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Pollen Semi-Sterility1 Encodes a Kinesin-1-Like Protein
Important for Male Meiosis, Anther Dehiscence,
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In flowering plants, male meiosis produces four microspores, which develop into pollen grains and are released by anther
dehiscence to pollinate female gametophytes. The molecular and cellular mechanisms regulating male meiosis in rice
(Oryza sativa) remain poorly understood. Here, we describe a rice pollen semi-sterility1 (pss1) mutant, which displays
reduced spikelet fertility (~40%) primarily caused by reduced pollen viability (—~50% viable), and defective anther
dehiscence. Map-based molecular cloning revealed that PSS7 encodes a kinesin-1-like protein. PSS1 is broadly expressed
in various organs, with highest expression in panicles. Furthermore, PSS1 expression is significantly upregulated during
anther development and peaks during male meiosis. The PSS1-green fluorescent protein fusion is predominantly localized
in the cytoplasm of rice protoplasts. Substitution of a conserved Arg (Arg-289) to His in the PSS1 motor domain nearly
abolishes its microtubule-stimulated ATPase activity. Consistent with this, lagging chromosomes and chromosomal
bridges were found at anaphase | and anaphase Il of male meiosis in the pss1 mutant. Together, our results suggest that
PSS1 defines a novel member of the kinesin-1 family essential for male meiotic chromosomal dynamics, male gameto-

genesis, and anther dehiscence in rice.

INTRODUCTION

Meiosis is a crucial event in sexual reproduction of eukaryotes. It
entails one round of DNA replication and two successive rounds of
nuclear division, meiosis | and meiosis Il. As a result, diploid
somatic cells are converted into haploid gametes needed for
fertilization. Meiosis | is a reductional division involving segregation
of homologous chromosomes. Meiosis Il is an equational division
involving segregation of sister chromatids. Both meiosis | and Il are
further divided into four phases: prophase, metaphase, anaphase,
and telophase (Zickler and Kleckner, 1999). During meiosis, ho-
mologous chromosome pairing and recombination occur to
achieve two contrary purposes: maintenance of genome stability
and creation of genetic diversity in offspring. Thus, meiosis plays a
critical role in reproduction and evolution of eukaryotes.

Overthe last 10 years, we have witnessed great progress in our
understanding of the molecular mechanisms controlling meiosis
in plants, owing to using forward and reverse genetics screens,
availability of genome sequences, and advances in cytological
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procedures and tools. Approximately 50 genes involved in reg-
ulating meiosis have been identified and characterized in plants,
including Arabidopsis thaliana, maize (Zea mays), and rice (Oryza
sativa; Mercier and Grelon, 2008). These studies have not only
demonstrated conservation of gene functions among yeast,
plants, and other higher eukaryotes, but also uncovered novel
aspects of the molecular mechanisms involved in meiosis in
higher plants (Ma, 2006; Ronceret et al., 2008).

Rice is a staple food for nearly half of the world’s population and
a model species for monocots developmental studies (Itoh et al.,
2005). Development and utilization of hybrid rice have greatly
contributed to ensuring sufficient food supply in China and other
Asian countries (Virmani, 1996). The genus Oryza consists of more
than 20 wild and two cultivated species, indica and japonica. The
interspecific F1 hybrids between cultivars and wild-type species
often show high sterility, which is partly attributable to defects in
homologous pairing at meiosis (Katayama, 1963; Brar and Khush,
1997). Dissecting the meiotic process of Oryza will contribute to
reducing reproduction barriers between different cultivars and
species. Several genes regulating male meiosis have been iden-
tified and functionally characterized in rice (Jenkins et al., 2008).
Among them, MEL 1 encodes a novel ARGONAUTE family protein
essential for the progression of premeiotic mitosis and meiosis
during sporogenesis in rice (Nonomura et al., 2007). Rice PAIR1,
PAIR2, and PAIR3 are essential for homologous chromosome
pairing in meiosis |. PAIR2 is an ortholog of Arabidopsis ASY1
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proteins (Caryl et al., 2000; Armstrong et al., 2002; Nonomura
et al., 2004b, 2006), whereas rice PAIR1 and PAIR3 are putative
coiled-coil proteins that do not appear to have close sequence
homologs in other organisms (Nonomura et al., 2004a; Yuan et al.,
2009). Two homologs of yeast DMC1, rice DMC1A and DMC1B,
have also been identified and shown to be required for homolo-
gous pairing (Ding et al., 2001; Kathiresan et al., 2002; Deng and
Wang, 2007). Rice MERS3, similar to its counterparts in yeast and
Arabidopsis, encodes a protein required for normal meiotic cross-
over formation (Wang et al., 2009). Furthermore, genetic analysis
also revealed that rice RAD21-4, a homolog of yeast RAD21/SCCA
proteins, is essential for efficient meiosis (Zhang et al., 2006).
However, despite the progress, our understanding of the molec-
ular mechanisms regulating meiosis in rice remains fragmentary.

Kinesins are key players of intracellular transport system and
thus are essential for many cellular functions and morphogene-
sis. Kinesins use microtubules as tracks and transport diverse
cellular cargos, such as organelles, protein complexes, and
mRNAs to specific destinations. Kinesins also participates in
chromosomal and spindle movements during mitosis and mei-
osis (Vale and Fletterick, 1997; Hirokawa et al., 1998; Sharp et al.,
2000). All kinesins contain a highly conserved ~360-amino acid
globular motor domain (the head or catalytic core) and a long
filamentous structure (the stalk/tail). The head domain contains a
catalytic pocket for the hydrolysis of ATP and the binding site for
microtubules and is responsible for the movement empowered
by the hydrolysis of ATP, whereas the stalk/tail domain is re-
sponsible for interacting with other subunits of the holoenzyme or
with cargo molecules (Miki et al., 2005). Comprehensive genome
sequence survey and systematic phylogenetic analyses have
grouped kinesins into 14 distinct families. There are 61 kinesins in
Arabidopsis (Reddy and Day, 2001) and 41 and 45 kinesins in
japonica and indica rice, respectively (Richardson et al., 2006).
To date, only one rice kinesin, named DWARF BAMBOO
SHOOT1 (DBS1), has been analyzed genetically. The dbs1
mutant exhibits a severe dwarf phenotype due to defective
cytokinesis (Sazuka et al., 2005).

