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SLOW WALKER1, Essential for Gametogenesis in
Arabidopsis, Encodes a WD40 Protein Involved
in 18S Ribosomal RNA Biogenesis
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The progression of mitotic division cycles and synchronous development between and within the male and female
reproductive organs are essential for plant sexual reproduction. Little is known about the genetic control of the progression
of mitotic cycles of the haploid genome during gametogenesis in higher plants. Here, we report the phenotypic and
molecular characterization of an Arabidopsis thaliana mutant, slow walker1 (swa1), in which the progression of the mitotic
division cycles of the female gametophyte was disrupted. Confocal microscopy revealed that megagametophyte de-
velopment was asynchronous in swa1, causing embryo sacs to arrest at two-, four-, or eight-nucleate stages within the
same pistil. A delayed pollination experiment showed that a small fraction of the swa7 embryo sacs were able to develop
into functional female gametophytes. The swa1 mutation also showed a slight reduction in penetrance through the male
gametophyte, although the pollen grains were morphologically normal. Molecular analysis indicates that SWA1 encodes
a protein with six WD40 repeats that is localized in the nucleolus in interphase cells. The SWAT gene is expressed in cells
undergoing active cell divisions, including functional megaspores and the female gametophytic cells. RNA interference
results indicated that knockout of SWA1 inhibited root growth significantly and led to the accumulation of unprocessed 18S
pre-rRNA. These data suggest that SWAT most likely plays a role in rRNA biogenesis that is essential for the progression of
the mitotic division cycles during gametogenesis in plants.

INTRODUCTION cell death. The coenocytic embryo sac then goes through
simultaneous cytokinesis (cellularization) to produce the seven-
celled female gametophyte (Misra, 1962; Mansfield et al., 1991;
Schneitz et al., 1995; Drews et al., 1998).

Little is known about the molecular mechanisms and genetic
control of female gametogenesis in plants, although many
mutations that are defective in female gametophytic functions
were isolated in Arabidopsis thaliana and maize (Zea mays)
(Feldmann et al., 1997; Christensen et al., 1998; Drews et al.,
1998; Yang and Sundaresan, 2000). Several mutations that
control the progression of the mitotic cycles of the haploid
gametophytic cells have been reported (Springer et al., 1995;
Moore et al., 1997; Drews et al., 1998). The mitotic division cycles
in fem female gametophytes are blocked at either a single or
multiple stages (Feldmann et al., 1997; Christensen et al., 1998).
For example, female gametophyte development is arrested at
the one-nucleate stage in Gf (Redei, 1965; Christensen et al.,

The plant life cycle alternates between a diploid sporophytic
phase and a haploid gametophytic phase. The gametophytic
generation in higher plants is reduced to several cell cycles. The
male and female gametophytes, also called the pollen grain and
the embryo sac, respectively, consist of a few cells enclosed
within the sexual reproductive organs. In most flowering plants,
the female gametophyte comprises seven cells: three antipo-
dals, one large diploid central cell, two synergids, and an egg cell
(Johri, 1984; Grossniklaus and Schneitz, 1998; Drews and
Yadegari, 2002). During female gametogenesis, one of the four
meiotic products (megaspores) survives and undergoes three
rounds of nuclear division to give rise to an eight-nucleate,
coenocytic embryo sac. The other three megaspores undergo
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1997) and at the four-nucleate stage in the prolifera (prl) mutant
(Springer et al., 1995). In the hadad (hdd) mutant, female
gametophyte development can be arrested at the two-, four-,
or eight-nucleate stage (Moore et al., 1997). In addition, several
mutants, such as ig1, lethal ovule1 (lo1), and lo2, which are
defective in gametophytic cell cycle progression, have also been
isolated in maize (Nelson and Clary, 1952; Kermicle, 1971; Huang



and Sheridan, 1996). Although many mutants with impaired
gametophytic progression of the mitotic division cycles have
been reported, only a few genes, including PRL (Springer et al.,
1995, 2000) and NOMEGA (Kwee and Sundaresan, 2003), have
been cloned. These data suggested that disruption in cell cycle
genes often causes an arrest of female gametophyte develop-
ment during mitotic divisions (Capron et al., 2003; Kwee and
Sundaresan, 2003) or uncontrolled nuclear division (Ebel et al.,
2004) during female gametogenesis in Arabidopsis. These find-
ings suggest that genes involved in general cell cycle progres-
sion play a role during female gametogenesis in higher plants.
Gametophytic mutations also provide us with a unique system in
which to study the functions of essential genes, whose mutations
are difficult to detect in the sporophyte.

Successful fertilization requires both male and female game-
tophyte development to be coordinated. Developmental delay of
the female gametophyte, for example, results in sterility. Here,
we report the isolation and characterization of a semisterile
mutant, slow walker1 (swat), which is defective in mitotic pro-
gression of the female gametophyte. SWA7 encodes a nucleolar
protein with six WD40 repeats that is most likely involved in 18S
rRNA biogenesis. The slow progression of the gametophytic
division cycles in swal suggested that the SWA1 protein is
required for the normal progression of mitotic division cycles
through the regulation of cell metabolism.

RESULTS

Isolation of the swa1 Mutant

To identify mutations that play a role in gametophyte develop-
ment, we performed a distorted Mendelian segregation screen
(Feldmann et al., 1997; Christensen et al., 1998; Howden et al.,
1998; Grini et al., 1999) of the gene trap and enhancer trap lines
generated in Arabidopsis ecotype Landsberg erecta (Springer
etal., 1995; Sundaresan et al., 1995). One mutant, swa7, showed a
nearly 1:2 segregation ratio of kanamycin-resistant to kanamycin-
sensitive seedlings (Kan"Kans = 600:1135) instead of the
typical 3:1 ratio, suggesting that it is most likely defective in
gametophytic function. To further check the transmission effi-
ciency of the mutation, reciprocal crosses were performed
between the mutant heterozygous for the Ds insertion and the
wild type. The F1 progeny were all kanamycin-sensitive (Kan"=0,
Kans = 491) when the mutant pistils were pollinated with pollen
grains from wild-type plants. However, the F1 progeny showed
a Kan":Kans ratio of 1:1.27 (219:280) when used as male to
pollinate wild-type pistils. These data clearly demonstrated that
the Ds insertion was transmitted mainly through the male game-
tophyte and not the female. Therefore, the mutation completely
disrupted female gametophyte function and slightly impaired the
male function. Furthermore, DNA gel blot analysis showed that
a single Ds element was inserted into the mutant genome (data
not shown), suggesting that this caused the phenotype or that
the Ds insertion and phenotype were tightly linked. Because the
mutation can only be transmitted through the male gametophyte
and no homozygote was available, we use swa7 to represent the
swa1/+ heterozygote genotype throughout this article. The swa?
plants have no visible morphological abnormalities in vegetative
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organs compared with wild-type plants. The inflorescence and
flower exhibited normal external morphology, except that they
bore shorter siliques than wild-type plants because of the re-
duced seed set. The size of the siliques from swa? plants was
approximately two-thirds that of the wild-type at the same age
(data not shown). Scanning electron microscopy showed that full
seed set was observed in wild-type siliques (Figure 1A). In swa1
siliques, however, approximately half of the ovules (616 of 1196)
were aborted 2 or 3 d after pollination (Figure 1B), and the
remaining ovules were larger and developed into normal seeds.
The difference in ovule size was obvious even at 24 h after
pollination (data not shown). Because both wild-type and swa?
plants were grown under the same conditions, we concluded that
the aborted ovules were those that carried the swa7 mutation. On
the other hand, no obvious morphological difference of pollen
grains from the mutant and the wild type was observed (data not
shown), which suggested that the mutation most likely affected
female gametophyte development or fertilization.

