constant illumination. Transgenic plants were generated by Agrobacterium-
mediated infiltration. The 35S::AG-GR construct was transformed into wild-type plants
and the primary T1 transformants were screened by kanamycin selection. A line carrying a
single transgene insertion, which showed the AG-overexpression phenotype® in a
DEX-dependent fashion, was subsequently crossed into the ag-1 background. The
35S8:SPL-GR construct was transformed directly into ag-1/+ plants, and the T1 plants
were screened by Basta selection. Phenotypic analyses in the ag-1 background were
performed in the T1 generation, as well as in the T2 generation that was produced by
selfing ag-1/+ T1 plants. One transgenic line for 355::SPL-GR was crossed to nzz-2/+
plants to obtain lines in the nzz-2 mutant background in subsequent generations. The
SPL-GUS constructs were transformed into wild-type plants. GUS staining was
performed on the T1 plants screened by Basta selection. For continuous DEX treatment of
the ag-1 355:AG-GR or ag-1 355::SPL-GR plants, the plants were watered with 10 uM
DEX daily. For a single DEX treatment, the inflorescences were dipped in water containing
10 pM DEX and 0.015% Silwet L-77 (ref. 19). Cleared whole-mount observation was
performed according to published protocols™.

Plasmid constructs

The 35S5::AG-GR construct was produced as follows: the coding region of AG was
amplified from inflorescence cDNA using primers P1 and P2 (see Supplementary Table 1)
and cloned into a blunt-ended EcoRI site of pBluescript SK (Stratagene) to produce
pSK-AG. To produce pSK-AG-GR, pSK-AG was digested with EcoR], filled-in and ligated
with a DNA fragment containing a rat glucocorticoid hormone binding domain'®, which
was excised with BamHI and Xbal from pRS020 (pDeltaGRBX)'” and filled in. The AG-GR
fragment was released from pSK—AG-GR by digestion with Xbal and Clal, and ligated into
the corresponding sites of the binary vector pMAT137 (a derivative of pMAT037; ref. 24)
that contains tandem cauliflower mosaic virus 35S enhancers and a terminator. For the
reporter gene constructs, a SPL 6,646-bp genomic fragment (positions 4,303-10,958 of
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BAC clone F27G19 (GenBank accession number AL078467)) comprising SPL and the
flanking intergenic sequences was amplified using UltraPfu High-Fidelity DNA
polymerase (Stratagene) with primers P3 and P4 (see Supplementary Table 1) and wild-
type Columbia genomic DNA. The product was cloned into the pCR II vector (Invitrogen)
to produce pCR-SPLG. pCR-SPLG was mutagenized in the 3" CArG-box-like sequence
(897-bp downstream from the stop codon) by using the Quikchange II XL site-directed
mutagenesis kit (Stratagene) with primers P5 and P6 (see Supplementary Table 1) to
produce pCR-SPLG-M3. Both pCR-SPLG and pCR-SPLG-M3 were digested with BspEI
(6939 of F27G19), filled in and then ligated with a Sfol-digested GUS fragment™ to
produce pCR-SPLG-ori-GUS and pCR-SPLG-M3-GUS, respectively. The SPL-GUS
reporter fragments from pCR-SPLG-ori—-GUS and pCR-SPLG-M3-GUS were cut out
with Asp718 (later filled in) and Notl, and cloned into the binary vector pMIBart (a
derivative of pART*®) digested with Ecl136 and NotI. The 35S::SPL-GR construct was
produced as follows: SPL cDNA was amplified using primers P7 and P8 (see
Supplementary Table 1), and cloned into the pCRII vector (Invitrogen) to produce
pCR-SPL. To produce 35S::SPL-GR, pCR-SPL was digested with Mlul and Xhol, and the
resulting insert was cloned into the pGreen0236TI vector, which is a derivative of
pGreen0229 (ref. 27) containing a 35S promoter with tandem enhancers and the hormone
binding domain of the rat glucocorticoid receptor followed by a 6 X haemagglutinin tag.
The construction of the pG0236TI vector will be described elsewhere (T.I. and E.M.M.,
manuscript in preparation).