In this study, we report a rice semisterile mutant, pollen semi-
sterility1 (pss1), which exhibits ~50% pollen viability and
~40% spikelet fertility. The semisterility phenotype is stably
inherited through generations. We found that spikelet semi-
sterility was caused jointly by reduced pollen viability and by
impairment in anther dehiscence. PSS1 encodes a kinesin-1-like
protein and is preferentially expressed in flowers. We observed
abnormal chromosome dynamics during male meiosis in the pss7
mutant and in the PSS RNA interference (RNAI) transgenic plants.
Our results add further evidence to the crucial role of kinesins in
regulating meiotic chromosome behavior during male gameto-
genesis and fertility control in higher plants.

RESULTS
Isolation and Morphological Characterization of the
pss1 Mutant

In 1991, a spontaneous semisterile mutant showing ~40%
spikelet fertility was found in a japonica rice variety, Nipponbare.

The semisterile phenotype was stably inherited, and a semisterile
progeny line, w207-2, was selected for further analysis. Genetic
analysis indicated that a single recessive nuclear locus was
responsible for the mutant phenotype (Yu et al., 2005). The
mutant is slightly taller and earlier heading than wild-type plants
but is otherwise normal in vegetative and floral development
(Figures 1A to 1D). However, anthers of the mutant are shriveled
at the basal part of the locules (Figure 1E). The most obvious
difference between the mutant and the wild type is fertility. Under
normal conditions, pollen viability of wild-type rice is ~97%,
and the spikelet fertility is ~94%. In the mutants, pollen viability
is ~51%, and spikelet fertility is ~40%. Whole-mount stain-
clearing confocal microscopy examination showed that the
embryo sac development is normal in the mutant (Figures 1F to
1K). To confirm this finding, we hand-pollinated the mutant with
wild-type pollen, and the spikelet fertility reached ~86%. This
result indicates that the spikelet semisterility is likely due to
defective microspores. Therefore, we named this mutant pollen
semi-sterility1 (pss1).

To further characterize the difference between the pollen of the
wild type and the pss7 mutant, we examined the pollen grains
using scanning electron microscopy and transmission electron
microscopy. Mature wild-type pollen grains are spherical and
plump (Figures 2A and 2B) and contain large numbers of starch
granules (Figure 2C). The pollen wall is composed of exine and
intine. The exine can be divided into ektexine and endexine. The
outside of ektexine is tectum, and the inner side is foot layer. The
tectum and foot layer are linked by columella (Figure 2D). In
the pss7 mutant, ~50% of the pollen grains have the round and
plump shape just like wild-type pollen, while the other ~50% of
pollen grains have an irregular and shrunken appearance (Figure
2E). The round pollen grains have a similar shape and internal
structure to wild-type pollen grains, with large numbers of starch
granules and a normal pollen wall (Figures 2F to 2H). Pollen
germination tests (see below) indicated that these pollen grains
are viable. By contrast, the shrunken pollen grains have no
accumulations of starch granules (Figures 21 and 2J). These
irregularly shaped pollen grains also lack intine and have abnor-
mal exine. Their tectum and foot layers are much plumper than
the normal ones, and the columella layer tends to degenerate
(Figure 2K). Pollen germination tests (see below) indicated that
these pollen grains are not viable.

Fertility Analysis of the pss7 Mutant

To determine the underlying reasons for the observed partial
spikelet sterility phenotype of the pss7 mutant, we counted the
total number of pollen grains per anther. On average, wild-type
Nipponbare has 1391 = 172 pollen grains per anther, while the
pss1 mutant has 1084 = 201 (full plus shrunken pollen). Among
them, the regular-shaped and viable pollen grains are ~40% of
wild-type pollen (Figure 3A). In vitro germination assays revealed
that Nipponbare has a germination rate of ~85% (Figure 3B), while
that of the pss7 mutant is ~43% (Figure 3C). This result is generally
consistent with the result of iodine-potassium iodide staining.
Even though only half of the pollen grains in the pss7 mutant
are viable, there should be enough functional pollen to success-
fully fertilize each spikelet of the mutant plant. The drastically
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Figure 1. Phenotypic Analyses of the pss7 Mutant.

(A) The pss1 mutant (right) is almost normal except it is a little taller and earlier heading than the wild-type plant (left) after bolting.

(B) The pss1 mutant has a normal panicle (right) compared with the wild type (left).

(C) The pss1 mutant spikelet (right) appears to be normal compared with the wild type (left) at bolting stage.

(D) Comparison of a wild-type (left) and a pss7 mutant spikelet (right) after removing the lemma and palea.

(E) Comparison of a wild-type (left) and a pss7 mutant anther (right). The basal part of the mutant anther is shriveled (arrowhead).

(F) KI-I, staining of wild-type pollen.

(G) KI-I, staining of pss7 mutant pollen. Arrowheads indicate abnormal pollen grains.

(H) and (I) Comparison of a mature wild-type embryo sac (H) and a mature mutant embryo sac (I) observed by the whole-mount stain-clearing confocal
laser scanning microscopy method.

(J) and (K) Comparison of a wild-type panicle (J) and a pss7 mutant panicle (K) at the harvest stage. The spikelet fertility of the mutant is ~40%.
Arrowheads indicate the sterile spikelets.

le, lemma; pa, palea; gl, glume; st, stamen; a, antipodal cells; p, polar nuclei; e, egg cell. Bars = 2 mm in (C) to (E) and 50 um in (F) to (I).
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Figure 2. Scanning Electron Microscopy and Transmission Electron Microscopy Examination of Wild-Type and pss7 Mutant Pollen.