Progression of Gametophytic Division Cycles Is Retarded
inswat1 Ovules

To further investigate the mutant phenotype, we performed
confocal laser scanning microscopy (CLSM) to study ovule
development in wild-type and swa? plants (Christensen et al.,
1997). Female gametogenesis in Arabidopsis belongs to the
Polygonum type (Misra, 1962; Webb and Gunning, 1994;
Schneitz et al., 1995). A single hypodermal archesporial cell of
the nucellus directly differentiates into a megaspore mother cell
or megasporocyte that undergoes meiosis to produce four
haploid megaspores, the tetrad. Three of these, located at the
micropylar pole, undergo programmed cell death; only the
chalazal-most haploid cell is functional. The functional mega-
spore proceeds through three rounds of nuclear division to give
rise to an eight-nucleate, coenocytic embryo sac. Subsequently,
nuclear migration and cellularization take place, resulting in the
formation of a seven-celled female gametophyte with three
antipodal cells, two synergids, one egg, and a large diploid
central cell. Shortly before fertilization, antipodal cells undergo
cell death, and finally a four-celled female gametophyte, the
female germ unit, is formed when fertilization occurs (Mansfield
et al., 1991; Christensen et al., 1997).

Figure 1. Phenotype of the swa7/+ Plant.

(A) Scanning electron micrograph showing full seed set of a wild-type silique.
(B) Scanning electron micrograph showing ovule abortion in a swa1/+
silique.

Bars = 100 pm.
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To characterize the mutant ovule phenotype, we first studied
female gametogenesis in wild-type plants. Figure 2 shows
projected confocal images of ovules at different developmental
stages in the wild type. After meiosis, the chalazal-most mega-
spore enlarges and its nucleus becomes prominent and moves
to the center; the micropylar megaspores degenerate, as shown
by their strong autofluorescence (Figure 2A). After the functional
megaspore reaches a critical size, nuclear division takes place to
give rise to a two-nucleate embryo sac (Figure 2B). Concurrently,

a big central vacuole is formed and pushes the two nuclei toward
the micropylar and chalazal poles, respectively (Figures 2B and
2C). A smaller vacuole is also formed at the chalazal-most end of
the embryo sac (Figure 2C). Then, the two nuclei undergo
another division simultaneously at each pole. The division plane
of the micropylar nucleus is parallel to the chalazal-micropylar
axis, whereas the division plane of the chalazal nucleus is
perpendicular to the axis (Figure 2D). Subsequently, the chalazal
cytoplasm undergoes extensive vacuolation to form several

Figure 2. Ovule Development Revealed by CLSM in Wild-Type Plants.

(A) A female gametophyte (FG) stage 1 ovule showing the functional (M) and degenerating (DM) megaspores.

(B) An FG2-stage ovule with a two-nucleate embryo sac.

(C) An FG3-stage ovule showing a late two-nucleate embryo sac with an enlarged central vacuole (V) and a small chalazal vacuole (v).
(D) An ovule at early FG4 stage, containing a four-nucleate embryo sac. Note that the division planes of the chalazal and the micropylar nuclei are

perpendicular to each other.

(E) An ovule at FG4 stage. Note the appearance of vacuoles (v) at the chalazal pole of the embryo sac.

(F) An ovule with a four-nucleate embryo sac at late FG4 stage, showing the formation of a relatively large vacuole (v) separating the two nuclei at the
chalazal pole.

(G) An ovule at early FG5 stage with an eight-nucleate embryo sac in a 4n + 4n configuration. Note that the polar nuclei (PN) are recognizable.

(H) An ovule image showing an embryo sac at FG5 stage. Note that cellularization took place and cell differentiation was completed with the formation of
two synergid nuclei (SN), an egg nucleus (EN), three antipodal nuclei (AN; only two of them are seen), and the two prominent polar nuclei (PN), which
have not fused yet.

() An ovule with a mature seven-celled embryo sac at stage FG6. Note that the polar nuclei fused to form a diploid central nucleus (CN).

All images were projected from multiple 1-um optical sections. AN, antipodal nucleus; Ch, chalazal end; CN, central cell nucleus; DM, degenerated
megaspore; EN, egg cell nucleus; IIn, inner integument; M, megaspore; Oln, outer integument; PN, polar nucleus; SN, synergid nucleus; V, large
vacuole; v, small vacuole. The developmental stages are defined according to Christensen et al. (1998). Bars = 10 pm.
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Figure 3. Ovule Development in Pistils from a swa1/+ Plant.

(A) to (F) Ovules from the same pistil (sI11) of a swa7/+ mutant plant, showing embryo sacs at different developmental stages from FG1 to FG7.
(G) to (L) Ovules from another pistil (sl12) of the swa7/+ mutant.

(A) An ovule with a degenerated embryo sac (DE) visualized by its strong autofluorescence.

(B) An ovule with an FG3-stage embryo sac.

(C) A four-nucleate embryo sac at early FG4 stage.

(D) An obligate section showing an ovule with a seven-celled embryo sac (FG5 stage). Note that the two polar nuclei (PN) have not fused yet.
(E) An ovule with a seven-celled, FG6-stage embryo sac. The polar nuclei fused to give rise to a central nucleus (CN).



2344 The Plant Cell

Table 1. Synchrony of Female Gametophyte Development in Wild-Type Arabidopsis

Number of Female Gametophytes at Developmental Stages

Pistil Number FG1 FG2 FG3 FG4 FG5 FG6 FG7 FG8 Total FGs
SL1 31 31
SL2 5 21 26
SL3 1 10 15 26
SL4 4 2 25 31
SL5 6 24 30
SL6 1 0 15 16
SL7 2 1 12 14 29
SL8 1 0 31 32

Siliques were fixed in 2.5% glutaraldehyde and analyzed with an LSM 510META laser scanning microscope according to Christensen et al. (1997).

FG stages were defined according to Christensen et al. (1998).

relatively large vacuoles (Figure 2E) that subsequently coalesce
to form a larger vacuole to separate the two chalazal nuclei
(Figure 2F). The third nuclear division results in the formation of
an eight-nucleate, coenocytic embryo sac with four nuclei at
each pole (Figure 2G). One of the chalazal nuclei migrates toward
the micropyle, and subsequently, cellularization occurs (Figure
2H). Finally, the two polar nuclei fuse to form the central nucleus
(Figure 21).

Inswaf1 pistils, no abnormality was found from archesporial cell
development to the formation of the functional megaspore. The
archesporial cell enlarges, becomes teardrop-shaped, proceeds
to meiosis, and a normal tetrad is formed. Three megaspores
at the micropylar end undergo cell death, and the functional
megaspore enters stage FG1 (FG stages are determined accord-
ing to Christensen et al. [1998]). In pistils at flower developmental
stage 14 (Smyth et al., 1990) in wild-type plants, the majority of
embryo sacs are at the four-celled stage; occasionally, a few are
at the seven-celled stage. This indicates that ovule development
in Arabidopsis pistils of wild-type plants is synchronous with only
a narrow range of variations in development. In the swa7 mutant
pistil at the same floral stage, except two for degenerated embryo
sacs (Figure 3A), approximately half of the ovules are at the four-
celled stage and the other half are at different developmental
stages, including the two-nucleate stage, the four-nucleate
stage, the eight-nucleate stage, and the seven-celled stage
(Figures 3B to 3F). In a swat pistil ~5 h after pollination, we
found that 15 ovules out of 34 were fertilized and the endosperm
nuclei were visible by confocal microscopy (Figures 3K to 3L),

2 ovules were at the FG7 stage (Figure 3J) and ready for
fertilization, and the other 17 ovules were still at the FG3, FG4,
or FG5 stage (Figures 3G to 3l). Compared with wild-type ovules,
these data indicated that gametophytic cell cycle progression in
the mutant ovules was impaired. This suggested that the mutated
gene has direct or indirect effects on cell cycle progression.

