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Morphogenesis requires the coordination of cell growth, division, and cell differentiation. Female gametogenesis in flowering
plants, where a single haploid spore undergoes continuous growth and nuclear division without cytokinesis to form an eight-
nucleate coenocytic embryo sac before cellularization, provides a good system to study the genetic control of such processes in
multicellular organisms. Here, we report the characterization of an Arabidopsis (Arabidopsis thaliana) female gametophyte
mutant, slow walker2 (swa2), in which the progression of the mitotic cycles and the synchrony of female gametophyte
development were impaired, causing an arrest of female gametophytes at the two-, four-, or eight-nucleate stage. Delayed
pollination test showed that a portion of the mutant ovules were able to develop into functional embryo sacs and could be
fertilized. SWA2 encodes a nucleolar protein homologous to yeast NUCLEOLAR COMPLEX ASSOCIATED PROTEIN1
(NOC1)/MAINTENANCE OF KILLER21 that, together with NOC2, is involved in preribosome export from the nucleus to the
cytoplasm. Similarly, SWA2 can physically interact with a putative Arabidopsis NOC2 homologue. SWA2 is expressed
ubiquitously throughout the plant, at high levels in actively dividing tissues and gametophytes. Therefore, we conclude that
SWA?2 most likely plays a role in ribosome biogenesis that is essential for the coordinated mitotic progression of the female

gametophyte.

Morphogenesis requires tightly coordinated cou-
pling of cellular activities, such as cell growth, cell
division, and differentiation. In past decades, signifi-
cant progress on cell cycle control has been achieved
mostly in single-celled organisms and cultured mam-
malian cells. The elucidation of the cyclin/cyclin-
dependent kinase checkpoint control, for example,
provides insight into molecular mechanisms on how
and when cells divide. Mechanisms coupling cell
growth to environmental and developmental signals
have also been investigated. Ribosome biogenesis, a
key for rapid cell growth, is coupled with nutrient
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availability and stress signals via the TOR signaling
pathway (Warner et al., 2001; Wullischleger et al.,
2006). However, questions such as how the cell senses
intrinsic cellular homeostatic signals remain to be
addressed. For example, how ribosome dynamics
and translational activities are measured and coupled
to cytokinesis and cell differentiation, especially in the
context of development of multicellular organisms.
Female gametogenesis in Arabidopsis (Arabidopsis
thaliana) is a unique system to address such questions
in multicellular organisms. During female gametogen-
esis, the haploid functional megaspore undergoes
continuous cell growth and three cycles of consecutive
nuclear division without cytokinesis, giving rise to a
giant eight-nucleate, coenocytic cell: the embryo sac.
The size of the embryo sac increases about 6-fold
without cytokinesis until it reaches its maximum dur-
ing gametogenesis in maize (Zea mays; Dow and
Mascarenhas, 1991). The two polar nuclei migrate
toward the micropylar half of the embryo sac and
eventually fuse to give rise to a diploid nucleus of the
central cell. As the polar nuclei migrate, cellularization
takes place simultaneously to divide the coenocytic
embryo sac into seven cells of four cell fates: three
antipodal cells, two synergid cells, one egg cell, and
one central cell (Drews et al., 1998; Grossniklaus and
Schneitz, 1998; Yang and Sundaresan, 2000; Wilson
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and Yang, 2004). Obviously, its haploid nature and
coupling of cell growth, division, and cell fates make
the female gametophyte a nice system to investigate
how these cellular activities are coordinated in devel-
opment.

The temporal and spatial control of cell growth, the
mitotic division cycles, and cell fate specification dur-
ing female gametogenesis have been the focus of
sexual plant reproduction research. Recently, genetic
studies have identified gametophytic mutations that
start to shed light on the genetic and molecular con-
trol of these processes. Mutations in genes involved
in diverse cellular functions, including ANDARTA
(Howden et al., 1998), GAMETOPHYTIC FACTORI
(GFA1; Christensen et al., 1997), HADAD (Moore et al.,
1997), LETHAL OVULE2 (Sheridan and Huang, 1997),
LYSOPHOSPHATIDYL ACYLTRANSFERASE (Kim
et al., 2005), NOMEGA (Kwee and Sundaresan, 2003),
PROLIFERA (Springer et al., 1995), SLOW WALKER1
(SWAI; Shi et al., 2005), SUCCINATE DEHYDROGE-
NASE (Leon et al., 2007), and TISTRYA (Howden et al.,
1998), all result in defective gametophytic cell divi-
sions, implying that progression of the mitotic cycle is
critical for the formation of a functional female game-
tophyte. Loss-of-function mutations in the Arabidop-
sis RETINOBLASTOMA-RELATED PROTEINI, a key
negative regulator controlling the G1/S transition of
the cell cycle, result in uncontrolled nuclear prolifer-
ation and cell fates, giving rise to embryo sacs with
supernumerary nuclei that are irregular in size and
partially enclosed by cell wall-like structures (Ebel
et al., 2004). Loss of functions in CYTOKININ INDE-
PENDENT1 (Hejatko et al., 2003), DIANA/AGAMOUS-
LIKE61 (Bemer et al, 2008), AGAMOUS-LIKESO
(Portereiko et al., 2006a), and NUCLEAR FUSION
DEFECTIVE1 (Portereiko et al., 2006b) affect polar
nuclear fusion and central cell development.