(A) Scanning electron microscopy image of mature wild-type pollen grains.

(B) A higher magnification image of a single pollen grain from (A).

(C) Transmission electron microscopy image showing that the wild-type pollen grain contains a large number of starch granules.

(D) A higher magnification image of the pollen wall from (C).

(E) Scanning electron microscopy image showing the two types of pollen grains in the pss7 mutant.

(F) A higher magnification image of the normal-shaped pollen grain from (E).

(G) Transmission electron microscopy image of a normal-shaped pss7 mutant pollen grain.

(H) A higher magnification image of the pollen wall from (G).

(I) A higher magnification image of an abnormal-shaped pollen grain from (E). Arrowhead indicates the germination pore.
(J) Transmission electron microscopy image showing that there is no accumulations of starch granules in the abnormal-shaped pss7 mutant pollen

grain.

(K) A higher magnification transmission electron microscopy image of the pollen wall from (J), which lacks intine and has abnormal exine.
st, starch granules; i, intine; f, foot layer; ¢, columella; te, tectum. Bars = 50 um in (A) and (E), 10 um in (B), (C), (F), (G), (I), and (J), and 500 nm in (D), (H),

and (K).

reduced spikelet fertility suggests that there are likely additional
reasons for the observed spikelet sterility. We noticed that before
glume opening, pss1 anther shape is similar to the wild type, but
after glume closing, the pss71 mutant anther is much thinner than
that in wild-type plants, indicating that the pss7 mutant might
have a defect in anther dehiscence. At anthesis, wild-type
anthers reach the top of the spikelet and begin to dehisce,
resulting in release of the pollen grains over the stigma of the
pistil. After anthesis, the spikelet begins to close, keeping empty
anthers outside the spikelet (Figures 3D and 3E). We found that
anthers of the pss7 mutant did not dehisce at the time of spikelet
opening or even after its closing (Figures 3F and 3G), suggesting
that anther indehiscence of the pss7 mutant might cause a
reduction in the number of effective pollen grains shed onto the
stigma, resulting in markedly reduced spikelet fertility. To test
this hypothesis, we examined the pollen grain number on the
stigma 2 h after anthesis. Among 200 wild-type stigmas exam-
ined, 90% of wild-type stigmas had more than 20 pollen grains
(Figure 3H), while only 8% of pss7 mutant stigmas had more than

20 pollen grains, and up to 75% of pss7 mutant stigmas had
fewer than 20 pollen grains (Figure 3l). The other 17% of mutant
stigmas did not have any pollen grains at all. These data suggest
that the partial spikelet sterility of the pss7 mutant is caused by
reduced pollen viability compounded by impairment of anther
dehiscence.

Characterization of Male Gametogenesis in the pss1 Mutant

To more precisely determine the timing of the anther develop-
mental defects in the pss7 mutant, we examined anther devel-
opment at the microscopic level. No significant differences were
detected between the wild type and pss7 mutant until the
microspore uninucleate stage, when anther morphogenesis
has completed. Anthers of both the wild type and the pss?
mutant can form four layers of the anther wall, and the micro-
sporocytes are located at the center of each anther locule,
surrounded by four somatic layers, which are, from the surface to
interior, the epidermis, the endothecium, the middle layer, and
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Figure 3. Fertility Analysis of the pss7 Mutant.

(A) Quantification of the total pollen grain numbers in the wild type and
the pss1 mutant anthers. The pollen grain number of the mutantis ~78%
of the wild type, and the fertile pollen grain number is ~40% of the wild
type. Error bars indicate sD of total pollen grains from five independent
samples.

(B) and (C) In vitro germination of the wild-type (B) and the pss7 mutant
(C) pollen. The normal-shaped pollen in the mutant can germinate
normally. Arrows indicate pollen tubes.

(D) to (G) Comparison of anther dehiscence between the wild type and
the pss71 mutant. (D) and (F), scanning electron microscopy images of the
wild-type (D) and mutant (F) anthers after anthesis; (E) and (G), cross
sections of the wild-type (E) and mutant (G) anthers after anthesis. The
mutant anther cannot dehisce normally.

(H) and (I) Comparison of pollen grain number on the stigma between the
wild type (H) and the pss7 mutant (I). There are only few pollen grains on
the mutant stigma.

Bars = 100 pm.

the tapetum layer (Figures 4A, 4B, 4G, and 4H). Moreover, at the
postmeiosis stage, anther walls, including the tapetum layer and
the middle layer, degenerated normally in the pss7 mutant just
like in wild-type anthers (Figures 4C to 4E and 41 to 4K). However,
eventually, only ~50% of the microspores showed normal
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development in the pss7 mutant, whereas the rest of the micro-
spores were degraded (Figures 4K and 4L).

To characterize the possible male gametogenesis defects in
the pss7 mutant in more detail, we examined wild-type and pss1
microspores stained with 4’,6-diamidino-2-phenylindole (DAPI).
Microscopy observation revealed no striking differences in early-
stage microspores. Both the wild type and the mutant can form
normal free microspores at the uninucleate stage, each with a
brightly stained central nucleus (Figures 4M and 4P).

At the late microspore stage, wild-type pollen undergo polar
nuclear migration and asymmetric nuclear division at pollen
mitosis | (PM |), giving rise to two daughter nuclei (Figure 4N) and
entering the bicellular stage. After pollen mitosis Il (PM lI) three
nuclei are generated, with one dispersed vegetative nucleus and
two smaller generative nucleiin the tricellular pollens (Figure 40).
However, in the pss7 mutant, about half of the pollen grains
perform PM | and PM Il normally, but the other half have one
brightly stained nucleus at the bicellular stage and become
irregularly shaped and abort at the tricellular stage (Figures 4Q
and 4R).