Synchrony of Female Gametophyte Development Was
Impaired in swa1

To investigate the developmental synchrony of female gameto-
phytes in the mutant pistils, a detailed CLSM study was per-
formed according to Christensen et al. (1997). Inflorescences
from wild-type and swa7 plants were fixed with glutaraldehyde
and cleared with benzyl benzoate and benzyl alcohol before
dissection. Then, pistils from the same inflorescence were
collected together and opened sequentially. Ovules from each
pistil were dissected out and sealed under the cover slip with nail
polish before CLSM.

In wild-type pistils, female gametophyte development is syn-
chronous: ovules within the same silique are often at two
adjacent developmental stages (Table 1). For example, in pistil
SL4, 25 of the 32 ovules checked were at stage FG4 and had four
nuclei in the embryo sac, 2 of the 32 ovules were at FG3, and 4
were at FG2. Similarly, in pistil SL5, 24 of the 30 ovules were at
stage FG5 and 6 were at FG4, indicating that FG5 was the
dominant stage in this pistil (Table 1). In some pistils, such as
SL3, most of the ovules were at two adjacent dominant stages. In

Figure 3. (continued).

(F) A mature embryo sac of FG7 stage with antipodal cells degenerated.

(G) An ovule with a two-nucleate embryo sac at late FG3 stage.
(H) An early FG4-stage ovule with a four-nucleate embryo sac.
(I) An ovule at early FG5 stage with an eight-nucleate embryo sac.

(J) An ovule with an embryo sac at stage FG7. Vacuoles are not clear because of the projection of multiple optical sections.

(K) A fertilized ovule revealed by the presence of a degenerated synergid (DS).

(L) An ovule showing the first division of the endosperm nucleus (EdN). The zygote is not shown .

All images are projections of multiple 1-um-thick optical sections. AN, antipodal nucleus; Ch, chalazal end; CN, central cell nucleus; DE, degenerated
embryo sac; DM, degenerated megaspore; DS, degenerated synergid; EAN, endosperm nucleus; EN, egg cell nucleus; PN, polar nucleus; SN, synergid

nucleus; V, vacuole. Bars = 10 pm.
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Table 2. Synchrony of Female Gametophyte Development in swa7/+ Mutants

Number of Female Gametophytes at Developmental Stages

Pistil Number FG1 FG2 FG3 FG4 FG5 FG6 FG7 FG8 Total FGs
sl 6 6 1 13
sl2 16 10 3 29
si3 1 2 4 13 10 3 33
sl4 5 11 16 4 36
sl5 1 1 16 62 12 36
sl6 1 1 17 4 10 33
sl7 1 11 82 11 31
sl8 2 15 92 4 6 36
sl9 2 14 62 14 6 42
sl10 2 2 15 2 11 3 35
sl11 1 1 1 16 9 9 3 40
sl12 1 12 4 2 15 34
sl13 8 6 1 16 31

FG stages were defined according to Christensen et al. (1998).

2FG5 here includes both cellularized and uncellularized embryo sacs. The number of uncellularized embryo sacs are one in sl5, two in sl7, five in slI8,

and two in sl9.

SL7, a pistil 4 h after pollination, approximately half of the ovules
(14 of 32) were fertilized; embryo sacs in 12 ovules were at stage
FG7, and the antipodal cells degenerated. Almost all of the
megagametophytes (31 of 32) were fertilized by 24 h after
pollination (Table 1). Our observation in wild-type pistils is
consistent with previous results (Christensen et al., 1997) dem-
onstrating that ovule development within a pistil is synchronous
in Arabidopsis.

Similar analysis was performed on swal mutant pistils; 21
pistils from three inflorescences from different plants were
analyzed by confocal imaging. Consistently, asynchronous de-
velopment of mutant embryo sacs was observed (Table 2). In
pistil sl2, for example, 3 of the 29 ovules were at stage FG3, 10
were at stage FG2, whereas the majority (16) had not progressed
past FG1. More strikingly, the female gametophyte cells spanned
seven developmental stages, as shown forsl11, in which 12 of the
40 ovules were at either the seven-celled FG6 or four-celled FG7
stage, 16 were at the four-nucleate FG4 stage, and a few stayed
at the one- or two-nucleate stage. In pistil sI13, half of the ovules
reached the FG7 or FG8 stage, whereas the other half were still at
stages FG3to FG5. Itis likely that ovules at FG7 or FG8 in this pistil
represented the SWA7 female gametophytes, whereas the
ovules at stages FG3 to FG5 were swa? mutant female game-
tophytes. These observations suggest that the synchrony of
female gametophyte development was impaired in swa7 pistils.

The Mutant Female Gametophytes Could Be Fertilized
by Delayed Pollination

The observations described above suggested that the develop-
mental synchrony of gametophytic nuclear division was impaired
in swa1/+ embryo sacs. To further investigate whether the swa1
female gametophytes are able to reach the final stage and
become functional, or may simply miss the time for fertilization as
aresult of slow development, we performed a delayed pollination
test in which the time of emasculation and pollination was strictly

controlled. Pistils of swa1/+ plants were emasculated at floral
stage 12c (Smyth et al., 1990) and pollinated with pollen from
wild-type plants after 12 h (stage 13), 24 h (stage 14), 48 h (stage
15), 72 h (stage 17), or 96 h (stage 17). Seeds from three
independent plants of each group were collected together. For
comparison, pollination at 12 h after emasculation (correspond-
ing to floral stage 13, at which natural pollination occurs) was set
as the control (group 1). F1 seeds from each time point were
plated on MS medium supplemented with 50 wg/mL kanamycin.
The results are summarized in Table 3. No Kan' progeny were
obtained in group 1. However, Kan" seedlings were obtained

Table 3. Kan":Kans Ratios of F1 Progeny from the Delayed
Pollination Test

Hours after P (Group 1 as

Group Emasculation  Progeny Kan"Kans Reference)
Kan', 0 -

1 12 (stage 13) Kans, 1219 0
Kan', 11

2 24 (stage 14) Kans, 1125 0.98% <0.01
Kan', 8

3 48 (stage 15) Kans, 1072 0.78% <0.01
Kan', 7

4 72 (stage 17) Kans, 898 0.78% <0.01
Kan', 13

5 96 (stage 17) Kans, 432 3.01% <0.01

Pistils of swa1/+ plants were emasculated at floral stage 12c (Smyth
et al.,, 1990) and pollinated with pollen from wild-type plants at 12 h
(stage 13), 24 h (stage 14), 48 h (stage 15), 72 h (stage 17), or 96 h (stage
17) after emasculation. The results from each time point were from three
independent plants. Group 1 was a control, because Arabidopsis
anthesis occurs naturally at stage 13. Groups 2 to 5 all exhibited
significant differences from group 1, indicating that a small fraction of
swal mutant ovules could be fertilized and produce seeds when
pollination was delayed.
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Figure 4. Molecular Characterization of the SWAT Gene.

