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Separase is a capase family protease that is required for the release of sister chromatid cohesion during meiosis and mitosis.
Proteolytic cleavage of the a-kleisin subunit of the cohesin complex at the metaphase-to-anaphase transition is essential for the
proper segregation of chromosomes. In addition to its highly conserved role in cleaving the a-kleisin subunit, separase appears
to have acquired additional diverse activities in some organisms, including involvement in mitotic and meiotic anaphase
spindle assembly and elongation, interphase spindle pole body positioning, and epithelial cell reorganization. Results from the
characterization of Arabidopsis (Arabidopsis thaliana) separase (ESP) demonstrated that meiotic expression of ESP RNA
interference blocked the proper removal of cohesin from chromosomes and resulted in the presence of a mixture of fragmented
chromosomes and intact bivalents. The presence of large numbers of intact bivalents raised the possibility that separase may
also have multiple roles in Arabidopsis. In this report, we show that meiotic expression of ESP RNA interference blocks the
removal of cohesin during both meiosis I and II, results in alterations in nonhomologous centromere association, disrupts the
radial microtubule system after telophase II, and affects the proper establishment of nuclear cytoplasmic domains, resulting in

the formation of multinucleate microspores.

The proper segregation of chromosomes during
mitosis and meiosis is dependent on the systematic
formation and subsequent removal of sister chromatid
cohesion, which is required for homologous chromo-
some pairing, recombination, and repair (for review,
see Onn et al.,, 2008; Peters et al., 2008). It is also
required for the pairwise alignment of chromosomes
on the metaphase I spindle and for the generation of
tension across centromeres, thereby ensuring their
bipolar attachment. In mitosis, cohesion is maintained
by the cohesin complex, which consists of four evo-
lutionally conserved proteins: Sister Chromatid
Cohesion1 (SCC1), SCC3, Structural Maintenance of
Chromosomel (SMC1), and SMC3 (for review, see
Nasmyth and Haering, 2005). During meiosis, SCC1 is
largely replaced by its meiotic homolog RECS.

The establishment of sister chromatid cohesion in
yeast involves a multistep process (Milutinovich et al.,
2007) that begins during telophase of the previous cell
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cycle when cohesin subunits associate with the chro-
matin, ultimately becoming enriched at discrete loci
termed cohesin-associated regions (Blat and Kleckner,
1999; Laloraya et al., 2000). Cohesion is established
during S-phase in a process that requires the Chromo-
some Transmission Fidelity protein (Ctf7), which is
also known as Ecol (Skibbens et al., 1999; Toth et al.,
1999) and involves the replication fork (Kenna and
Skibbens, 2003; Lengronne et al., 2006). In budding
yeast (Saccharomyces cerevisiae) and fission yeast (Schizo-
saccharomyces pombe), cohesin complexes remain on
the chromosomes until mitotic anaphase (Uhlmann
et al., 1999, 2000; Tomonaga et al., 2000). In contrast, in
vertebrates, most cohesin complexes are released from
the chromosomes during prophase in a separase-
independent process (Waizenegger et al., 2000; Losada
et al., 2002). The small fraction of cohesin that remains
primarily in centromeric regions is released to start
anaphase (Sumara et al., 2000). The release of chromo-
some cohesion at the metaphase-to-anaphase transi-
tion is triggered by the Cys protease, separase (ESP1),
which specifically cleaves the a-kleisin subunit (Ciosk
et al., 1998; Uhlmann et al., 1999, 2000; Buonomo et al.,
2000; Hauf et al, 2001). Prior to the metaphase-
to-anaphase transition, securin inhibits the protease
activity of separase. At the onset of anaphase, securin
is degraded by the anaphase-promoting complex/
cyclosome freeing separase, which cleaves SCC1, facili-
tating the release of cohesion and chromosome sepa-
ration (Cohen-Fix et al., 1996; Ciosk et al., 1998).
Studies on the distribution of cohesin proteins dur-
ing meiosis in a number of organisms, including yeast,
Caenorhabditis elegans, mammals, and Arabidopsis
(Arabidopsis thaliana), have shown that similar to the
situation during mitosis in animal cells, a significant
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amount of cohesin is either removed from or redis-
tributed on prophase chromosomes in a separase-
independent process (Pasierbek et al., 2001; Cai et al.,
2003; Eijpe et al., 2003; Lee et al., 2003; Yu and Koshland,
2005). The final resolution of chiasmata, formed as the
result of homologous chromosome recombination,
and the separation of homologous chromosomes de-
pends on separase cleavage of the meiotic a-kleisin
subunit, RECS, along chromosome arms at anaphase I
(Buonomo et al., 2000; Kitajima et al., 2003). Centro-
meric cohesion is protected by the conserved SGO
family of proteins until anaphase II when separase
cleavage of RECS facilitates the separation of sister
chromatids (Rabitsch et al., 2003; Katis et al., 2004;
McGuinness et al., 2005).