Isolation of the PSS1 Gene

The PSS1 locus was previously mapped to the short arm of rice
chromosome 8 between the cleaved-amplified polymorphic
sequence marker L2 and the derived cleaved-amplified poly-
morphic sequence (ACAPS) marker L3, with a physical distance
of ~28 kb (Li et al., 2007). There are five predicted open reading
frames in this region (Figure 5A). We sequenced the entire region
and found that the pss7 mutant carries a single nucleotide
substitution of guanine (G) to adenine (A) in the 13th exon of an
annotated kinesin-like gene (Os08g02380). This causes an
amino acid change from Arg at position 289 (Arg-289) to His
(Figure 5B). Sequence analysis of several other cultivars, includ-
ing Nipponbare, 93-11, Dular, T65, 02428, IR36, N22, and 1132B,
revealed that they all have the conserved guanine nucleotide and
Arg residue at this site.

Kinesins are molecular motors that hydrolyze ATP as they
move along microtubules, transporting vesicles and organelles
and performing essential roles in chromosome motility and
spindle assembly and function (Dagenbach and Endow, 2004;
Miki et al., 2005). These functions are highly relevant to male
fertility in both animals and plants (Chen et al., 2002; Macho et al.,
2002; Yang et al., 2003; Gandhi et al., 2004; Tanaka et al., 2004;
Oh et al., 2008). We reasoned that this kinesin gene most likely
represents the candidate PSS17. To test this hypothesis, a ge-
nomic fragment containing the predicted coding region of
0Os08g02380 and regulatory sequences was transformed into a
pss1 homozygous mutant background. Nine independent trans-
genic lines showed complete rescue of the semisterility pheno-
type (Figures 5C and 5D).

To further confirm that disruption of Os08g02380 gene func-
tion is responsible for the phenotype observed in the pss?
mutants, we generated RNAI transgenic plants in a japonica
rice variety Kitaake background and obtained over 10 indepen-
dent transgenic lines. Real-time PCR analysis revealed that four
of seven transgenic lines tested showed significant reduction in
the transcript level of the PSS7 gene compared with wild-type
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Figure 4. Comparison of Male Gametogenesis in the Wild Type and the pss7 Mutant.

(A) to (F) and (M) to (O) show the wild type; (G) to (L) and (P) to (R) show the pss7 mutant. The cross sections ([A] to [L]) are stained with 0.25% toluidine
blue O. E, epidermis; En, endothecium; ML, middle layer; Ms, microsporocyte; Msp, microspore; MP, mature pollen; S, sperm nuclei; T, tapetum; V,

vegetative nuclei. Bars = 15 um.

(A) and (G) Cross section of single locule at the microspore mother cell stage.

(B) and (H) Cross section of single locule at the meiosis stage.
(C) and (1) Cross section of single locule at the young microspore stage.
(D) and (J) Cross section of single locule at the vacuolated pollen stage.

(E) and (K) Cross section of single locule at the pollen mitosis stage showing two types of pollen grains in the mutant locule.
(F) and (L) Cross section of single locule at the mature pollen stage showing two types of pollen grains in the mutant locule.

(M) and (P) DAPI staining of a uninucleate stage microspore.
(N) and (Q) DAPI staining of a bicellular stage microspore.
(O) and (R) DAPI staining of a tricellular stage microspore.

plants (see Supplemental Figure 1A online). These PSS7 knock-
down transgenic plants showed reduced pollen viability (ranging
from 55 to 69%) and reduced spikelet fertility (ranging from 40 to
60%), while the nontransformed control plants have normal
pollen viability (~95%) and spikelet fertility (~93%). Notably, the
most severely defective RNAI line R2 (transcript level reduced to
~5% relative to the wild type) only showed ~55% pollen viability
and ~40% spikelet fertility (see Supplemental Figures 1B to 1D
online). These results confirm that Os08g02380 indeed corre-
sponds to the PSST gene.

Sequence Analysis of PSS1 and Related Proteins

Sequence analysis of amplification products obtained from RT-
PCR and rapid amplification of cDNA ends—-PCR indicated that the
PSS1 cDNA is 1977-bp long and contains an open reading frame
of 1434 bp encoding a predicted polypeptide of 477 residues, plus
a 270-bp untranslated 5’ region and a 272-bp untranslated 3’
region. Sequence comparison between genomic DNA and cDNA
showed that the PSS gene contains 17 exons (Figure 5B).

A BLAST search identified a kinesin motor domain in the N
terminus of the predicted protein. Interestingly, the mutation in
pss1 mutant resides in this region (see Supplemental Figure 2A
online). To determine to which family this kinesin belongs, we
constructed a kinesin superfamily phylogenetic tree (see Sup-
plemental Figure 3 and Supplemental Data Set 1 online) accord-
ing to the standardized kinesin nomenclature (Lawrence et al.,

2004). In this phylogenetic tree, PSS1 is most closely related to
the kinesin-1 family proteins. The kinesin-1 family was previously
referred to as conventional kinesin, kinesin heavy chain (KHC),
and was reported to function in organelle transport (Brady et al.,
1990) or nuclear movement (Holzinger and Liitz-Meindl, 2002).
The motor domain of PSS1 and other kinesin-1 family members
exhibit high sequence similarities. Notably, the mutated Arg
residue in pss1 mutant is strictly conserved among all kinesin-1
family members (see Supplemental Figure 2B online), indicat-
ing that this amino acid is likely critical for kinesin-1 protein
function.

Spatial and Temporal Expression Pattern of PSS1 Gene and
Subcellular Localization of PSS1 Protein

To test whether PSS1 is only expressed in the anther or also in
other organs, we analyzed the PSS7 expression pattern. RT-
PCR analysis revealed that PSS1 is expressed in a large number
of organs, including young root, young leaf, mature root, mature
culm, mature sheath, mature leaf, and panicle. The strongest
expression was detected in panicles (Figure 6A). We further
examined the expression profile of PSS7 at various develop-
mental stages of panicles in more detail. Young panicles were
classified into five stages, P1 to P5, according to the method
described previously (Nonomura et al., 2003, 2004a): the P1 pan-
icles usually have developed flower primordia (panicle size ~5 mm),
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Figure 5. Positional Cloning of PSS1.