(A) Scheme of the Ds insertion site. The shaded box indicates the predicted open reading frame of the SWAT gene. The Ds insertion caused a 6-bp
duplication in the swa7 mutant. The nucleotide numbers are consistent with those of BAC clone T9J23.

(B) SWAT cDNA sequence and its predicted peptide sequence. The Ds insertion site is indicated by an arrow, and the WD40 repeat region in the SWA1
peptide is underlined, with the first and last residues marked by stars. The boxed amino acids show the predicted nuclear localization signal.

(C) Phylogenetic tree of SWA1 with its homologs from other organisms.

(D) Alignment of the SWA1 protein with its homologs from other organisms. Identical amino acids are shown with white letters on black boxes, and
similar ones are indicated with shading boxes. AtSWA1, Arabidopsis SWA1 protein; Poptr1 644959, poplar homolog; OSJNBa00660ryza, rice
homolog; Q7ZXZ2Xenopus, Xenopus homolog; SAW, Src-associated WD40 protein from mouse; SPBC428.19¢c, S. pombe homolog; CG3071Dro-
sophila, D. melanogaster homolog; UTP15, S. cerevisiae homolog.



Figure 5. Subcellular Localization of SWA1 in Arabidopsis Transformed
with the 356S:SWAT7-GFP Gene.

(A) Merged micrograph showing SWA1-GFP localization in the nucleolus
(arrow). DNA was visualized with DAPI staining (red). Bar = 10 pm.

(B) Merged photograph showing the nucleolar localization of SWA1-GFP
(green) in Arabidopsis root cells at interphase. No SWA1-GFP signal was
found in cells at metaphase (arrow). Bar = 10 um.

when pollination was postponed. Eleven of 1125 F1 progeny
were Kan' in group 2, in which pollination was performed at 24 h
after emasculation. Similarly, 8 of 1072 were Kan" when pollina-
tion was performed at 48 h after emasculation (group 3). In
groups 4 and 5, siliques were obtained through pollination at 72
and 96 h after emasculation; in these cases, 7 of 898 and 13 of
432 in the F1 progeny, respectively, displayed kanamycin re-
sistance. These results suggested that small fractions of swa7
mutant ovules were fertilized and produced seeds when polli-
nation was delayed. This implies that the mutant female gameto-
phytes develop more slowly than wild-type gametophytes and
have the potential, although small, to develop into functional
female gametophytes.

SWA1 Encodes a Nucleolar Protein with WD40 Repeats

Genomic sequences flanking the Ds element were obtained by
thermal asymmetric interlaced PCR (Liu et al., 1995; Grossni-
klaus et al., 1998). Sequence analysis indicated that the Ds was
inserted at 146 to 151 bp downstream the ATG of At2g47990
(Figure 4A). The Ds insertion resulted in a 6-bp duplication of the
host sequence at the insertion site (Figure 4A). The insertion was
further confirmed by DNA gel blot hybridization with Ds probe
and At2g47990-specific probe (data not shown). At2g47990 is
a single-copy gene in the Arabidopsis genome. To obtain its
cDNA sequence, RT-PCR was performed using primers de-
signed according to genomic and available EST sequences in
GenBank. The At2g47990 cDNA is 1593 bp long (accession
number NM_130366). Comparison of the cDNA and genomic
sequences revealed that the At2g47990 gene contains no intron.

To confirm whether the Ds insertion into At2g47990 is the
cause of the semisterile phenotype of swa7, a complementation
experiment was performed. A 4.5-kb genomic fragment con-
taining the predicted promoter, open reading frame, and 3’
untranslated region of the At2g47990 gene, between nucleotides
43,430 and 38,931 of the BAC clone T9J23, was subcloned into
pCAMBIA1300 and introduced into swa1/+ heterozygous plants
via Agrobacterium tumefaciens—mediated transformation (Bech-
told and Pelletier, 1998). In total, 187 transgenic lines were
obtained via hygromycin and kanamycin double selection. T1
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seeds from 25 lines were germinated on MS plates supplemen-
ted with 50 pwg/mL kanamycin, seedlings were scored for
kanamycin resistance, and the ratio of Kan" to Kan® was de-
termined. All primary transformants showed a kanamycin seg-
regation ratio of ~2:1 compared with the ratio of 1:2 in selfed
swal/+ progeny, indicating that the 4.5-kb fragment completely
complemented the semisterile phenotype in the swa1/+ back-
ground. Furthermore, the next generations of transgenic lines
were tested, and 72 swal/swal homozygous plants were
obtained from 299 plants, indicating that the Ds element can
be transmitted to the next generation through female gameto-
phytes with the aid of the introduced At2g47990 genomic
fragment. In addition, full seed set was observed when the
complementation copy of At2g47990 was homozygous in T2
plants in the swa1/swal background (data not shown). These
data demonstrate that At2g47990 is indeed the SWAT gene.
Further analysis indicated that SWA1 encodes a protein of 530
amino acids with an estimated pl of 9.62 and a molecular mass of
58.9 kD (Figure 4B). Database searches showed that the SWA1
protein contains six WD40 repeats in the region of amino acids 50
to 295 (Figure 4D). Among the repeats, four of them contain the
typically conserved core sequence [GAS]-H-X(3)-[VI]-X-[SAC]
[VLI]-X-[FWLIVY]-X(2-30)-[LIV][AVLI][ST][GA][SG]-X-D-X-[TS]-[IVL]
[KR][VLI-[WFY]-[DN] (Neer et al., 1994). The WD40 repeat is
composed of ~40 amino acid residues with a conserved Gly-His
(GH) dipeptide at the N terminus and a Trp-Asp (WD) dipeptide at
its C terminus, to form a propeller-like structure (Neer et al.,
1994). It has been proposed that the propeller-like structures of
WD40 can form a stable platform or anchor for other proteins;
thus, a complex can be recruited to accommodate sequential
and/or simultaneous interactions involving several sets of pro-
teins. The amino acid sequence of SWA1 shared high homology
with several proteins from Populus trichocarpa (Populus gene
model grail 3.0034001501, protein number 644959), Oryza sativa
(locus OSJNBa0066H10.103), Xenopus laevis (locus Q7ZXZ2),
Mus musculus (locus AY151261; SAW), Schizosaccharomyces
pombe (locus SPBC428.19c¢), Saccharomyces cerevisiae (locus
YMRO093w; UTP15), and Drosophila melanogaster (locus
CG3071). Among these proteins, the poplar protein is the most
similar to SWA1. They are 59% identical and share a similarity of

<
d‘é?"

-

&

::!:x:x.'.- SWAT
el ¢/F4A
.

-RT

(4]
w s 5
& § & &
“ ) - L)

39@

|

Figure 6. Expression Pattern of SWA7 Revealed by RT-PCR.

mRNA isolated from different tissues as indicated was used as template
and amplified with gene-specific primers by RT-PCR. The elF4A gene
was used as an internal control. Top gel, RT-PCR products showing the
presence of SWAT transcripts in root, stem, leaf, inflorescence, and
silique of wild-type plants. Middle gel, RT-PCR products of the elF4A
gene, showing equal amounts of starting mRNAs. Bottom gel, PCR
product with mRNA as template directly, showing no DNA contamination
in the mRNA sample.
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Figure 7. Expression Pattern of SWAT in Arabidopsis Revealed by GUS Reporter and RNA in Situ Hybridization.