In addition to its highly conserved role in cleaving
the a-kleisin subunit, separase appears to have ac-
quired additional diverse activities in different orga-
nisms (Queralt and Uhlmann, 2005). For example,
separase plays a role in DNA repair by promoting the
redistribution of cohesin complexes to sites of DNA
damage during mitotic interphase in budding and
fission yeast (Nagao et al., 2004; Strom et al., 2004).
Separase is also important for mitotic anaphase spin-
dle assembly and elongation (Jensen et al., 2001; Papi
et al., 2005; Baskerville et al., 2008), interphase spindle
pole body positioning (Nakamura et al., 2002), and
spindle formation during meiosis in yeast (Buonomo
et al., 2003). It is also important for the proper posi-
tioning of the centrosomes during the first asymmetric
mitotic division, eggshell development in C. elegans
(Siomos et al., 2001; Rappleye et al., 2002), and for
epithelial cell reorganization and dynamics in Dro-
sophila melanogaster (Pandey et al., 2005). In zebra fish,
a separase mutation causes genome instability and
increased susceptibility to epithelial cancer (Shepard
et al., 2007).

Results from the characterization of Arabidopsis
separase suggested that the protein also has multiple
roles in plants (Liu and Makaroff, 2006). Seeds homo-
zygous for a T-DNA insert in Arabidopsis ESP ex-
hibited embryo arrest at the globular stage with the
endosperm exhibiting a weak titan-like phenotype.
Furthermore, expression of ESP RNA interference
(RNAi) from the meiosis-specific DMC1 promoter
disrupted the proper removal of the SYN1 cohesin
protein from chromosomes during meiosis and resulted
in the presence of a mixture of fragmented chro-
mosomes and intact bivalents. The presence of large
numbers of intact bivalents led the authors to suggest
that in addition to its requirement for the removal of
cohesin, ESP may also be required for either the proper
attachment of the kinetochores to the spindle or spin-
dle function. These findings, along with the observa-
tions that separase appears to have multiple roles in
other organisms, led us to conduct a detailed charac-
terization of meiosis in ESP RNAi plants.

In this report, we show that meiotic expression of
ESP RNAI blocks the release of sister chromatid cohe-
sion during both meiosis I and II, results in nonho-
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mologous centromere association, disrupts the radial
microtubule system (RMS) after telophase II, and
affects the proper establishment of nuclear cytoplas-
mic domains. Unlike the large majority of plant mei-
otic mutants that have been characterized to date,
reduction of ESP levels during meiosis leads to the
formation of multinucleate microspores.

RESULTS

ESP Is Essential for Sister Chromatid Separation during
Anaphase II

We previously showed that DMCI-driven expres-
sion of ESP-RNAI interferes with the separation of
chromosomes during anaphase I and II (Liu and
Makaroff, 2006). The apparent failure of sister chro-
matids to separate during anaphase II was predicted
to be due to the continued presence of centromere
cohesion; however, we could not rule out the possi-
bility that the observed defects during meiosis II were
due in part to the failure of homologous chromosomes
to separate during meiosis I. In order to investigate
this possibility and more thoroughly characterize the
effect of reduced ESP levels on meiotic chromosome
behavior, we introduced the DMCI-ESP RNAi con-
struct into ask1-1 plants, in which homologous chro-
mosome pairing is altered (Yang et al., 2006), and
conducted a detailed analysis of meiosis in plants
defective in either one or both of the proteins.

The 4'6-diamino-phenylindole (DAPI)-stained
spreads of meiotic chromosomes from ESP RNA],
ask1-1, and ESP RNAi; askl-1 plants were prepared
and analyzed. Chromosome condensation and the
pairing of homologous chromosomes appeared rela-
tively normal during leptotene, zygotene (data not
shown), and pachytene (Fig. 1A) in ESP RNAI plants.
However, we did observe that most pachytene-staged
meiocytes in ESP RNAi plants contained fewer bright
DAPI-stained areas than wild-type meiocytes at the
same stage. Usually four to six brightly stained hetero-
chromatin regions, including five centromeric and
one nucleolar organizer region, are observed in wild-
type meiocytes during pachytene. In contrast, we
typically observed between one and three heterochro-
matin regions in ESP RNAi meiocytes at the same
stage (Fig. 1A), suggesting that there is a higher
frequency of nonhomologous centromere association
in these cells. However, five bivalents were observed
at diakinesis (Fig. 1B) and metaphase I (Fig. 1C),
indicating that the association of nonhomologous cen-
tromeres is transient. During anaphase I, homologous
chromosomes failed to separate properly, resulting in
the presence of chromosomes stretched between the
two spindle poles in most cells (Fig. 1D). Cells con-
taining five bivalents were frequently observed at
metaphase II (Fig. 1M). Stretched bivalents were again
observed at anaphase II (Fig. 1N). A number of cells
were observed containing nonseparated bivalents at
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telophase II (Fig. 10), suggesting that the homologous
chromosomes either never attached to the spindle or
were pulled to one side of the cell due to the persistent
presence of sister chromatid cohesion. Polyads, some
of which appeared to contain microspores with mul-
tiple nuclei (Fig. 1P), were produced after cytokinesis.