Accumulating data suggest a key role of the nucle-
olus in cell survival and proliferation (Cockell and
Gasser, 1999; Shaw and Doonan, 2005). A number of
nucleolar proteins have been discovered to be in-
volved in linking cell proliferation control and ribo-
some biogenesis in yeast (Srivastava and Pollard, 1999;
Du and Stillman, 2002; Jorgensen et al., 2002; Zhang
et al., 2002; Bernstein et al., 2007). Mutations in genes
involved in RNA processing, including SWA1 (Shi
et al., 2005), GFA1/CLO1, and ATROPOS (ATO; Moll
et al.,, 2008; Liu et al., 2009; Yagi et al., 2009), lead to
slow progression of the division cycle during female
gametogenesis. Intriguingly, mutation in LACHESIS
(LIS), coding for a putative splicing factor, promotes
egg cell fate in the synergid and the central cell at the
expense of the synergid and central cell fate (Grof3-
Hardt et al., 2007), suggesting that LIS plays a pivotal
role in suppressing the egg cell fate in the synergid and
the central cell as well as the central cell fate in
antipodal cells. Similarly, cell fate changes have also
been observed in gfal/clol and ato mutants (Moll et al.,
2008). These data imply that RNA processing and
ribosome biogenesis play a key role in coordinating
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cell cycle progression and cell fate. Here, we report the
genetic and molecular characterization of a swa2 mu-
tation that impairs cell growth and cell division in
Arabidopsis. SWA2 encodes a nucleolar protein ho-
mologous to yeast NUCLEOLAR COMPLEX ASSO-
CIATED PROTEIN1 (NOC1)/MAINTENANCE OF
KILLER21 (MAK21) that is essential for ribosome
biogenesis in yeast. We also show that SWA?2 interacts
physically with NOC2 homologues in yeast cells.
Together, these data indicate that SWA2 is most likely
involved in ribosome biogenesis and essential for cell
cycle progression in female gametophyte development
in Arabidopsis.

RESULTS

Isolation and Genetic Characterization of the
swa2 Mutant

To identify mutations affected in cell growth and
division during female gametophyte development, a
screen for distorted Mendelian segregation was car-
ried out as described previously (Springer et al., 1995;
Sundaresan et al., 1995; Pagnussat et al., 2005). One
mutant, swa2, was isolated that exhibited an aberrant
kanamycin resistant-to-kanamycin sensitive (Kan™:
Kan®) segregation ratio of 1:1 (Kan™:Kan® = 661:663).
Siliques from swa2 heterozygous plants contained
about 31.5% (n = 964 ovules) aborted ovules (Fig. 1),
suggesting that it is likely defective in gametophytic
function.

To analyze the transmission of swa2 through female
germ lines, we performed crosses between swa2 and
wild-type plants and traced the presence of Ds inser-
tion in the F1 progeny. When the heterozygous mutant
was used as the egg donor, the transmission efficiency
to the mutation was 19% (n = 759), indicating that the
mutation has a strong defect in female gametophytes.
In addition, approximately 6% (n = 964) of selfed F1
seeds displayed embryo arrest before the globular
stage, and no homozygous plants were obtained. This
suggested that the mutant is homozygous lethal.
Therefore, we use swa2 to represent the heterozygous

Figure 1. Phenotype of the swa2 plant. A, A swa2 silique showing
aborted ovules (black arrows). B, A wild-type silique showing a full
seed set. Bars = 100 um.
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mutant (Ds/+) in this paper. Overall, the mutant plants
are morphologically normal except that they bear
shorter siliques than the wild-type plants.

Synchrony of Female Gametophyte Development Is
Impaired in swa2

To characterize the mutant phenotype, we examined
ovule development in wild-type and swa2 plants using
confocal laser scanning microscopy. Female gameto-
phyte (FG) development in Arabidopsis is divided
into seven distinct stages (Christensen et al., 1997,

2002), as shown in Figure 2. The functional megaspore
(FG1; Fig. 2A) undergoes mitosis to give rise to a two-
nucleate embryo sac (FG2; Fig. 2B). A central vacuole
is formed between the two nuclei and pushes them
apart from each other (FG3; Fig. 2C). The two nuclei
undergo a second division to give rise to a four-
nucleate embryo sac at early FG4 (Fig. 2D). At this
time, the division plane between the two chalazal
nuclei lies parallel to the chalazal-micropylar axis.
Then, two of the four nuclei migrate so that the
division plane between them is orthogonal to the
axis (Fig. 2E). Another round of division takes place

Figure 2. Ovule development revealed by confocal laser scanning microscopy in wild-type and swa2 plants. A, An FG1-stage
ovule showing the functional megaspore (M). B, An FG2-stage ovule with a two-nucleate (N) 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. D, An ovule at early
FG4 stage. The line between the two chalazal nuclei lies parallel to the chalazal-micropylar axis. E, An ovule with a four-nucleate
embryo sac at late FG4 stage. Note that the division planes of the chalazal and the micropylar nuclei are perpendicular to each
other. F, An ovule at early FG5 stage with an eight-nucleate embryo sac in a 4n + 4n configuration. The polar nuclei (PN) are
recognizable. G, An ovule image showing an embryo sac at FG5 stage. Cellularization took place and cell differentiation was
completed with the formation of two synergic nuclei (SN), an egg nucleus (EN), three antipodal nuclei (AN), and the two
prominent polar nuclei, which have not fused yet. H, 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). I, An ovule at FG7 stage, in which the antipodal cell began to
degenerate (DA). ], A micrograph showing a mutant ovule arrested at FG3. K, A micrograph showing a mutant ovule arrested at
FG4. L, A micrograph showing a mutant ovule arrested at FG5. All images were projected from multiple 1-um optical sections.
The developmental stages are defined according to Christensen et al. (1998). Bars = 5 um.
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Table I. 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 Total Female Gametophytes
1 27 11 2 40
2 6 17 6 3 32
3 2 18 6 26
4 4 25 7 36
5 12 35 3 50
6 3 17 21 41
7 5 9 39 2 55
8 2 32 17 51
9 20 17 2 39
10 16 30 4 50
11 6 36 9 51
12 4 46 50