(A) to (H) GUS staining of Pswa7:GUS transgenic plants.

(I) to (P) Micrographs from RNA in situ hybridization.

(A) GUS staining in a transgenic seedling showing GUS activity in root tips (arrows) and lateral root primordia (inset). Bar = 0.5 cm.

(B) Micrograph of inflorescence showing GUS activity in anthers and ovules (arrows). Bar = 0.5 cm.

(C) GUS activity in pollen grains of a transgenic plant heterozygous for the transgene.

(D) Nomarski micrograph showing GUS activity (seen as pink dots) in the functional megaspore at the tetrad stage. No staining was observed in
nonfunctional megaspores (M).

(E) Micrograph showing GUS staining in an early one-nucleate embryo sac (ES) at FG1 stage. No staining was observed in degenerated megaspores
(DM).

(F) Nomarski micrograph showing GUS signal in a two-nucleate embryo sac (ES). No staining was observed in sporophytic tissues.

(G) Nomarski micrograph showing GUS signal in a four-nucleate embryo sac (ES).

(H) Nomarski micrograph showing GUS signal (pink dots) in a mature embryo sac (ES). The bright spots are starch granules typical of the mature
embryo sac.

(I) Bright-field micrograph showing SWA1 expression in an archesporial cell (AC).

(J) Micrograph showing SWAT expression in a megaspore mother cell (MMC).

(K) Micrograph showing SWAT7 expression in a two-nucleate embryo sac. Note the strong signal in the polar cytoplasm (arrows).

(L) Nomarski micrograph of an obligate longitudinal section of a mature embryo sac showing SWAT expression in synergid (Sg), egg cell (EC), and
central cell (CC).

(M) Cross section of the micropylar part of a mature embryo sac showing SWA7 expression in the embryo sac (ES).



73% at the amino acid level. The similarity between SWA1 and its
rice homolog is ~58%, whereas the similarity between yeast
proteins SPBC428.19¢c and UTP15 and SWA1 is ~46 and 43%,
respectively. Phylogenetic analysis showed that the poplar
homolog is much closer to SWA1 than is the rice homolog,
although three of them are in the same clade. Compared with the
homologs from yeast, the animal homologs are farther away from
the plant proteins (Figures 4C and 4D). In S. cerevisiae, UTP15 is
localized in the nucleolus, and it is a component of the U3
snoRNP complex involved in nucleolar processing of pre-18S
rRNA (Dragon et al., 2002).

To obtain insight into the subcellular localization of SWAT1,
a C-terminal translational fusion between SWA7 and GREEN
FLUORESCENT PROTEIN (GFP) was made and introduced into
wild-type and swa7/+ plants. Transgenic plants expressing the
SWAT1-GFP fusion gene showed a 2:1 Kan":Kans segregation
and their siliques had full seed set (data not shown), indicating
that the fusion gene functionally complemented the ovule phe-
notype. Confocal microscopy showed that the fusion protein was
localized in the nucleolus of root cells at interphase (Figure 5A),
and no GFP signal was detected in the cytoplasm orin cells at M
phase (Figure 4B). This demonstrated that SWA1 is indeed
a nucleolar protein.

SWAT1 Is Expressed Ubiquitously throughout the Plant

Because SWAT transcripts were not detectable by RNA gel blot
analysis, RT-PCR was performed with gene-specific primers at
5" and 3’ ends of the cDNA. A single band with expected size was
detected in mRNAs from roots, stems, leaves, inflorescences,
and siliques (Figure 6), indicating that SWA7 is expressed
ubiquitously.

No B-glucuronidase (GUS) activity was detected in the mutant
plants, although the GUS reporter gene in the Ds element is
inserted in the sense orientation within the gene (Sundaresan
et al., 1995). Sequence data indicated that this was attributable
to the presence of several in-frame stop codons upstream of the
GUS gene. To study the tissue- and cell-specific expression of
SWAT1, the 1.7-kb promoter region and the 1.2-kb fragment
downstream of the SWAT stop codon were fused on either side
of the GUS reporter gene and subcloned into pCAMBIA1300.
The resulting construct was transformed into Arabidopsis wild-
type plants via Agrobacterium-mediated vacuum transformation
(Bechtold and Pelletier, 1998). In T2 transgenic lines, GUS
activity was detected in tissues active in cell division. Very strong
GUS staining was observed in root tips and lateral root primordia
(Figure 7A), and weaker signals were found in young leaf and
stem vascular tissues. In reproductive organs, the GUS reporter
gene was expressed throughout pollen development from very
young floral buds to dehisced anthers, especially in microspor-
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ogenous cells, microspores, and mature pollen grains (Figures
7B and 7C), indicating that the SWA7 promoter is active during
male sporogenesis and gametogenesis. In female reproductive
organs, the reporter gene was expressed in megaspores (Figure
7D) and embryo sacs from one-nucleate (FG1) to seven-celled
embryo sacs (FG6) (Figures 7E to 7H). No GUS staining was
observed in nonfunctional megaspores.

To confirm the GUS reporter data, RNA in situ hybridization
was also performed using digoxigenin-labeled antisense and
sense RNA probes. mRNA of the SWAT gene was detected in
nucellar primordia, archesporial cells (Figure 7I), megaspore
mother cells (Figure 7J), and later in functional megaspores (data
not shown). Very strong signal was also found in gametophytic
cells of the female gametophyte from one-nucleate to seven-
celled embryo sacs (Figures 7K to 7N). At the two-nucleate
stage, a strong signal was found in the polar cytoplasm of the
embryo sac (Figure 7K). In the mature embryo sac, obvious
signals were detected in synergid, egg, and central cells (Figures
7L to 7N). After fertilization, the signal was also detected in
embryos (data not shown). No signal above background was
detected when sense RNA probe was used as a control (data not
shown). During anther development, SWA7 transcripts were
detected in sporogenous cells (Figure 70), later in microspore
mother cells (data not shown), and mature pollen grains (Figure
7P). At stage 7 of anther development (Sanders et al., 1999), the
signal was also obvious in tapetal cells but not detectable in other
cell layers (data not shown).

Downregulation of SWA1 by RNA Interference Inhibits
Root Growth and Processing of 18S Pre-rRNA

To evaluate the function of the SWAT gene in plant development,
an RNA interference (RNAIi) approach was used because swa1/
swal homozygous plants were not available. The 5’ end region
of the SWAT cDNA was subcloned in the opposite direction
separated with an intron into the estrogen-inducible vector
pERS (Zuo et al., 2000). The resulting construct was introduced
into Arabidopsis via Agrobacterium-mediated vacuum infiltra-
tion, and seven independent transgenic T1 plants were obtained.
T2 seeds were germinated and grown on MS plates supplemen-
ted with 20 wg/mL hygromycin, and 1 week later, the resistant
seedlings were transferred to MS plates with DMSO (control) or
10 wM B-estradiol inducer. No obvious abnormality was ob-
served in leaves and shoot apices of seedlings from these
treatments. However, significant differences in root length were
observed after 7 d of incubation. It became obvious that seed-
lings treated with B-estradiol had shorter roots than those on
DMSO plates (Figures 8A and 8B). The inhibition of root growth
was strong in all transgenic lines checked, especially in lines

Figure 7. (continued).

(N) Nomarski micrograph of a cross section through the middle of a mature embryo sac showing a hybridization signal in the central cell.
(O) Cross section of a young anther showing SWAT expression in microsporogenous cells (SC).