Meiotic chromosomes in ESP RNAi; ask1-1 plants
generally resembled the askl-1 mutant prior to ana-
phase II. Homologous chromosomes failed to pair
properly during prophase I in ask1-1 (Fig. 1, E and F)
and ESP RNAj; ask1-1 plants (Fig. 1, I and J), with 10
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Figure 1. Chromosome analysis of
ask1-1, ESP RNAI, and ESP RNA;;
ask1-1 plants is shown. Meiotic
chromosome spreads of ESP RNAI
(A-D and M-P), ask1-1 (E-H and
Q-T), and ESP RNA:; ask1-1 plants
(I-L and U-X). A, E, and |, Early
pachytene, note the absence of ho-
mologous pairing in E and I. B, F,
and J, Early diakinesis. C, G, and K,
Metaphase I. D, H, and L, Ana-
phase I, showing nonsegregation of
bivalents in ESP RNAi plants and
random segregation of univalents
in the ask7-7 and ESP RNAI; ask1-1
plants. M, Q, and U, Metaphase II.
Note the nonsegregated bivalents
and uneven segregation of univa-
lents in the mutants. N, R, and V,
Early anaphase Il showing nonseg-
regated bivalents (big arrow in N)
and stretched chromosomes (small
arrows in N and V). O, S, and W,
Telophase 1. P, T, and X, Micro-
spores with single (T) and multiple
nuclei (P and X). Bars = 10 um.
Unless otherwise shown, the im-
ages correspond to the size bar
shown in A.

univalents typically observed during metaphase I in
both plants (Fig. 1, G and K). Homologous chromo-
somes randomly segregated to opposite poles during
anaphase I in both ask1-1 and ESP RNAi; ask1-1 meio-
cytes (Fig. 1, H and L), resulting in an uneven distri-
bution of chromosomes at metaphase II (Fig. 1, Q and
U). Chromosome bridges were not observed in meio-
cytes of ask1-1 or ESP RNAi; ask1-1 plants at anaphase
I. In contrast to the random segregation of chromo-
somes during anaphase II in askl-1 plants (Fig. 1R),
meiocytes of ESP RNAi; askl-1 plants contained
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stretched sister chromatids at anaphase II (Fig. 1V),
indicating that persistent cohesion blocked sister chro-
matid segregation. This phenotype is similar to what is
observed in ESP RNAi plants (Fig. 1D). At telophase II,
variable groups of chromosomes were observed in
both ask1-1 and ESP RNAi; ask1-1 mutant meiocytes
(Fig. 1, S and W). A number of polyads containing
microspores with multiple nuclei were produced after
cytokinesis in ESP RNAIi; ask1-1 plants (Fig. 1X). Mi-
crospores with multiple nuclei were never observed in
the ask1-1 mutant (Fig. 1T). These results confirm that
ESP is required for the removal of cohesin during both
meiosis I and II and demonstrate that ask1-1 is epistatic
to ESP prior to anaphase II. They also suggest that
expression of ESP RNAI affects meiotic heterochro-
matin during prophase I and ultimately the proper
establishment of nuclear domains following cyto-
kinesis.

Meiotic Expression of ESP RNAI Increases
Nonhomologous Centromere Joining during Prophase I

The observation that meiocytes expressing ESP
RNAIi exhibited a reduced number of heterochroma-
tin regions suggested that ESP may function earlier
than anaphase I. In order to further investigate this
possibility, fluorescence in situ hybridization (FISH)
experiments were conducted using the 180-bp repet-
itive centromere fragment as a probe on meiocytes of
wild-type, ask1-1, ESP RNAi, and ESP RNAi; ask1-1
plants, and the number of CEN signals at pachytene
were compared. Two to five CEN signals were ob-
served in wild-type meiocytes at pachytene, with
most cells containing four or five signals (Fig. 2).
Pachytene cells with four (27.5%) or five (66.7%) CEN
signals accounted for >94% of the wild-type meio-
cytes observed (n = 69), and cells with a single CEN
signal were never observed. Pachytene stage meio-
cytes in ESP RNAI transgenic plants were also found
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O aski-1 W ESP RNAI; askl-1
70 9

60 1
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30 1

Pencentage of total cells (%)
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1 2 i) 4 5 6 9 8 9 10

Number of centromeres in pachytene meiocytes

Figure 2. Distribution of pachytene CEN FISH signals in wild-type, ESP
RNAI, ask1-1, and ESP RNAI; ask1-T1 plants.
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to have between two and five CEN signals; however,
most of the cells contained less than three signals (Fig.
2). Meiocytes with one (21%), two (44%), and three
(20%) CEN signals accounted for 85% of the total ESP
RNAIi cells observed (n = 61). Meiocytes of askl-1
plants, which exhibit defects in homologous chro-
mosome pairing, contained approximately eight
(three to 10) centromere signals throughout prophase
I (Fig. 2). Interestingly, ESP RNAIi; ask1-1 plants most
closely resembled ESP RNAIi plants. While meiocytes
with between one and eight CEN signals were ob-
served, almost 80% of the cells had four or fewer
signals (average = 4.1, n = 79). Meiocytes with five
(6%), six (3%), seven (5%), and eight (5%) CEN
signals were also observed.

These results confirm that meiotic expression of ESP
RNAI results in the nonspecific association of centro-
meres during pachytene. Furthermore, this association
is not dependent on homologous chromosome pairing.
This suggests that ESP may play a role in centromeric
heterochromatin structure/formation during early
meiosis.