to give rise to an eight-nucleate embryo sac (FG5; Fig.
2F). The two polar nuclei, one from each pole, migrate
toward the micropylar half of the developing female
gametophyte (Fig. 2G) and eventually fuse to form the
central cell (FG6; Fig. 2H). The three antipodal cells
degenerate just before fertilization, and the mature
female gametophyte consists of two synergid cells, one
egg cell, and one central cell (FG7; Fig. 2I). In wild-type
plants, ovule development in a pistil is synchronous
with only a narrow range of variations (Christensen
et al., 1997; Shi et al., 2005). At 24 h after emasculation,
most ovules in a wild-type pistil were found in FG6 or
FG7. However, in the mutant pistils, we found that
about half of the ovules were at FG6 or FG7 represent-
ing the wild-type ovules and the other half were
arrested at different stages, including FG3, FG4, and
FG5 (Fig. 2, J-L). These data indicated that the cell
cycle progression in the mutant female gametophyte
was impaired.

To further investigate whether the synchronous
development of female gametophytes in the mutant
pistils was affected, we performed a detailed study of
synchrony in wild-type and mutant ovules. Pistils
from the same inflorescence were opened sequentially,

and ovules from each pistil were dissected out and
checked for their development stages. The numbers of
ovules at each stage were counted. The results are
summarized in Tables I and II. In the wild-type plant,
most ovules within the same pistil are often at either
one or two adjacent developmental stages (Table I).
This observation is consistent with previous studies
(Christensen et al., 1997; Shi et al., 2005), which indi-
cate that embryo sac development within a pistil is
synchronous to a large extent. However, in the mutant
plants, the development of the embryo sacs is asyn-
chronous, and ovules within the same pistil are
arrested at several developmental stages (Table II).
These data suggested that the progression of the
gametophytic nuclear division was retarded in the
mutant embryo sacs.

To investigate whether the retarded female gameto-
phyte in the mutant ovule is able to form a functional
embryo sac, we performed a delayed pollination test
according to Shi et al. (2005). Pistils of swa2 plants were
emasculated at floral stage 12c (Smyth et al., 1990) and
pollinated with pollen from wild-type plants at 12, 24,
36, 48, or 72 h after emasculation. F1 seeds from three
independent plants of each group were collected and

Table Il. Synchrony of female gametophyte development in swa2 plants

Number of Female Gametophytes at Developmental Stages

Pistil Number
FG1 FG2 FG3 FG4 FG5 FG6 FG7 Total Female Gametophytes

1 31 6 7 44
2 29 4 6 39
3 16 11 13 3 43
4 2 8 9 15 2 36
5 4 11 9 4 11 1 40
6 1 1 20 13 18 53
7 2 15 5 18 3 43
8 6 13 10 12 41
9 1 32 14 15 62

10 2 18 6 23 51
11 1 8 15 1 21 46
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Figure 3. Segregation ratio of F1 progeny from the delayed pollination
test. The swa2 plants were emasculated at floral stage 12c (Smyth et al.,
1990) and pollinated with pollen from wild-type plants at 12, 24, 36,
48, or 72 h after emasculation. Kan®:Kan® ratios of the F1 progeny of
each group were analyzed.

examined for Kan® Ktm ratlo As the pollination was
postponed, the Kan™:Kan® ratio of the F1 progeny
increased from 18.8% when pollinated at 12 h after
emasculation to 60.7% when pollinated at 72 h after
emasculation (Fig. 3), indicating that more mutant
ovules were fertilized and produced seeds. These
results suggested that although the mutant ovules
develop more slowly than their wild-type counterpart,
they have the potential to develop into functional
female gametophytes and could be fertilized.

In conclusion, the swa2 mutant displayed retarded
progression of the gametophytic division cycles and
asynchronous development of the female gameto-
phyte. The mutant embryo sacs reach the mature stage
and could be fertilized by delayed pollination.

Pollen Development Is Defective in the swa2 Mutant

To analyze whether the mutation also affected the
male germ line, we performed crosses between wild-
type and swa? plants and traced the presence of the Ds
insertion in the F1 progeny. When the heterozygous
mutant was used as the pollen donor, the transmission
efficiency was 82% (n = 1,374), indicating that the
mutation has a slight effect in male gametophytes.