(P) Micrograph showing SWAT expression in mature pollen grains (PG).

AC, archesporial cell; Ch, chalazal end; CC, central cell; DM, degenerating megaspore; EC, egg cell; ES, embryo sac; FM, functional megaspore; M,
megaspore; MMC, megaspore mother cell; PG, pollen grain; SC, sporogenous cell; Sg, synergid. Bars in (C) to (P) = 10 um.
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Figure 8. Root Phenotype of SWA7 RNAIi Transgenic Plants.

Wild type, pER8-GFP, and RNAI transgenic seedlings were treated with
DMSO or B-estradiol as described in Methods.

(A) Micrograph showing seedlings of SWAT7-RNAi seedlings (line RNAi4)
grown on MS medium supplemented with 10 wM B-estradiol. Note that
the roots are shorter than those shown in (B).

(B) Seedlings of line RNAi4 as in (A) grown on MS medium with DMSO as
a control.

(C) Statistical comparison of root length for seedlings grown on MS with
DMSO control and B-estradiol inducer.

RNAIi2 and RNAi4, in which the average root length of seedlings
with B-estradiol treatment was ~39 and 50% shorter than that of
seedlings treated with DMSO (Figure 8C). There was no obvious
difference in root length between wild-type and pER8-GFP (Zuo
et al., 2000) transgenic plants treated with either DMSO or
B-estradiol (Figure 8C). These data indicate that the inhibition of
root growth is attributable to the induction of the SWA7 RNAI,
which suggests that downregulation of SWA7 significantly in-
hibits root growth.

It was reported that UTP15, the homolog of SWA1 from
budding yeast, is one of the components of U3 snoRNP and
contributes to the processing of 18S pre-rRNA (Dragon et al.,
2002). One of the earliest processing events in the pre-rBNA is
an endonucleolytic cut in the 5" external transcript spacer from
the 18S rRNA, and this primary pre-RNA cleavage is conserved
in all eukaryotes (Venema and Tollervey, 1999). Site P, which is
at position +1275 in Arabidopsis 18S pre-RNA, is the primary
cleavage site (Figures 9A and 9B), and the U3 snoRNP is
essential for this cleavage (Sdez-Vasquez et al., 2004). To
investigate whether SWA1 protein is involved in this step of
cleavage, we checked the processing of 18S pre-rRNA in the
callus derived from roots of RNAi1 and RNAI2 transgenic plants.
Total RNA was isolated from callus treated with DMSO (used as
a control) or B-estradiol, and DNA contamination was removed
with DNase | digestion. RT-PCR was performed with primer U1

(positions +1218 to +1237) and primer U2 (positions +2020 to
+2039). The result showed that the amount of unprocessed 18S
pre-rRNA increased significantly in the callus induced with
B-estradiol compared with the RNAI callus cultured with DMSO
(Figure 9C). These data indicate that the knockout of SWAT7
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Figure 9. 18S Pre-rRNA Processing in RNAi Transgenic Callus.

(A) Structure of eukaryotic rDNA (adapted from Brown and Shaw, 1998).
rRNA genes are arranged in tandem, separated by nontranscribed spacers
(NTS). 18S, 5.8S, and 25/28S rRNAs are transcribed into pre-rRNA as a unit.
(B) Arabidopsis pre-rRNA transcript contains the 18S, 5.8S, and 25S
rRNAs as well as the 5’ and 3’ external transcript spacer (ETS) and two
internal transcript spacers between the three rRNAs (ITS1 and ITS2). The
positions of primers U1 and U2 used in RT-PCR detection of 18S pre-
rRNA in RNAI callus are shown. Site P shows the primary pre-rRNA
cleavage site in the 5’ ETS of Arabidopsis. Mature 18S, 5.8S, and 25S
rRNAs are generated after additional processing steps that are not
described here.

(C) Detection of 18S pre-rRNA in RNAi callus. Top gel, RT-PCR result
showing increased amounts of 18S pre-rRNA in RNAi1 and RNAi2 callus
induced with B-estradiol compared with DMSO treatment. The data
indicate that the knockout of SWAT expression with RNAi technology
leads to the accumulation of unprocessed 18S pre-rRNA. Bottom gel,
RT-PCR product of the elF4A gene, showing equal amounts of starting
RNA template.



expression inhibited the processing of 18S pre-rRNA, suggest-
ing that SWAT1, like its yeast homolog, participates in 18S rRNA
biogenesis in plants.

DISCUSSION

SWAT1 Is Essential for the Normal Progression of Mitotic
Division Cycles during Female Gametophyte
Development in Arabidopsis

The swal mutation was first identified in a screen for gameto-
phytic mutants that showed distorted Mendelian segregation.
Plants heterozygous for the swa7 mutation had shorter siliques
and showed a semisterile phenotype. Outcross experiments
further demonstrated that the mutation mainly impaired female
gametogenesis and caused a minor defect during male game-
togenesis in Arabidopsis. Interestingly, detailed CLSM analysis
showed that ovules carrying the Ds insertion were arrested at
a variety of developmental stages of two- to eight-nucleate
embryo sacs. This indicated that the progression of gameto-
phytic division cycles was affected. A similar phenotype was
reported in the hdd mutant in Arabidopsis (Moore et al., 1998). In
addition to cell cycle arrest, cellularization of the hdd embryo
sacs occurred prematurely after one or two nuclear divisions,
and asynchronous nuclear divisions at each pole also occurred in
some mutant embryo sacs (Grossniklaus and Schneitz, 1998). In
swal embryo sacs, neither premature cellularization nor asyn-
chronous nuclear division within the embryo sac occurred,
indicating that it is a different mutation from hdd. Clearly, our
CLSM analysis showed that the progression of mitotic division
cycles during the female gametophyte development was slowed
as aresult of the swa7 mutation. As demonstrated in the delayed
pollination experiment, some of the mutant embryo sacs are able
to develop into functional female gametophytes, although at
alow frequency. All of these data suggest that the SWAT gene is
essential for the normal progression of the mitotic division cycles
during female gametophyte development.

On the other hand, we observed no defects in mitotic cycles
during microsporogenesis. Pollen grains were morphologically
normal, although the penetration rate of the mutation through the
male gametophyte was affected slightly. One possible explana-
tion for this finding is that there are only two divisions in male
gametogenesis compared with three required for megagameto-
phyte development. Perhaps residual SWA1 activity from het-
erozygous pollen mother cells may be sufficient for two divisions.
Second, gametophytic cells undergo tremendous growth (at
least in size), and the vacuole enlarges during each cycle during
female gametogenesis (Figure 2), whereas no or little growth
takes place during microsporogenesis. Therefore, a slight
change in cell metabolism may not be detrimental to microspore
development compared with that in megagametophyte devel-
opment. Alternatively, there could be genetic redundancy that
compensates for the loss of SWA1 activity in microspores.

The SWAT gene also seems to play a role in the mitotic
progression of sporophytic cells, because it is expressed ubig-
uitously throughout plant development. Strong expression was
found in tissues such as root tips and anthers in which active cell
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division takes place. To investigate its role in these tissues, we
used the inducible RNAI technology to downregulate the ex-
pression of SWAT. Root growth was inhibited significantly
when transgenic seedlings were grown in the presence of the
B-estradiol inducer compared with the control sets or treatment.
These data indicated that SWAT plays a role in sporophytic cells
as well.