Microarray, RT-PCR and real-time PCR analysis

In the time course experiments after induction of AG activity, inflorescences containing
floral buds of stages 1-10 were collected from ag-1 355::AG-GR plants, the stems of which
were about 5-cm long, 0, 4, 8, 10, 12 and 16 h after a single mock- or DEX treatment. Total
RNA was isolated from tissue samples using Tri-reagent (Molecular Research Center Inc.)
or the RNeasy Mini Kit (Qiagen). Two sets of independent RNA samples from ag-1
358::AG-GR plants and two sets of RNA samples from the ag-1 single mutant were
prepared. Microarray experiments were performed as previously described'***. For
RT-PCR, total RNA was reverse-transcribed using the ThermoScript RT-PCR system
(Invitrogen). As semi-quantitative RT-PCR, the expression of SPL (At4g27330) and a
control lipase gene (At1g10740) were analysed using primers P9 and P10 after 30 cycles
and primers P11 and P12 after 24 cycles, respectively (see Supplementary Table 1). The gel
was blotted onto Hybond-N membrane and hybridized with *?P-labelled SPL or lipase
RT-PCR products. Real-time PCR was performed with the SYBR Green PCR Master Mix
(Applied Biosystems) using the Applied Biosystems GeneAmp 5700 sequence detection
system according to the manufacturer’s instructions. The sequences of SPL primers P13
and P14 and actin control primers P15 and P16 used for real-time PCR are shown in
Supplementary Table 1.

In vitro DNA binding assay

Electrophoretic mobility shift assays (EMSA) were performed as described®. Sequences of
oligonucleotides for probes are shown in Supplementary Table 1. For the CArG-box-like
sequence located 897-bp downstream from the stop codon (SPL probe; Fig. 2b, c),
oligonucleotides O17 and O18 were used. Mutated versions of this probe were prepared with
oligonucleotides O19 and 020 (mutated probe 1), and oligonucleotides O21 and 022
(mutated probe 2). For the site with a perfect CArG-box core located 100-bp downstream
from the stop codon, oligonucleotides 023 and 024 were used. For supershift assays, a
monoclonal anti-c-Myc antibody (9E10, Santa Cruz Biotechnology) was used™.

In situ hybridization and GUS staining

Non-radioactive in situ hybridizations were performed as previously described”. To
produce a SPL-specific anti-sense probe, the RT-PCR product was cloned into the pCRII
vector (Invitrogen) and used as a template for in vitro transcription. The AG-specific
probe was synthesized from plasmid pCIT565(AG)". GUS staining was performed as
previously described”.
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First cleavage plane of the
mouse egg is not predetermined
hut defined by the topology of
the two apposing pronuclei

Takashi Hiiragi & Davor Solter

Max-Planck Institute of Immunobiology, D-79108 Freiburg, Germany

Studies of experimentally manipulated embryos'~ have led to the
long-held conclusion that the polarity of the mouse embryo
remains undetermined until the blastocyst stage. However,
recent studies®” reporting that the embryonic—abembryonic
axis of the blastocyst arises perpendicular to the first cleavage
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plane, and hence to the animal-vegetal axis of the zygote, have led
to the claim that the axis of the mouse embryo is already specified
in the egg. Here we show that there is no specification of the axis
in the egg. Time-lapse recordings show that the second polar
body does not mark a stationary animal pole, but instead, in half
of the embryos, moves towards a first cleavage plane. The first
cleavage plane coincides with the plane defined by the two
apposing pronuclei once they have moved to the centre of the
egg. Pronuclear transfer experiments confirm that the first
cleavage plane is not determined in early interphase but rather
is specified by the newly formed topology of the two pronuclei.
The microtubule networks that allow mixing of parental chromo-
somes before dividing into two may be involved in these
processes.

Polarity formation of the mammalian preimplantation embryo
remains a controversial subject. Because of their highly regulative
capacity in coping with experimental manipulations (for example,
blastomere isolation'™ and chimaera formation*) mouse embryos
have long been thought to lack polarity until the blastocyst stage.
Recently this assumption has been challenged in two independent
approaches®” showing that the embryonic—abembryonic (Em-Ab)
axis of the mouse blastocyst is perpendicular to the first cleavage
plane. Considering the second polar body (2pb) as a stationary
marker of the animal pole during preimplantation development, the
authors concluded that polarity of the mouse embryo is specified in
the egg, as it is for most non-mammalian animals. Possible move-
ment of the 2pb was dismissed as ‘occasional’*. It has also been
proposed that the plane of initial cleavage passes through both the
sperm entry position (SEP) and the 2pb, and that the SEP can define
the future Em—Ab axis of the embryo®’. However, our preliminary

Type A: divided within 30° of 2pb
Type B: 2pb moved to the cleavage plane  44% (48/108)
Type C: 2pb not moved 6% (7/108)
Type D: not counted (138)

49% (53/108)

Figure 1 The 2pb moves towards the first cleavage plane in half the embryos. a, Embryos
are classified into four types: type A (blue), divided within 30° of the 2pb; type B (red), the
2pb moved towards the first cleavage plane; type C (green), the 2pb did not reach the
cleavage plane; type D (black), not counted due to the unclear topological relationship.
b, ¢, Sequential DIC images of embryos cultured in vitro. The embryos assigned to
each type are marked with coloured circles. Arrowheads indicate the 2pb. In each frame,
time is given in h:min after hCG injection. Scale bars represent 100 wm.
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