(A) Fine mapping of the PSS7 gene on chromosome 8. Names of the
molecular markers and the number of recombinants are indicated (n =
2100). P0427G12, P0470F10, and OJ1005_B05 are PAC and BAC clones
covering this locus. The PSS17 locus is mapped to a 27-kb region
between the molecular markers L2 and L3.

(B) A schematic representation of the gene structure of PSS7. The
mutant sequence has a single nucleotide change from guanine (G) to
adenine (A) in the 13th exon. The motor domain is indicated. ATG and
TGA represent the start and stop codons, respectively.

(C) and (D) A 7.6-kb wild-type genomic DNA fragment of PSS71 com-
pletely rescues the pollen (C) and spikelet (D) semisterility phenotypes of
the pss7 mutant. Bar = 100 pum.

(E) Molecular identification of TO transgenic plants by a dCAPS marker.
The bottom band represents the wild-type allele, and the top band
represents the pss7 mutant allele. Lane 1, the wild type; lane 2, pss1
mutant; lanes 3 to 11, TO transgenic plants.

the P2 and P3 panicles have developed anthers but have not
entered meiosis yet (panicle size ~10 and ~30 mm, respec-
tively), the P4 panicles contain some anthers that have entered
meiosis (panicle size ~60 mm), and the P5 panicles have only
meiotic or postmeiotic anthers (panicle size ~100 mm). Inter-
estingly, PSS7 shows the highest expression in P4-P5 panicles
and then the expression level gradually declines and becomes
nearly undetectable at 8 d after heading (Figure 6B). We also
used isolated anthers to analyze the expression level of PSS71 at
the P5 stage and the mature pollen stage. Using quantitative
PCR, we found that the expression level of PSS7 at P5 stage
anthers is ~21-fold higher than that in the mature pollen stage
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anthers (Figure 6C). Thus, we concluded that expression of PSS1
peaks during male meiosis.

To more precisely determine the spatial and temporal expres-
sion patterns of PSS1, we cloned the 4.3-kb sequence upstream
of the PSS1 ATG start codon and constructed a PSS7 promoter-
B-glucuronidase (GUS) construct. The construct was trans-
formed it into the japonica variety Nipponbare. Consistent with
the RT-PCR results, we observed GUS signal in various organs,
including mature root, mature culm, mature sheath, mature leaf,
and panicles of various developmental stages, with the strongest
signal found in the panicles (Figures 6D to 6H). At the young
microspore stage (1 to 3 mm length spikelet), the GUS signal is
largely limited to the anther, and then as the panicle development
proceeds, the signal starts to appear in other parts of florets,
including glume, lemma, and palea. The strongest GUS staining
is detected in spikelet of 4 to 5 mm length (Figure 6H) when
meiosis occurs in the anther (Itoh et al., 2005). Cross section of
the spikelet reveals that the GUS signal can be detected in both
the microsporocyte and the anther walls (Figure 6l). GUS signal
disappears in postmeiosis anther but can be still observed in the
glume, lemma, and palea (Figure 6H). Together, these results
indicate that PSS1 is broadly expressed in various tissues and
organs, with the highest expression in panicles, and it peaks
during male meiosis.

Previous studies have identified and characterized several rice
genes involved in male meiosis control, including MEL1, UGPT,
Rad21-4, PAIR1, PAIR2, PAIR3, and MER3 (Nonomura et al.,
2004a, 2004b, 2006, 2007; Zhang et al., 2006; Chen et al., 2007;
Wang et al., 2009; Yuan et al., 2009). To test whether PSS71
affects expression of these genes, we compared their transcrip-
tion levels in P5 stage panicles of wild-type and pss7 mutants.
We found that none of the tested genes showed any significant
difference in expression between the wild type and the mutant
(see Supplemental Figure 4A online), suggesting that PSS7 does
not regulate their expression.

To investigate the subcellular localization of PSS1 protein, we
constructed a fusion protein of the full-length PSS7 coding
region and the cDNA encoding green fluorescent protein (GFP).
The PSS1-GFP fusion construct gene and the GFP alone control,
both under the control of the 35S promoter, were introduced into
rice protoplast cells. As expected, the free GFP was found in
both the nucleoplasm and cytoplasm (Figures 7A to 7C). By
contrast, the PSS1-GFP fusion protein is predominantly local-
ized in the cytoplasm (Figures 7D to 7F). Similar observations
were made in Arabidopsis protoplast cells (see Supplemental
Figure 5 online).

The PSS1 Mutant Protein Exhibits a Significant Reductionin
Microtubule-Stimulated ATPase Activity

Kinesins are molecular motors that hydrolyze ATP as they move
along microtubules, and they exhibit a microtubule stimulated
ATPase activity (Vale and Fletterick, 1997; Dagenbach and
Endow, 2004). To test whether the microtubule-stimulated
ATPase activity is affected in the pss7 mutant, we expressed
the N-terminal head domain of both the wild type and the mutant
PSS1 proteins in Escherichia coli and conducted an ATPase
activity assay using the purified proteins. As shown in Figure
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Figure 6. Expression Analysis of the PSS7 Gene.

(A) RT-PCR analysis showing that PSS1 is expressed in various organs. YR, young root; YL, young leaf; R, mature root; C, mature culm; S, mature
sheath; L, mature leaf; P, panicle.

(B) RT-PCR analysis showing that PSS7 expression peaks at P4 and P5 stages and decreases afterwards. P2 to P5, different developmental stages of
young panicles. 5 DAF, panicles of 5 d after flowering; 8 DAF, panicles of 8 d after flowering.

(C) Real-time PCR analysis showing that the expression of PSS17 in P5 stage is ~21-fold higher than that in the mature pollen stage. Error bars indicate
SD of three independent samples.

(D) to (G) Histochemical staining assay of PSS1 promoter—-GUS reporter gene. Weak GUS signal is detected in root (D), culm (E), sheath (F), and leave
blade (G).