SWAT1 Is Involved in the Nucleolar Processing of the
18S Pre-rRNA

Molecular analysis revealed that SWAT encodes a protein with
six WD40 repeats. Proteins containing WD40 repeats play
regulatory roles in diverse cellular processes, such as signal
transduction, chromatin remodeling, chromosome condensa-
tion, cell cycle regulation, transcriptional repression, vesicle
trafficking, and RNA processing (Neer et al., 1994; Smith et al.,
1999; Vodermaier, 2001; van Nocker and Ludwig, 2003). In
SWAT1, there are six WD40 repeats instead of the seven in G
(Sondek et al., 1996). A three-dimensional remodeling of SWA1
indicates that it forms the typical structure of the WD40 protein
and a gross configuration resembling that of the G subunit (data
not shown). Both hydrophobic and hydrophilic regions, which are
believed to interact with other proteins, are found at the surface
of the platform structure. The closest homolog of SWA1 with
known function is the yeast UTP15, a component of a large
nucleolar U3 complex required for RNA biogenesis (Dragon et al.,
2002). Given its similarity in amino acid sequence and nucleolar
localization, it is possible that SWAT7 plays a role in RNA bio-
genesis similar to that of UTP15 in yeast. Indeed, our RNAI
experiments showed that the processing of the 18S pre-rRNA
was indeed inhibited when SWA71 was downregulated. These
data indicate that SWA1, like its yeast homolog UTP15, partic-
ipates in 18S rRNA biogenesis in plants.

In conclusion, our data show that SWAT is essential for the
normal progression of the mitotic cycles during female gameto-
genesis in Arabidopsis. This effect is most likely caused by the
slowdown of general cell metabolism attributable to a defect in
18S rRNA processing.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Landsberg erecta plants were grown in an
air-conditioned room at 22°C under a 16-h-light/8-h-dark cycle. The
genetic screen of Ds insertion lines was performed as described pre-
viously by Sundaresan et al. (1995). Seeds were sterilized with 20%
bleach for 5 min, rinsed five times with sterile water, and germinated on
MS plates with or without antibiotics. For the kanamycin plate, 50 mg/L
kanamycin (Sigma-Aldrich, St. Louis, MO) was supplemented; for the
hygromycin plate, 20 mg/L hygromycin (Roche, Indianapolis, IN) was
added. Seeds were stratified in darkness at 4°C for 2 d before being
transferred to a greenhouse. Transgenic plants were obtained through
Agrobacterium tumefaciens—-mediated infiltration (Bechtold and Pelletier,
1998). For B-estradiol treatment, seeds of RNAI transgenic plants were
germinated on MS plates supplemented with 20 wg/mL hygromycin and
incubated at 22°C with light for 7 d, and the resistant seedlings were
transferred to MS plates supplemented with 10 uM B-estradiol (20 mM
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stock solution in DMSO) or 500 pL of DMSO per liter of MS medium
(Sigma-Aldrich). The length of the main root was measured after 7 d.

For callus induction, seeds of lines RNAi1 and RNAi2 were germinated
on MS plates supplemented with 20 wg/mL hygromycin and incubated at
22°C with light for 7 d. Roots of hygromycin-resistant plants were cut into
0.5-cm segments and transferred onto callus induction medium contain-
ing B5 medium with 0.5 mg/L 2,4-D, 0.05 mg/L kinetin, 30 g/L glucose,
and 9 g/L agar. The explants were subcultured every 2 weeks at 22°C
with a 16-h light/8-h dark cycle. Callus was collected 2 months later and
transferred into flasks with liquid callus medium plus 10 uM B-estradiol
(20 mM stock solution in DMSO) or 500 L of DMSO per liter and
incubated at 22°C in the dark for 4 d. Then, the medium was discarded
and callus was paper dried before being frozen with liquid No.

Scanning Electron Microscopy

Pollen grains from dehisced anthers or dissected siliques were stuck onto
double-sided tape and immediately frozen in liquid N, for 3 min before
observation with scanning electron microscopy. The frozen samples were
observed with a JSM-5310LV scanning electron microscope (JEOL,
Tokyo, Japan). Images obtained were edited with Photoshop version 7.0
software (Adobe, San Jose, CA).

CLSM

The confocal observation of ovules was performed according to the
method described by Christensen et al. (1997) with slight modifications.
Inflorescences were harvested and fixed in 4% glutaraldehyde (in
12.5 mM cacodylate, pH 6.9), and a vacuum was applied for the initial
20 min, after which they were in fixative overnight at room temperature.
After fixation, the tissue was dehydrated through a conventional ethanol
series with 20 min per step. After the dehydration, the tissue was cleared
in 2:1 (v/v) benzyl benzoate:benzyl alcohol for a minimum of 1 h. Pistils
or siliques were dissected, mounted with immersion oil, and observed
with a Zeiss LSM510 META laser scanning microscope (Zeiss, Jena,
Germany) with a 488-nm argon laser and an LP 530 filter. In the study
on SWAT1 localization, root tips of seedlings were stained with 5 wg/mL
4’ 6-diamidino-2’-phenylindole dihydrochloride (DAPI; Roche) solution
for 10 min and rinsed briefly with distilled water before observation. The
488-nm argon laser and 507- to 550-nm filter were set for GFP, and the
405-nm diode laser and the band-pass 420- to 480-nm filter were set for
DAPI scanning. Images were edited with Zeiss LSM Image Browser
software and Photoshop version 7.0 software.

Crosses and Delayed Pollination Test

Wild-type and swal/+ plants were emasculated at floral stage 12c
(Smyth et al., 1990; Christensen et al., 1997) and pollinated at stage 13
(—~12 h after emasculation) in reciprocal crosses. Anthers of heterozy-
gous swal plants were removed at stage 12c and pollinated with wild-
type pollen after 24 h (stage 14), 48 h (stage 15), 72 h (stage 17), or 96 h
(stage 17) in the delayed pollination test. Special care was taken
to prevent cross-pollination from unwanted pollen. Seeds of different
groups were collected and plated onto MS plates supplemented with
50 pwg/mL kanamycin. The seedlings were scored for kanamycin resis-
tance after germination.

Molecular Cloning and Construction
Cloning of SWA1

Genomic DNA was isolated from the swa7 mutant with the plant DNeasy
plant mini kit (Qiagen, Valencia, CA) and used as template for the cloning
of Ds flanking sequence and SWAT. Thermal asymmetric interlaced PCR

was performed as described previously (Liu et al., 1995; Grossniklaus
et al.,, 1998; Yang et al., 1999). Primers 5'-CCAGCCTCCTTCTCTC-
TCTCTGTT-3’ and 5'-ATCCATCATTTCAAGTTTAGACAT-3' were de-
signed according to EST sequences available in GenBank (http://
www.arabidopsis.org) and used for SWA7 cDNA amplification. Full-
length SWA7 cDNA was copied with the One-Step RT-PCR kit (Qiagen)
and cloned into pPGEM-T vector (Promega, Madison, WI). Fragments were
confirmed by sequencing.