Figure 4. The pollen showed defective cell cycle
progression in the swa2 mutant. A, A micrograph
showing wild-type pollen grains at maturity. Note
the condensed sperm nuclei. B, A micrograph
showing swa2 pollen grains arrested at either the
bicellular stage (green arrow) or the tricellular
stage with sperm nuclei defective in chromosome
condensing (red arrow). C, A micrograph showing
a mutant pollen grain with thread-like sperm
nuclei (red arrow). D, A micrograph showing a
pollen grain of salk_016552 arrested at the bicel-
lular stage (green arrow). E, A micrograph show-
ing pollen grains of salk_016552 arrested at the
bicellular stage (green arrow) compared with the
wild-type pollen grain. F, A micrograph show-
ing thread-like nuclei of a pollen grain of
salk_016552 (red arrow). Bars = 10 um.
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To further clarify the defect in pollen, 4',6-diamino-
2-phenylindole (DAPI) staining was performed to
check male gametophytic cell cycle progression. At
anthesis, wild-type pollen completed mitosis II and
displayed a typical tricellular configuration, in which
the vegetative cytoplasm contains one vegetative nu-
cleus and two highly condensed sperm nuclei (Fig.
4A). Wild-type plants showed less than 1% aberrant
pollen with disrupted positioning or aberrant appear-
ance of the nuclei. In the mutant, about 9.4% (n = 832)
of pollen showed an abnormal cell cycle, with 5.3% of
pollen grains arrested at the bicellular stage (Fig. 4B)
and 4.1% of mutant pollen completing pollen mitosis
II, but the sperm nuclei were less condensed and
appeared thread shaped (Fig. 4, B and C). These data
indicated that the mutation also affects the cell cycle in
pollen, mainly causing the slowing of pollen mitosis,
although to a lesser extent compared with that in
female gametophytes.

SWA2 Encodes a NOC1 Homologue

Thermal asymmetric interlaced PCR (Liu et al., 1995;
Grossniklaus et al.,, 1998) was used to isolate the
genomic sequences flanking the Ds element. Sequence
analysis revealed that the Ds was inserted at 27 bp
upstream the ATG of At1g72440 (Fig. 5A). Southern-
blot analysis showed that a single Ds element was
inserted in the genome of swa2 (data not shown). To
confirm whether the mutant phenotype of swa2 was
indeed caused by the Ds insertion of At1g72440, a
9,024-bp genomic fragment from —827 bp upstream of
the start codon to 2,928 bp downstream of the stop
codon of At1g72440 was cloned to pCAMBIA1301 and
introduced into the heterozygous swa2 plants. Twenty-
nine transgenic lines were obtained by kanamycin and
hygromycin double selection. Seed set of these T1
plants was restored to 76% to 90% in independent
lines, compared with 62.5% in swa2 plants. Ten inde-
pendent lines were randomly chosen for further
statlst1cal ana1y51s Progeny of these lines showed a
Kan®:Kan® ratio of 1.77 to 2.85, compared with 1.0
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Figure 5. Molecular characterization of SWA2. A, Diagram of the insertion positions of Ds (swa2) and T-DNA (Salk_016552) in
SWA2. The black boxes indicate the exons of the SWAZ2 gene. The shaded amino acids at the N terminus show the N-terminal
JmjN domain found in the Jumoniji transcription factor. The nucleotide numbers are consistent with those in bacterial artificial
chromosome clone T10D10. B, Predicted SWA2 amino acid sequence. The italic amino acids represent the putative nucleic
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in the mutant. Furthermore, we obtained several T3
plants that were completely resistant to kanamycin
and hygromycin. Siliques of these plants showed full
seed set, indicative of complete complementa-
tion. These data confirmed that the mutant phenotype
was indeed caused by the loss of function of
At1g72440.

We then searched for additional T-DNA insertion
lines in the At1¢72440 gene. A T-DNA insertion line,
salk_016552, was identified in which the T-DNA was
inserted into the last intron of At1¢72440 (Fig. 5A). This
mutant displayed 43.5% (n = 989) seed abortion and
about 8% defective pollen with abnormal nuclei (Fig.
4, D-F). Morphologically, the embryo sac phenotype of
salk_016552 is the same as that of the Ds insertion line
(data not shown). These data together with the com-
plementation results demonstrated that At1¢72440
corresponds to the SWA2 gene.

To determine the gene structure of At1g72440,
cDNA was isolated by reverse transcription (RT)-
PCR from Arabidopsis ecotypes Landsberg erecta and
Columbia. Sequencing results revealed that the second
exon was 39 bp shorter compared with the predicted
cDNA sequence of At1g72440 at The Arabidopsis In-
formation Resource database (http:/ /www.arabidopsis.
org). Thus, the SWA2 gene encodes a putative protein
of 1,043 amino acids (Fig. 5B). Sequence analysis
with BLAST and SMART revealed that SWA2 contains
an N-terminal JmjN domain found in the Jumonji
transcription factor family, a central nucleic acid-
binding domain (resides 97-1,018) possibly involved
in ribosome biogenesis, and a C-terminal nuclear
localization signal (residues 1,023-1,040; Fig. 5B).
Within the nucleic acid-binding domain, there are
several motifs such as CCAAT-BOX BINDING FAC-
TOR (CBF; residues 520-772) and TOPEUc (DNA
Topoisomerase I in eukaryota; residues 130-335) that
are present in the C terminus of eukaryotic DNA
topoisomerase, DEXDc, found in DEAD and DEAH
box helicases involved in RNA metabolism, and di-
vergent HEAT repeats involved in ribosome synthesis
and export (Dlakic and Tollervey, 2004). BLAST anal-
ysis indicated that SWA2 is a single-copy gene in
Arabidopsis, and the SWA2 protein shares high ho-
mology with proteins from many eukaryotic species.
Phylogenetic analysis showed that the yeast NOC1
(MAK?21) protein is most similar to SWA2 (Fig. 5C).
They share 31% identity and 53% similarity at the
amino acid level (Fig. 5D). In yeast, NOC1 (MAK21) is
a nucleolar protein involved in nuclear export of
preribosomes (Edskes et al., 1998; Milkereit et al.,
2001).