(H) In panicles, the GUS signal was initially limited to the anther, then appears in the other parts of florets (glume, lemma, and palea) as the panicle
development progresses. (a) A 2-mm-long spikelet from P2 group panicles; (b) a 3-mm-long spikelet from P3 stage panicles; (c) a 5-mm-long spikelet
from P5 stage panicles; (d) postmeiosis spikelet.

(I) Cross section of P5 stage spikelet showing that GUS signal in anthers. Bars = 1 mm in (D) to (I).
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Figure 7. Subcellular Localization and Microtubule-Stimulated ATPase
Activity Assay of the PSS1 Protein.

(A) to (C) GFP alone is detected in both the nucleus and cytoplasm of rice
protoplast cells.

(D) PSS1-GFP is predominantly detected in the cytoplasm.

(E) Nuclear localization of RPBF-mCherry (a nuclear marker).

(F) A merged image of (D) and (E). Bars =5 um.

(G) Comparison of microtubule-stimulated ATPase activities of the wild
type (WT) and PSS1 mutant proteins. Error bars indicate sD of three
independent experiments.

7G, in the absence of microtubules, the basal steady state
ATPase activity of the wild-type motor is 52.5 = 7.4 nmoles of
ATP hydrolyzed per min per mg of the motor protein. By
contrast, the basal ATPase activity of the mutant PSS1 motor
is 31.0 = 6.0 nmoles of ATP hydrolyzed per min per mg of the
motor protein. Moreover, the ATPase activity of the wild-type
motor is triggered by microtubules in a concentration-dependent
manner, whereas the mutant motor shows only a slight increase
of ATPase activity as the concentration of microtubules in-
creases. These results clearly indicate that the mutation in the
PSS1 mutant protein diminishes its microtubule-stimulated
ATPase activity, suggesting that the R289H amino acid substi-
tution in pss7 mutant likely affects the microtubule interaction
activity of the PSS1 protein.
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Abnormal Spindle Formation in Male Meiocytes in the
pss1 Mutant

As PSS1 encodes a kinesin-1 like—protein and some kinesins are
known to regulate spindle formation during mitosis and meiosis,
and our in vitro assay suggested that the PSS1 mutant protein
has diminished microtubule interaction ability, we investigated
whether meiotic spindle formation is affected in the pss7 mutant.
We performed immunofluorescence microscopy with an anti-
a-tubulin antibody on male meiocytes in meiosis | and Il. At meta-
phase |, the wild-type meiocytes form typical bipolar spindles,
with the 12 rice bivalents arranged at the equator (Figure 8A).
Then, the two sets of 12 daughter chromosomes synchronously
segregated toward the opposite poles at anaphase | (Figure 8B).
At telophase |, the chromosomes become diffuse, and the
phragmoplast forms between the two newly generated daughter
nuclei (Figure 8C). In metaphase I, two bipolar spindles form
(Figure 8D), and chromosomes align on the equatorial plate of
each daughter cell. Then, at anaphase I, the sister chromatids
separate and are pulled to the opposite poles (Figure 8E). At
telophase I, new phragmoplast structures form near the equa-
torial plate in preparation for meiotic cytokinesis (Figure 8F).

In the pss1 mutant, most of the bivalents congress to the
metaphase plate at metaphase |, but one or several bivalents are
delayed in about half of the meiocytes (Figure 8G). At anaphase |
and telophase |, the homologous chromosomes move away from
the equator toward the poles, but the shape of the telophase
spindle is somewhat more disorganized in comparison with the
wild-type spindle (Figures 8H and 8l). The metaphase Il spindle is
thinner than the wild-type spindle (Figure 8J), but the shape and
density of the anaphase Il and telophase Il spindles are similar to
the wild-type spindles (Figures 8K and 8L). Among 35 meiocytes
examined, we observed 32 meiocytes forming normal microtu-
bule spindles at late telophase Il and normal tetrads (Figure 8L).
The remaining three meiocytes had disorganized microtubule
spindles, and these meiocytes formed atypical tetrads (Figures
8M to 80). These observations suggest that PSS1 likely plays a
minor but not essential role in regulating meiotic spindle formation.

Altered Chromosome Behavior in the pss1 Mutant

We next examined meiotic chromosomal behavior in meiocytes of
the wild type and the pss7 mutants. In the wild type, the chromo-
somes begin to condense and appear very thin at the leptotene
stage, and homologous chromosomes undergo pairing and syn-
apsis at the zygotene stage (Figure 9A). At the pachytene stage
(Figure 9B), homologous chromosomes are fully synapsed with
the completion of the synaptonemal complex. During diplotene,
the synaptonemal complexes are disassembled, and the homol-
ogous chromosomes are separated from each other except at the
chiasmata (Figure 9C). At diakinesis, chromosomes further con-
dense to produce very short bivalents (Figure 9D). The bivalents
align at the equatorial plane at metaphase | (Figures 9E and 9F),
after which the homologous chromosomes separate and move
to the two poles of the cell at anaphase | (Figure 9G). After
meiosis |, two groups of chromosomes align separately at two
new division planes. Next, the sister chromatids separate at
anaphase Il (Figures 9H to 9L).
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Figure 8. Immunostaining of Spindles in Wild-Type and pss7 Male
Meiocytes.

Chromosomes are stained by propidium iodide (red), and microtubules
are labeled by fluorescein isothiocyanate (green). Bars = 5 pm.

(A) to (F) Male meiocytes of the wild type.

(A) Bipolar-oriented spindle at metaphase I.

(B) Two sets of univalents separated by the spindle at anaphase I.

(C) Phragmoplast starts to form between the two daughter pronuclei at
telophase |. The weak staining in the midzone indicates the formation of a
cytokinetic plane.

(D) Two sets of univalents aligned at the metaphase Il plates.

(E) Two sets of univalents are separated to the opposite poles by the
anaphase Il spindles.

(F) At telophase Il, new phragmoplast structure forms near the equatorial
plate.

(G) to (O) Male meiocytes of the pss7 mutant.