Meiotic Expression of ESP RNAi Results in the
Stretching of Pericentromeric Heterochromatin during
Anaphase I

Five CEN signals are typically observed during
pachytene in wild-type meiocytes, with the number
of signals gradually increasing during diplotene/dia-
kinesis as the homologous chromosomes desynapse
(data not shown; Zhao et al., 2006). Most mid to late
diakinesis cells contain five pairs of signals (total 10),
with the homologous centromeres usually present as
pairs at both ends of the aligned bivalents during
metaphase I (Fig. 3A). The centromeres initially sep-
arate, followed by the chromosome arms, as homolo-
gous chromosomes are pulled to opposite sides of the
cell by the spindle during anaphase I (Fig. 3B), result-
ing in two groups of sister chromatids with five CEN
signals each during late anaphase I (Fig. 3C). During
meiosis II, sister chromosomes segregate, producing a
tetrad of microspores each containing five CEN signals
after cytokinesis (Fig. 3, I-L).

In ESP RNAi meiocytes, the centromeres of homol-
ogous chromosomes typically remained closely asso-
ciated at metaphase I (Fig. 3E). During anaphase I, ESP
RNAi meiocytes exhibit severe chromosome stretch-
ing. We had initially assumed that the stretched re-
gions represented homologous chromosome arms that
had failed to resolve due to persistent cohesion. How-
ever, lines of discrete centromere signals were detected
along the stretched chromosomes (Fig. 3, F and G), and
the DNA remaining in the center of the cells was not
labeled with the CEN probe, indicating that the chro-
mosome arms remain tightly joined in the center of the
cell, while the pericentromeres stretch and unravel as
they are pulled to opposite poles. Consistent with this
observation, it was recently shown that pericentro-
meric chromatin is an elastic element of the spindle
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L

Figure 3. Centromere FISH on wild-type and ESP RNAi meiocytes. Meiotic chromosomes from wild-type (A-D and I-L) and ESP
RNAI (E-H and M-P) plants stained with DAPI (red) and hybridized with the pALT centromere probe (green) are shown. A and E,
Metaphase I. Homologous CENs are not fully resolved in ESP RNAi meiocytes. B and F, Anaphase I. Chromosomes are severely
stretched and CEN signals are broken along the stretched chromosomes in ESP RNAi meiocytes. C and G, Late anaphase I.
Stretched chromosomes become more severe, and broken CEN signals are more distinctive in ESP RNAi meiocytes. D and H,
Telophase I. The broken CEN signals are unevenly segregated in ESP RNAi meiocytes, indicating that some chromosomes do not
have CENs. | and M, Metaphase |. Unseparated bivalents and decreased CEN signals are observed on some ESP RNAi bivalents. J
and N, Late anaphase II. K and O, Telophase Il. Uneven distribution of CEN signals is observed in ESP RNAi meiocytes. L and P,
Microspores. Wild-type spores have a single nucleus and five CENs, while the ESP RNAi spore has three nuclei (one large and

two small) containing many broken CEN signals. Bar = 10 um.

that is stretched proportionally to the force applied to
it (Bouck and Bloom, 2007).

Later in meiosis, a mixture of large, strongly labeled
and small, weakly labeled centromere signals were
observed distributed throughout the cells (Fig. 3H).
These most likely represent broken centromeres. Con-
sistent with this assumption are the presence of chro-
mosome fragments with no CEN signals (Fig. 3M).
Bivalents containing a pair of closely spaced signals
are also observed in some cells consistent with our
prediction that some bivalents fail to separate (Fig. 2,
M and N). Polyads and released microspores with
irregular numbers and intensities of CEN signals were
observed later in meiosis (Fig. 3, O and P). Therefore,
failure to release arm cohesion during meiosis I results

Plant Physiol. Vol. 151, 2009

in stretching, unwinding, and breakage of the peri-
centromeric regions.

Depletion of ESP Results in Polyads Containing
Multiple Nuclei

It was previously reported that the depletion of ESP
results in the production of polyads containing two to
nine microspores (Liu and Makaroff, 2006). Upon
further analysis, we found that some meiocytes from
ESP RNAIi plants appeared to contain microspores
with multiple nuclei (Fig. 1P). We therefore deter-
mined if this is a common phenotype of ESP RNAIi
meiocytes. A single nucleus is present in each micro-
spore at the end of meiosis in both wild-type (Fig. 4A)
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Figure 4. Meiotic expression of ESPRNA:I results in abnormal numbers
of nuclei in microspores. A, DAPI-stained postmeiotic products of wild-
type (category A) and ESP RNAI (categories B—F) plants. Category A, Just
released wild-type microspores with single nuclei. Category B, Tetrad
with spores containing 1, 2, and 3 nuclei (arrows). Categories C to F,
Just released mutant spores with 1, 2, 3, and 4 nuclei, respectively. B,
Percentage of microspores with single or multiple nuclei in wild-type
(WT), ask1-1, ESP RNAI, and ESP RNAI; ask1-1 plants. Bars = 10 pwm.

and ask1-1 (data not shown) plants. In contrast, micro-
spores with one (66%), two (27%), three (6%), and four
(2%) nuclei were observed in ESP depleted plants (Fig.
4, A and B-F). Interestingly, although multiple nuclei
were never observed in the microspores of ask1-1 plants
(Fig. 4B), microspores of ESP RNAIi; ask1-1 plants con-
tained multiple nuclei and actually had a higher per-
centage of microspores with multiple nuclei than ESP
RNAI plants. Approximately 56% of microspores con-
tained two to four nuclei in ESP RNAIi; ask1-1 plants
compared to 34% in ESP RNAI plants (Fig. 4B).