SWAZ2 Protein Is Localized in the Nucleolus

To determine the subcellular localization of SWA?2, a
C-terminal translational fusion of SWA2 with DsRed?2
driven by the SWA2 native promoter was cloned into
pCAMBIA1300 and introduced into swa2 plants.
Transgenic plants selected by hygromycin and kana-
mycin double selection showed rescued Kan®:Kan®
segregation ratio and seed set (data not shown), indi-
cating that the fusion protein functionally comple-
mented the mutant phenotype. Confocal laser
scanning microscopy revealed that the fusion protein
was localized in the nucleolus of root cells at inter-
phase (Fig. 6). These results demonstrated that SWA2
is a nucleolar protein, consistent with its putative role
in preribosome transport.

SWA2 Interacts with the NOC2 Homologue in Yeast

Since SWA2 is homologous to NOC1 and localized
to the nucleolus, it might be involved in nucleolar
function such as ribosome biogenesis. In Saccharomyces
cerevisine, NOC1/MAK?21 interacts with NOC2 and
is required for ribosome maturation and transport
(Milkereit et al., 2001). There are two NOC2 homo-
logues in Arabidopsis, At2¢18220 and At3¢55510, and
the former is more similar to NOC2. To investigate
whether SWA2 plays a similar role as NOC1, we tested
whether SWA?2 interacts with Arabidopsis NOC2 ho-
mologues using a yeast two-hybrid assay. A full-length
SWA2 coding sequence was constructed into pGBKT?7,
and truncated At2¢18220 c¢cDNA and full length
At3¢55510 cDNA were constructed into pGADGH.
Yeast cells contransformed with pAD-At2g18220 and
pBD-SWA2 grew well in Trp-, Leu-, and His-dropout
medium supplemented with 10 mm 3-amino-1,2,4-
triazole (3-AT). However, cells transformed with
pAD-At3g55510 and pBD-SWA2 did not grow (Fig.
7A). These data suggested that SWA2 physically
interacts with At2g18220 but not with At3g55510 in
yeast cells. Expression pattern analysis using available
microarray data sets (https://www.genevestigator.
ethz.ch; Zimmermann et al., 2004) showed high cor-
relation of the expression profiles between SWA2 and
At2¢18220 (Fig. 7B), which suggests that the two
proteins may interact with each other in planta.

Expression Pattern of the SWA2 Gene

To investigate the expression pattern of the SWA2
gene in different organs, RT-PCR was performed with
total RNA from roots, stems, leaves, inflorescences,
siliques, and seedlings. A single band with the expected

Figure 5. (Continued.)

acid-binding domain possibly involved in ribosomal biogenesis, and the divergent HEAT repeats are underlined, which overlap
the conserved CBF domain. The underlined amino acids at the C terminus show the predicted nuclear localization signal. C,
Phylogenetic tree of SWA2 with its homologues from other organisms. D, Alignment of the SWA2 protein with its homologues
from rice (Oryza sativa ‘Japonica’), yeast, human, and mouse. Identical amino acids are shown with gray letters in black boxes,

and similar amino acids are shown with shaded boxes.
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Figure 6. Subcellular localization of the SWA2-DsRed2 fusion protein
in Arabidopsis root cells. A, Confocal image of a transgenic root cell
under the DsRed2 channel showing SWA2-DsRed2 localization (red).
B, The same image as in A showing DNA visualized with DAPI staining
(blue). C, The same image as in A under bright-field illumination. D,
Merged image of A, B, and C showing the nucleolar localization of
SWA2-DsRed2. The arrows show the signal of SWA2-DsRed2 (red) and
DNA (blue). Bars = 5 um.

size was detected in RNAs from all tissues, with the
highest expression level in inflorescences, seedlings,
and leaves (Fig. 8A). These data are consistent with the
microarray data available at Genevestigator (Fig. 8B;
https:/ /www.genevestigator.ethz.ch).

To further study the expression pattern of SWA2, a
ParSWA2:GUS reporter system was used to monitor
its expression. The full-length 9,024-bp genomic se-
quence of SWA2 was fused in-frame with the GUS
reporter gene and subcloned into pCAMBIA1300. The
construct was introduced into Arabidopsis Landsberg
erecta plants. In T2 transgenic plants, GUS activity was
detected in the nucleolus in actively dividing tissues,
such as root tips, lateral root primordia, shoot apices,
young leaves, inflorescences, and pollen grains (Fig. 8,
C-E). During female gametophyte development, strong
GUS activity was detected in the gametophytic nucleus
from one-nucleate to two-nucleate stages (Fig. 8, Fand G).
Atthe four-nucleate stage (FG4), the GUS activity became
much weaker (data not shown). In the mature embryo sac
just before fertilization, only the central cell showed
strong GUS staining (Fig. 8H), indicating that SWA2 is
expressed differentially in the mature embryo sac.