(G) At metaphase |, the pss1 mutant shows normal-shaped spindles, but
one or several chromosomes are delayed (indicated by arrowhead).

(H) Bivalents are pulled by the forces of anaphase | spindles and move
away from the equator. Delayed chromosomes are observed (indicated
by arrowheads).

In the pss1 mutant, chromosome behavior seemed generally
normal until metaphase | (Figures 10A to 10D), although one
pair of univalents could be found in 27 cells of 50 metaphase |
cells observed (Figures 10E and 10F). As mentioned above,
delayed chromosomes were frequently found at anaphase |
(Figure 10G). We also observed anaphase | bridges (Figure
10H). Delayed chromosomes could also be found at anaphase
Il (Figure 10K), and micronuclei could be detected at the tetrad
stage (Figure 10M). In addition, we found that sister chromatids
do not separate synchronously in a small portion of anaphase I
meiocytes (Figure 10N), thus forming triads instead of tetrads
(Figure 100). The frequency of abnormal chromosomal behav-
ior is summarized in Table 1. These results indicate abnormal-
ities in chromosome congression and segregation in the pss1
mutant.

To confirm that the observed chromosome behavior defects
in pss1 mutants are due to impairment of the PSS7 gene func-
tion, we examined meiocytes in the RNAI transgenic line R2.
Similar to the pss7 mutants, univalents, delayed chromosomes,
and micronuclei can also be found in PSS7 RNAI plants during
male meiosis (see Supplemental Figures 1E to 1H and Supple-
mental Table 1 online), indicating that the defect in the PSS1
gene is indeed responsible for the abnormal chromosome
behavior.

DISCUSSION

In this study, we report the molecular genetic characterization of
the spontaneous rice pollen semisterility mutant pss7, positional
cloning, temporal, and spatial expression pattern of the PSS7
gene, and subcellular localization of the PSS1 protein. The PSS1
gene encodes a protein belonging to the kinesin-1 family. Sub-
stitution of a conserved amino acid (R289H) in the motor domain
diminished microtubule-stimulated ATPase activity of the PSS1
protein, resulting in abnormal male meiotic chromosome dy-
namics in a portion of male meiocytes and causing a partial
pollen and spikelet sterility phenotype.

PSS1 Is Necessary for Male Meiotic Chromosomal
Dynamics and Anther Dehiscence

Male-sterile mutants are valuable for understanding the mech-
anisms of pollen development. A number of male-sterile mutants

() The telophase | spindle is somewhat disorganized compared with that
of the wild type. In addition, delayed chromosomes are observed
(indicated by arrowheads).

(J) The metaphase Il spindle has a normal shape but is thinner than that
of the wild type. Delayed chromosomes can also be seen (indicated by
arrowhead).

(K) The shape and density of the anaphase Il spindles are similar to that
of the wild type.

(L) Most meiocytes of pss? mutant show normal shaped spindles at
telophase II.

(M) to (O) A small portion of meiocytes has disorganized microtubules
and form atypical tetrads.
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Figure 9. Chromosome Dynamics in Wild-Type Male Meiocytes.

Chromosomes are stained with 0.1 mg/mL propidium iodide. Bars =
5 pm.

(A) to (D) Zygotene (A), pachytene (B), diplotene (C), and diakinesis (D).
(E) Metaphase | front view, showing 12 bivalents arranged at the
equatorial plate.

(F) Metaphase | polar view, showing 12 completely paired bivalents.
(G) Anaphase |, showing synchronous separation of chromosomes to the
opposite poles.

(H) Telophase I.

(I) Metaphase II.

(J) Anaphase II.

(K) Telophase Il

(L) Normal tetrad in wild-type anthers.

have been reported in rice. These mutants can be broadly
divided into two groups. One group affects tapetum function as
well as meiosis. For example, the msp1 mutant gives rise to an
excessive number of male and female sporocytes. The formation
of anther wall layers is disordered, and the tapetum layer is
completely abolished. In addition, development of pollen mother
cells is arrested at various stages of meiotic prophase |, which
results in complete male sterility (Nonomura et al., 2003). The
udt1 mutant exhibits normal meiosis, but the tapetum fails to
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differentiate and become vacuolated during the meiotic stage. In
addition, meiocytes do not develop into microspores (Jung et al.,
2005). The tdr mutant exhibits retardation in the degeneration of
the tapetum and the middle layer, resulting in a collapse of
microspores and complete male sterility (Li et al., 2006). The
other group of male-sterile mutants is primarily defective in
various stages of meiosis but with distinct cellular defects. For
example, the pollen mother cells of Ugp1-silenced plants begin
to degenerate at the early meiosis stage, due to disruption of
normal callose deposition, resulting in complete pollen collapse
(Chen et al., 2007). In the mel1 mutant, pollen mother cells are
arrested at early meiosis |, and meiotic chromosomes frequently
exhibited uncondensed morphology. MEL71 encodes a novel
ARGONAUTE family protein essential for the progression of the
premeiotic mitosis and meiosis in rice (Nonomura et al., 2007),
suggesting that RNA-mediated silencing system is involved in
sporogenesis in rice. The pairl, pair2, and pair3 rice mutants
show 24 completely unpaired univalents at diakinesis and meta-
phase |, and both male and female meiocytes are affected,
causing complete male and female sterility. PAIR2 is a rice
ortholog of Arabidopsis ASY1 proteins (Caryl et al., 2000;
Armstrong et al., 2002; Nonomura et al., 2004b, 2006). Interest-
ingly, rice PAIR1 and PAIR3 are two putative coiled-coil proteins
that do not appear to have close homologs in other organisms
(Nonomura et al., 2004a; Yuan et al., 2009). Two homologs of
yeast DMC1, DMC1A and DMC1B, have also been shown to be
required for homologous pairing in rice (Ding et al., 2001;
Kathiresan et al., 2002; Deng and Wang, 2007). Furthermore,
genetic analysis also revealed that rice RAD21-4, a homolog of
yeast Rec8/RAD21/SCC1 proteins, is essential for meiotic sister
chromatid cohesion. The male meiocytes of Rad27-4 RNAi lines
show multiple aberrant events at meiotic prophase |, including
overcondensation of chromosomes, precocious segregation of
homologs, and chromosome fragmentation (Zhang et al., 2006).
Rice MER3, similar to its counterparts in yeast and Arabidopsis,
encodes a ZMM protein required for normal meiotic crossover
formation. Disruption of MERS function causes defects in meiotic
crossover formation, leading to many univalents that are ran-
domly segregated (Wang et al., 2009).