A transmission electron microscopy (TEM) analysis
was conducted on meiocytes from ESP RNAi plants to
confirm that the microspores do in fact contain mul-
tiple intact nuclei and to possibly gain further insight
into why multiple nuclei are present in some cells.
Wild-type microsporocytes contain four haploid nu-
clei located at the cell periphery in a tetrahedral
arrangement after telophase II (Fig. 5A). Each nucleus
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is surrounded both by a nuclear membrane and endo-
plasmic reticulum (ER; Fig. 5A). The onset of cytokinesis
is first observed as small ingrowths of callose that are
deposited between the nuclei demarking future micro-
spore domains (Fig. 5B). After cytokinesis has taken
place, the four haploid microspores are tetrahedrally
arranged and encased in a thick callose wall. Usually
only two or three microspores with their respective
nuclei are visible in a section (Fig. 5C). After callose wall
dissolution, the microspores are released, increase in
size, and start depositing a sporopollenin wall. At this
stage the nucleus is centrally positioned (Fig. 5D).

Following telophase II and prior to the onset of
cytokinesis in ESP RNAi meiocytes, the coenocytic
microsporocytes contain an abnormal arrangement of
nuclei (Fig. 5, E and F). In many cases, instead of the
nuclei localizing to the cell periphery in a tetrahedral
arrangement, the nuclei were observed to group to-
gether. In all instances, adjacent nuclei had their own
nuclear membranes, but shared a common layer of ER
(Fig. 5, E-H). Ingrowths of the callose wall again
marked the onset of cytokinesis, but in many in-
stances, these did not correspond to a single nuclear
domain. After cytokinesis, microspores containing
multiple nuclei, which were always in close proximity,
were observed (Fig. 5I). The multiple nuclei in newly
released microspores remained encircled with a com-
mon ER network (Fig. 5]).

ESP Is Important for Microtubule Array Formation after
Telophase II

The presence of bivalents followed by the presence
of mispositioned nuclei after telophase II raised the
possibility that reduction/elimination of ESP in meio-
cytes may affect the spindle and/or microtubule net-
work. In order to investigate this possibility, we
performed immunolocalization studies on wild-type
and ESP RNAIi meiocytes using an antibody against
B-tubulin. No significant differences were observed in
B-tubulin staining patterns between wild-type and
ESP RNAI plants prior to metaphase I. At metaphase I,
the spindle structures in ESP RNAi meiocytes exhib-
ited a typical bipolar configuration similar to those of
wild-type cells (data not shown; Lam et al., 2005). At
metaphase II, wild-type meiocytes contain two bipolar
spindles (Fig. 6A). ESP RNAi meiocytes at metaphase
II typically contained between two and four bipolar
spindles, each associated with a chromatin mass (Fig.
6, A and C). Prior to cytokinesis in wild-type cells, the
bipolar spindle was replaced by a RMS that formed
from microtubules emanating from the surface of each
nucleus (Fig. 6, A and B). In contrast, in ESP RNAi
meiocytes, the RMS was generally very weak or ab-
sent. In some cells, microtubules appeared to surround
nuclei more or less randomly (Fig. 6, A and D),
whereas, in other cells, structures resembling phrag-
moplasts formed (Fig. 6, A, E, and F). Therefore,
expression of ESP RNAi results in alterations in the
RMS during late telophase II and tetrad stages.
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DISCUSSION

Separase and Chromosome Disjunction

We previously showed that depletion of ESP in
wild-type plants interferes with the normal segrega-
tion of homologous chromosomes during anaphase I
and sister chromatids at anaphase II (Liu and Makaroff,
2006). The presence of bivalents in ESP RNAI trans-
genic plants after anaphase I is similar to what was
seen in S. pombe cells expressing a noncleavable form
of Rec8p, where little to no segregation of either
homologs or sister chromatids was observed (Kitajima
et al., 2003). Similarly, inactivation of separase in yeast
sepl-1 mutants and C. elegans embryos using sep-1
RNAI also blocked the normal disjunction of homol-
ogous chromosomes during meiosis I (Buonomo et al.,
2000; Siomos et al.,, 2001). In mice, about 70% of
oocytes overexpressing securin, the separase inhibitor,
arrest at metaphase Il with a mixture of univalents and
bivalents (Terret et al., 2003). In all cases, the bivalents
were typically found together in either the center of the
cell or in one quadrant of the cell. In separase-depleted
Arabidopsis lines, the bivalents were typically found
distributed throughout the cell. Cellular arrest was not
observed, and the cells progressed through meiosis II
and cytokinesis. This is in contrast to the metaphase I
or metaphase II arrest reported in separase-inhibited
cells of most other organisms (Buonomo et al., 2000;
Siomos et al., 2001; Kitajima et al., 2003; Terret et al.,
2003). The lack of meiotic arrest in ESP RNAi meio-
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Figure 5. TEM micrographs of wild-type and ESP
RNAI anther cross sections. A to D, The wild type.
E to J, ESP RNAi mutant plants. A, The three
visible nuclei are positioned in opposite poles. B,
Incipient cell wall formation between the nuclei
(solid arrows) demarks future microspore do-
mains. C, Tetrahedral microspore tetrad with sin-
gle nuclei in each cell. D, Young microspore with
one nucleus centrally positioned. E, Two visible
nuclei positioned close to one another and not
directly in one pole. F, The incipient cell wall
formation (solid arrows) delimits the future mi-
crospore domains and is indicative of how many
nuclei each microspore will have; note the top
pole with two adjacent nuclei. G, Detail of F
showing ER (hollow arrows) wrapped around
both nuclei. H, The three contiguous nuclei are
situated in one pole and are surrounded by a
continuous ER sheet (hollow arrows) and individ-
ual nuclear membrane (NM); early cell wall
formation indicates that they might be packaged
into one microspore. |, Microspore tetrad show-
ing one microspore with two nuclei. J, Free
microspore with two adjacent nuclei. Bars = 2
mm in A to F, H, and I, T mm in J, and 0.8
mm in G.

cytes supports the hypothesis that meiotic checkpoint
controls typical of metazoans are absent in plants
(Armstrong and Jones, 2003).