DISCUSSION

The coordination of cell growth, division, and dif-
ferentiation is fundamental to development in multi-
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cellular organisms. However, mechanisms that couple
growth and division, for example, have been investi-
gated mainly in single-cell organisms or cultured cells.
The developmental process of the haploid female
gametophyte in Arabidopsis provides an excellent
system to address how cell growth and division are
coupled as well as the biological significance of such
coupling to development (Grossniklaus and Schneitz,
1998; Yang and Sundaresan, 2000). We and others have
previously isolated mutations that disrupted the pro-

A
pBD-SWA2
pAD
pBD-SWA2
pAD-AT3G55510
pBD-SWA2
pAD-AT2G18220
pBD-SWA2
pAD-AT3G55510
pBD
pAD-AT2G18220
B Genecorrelator Linear
o = both present (p-values < 0.05) .
Pearson’s correlation - both ik G a2 01 )
coefficient: 2= 0.774 Y present, Xabsent .
§
&
E
265326_at IAT2618220 5315.1:

Figure 7. SWA2 interacts with the Arabidopsis NOC2 homologue in
yeast cells. A, SWA2 interacts with At2g18220 but not At3g55510 in
yeast cells. For each transformation, three independent transformants
were streaked on a plate containing synthetic dropout selection me-
dium that lacked Trp, Leu, and His supplemented with 10 mm 3-AT. B,
Correlation of the expression profiles of SWA2 and At2g18220. Data
were retrieved from the public Genevestigator microarray data set
(https://www.genevestigator.ethz.ch; Zimmermann et al., 2004). [See
online article for color version of this figure.]
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Figure 8. Expression pattern of the SWA2 gene as revealed by RT-PCR analysis (A), RNA profiling (B), and transgenic plants
expressing Pgy.,:SWA2:GUS reporter (C-H). A, Tissue-specific expression of SWA2 using RT-PCR analysis. RT-PCR was
performed on total RNAs from different tissues, including roots, stems, leaves, inflorescences, siliques, and seedlings as
indicated. After 32 cycles, the resulting products were stained with ethidium bromide and analyzed by gel electrophoresis. EIF4A
RNA was used as an internal template control. B, Expression profiles of SWA2 in various organs. The y axis represents the
expression level. Data used in this analysis were retrieved from the public Genevestigator microarray data set (https://www.
genevestigator.ethz.ch; Zimmermann et al., 2004). C, A micrograph showing GUS activity specifically detected in floral
meristem and young siliques of Pg,,,,: SWA2: GUS transgenic Arabidopsis. Bar = 1 mm. D, A micrograph showing GUS activity in
the shoot apex, leaf primordium, lateral root primordia, and root meristem in a 7-d-old Pg,,,,:SWA2: GUS transgenic seedling.
Bar =1 mm. E, A micrograph showing GUS activity in pollen grains. Bar = 10 um. F, A micrograph showing GUS activity in a
one-nucleate embryo sac. Bar =5 um. G, A micrograph showing GUS activity in an early two-nucleate embryo sac. Bar =5 um.
H, A micrograph showing GUS activity in the central cell nucleus of a mature embryo sac. Bar = 5 um.

gression of the mitotic division cycle during female
gametogenesis in Arabidopsis (Moore et al., 1997;
Christensen et al., 1998; Shi et al., 2005). The charac-
terization of these mutations is starting to shed light on
how cell growth, division, and cell fate are coupled
(Shi et al., 2005; Grofs-Hardt et al., 2007; Moll et al.,
2008; Liu et al., 2009; Yagi et al., 2009).

SWAZ2 Is Most Likely Involved in Ribosome Biogenesis
in Plants

SWA2 encodes a nucleolar protein that shows high
homology to yeast NOC1/MAK21. In yeast, it was
reported that NOC1 interacts with NOC2 and is in-
volved in preribosome biogenesis and nucleolar ex-
port (Edskes et al., 1998; Milkereit et al., 2001). NOC1
is a conserved protein during evolution, and there is
only one homologue in almost all eukaryotes, so it is
likely that its function in ribosome biogenesis is also
conserved. The high homology with NOC1, its nucle-
olar localization, and interaction with an Arabidopsis
NOC2 homologue all suggest that SWA2 is most likely
involved in ribosome biogenesis in plants. However,
in our experiments, SWA?2 failed to functionally com-
plement a yeast nocl/mak21 mutant (data not shown).
This might be due to divergence of the protein struc-
ture of the NOC1 and/or NOC2 component of the
ribosome-exporting complex, although it is function-
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ally conserved during evolution. It was reported that
the human homologue of NOC, CBF, could not func-
tionally complement the yeast nocl mutation (Edskes
et al., 1998). This suggested that the human CBF and
the yeast NOC1 are either functionally different or
have diverged in structure.

Previously, we identified a group of female gameto-
phytic mutants that displayed delayed progression of
the division cycle and designated them swa mutations.
swa2, also named embryo sac development arrest25 (eda25)
in the large-scale screen for female gametophytic mu-
tations (Pagnussat et al., 2005), is phenotypically similar
to swal (Shi et al., 2005). Both swal and swa2 mutations
disrupted the progression of the female gametophytic
division cycle and showed a retarded development
phenotype. Like SWA2, SWAT also encodes a nucleolar
protein with a WD40 domain that is involved in 185
pre-rTRNA processing in Arabidopsis (Shi et al., 2005).
These findings suggest that they may act in the same
pathway to modulate ribosome biogenesis during fe-
male gametophyte development.