RT-PCR Detection of SWA1 Expression

Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA)
from different tissues of Landsberg erecta wild-type plants. Roots from
10-d-old seedlings were collected. Leaves, stems, inflorescences, and
siliques were obtained separately from flowering mature plants. Poly(A)*
was purified from total RNA with the Oligotex mRNA midi kit (Qiagen). The
concentration of mMRNAs was determined by spectrophotometry. Ten
nanograms of mRNA from different tissues was used as template for RT-
PCR amplification with the One-Step RT-PCR kit (Qiagen) according to
the manufacturer’'s recommendations. The full-length cDNA of SWAT1
was obtained through RT-PCR amplification with the primer combination
5'-CCAGCCTCCTTCTCTCTCTCTGTT-3' and 5'-ATCCATCATTTCAAG-
TTTAGACAT-3' designed according to EST sequences available in
GenBank. Similarly, the primer combination 5'-ATGGCAGGACCGCA-
CCGGA-3' and 5'-GCATGTCAAAAACACGACCGGGAGTTCC-3' was
used for RT-PCR amplification of the EUKARYOTIC TRANSLATION
INITIATION FACTOR 4A (elF4A) gene as an internal control. PCR prod-
ucts were analyzed with 1% agarose gel electrophoresis.

Construction of SWA1 Genomic Clone for
Genetic Complementation

A 4.5-kb SWAT genomic fragment (starting from 1701 bp upstream of the
ATG start codon and ending at 1206 bp downstream of the TGA stop
codon) was amplified with the ACCu Tag LA DNA polymerase PCR kit
(Sigma-Aldrich) and primers 5'-AACTGCAGCCTTGTTTCACGAGTCT-
GCA-3' and 5'-GCGAATTCTTGGTATGCATGGACCTGGT-3'. The frag-
ment obtained was subcloned into pCAMBIA1300 (CAMBIA; www.
cambia.org.au) at Pstl and EcoRl sites, and constructs were verified by
seqguencing.

Construction of the SWA1-GFP Fusion Gene

To obtain the SWAT7-GFP fusion gene, the coding region of SWAT7
was amplified with primers 5'-GGACTAGTATGGAGGAAGAGCTTCGT-
GTTCG-3' and 5-CGCGGATCCACTTCTACCCGCAATTCTCA-3’' and
inserted into Xbal and BamH]I sites of pBI-GFP vector (D.-Q. Shi, un-
published data; the GUS gene of pBI121 was replaced with GFP) to give
rise to pBI-35S:SWA1-GFP. Similarly, the coding region was also
subcloned into Xbal and BamHlI sites of p1300-Pswa1:GFP:Ter (D.-Q.
Shi, unpublished data) to yield p1300-Pswa1:SWA1-GFP:Ter.

Construction of the SWA1 Promoter-GUS Reporter

A 1701-bp fragment upstream of the ATG start codon was amplified
by PCR with a 5’ primer containing a Pstl site (5'-AACTGCAGCCTTGT-
TTCACGAGTCTGCA-3') and a 3’ primer with a Sall site (5'-GACGTC-
GACTATTCTAGAGTACAAGCAGA-3'). Similarly, a 1206-bp fragment
downstream of the TGA stop codon was also obtained with primers
with Sacl and EcoRl, respectively: 5'-CCCGAGCTCTAATCAATATCA-
CAAGTTTTG-3" and 5'-GCGAATTCTTGGTATGCATGGACCTGGT-3'.
PCR fragments of the expected size were sequenced and subcloned
into pPCAMBIA1300, giving rise to p1300-SWA1PT. A 1.8-kb GUS gene



was released with Sacl and EcoRl digest from vector pBI121 and inserted
into p1300-SWA1PT backbone, giving rise to p1300-PGT.

Construction of the pER8-SWA1-RNAi Vector

The SWAT coding region was amplified by PCR with primer combination
5'-ATGGAGGAAGAGCTTCGTGTTCG-3' and 5'-CGGGATCCTCAACT-
TCTACCCGCAATTC-3' (containing a BamHI site). The fragment was
sequenced and subcloned into the Smal site of pBluescript SK+
(Stratagene, La Jolla, CA) vector to give rise to pBS-SWAT1. The 3’ part
of the coding region was replaced with the 5’ part of 516 bp of the coding
sequence in the opposite direction by making use of an internal Bgl/ll site
and a BamHl in the vector, to yield pBS-SWA1-1AWS vector. The second
intron (+327 to +740 bp downstream of the ATG) of Adx7 (At4905450)
was obtained by PCR with primers containing the BamHl site and inserted
into pBS-SWA1-1AWS, resulting in pBS-SWA1-RNA.. Finally, the com-
plete fragment was cut out with Spel and Apal and inserted into pER8
(Zuo et al., 2000) to produce pER8-SWA1-RNAI.

RT-PCR Detection of 18S Pre-rRNA in RNAi Callus

Total RNA was isolated from RNAi callus with TRIzol reagent (Invitrogen)
according to the user’s manual. RNA was treated with DNase | (TaKaRa
Biotechnology, Dalian, China) to remove potential genomic DNA. Reverse
transcription was conducted with reverse transcriptase XL (Avian myelo-
blastosis virus; TaKaRa) according to the manufacturer’s instructions.
The cDNA was used as template for PCR amplification. Primer U1
(5'-CGTAACGAAGATGTTCTTGGC-3"; +1119 to +1139 bp in 18S pre-
rRNA) and primer U2 (5'-ATGCGTCCCTTCCATAAGTC-3’; +2040 to
+2021 bp in 18S pre-rRNA) were designed to check the processing of
18S pre-rRNA at site P (Sdez-Vasquez et al., 2004). Amplification of the
unprocessed 18S pre-rRNA with these primers yields a 0.8-kb fragment.

In Situ Hybridization

Floral buds and pistils were fixed and processed according to Yang et al.
(1999). Eight-micrometer-thick sections were hybridized with digoxige-
nin-labeled antisense and sense probes. For probe labeling, antisense
and sense RNAs were transcribed in vitro with T3 and T7 RNA poly-
merases, respectively, using the digoxigenin RNA labeling kit (Roche).
Half of the labeled product was hydrolyzed to ~150 bp with alkaline
treatment. A mixture of hydrolyzed and nonhydrolyzed RNA probe was
used for the hybridization. Hybridized slides were rinsed twice with 2
SSC (1X SSC is 0.15 M NaCl and 0.015 M sodium citrate) at room
temperature for 15 min, then with 1xX SSC twice at 60°C for 10 min each.
Antibody staining and coloring were performed according to the manu-
facturer’s recommendations (Roche). The slides were observed with an
Axioskop 2 Plus microscope (Zeiss) with differential interference contrast
optics and photographed with a Nikon Coolpix 995 digital camera (Nikon,
Tokyo, Japan).

Bioinformatic Methods

BLASTN, BLASTX, and tBLASTN analyses of EST, cDNA, and genomic
sequences were conducted with the National Center for Biotechnology
Information web service (http://www.ncbi.nih.nlm.gov), using the default
E-value cutoff of 1.0 and the default algorithm setting BLOSUM62 as
described previously by Altschul et al. (1997). Sequence alignments and
protein statistics were determined using DNASTAR software (DNASTAR,
Madison, WI).

For the sequence alignment, a homolog from poplar (Populus tricho-
carpa) was obtained with tBLASTN from PoplarDB (http://poppel.fysbot.
umu.se/blast.php); other homologous sequences from different organ-
isms were obtained from the National Center for Biotechnology Informa-
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tion with BLASTP. Multiple sequence alignments were performed with
the ClustalW service of NPS@ClustalW multiple alignment web
site (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_
clustalw.html). The resulting alignments were used to generate a neighbor-
joining tree using Mega 2.1 software (Kumar et al., 2001). For the options,
we selected p-distance for the amino acid model, complete deletion for
include site, and 500 replacement in bootstrap test of phylogeny.
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