It is generally assumed that separase is required for
the release of cohesion at both metaphase I and IL
However, it is possible that defects in sister chromatid
segregation during meiosis II could result in part from
the aberrant homolog separation that occurs at ana-
phase I. We show in this report that depletion of ESP in
ask1l-1 plants, which are defective in homologous
chromosome synapsis and contain a mixture of uni-
valents and abnormal bivalents at metaphase I, blocks
sister chromatid separation during anaphase II (Fig.
4V), thereby clearly demonstrating the involvement of
ESP in the release of cohesion during both anaphase I
and IL

While studies in a wide range of organisms have
shown that separase is essential for the release of sister
chromatid cohesion, differences in the removal of
cohesin complexes have also been observed (for re-
view, see Queralt and Uhlmann, 2005; Losada, 2007;
Onn et al., 2008; Peters et al., 2008). In Arabidopsis,
cohesion is released from meiotic chromosomes in a
three-step process. A large portion of arm cohesin is
released from the chromosomes in an ESP-indepen-
dent process during late prophase I (Cai et al., 2003;
Liu and Makaroff, 2006). Residual arm cohesion is
released by ESP during anaphase I to allow the dis-
junction of homologous chromosomes, followed by
ESP-dependent removal of cohesin from the centro-

329



Yang et al.

A DNA DNA+s

DNA+s| DNA

Figure 6. The RMS is altered in ESP-RNAi meiocytes. A, Wild-type
(categories A and B) and ESP RNA: (categories C-F) meiocytes stained
with DAPI and hybridized with anti-B-tubulin antibody. Categories A
and C, Metaphase II. Four spindles are present in the mutant. Categories
B and D, Telophase Il. E and F, Meiocytes at cytokinesis. The RMS is
present in wild-type cells (large arrowhead in category B), while
multinucleate spores (big arrows) and phragmoplast-like microtubules
are present in ESP-RNAi meiocytes (small arrows). B, Illustration of
microtubule network during cytokinesis in wild-type and ESP RNAi
transgenic plants. Category A, RMS in wild-type tetrad, modified from
Otegui and Staehelin (2004). Category B, Altered microtubules lacking
RMS in ESP-RNAI polyad. DP, division plane; MPh, miniphragmoplast;
NCD, nuclear cytoplasmic domain; Ph-like, phragmoplast like micro-
tubule; cw, cell wall; n, nucleus.

meric regions of sister chromatids at early anaphase II.
Cohesin complexes are removed in a separase inde-
pendent process, which involves a polo-like kinase,
during mitotic prophase in vertebrates (Waizenegger
et al., 2000; Hauf et al., 2005). This suggests that the
separase-independent release of cohesin in Arabidop-
sis may also involve a kinase-dependent pathway.

Separase Is Required for Multiple Processes
in Arabidopsis

While separase appears to be universally responsi-
ble for chromosome disjunction at anaphase, a number
of organism-specific separase-dependent functions
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have also been reported. These include mitotic ana-
phase spindle assembly and elongation (Jensen et al.,
2001; Papi et al., 2005; Baskerville et al., 2008), inter-
phase spindle pole body positioning (Nakamura et al.,
2002), and spindle formation during meiosis (Buonomo
et al., 2003) in yeast and the proper positioning of
centrosomes in C. elegans (Siomos et al., 2001; Rappleye
et al., 2002).

In this report, we show that reduction/elimination
of ESP during meiosis results in a number of cellular
defects in addition to blocking chromosome disjunc-
tion. Specifically, we observe that meiotic expression of
ESP RNAI (1) results in alterations in nonhomologous
centromere association, (2) disrupts the RMS and in
some telophase II meiocytes converts it to phragmo-
plast-like structures, and (3) affects the proper estab-
lishment of nuclear cytoplasmic domains that leads to
the formation of multinucleate microspores.

DAPI-stained spreads of meiotic chromosomes and
centromere FISH experiments both demonstrated a
prolonged, nonspecific association of centromeres
during prophase in ESP meiocytes. In wild-type meio-
cytes, a transient clustering and aggregation of chro-
mocenters is typically observed during zygotene
(Armstrong et al., 2001). However, wild-type pachy-
tene meiocytes typically contain four to five centro-
mere signals, and meiocytes with a single centromere
signal are very rare. In contrast, 85% of pachytene
meiocytes in ESP RNAI plants contain three or fewer
centromere signals. This association of nonhomolo-
gous centromere regions appears to be independent of
the homologous chromosome search and pairing pro-
cess, as the phenotype is also observed in ESP RNAj;
askl-1 plants. Meiocytes from askl-1 plants, which
display an abnormal association of the chromosomes
with the nuclear envelope, also exhibit the nonspecific
association of chromosomes during zygotene (Yang
et al., 2006). However, an average of 7.8 centromere
signals were observed by pachytene in ask1-1 meio-
cytes, while meiocytes in ESP RNAi; askl-1 plants
contain on average 4.1 centromere signals. Therefore,
it is possible that ESP plays a role in controlling/
releasing the transient centromere association that
occurs during zygotene in Arabidopsis (Armstrong
et al., 2001).