Nucleolar Function Is Essential for Progression of the
Division Cycle during Female Gametogenesis in Plants

The nucleolus may not be just the site of rDNA
transcription and ribosome biogenesis, as in our con-
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ventional perception (Raska et al., 2004, Boisvert et al.,
2007). More and more studies have shown that the
nucleolus is also involved in controlling mitosis, cell
cycle progression, and cell proliferation (Cockell and
Gasser, 1999; Carmo-Fonseca, 2002; Shaw and Doonan,
2005). Nucleolar proteomics data showed that the
nucleolus contains proteins related to these functions
(Leung et al., 2003; Coute et al., 2006). In yeast, nucle-
olar proteins were found functioning in the coordi-
nation of cell proliferation, DNA replication, and
ribosome biogenesis (Wade et al., 2001; Du and
Stillman, 2002; Zhang et al., 2002). Mutations of these
nucleolar proteins cause delayed or arrested cell cycle
progression. Consistently in plants, several mutations
in genes coding for nucleolar proteins, such as SWA1
(Shi et al., 2005), TORMOZ (Griffith et al., 2007),
DOMINO1 (Lahmy et al, 2004), LIS (Grofi-Hardt
et al., 2007), and GFA1/CLO and ATO (Moll et al.,,
2008; Liu et al., 2009; Yagi et al., 2009), causing defects
in ribosome biogenesis or nucleolar function, have
been shown to affect cell proliferation during female
gametophyte and embryo development. More intrigu-
ingly, gametic cell fates are altered in lis (Grof3-Hardt
et al., 2007) and gfal/clo/ato (Moll et al., 2008) mutants.
These data suggest a key role of nucleolar function in
female gametophyte development in plants.

Ribosome biogenesis and dynamics are central for
cell growth, and it was estimated that yeast cells must
synthesize more than 2,000 ribosomes and transport
about 1,000 ribosomal proteins from cytoplasm to the
nucleolus per minute (Warner et al., 2001). Therefore,
the coordination of rRNA transcription with ribosomal
protein synthesis and transportation must be tightly
regulated. More importantly, ribosome biogenesis
must be coordinated with cell state, cell division, and
development. Elucidation of genetic mechanisms gov-
erning these processes will shed light on the under-
standing of how cells sense intrinsic cellular activities
in a developmental context.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The swa2 mutant of Arabidopsis (Arabidopsis thaliana) was isolated from a
genetic screen of Ds insertion lines as described previously (Sundaresan et al.,
1995; Shi et al., 2005). Seeds were sterilized with 20% bleach for 5 to 10 min,
then washed five times in sterilized water and germinated on Murashige and
Skoog agar plates. For antibiotic selection, 50 mg L ™! kanamycin and /or 20 mg
L™ hygromycin were supplemented as required. Seeds were stratified in
darkness at 4°C for 3 d before growing in growth chambers at 22°C *= 2°C
under a 16-h-light/8-h-dark cycle. Plant transformation was performed by
Agrobacterium tumefaciens-mediated infiltration (Bechtold and Pelletier, 1998).

Phenotypic Analysis by Confocal Laser
Scanning Microscopy

Confocal observation of ovules was performed as described previously
(Christensen et al., 1998; Shi et al., 2005). Inflorescences were fixed in 4%
glutaraldehyde in 12.5 mm cacodylate (pH 6.9) overnight at room temperature.
The tissue was then dehydrated through a conventional ethanol series with 30
min per step. The dehydrated tissue was cleared in 2:1 (v/v) benzyl benzoate:
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benzyl alcohol for 1 h. Pistils were dissected, mounted with immersion oil,
and observed using a Zeiss LSM510 META laser scanning microscope with a
488-nm argon laser and an long-pass 530 filter.

Reciprocal Crosses and Delayed Pollination Test

Reciprocal crosses between wild-type and swa2 plants were performed as
described (Yang et al.,, 1999). The delayed pollination test was performed
according to Shi et al. (2005) with slight modifications. Anthers of swa2 plants
were removed at stage 12c (Smyth et al., 1990) and pollinated with wild-type
pollen at 12,24, 36, 48, or 72 h after emasculation. The F1 seedlings were scored
for kanamycin resistance on Murashige and Skoog plates according to
Sundaresan et al. (1995).

Pollen Analysis

For light and fluorescence microscopy of pollen, specimens were observed
using a Zeiss Axioskop II microscope, and images were acquired with a
Cannon PowerShot G6. Staining assay with DAPI was performed as described
previously (Johnson-Brousseau and McCormick, 2004), and DAPI concentra-
tion was at 1 ug mL "

Molecular Cloning and Genetic Complementation

The Ds flanking sequences were isolated by thermal asymmetric interlaced
PCR as described (Liu et al., 1995; Yang et al., 1999). For the complementation
construct, two genome fragments were amplified by KOD+ polymerase
(Toyobo) using primers P290CPF-KPN (5'-GGGGTACCCCTCCAAAAC-
CAAAGGCCCATAACC-3') and P290G-M-SAL-PST (5'-GTCGACATC-
GAAAATTTAATAACAAAAGAA-3') for fragment 290CPa and P290CPRV-
PST (5'-AACTGCAGCTTCTGAGAGTTCGTCGGAAACAGC-3') and P290G-
M-SAL-KPN (5'-GTCGACACACTGTATAGTAAATTTTTTTGT-3') for 290CPb.
The two fragments were first cloned into pGEM-T Easy (Promega) and then
subcloned into pPCAMBIA1301 (www.cambia.org.au) at Kpnl/Sall and Sall/PstI
sites, respectively, to produce p1301-290CP containing the full-length genomic
fragment form from —827 bp upstream of the ATG start codon to 2,928 bp
downstream of the stop codon of At1¢g72440. The construct was introduced into
swa2 plants by Agrobacterium-mediated infiltration (Bechtold and Pelletier,
1998).

The SWA2-DsRed2 Construct and
Subcellular Localization

The DsRed2 coding sequence was amplified from pDsRed2 (Clontech)
using primers PDsRed2F-KPN (5'-GGGGTACCATGGCCTCCTCCGAGAA-
CGTCA-3") and PDsRed2-RV-SAC (5'-GGGGAAGCTTGAGCTCTACAGGA-
ACAGGTGGTGGCGGC-3") and inserted into pCAMBIA1300 at the Kpnl and
Sacl sites. The 2,928-bp fragment downstream of the stop codon of SWA2 was
amplified using primers P2903UTR+Sstup (5'-GGAGAGCTCGAAGCAA-
GACTTGTTGCTTG-3') and P290CPRV-ECOR (5'-GGAATTCCTTCTGAGA-
GTTCGTCGGAAACAGC-3’) and inserted into the construct pPCAMBIA1300-
DsRed?2 at Sacl and EcoRI sites. The 6,093-bp promoter and coding region of
SWA2 was amplified using primers P290CPF-KPN (5'-GGGGTACCCCTC-
CAAAACCAAAGGCCCATAACC-3") and P290STOPRV-KPN (5'-GGGGTA-
CCCTCTGATGCTTTAGACTTCTTCTTT-3’) and inserted into the above
construct at the Kpnl site to produce pCAMBIA1300-Py, ,:SWA2:DsRed2.
Root tips of transgenic plants were stained with DAPI as described previously
(Shi et al., 2005) and observed with the LSM510 META confocal microscope
(Zeiss).

Yeast Two-Hybrid Assay

The full-length coding sequence of SWA2 was amplified by PCR using the
primers P290C-BD-NCO-F (5'-GGACCATGGACATGTCAAAGATAAAGCC-
TTT-3') and P290C-PWM101-PSTDOWN (5'-GGACTGCAGTTACTCTGAT-
GCTTTAGACT-3’) and cloned into pGBKT7 (Clontech) at Ncol and PstI sites
to give rise to pBD-SWA2. The ¢cDNA fragment of At2¢18220 and the full-
length coding sequence of At3¢55510 were amplified using primer P820ADF4-
NDE (5'-GGAATTCCATATGAAGCGTGGGAAGAAGGTGAAATCTAA-3')
in combination with P820ADR4-XHO (5'-CCGCTCGAGAAGCTACTCGG-
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GCCTTCTTCTTCTT-3') and P510ADF-NDE (5'-GGAATTCCATATGGGT-
AAGCTGGGGAAGAAAGCTA-3') in combination with P510ADRV-XHO
(5'-CCGCTCGAGTCACTTCTTCTTCTTCTTGTTTGTTC-3'), respectively. The
fragments were cloned into pPGADGH at Ndel and Xhol sites. Yeast transfor-
mation was performed as described previously (Xie et al., 1999). The trans-
formed cells were transferred to —Leu/—Trp/—His dropout supplement (BD
Biosciences) plates supplemented with 1 to 10 mwm 3-AT.

RNA Isolation and RT-PCR Analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) and digested
with RNase-free DNase I (Takara). One microgram of total RNA was used as a
template to transcribe single-stranded cDNA by AMYV reverse transcriptase
(Takara). Mock controls without reverse transcriptase were performed simul-
taneously to detect genomic DNA contamination. One microliter of the
synthesized cDNA and control products was used for PCR. Primers
P290RTF1 (5'-CTCTGAATGGTACAACGATG-3') and P290RTR1 (5'-CAGC-
CTCGTCAGTGGAAACA-3") were used for detection of SWA2 expression,
and primers PEIF4AF (5'-ATGGCAGGACCGCACCGGA-3') and PEIF4ARV
(5'-GCATGTCAAAAACACGACCGGGAGTTCC-3") were used for amplifi-
cation of the EIF4A gene as an internal control. PCR products were analyzed
on 1% agarose gel.

Expression Analysis Using the GUS Reporter System

The GUS coding sequence was amplified from pWM101 (Ding et al., 2006)
using primers PGUSF-KPN (5'-GGGGTACCATGTTACGTCCTGTAGAAAC-3')
and PGUSRV-PST (5'-AACTGCAGTCATTGTTTGCCTCCCTGCT-3") and in-
serted into pCAMBIA1300 at the Kpnl and PstI sites to produce pCAM-
BIA1300-GUS. The 6,093-bp fragment containing the promoter plus coding
region and the fragment containing the 2,928-bp sequence downstream of the
SWA2 stop codon were amplified with primer pairs P290CPF-KPN (5'-GGG-
GTACCCCTCCAAAACCAAAGGCCCATAACC-3")/P290STOPRV-KPN
(5'-GGGGTACCCTCTGATGCTTTAGACTTCTTCTTT-3') and P2903UTR-F-PST
(5'-AACTGCAGGAAGCAAGACTTGTTGCTTGCTATG-3")/P290-STOPRV-
KPN-GUS (5'-GGGGTACCCTCTGATGCTTTAGACTTCTTCTTT-3'), respec-
tively. The resulting products were cloned into pCAMBIA1300-GUS at Kpnl
and Pstl sites in the correct directions to produce the Pgy,,:SWA2:GUS
construct. GUS activity assay of transgenic plants was performed as described
previously (Ding et al., 2006).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number EU170440.
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