In contrast to the situation in yeast, separase is not
required for normal meiotic spindle formation in
Arabidopsis. With the exception of the presence of
multiple spindles in some meiocytes, spindle forma-
tion appeared relatively normal in ESP RNAi meio-
cytes. While some broadening of the spindles was
observed, which presumably results from alterations
in chromosome segregation caused by persistent co-
hesion, relatively normal spindles were observed
during meiosis I and II in ESP RNAi plants. This is
in contrast to the alterations in spindle formation
observed during meiosis in yeast (Jensen et al., 2001;
Papi et al., 2005; Baskerville et al., 2008).

Although separase is not required for meiotic spin-
dle formation in Arabidopsis, it is necessary for proper
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formation of the RMS, which is formed as part of the
reorganization of the spindle at the end of meiosis II.
The RMS is a microtubule network that emanates from
the surface of each microspore nucleus and extends
throughout each nuclear cytoplasmic domain of the
nascent tetrad during cytokinesis (Fig. 6B). The RMS
plays a pivotal role in defining cytoplasmic boundaries
and the position of cell wall formation (Brown and
Lemmon, 2001; Otegui and Staehelin, 2004). In some
ESP RNAIi meiocytes, the RMS is very poorly defined
and fails to fully extend to the cytoplasmic boundries
(Fig. 6, A and D). In other meiocytes, the microtubules
were more pronounced and narrowly focused. They
often originated from only a limited portion of the
nuclei instead of radiating out in all directions from the
surfaces of adjacent nuclei (Fig. 6, A, E, and F). This
arrangement of microtubules resembles phragmo-
plasts formed prior to cytokinesis in mitotic cells. These
observations implicate separase in the proper estab-
lishment and organization of the radial system of
microtubules typical of wild-type tetrads and suggest
that ESP may be required for the proper interaction of
microtubules with the nuclear envelope.

The RMS alterations that we observe in ESP-RNAi
plants are likely related, either directly or indirectly, to
the generation of microspores with multiple nuclei.
During the normal progression of meiosis and cytoki-
nesis, a nuclear membrane and sheet of ER surround
each of the four clusters of chromosomes, which are
arranged in a tetrahedral organization. Each nucleus
then establishes a radial network of microtubuli that
coalesce forming miniphragmoplasts that define the
division planes and demark the locations for micro-
spore cell wall formation (Yang et al., 2003a; Otegui
and Staehelin, 2004). Subsequently, a postmeiotic cell
plate, made up of a complex matrix of vesicles, puta-
tive kinesin proteins, and miniphragmoplast microtu-
bules, is deposited at this division plane (Fig. 6, A and
B). The vesicles fuse with each other to form tubular
networks, which ultimately fuse with the plasma
membrane and trigger the synthesis of callose. The
accumulation of callose in the tubular network then
induces its transformation into convoluted sheets,
which merge and fuse into sheet-like projections
across the cell plates to form the intersporal cell wall
enclosing the tetrad of microspores.

In ESP RNAi meiocytes, multiple groups of partially
dispersed chromosomes are present with a nuclear
membrane forming around each of them. Some of the
nuclei remain adjacent to one another and share a
common sheet of ER. These adjacent nuclei act as a
unit and are packaged into a single microspore. Ad-
jacent nuclei may arise if a spindle did not form
between two groups of chromosomes during meiosis
II or if the chromosomes can’t be separated by the
spindle. While relatively normal looking spindles are
found in ESP RNAi meiocytes, we did observe that
spindles do not form on some chromosomes (Fig. 6, C
and E). Adjacent nuclei often exhibit the greatest
alterations in the RMS. Therefore, it is possible that
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the absence of ESP affects spindle formation on some
chromosomes, which ultimately results in multinucle-
ate microspores.

In yeast, separase is known to stabilize the dy-
namics of spindle microtubules at the onset of ana-
phase and to participate in the FEAR mitotic exit
pathway (Stegmeier et al., 2002; Sullivan and Uhlmann,
2003). These activities are independent of its pro-
tease activity and depend, at least in part, on separase
binding and regulating the activity of the cdcl4
phosphatase (Higuchi and Uhlmann, 2005). However,
more recently a catalytic role for Espl in anaphase
spindle elongation that is independent of Mcdl
cleavage has also been identified (Baskerville et al.,
2008).

Very little is currently known about the factors that
control microtubule pattern formation during meio-
sis. A mutation in the Arabidopsis kinesin gene,
TETRASPORE (TES)/STUD/NACK2 has been de-
scribed that results in microtubules that do not
organize into a radial system, do not extend to the
surface of adjacent nuclei, and fail to establish stable
boundaries for nuclear cytoplasmic domains (Yang
et al., 2003a; Tanaka et al., 2004). Microtubules in fes
meiocytes accumulate around the nuclear surface,
resulting in plants that produce tetranucleate micro-
spores due to a complete failure of cytokinesis (Yang
et al., 2003a). In contrast, cytokinesis is altered, but
not eliminated, in ESP RNAI plants such that at the
tetrad stage, polyads containing variable numbers of
nuclei are observed. A mutation in TAM, which is
required to maintain the normal pace and synchrony
of cell division during male meiosis, also results in
microspores that sometimes contain more than one
nucleus (Magnard et al., 2001). At this time, it is not
clear if meiocytes in tam plants also exhibit altera-
tions in the RMS. Finally, while many Arabidopsis
mutations result in the random distribution of chro-
mosomes and chromosome fragments during meio-
sis, very few mutants have been found to produce
microspores with multiple nuclei, and demonstrated
alterations in the RMS are rare. For example, both
synl and askl-1 plants produce polyads; however,
neither of the mutants produce microspores with
multiple nuclei, and neither has been found to ex-
hibit alterations in the RMS (Peirson et al., 1997; Yang
and Ma, 2001).

In summary, ESP appears to play a number of roles
during meiosis in Arabidopsis in addition to its highly
conserved role in the release of sister chromatid cohe-
sion. It is required for the proper establishment and
organization of the RMS and defining nuclear/cytoplas-
mic boundaries. It also appears to play a role in the
association of centromere regions of nonhomologous
chromosomes. At this time, it is not clear if ESP plays a
direct or indirect role in these processes, if the defects we
observe are the result of the absence of separase protease
activity, or if ESP has other activities. Additional studies
are necessary to investigate these questions and further
explore the roles of separase in plant cells.
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MATERIALS AND METHODS
Plant Material and Growth Conditions

Seeds of wild-type Arabidopsis (Arabidopsis thaliana), ask1-1, ESP RNAi,
and ESP RNAI; askI-1 plants were sterilized in 70% ethanol and grown on a
commercial potting mix in a growth chamber at 22°C with a 16-h-light/8-h-
dark cycle. Buds at appropriate stages during meiosis were collected from
prebolting plants, fixed, and analyzed as described below. ESP RNAi trans-
genic plants were initially identified by BASTA selection, and the presence of
the transgene was then confirmed by PCR.

Plants defective in both ASK1 and ESP expression were generated by
crossing ask1-1 homozygous plants with ESP RNAi transgenic plants. F2
plants from the crosses were screened with Basta, and ask1-1 plants con-
taining the RNAi construct were identified by performing PCR analysis on
sterile plants using primers specific for ASK1, ask1-1, and the ESP RNAi
construct.

Cytology

Meiosis in the transgenic lines was examined and compared to that in
wild-type plants using DAPI-stained meiotic chromosome spreads
(Ross et al., 1996). Immunolocalization was conducted on meiotic chromo-
some spreads as previously described (Yang et al., 2003b; Zhao et al., 2006).
Poly-L-Lys-coated slides containing staged anthers that had been squashed
and treated with 1.4% (w/v) GUS, 0.3% (w/v) cytohelicase, 0.3% (w/v)
pectolyase, and 0.3% (w/v) cellulase were blocked (1X PBS and 5% [w/v]
BSA) and then incubated overnight at 4°C in a moist chamber with primary
antibody (1:500 dilution). After washing, the slides were incubated with
Alexa Fluor 488-labeled goat anti-rabbit (1:500) or Alexa Fluor 594-labeled
goat anti-mouse secondary antibody (1:500) overnight at 4°C and washed
and the chromosomes stained with DAPI Slides were viewed with an
Olympus epifluorescence microscope system equipped with a Spot RT
imaging system. Meiotic stages were assigned based on chromosome and
cellular morphology.

Staged buds, which were fixed in acetic alcohol (ethanol:acetic acid, 3:1
[v/v]) for 2 h at room temperature and stored at —20°C, were subjected to
FISH as previously published (Yang et al., 2006). The pAL1 clone containing
a pericentromeric 180-bp repeat was used to detect centromere sequences
(Martinez-Zapater et al., 1986). PCR amplification of pAL1 was followed by
random primer labeling in the presence of Fluorescin-High Prime labeled
dUTP (Roche). The labeled probe was used in hybridization solution at 5
ug/mL. Slides were counterstained with DAPI, mounted, and viewed as
above.

TEM

A TEM analysis of microsporogenesis was conducted as described (Owen
and Makaroff, 1995). Inflorescences were fixed at room temperature in freshly
mixed fixative (4% [w/v] paraformaldehyde and 2.5% [w/v] glutaraldehyde
in sodium phosphate [NaPO,] plus 5 mm CaCl, pH 7.2, buffer) for 4 h and then
transferred to fresh fixative at 4°C for 24 h. The inflorescences were rinsed
with fixation buffer and postfixed in the fixation buffer with 1.5% (w/v)
osmium tetroxide (OsO,) for 4 h at room temperature. The samples were
treated overnight at room temperature with 0.5% uranyl acetate, rinsed in
double distilled water, dehydrated in an ascending acetone series, and
infiltrated and embedded in Spurr’s resin. Selected flower buds were ultrathin
sectioned (approximately 75 nm), collected on 200 mesh Cu grids, and stained
with 2% uranyl acetate (10 min) and 0.5% lead citrate (10 min). The material
was viewed using a JEOL 100 S transmission electron microscope and
photographed using TEM film (Kodak 4489).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number AY823256.
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