Our analyses showed that the pss7 mutant has normal veg-
etative and floral development and functional female gameto-
phytes, but both pollen viability and spikelet fertility are greatly
reduced (~50 and 40%, respectively). Microscopy examination
revealed that unlike msp1, udt1, and tdr, anther wall develop-
ment in pss7 mutants is normal, and the tapetum and the middle
layers degenerate normally. DAPI staining of young microspores
revealed that most of the sterile pollen grains abort at the
uninucleate stage, and the aborted pollen grains have irregular
shapes. Most of them are shrunken with defects in the accumu-
lation of starch granules, but with a clearly visible germination
pore, a structure formed at the uninucleate stage. About 50% of
the microspores fail to enter PM |, resulting in aborted pollen. Our
cytological studies showed that the pss7 mutant displays a range
of defects in male meiosis, including univalents at metaphase I,
delayed chromosomes and chromosomal bridges at anaphase |
and anaphase Il, and micronuclei at the tetrad stage. In com-
parison to other previously reported meiotic mutants, the pss7
mutant does not have detectable defects in chromosome pairing



122 The Plant Cell

Figure 10. Chromosome Dynamics in pss1 Mutant Male Meiocytes.

Chromosomes are stained with 0.1 mg/mL propidium iodide. Bars =5 um.
(A) to (D) Zygotene (A), pachytene (B), diplotene (C), and diakinesis (D).
(E) Metaphase | front view, showing only 11 bivalents arranged at the
equatorial plate and two isolated univalents (indicated by arrowheads).
(F) Metaphase | polar view, showing 11 bivalents and two univalents
(indicated by arrowheads).

(G) Anaphase |. Arrowhead indicates the delayed univalents.

(H) Anaphase |. Arrowhead indicates chromosome bridge.

() Telophase 1.

(J) Metaphase II.

(K) Anaphase Il. Arrowheads indicate the delayed univalents.

(L) Telophase II.

(M) pss1 forms micronuclei (indicated by arrowheads) at the tetrad stage.
(N) Abnormal anaphase II.

(O) Abnormal tetrad in the pss7 mutant.

like pair1, pair2, and pair3, with only one pair of univalents in the
meiocyte in most cases. The chromosomal behavior in pss1
mutant is similar to that of the Rad27-4 RNAI lines, since both
mutants show defective alignment of chromosomes on the
equator, lagging chromosomes, and formation of chromosome
bridge and asymmetric ‘tetrads’, but the frequency of asymmet-
ric ‘tetrads’ in pss7 mutant is lower than that observed in the
Rad21-4 RNAI plants. These observed cellular and subcellular
defects together with the transcriptional data suggest that PSS1
most likely acts downstream of MSP1, MEL1, UGP1, UDT1, TDR,
PAIR1, PAIR2, PAIR3, MERS, and Rad21-4 in male gametogen-
esis (see Supplemental Figure 4B online), although their precise
functional relationships remain unknown at this stage.

It is worth noting that the pss7 mutants also display several
other intriguing phenotypes. First, although PSS1 functions in a
sporophytic fashion in male fertility and all microspores of a
homozygous mutant have the identical genotype, only about half
of the pollen grains are aborted. The underlying reason for the
observed partial male sterility of the pss7 mutant is not clear. One
possibility is that pss7 may represent a partial loss-of-function
mutation, as it carries a missense mutation. However, our results
showed that mutation in the pss7 mutant almost completely
abolishes the microtubule-stimulated ATPase activity of PSS1,
suggesting a near complete loss of function. Alternatively, there
may exist functional overlap between PSS1 with kinesins of other
families. In line with this possibility, previous studies have shown
that Arabidopsis ATK1 and its homologs NCD, KAR3, and KLPA
have some functional resemblance as well as distinct functions
as revealed by detailed analyses of their mutant phenotypes
(Chen et al., 2002).

Second, despite the obvious defects in meiotic chromosome
alignment and segregation, the majority of the spindles in pss7
mutants have normal morphology. These observations suggest
that there may exist other kinesins sharing an overlapping
function in regulating spindle morphogenesis. Alternatively,
PSS1 may be not involved in spindle morphology but may
participate in regulating chromosome movement. It has been
proposed that the flux or slow poleward movement of spindle
microtubules with their attached chromosomes, elongation of
the spindle, and chromosome movement along spindle fibers
probably act together to promote poleward movement of chro-
mosomes in anaphase (Endow, 1999). PSS1 may attach to
chromosomes and pull them along the spindle during meiosis, in
a fashion similar to mitotic chromokinesins (Mazumdar and
Misteli, 2005). The loss of microtubule-stimulated ATPase activ-
ity of the mutated PSS1 protein might be responsible for the
observed delay in chromosome movement during meiosis.

Another defect in the pss7 mutant is a failure of anthers to
dehisce at the time of spikelet opening or even after its closing.
Little is known about the genetic control of anther dehiscence in
rice and how it is coordinated with other developmental pro-
cesses that occur in the anther and florets. The rice anther
indehiscence1 mutant is defective in anther dehiscence due to
a defect in the programmed degradation and breakage of an-
ther wall tissues, which lead to a spikelet sterility phenotype
(Zhu et al., 2004). More insights into anther dehiscence have
been gained through genetic analysis of Arabidopsis male-
sterile mutants. Several Arabidopsis mutants defective in anther
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Table 1. Statistics of Abnormal Chromosomal Behavior in the pss7 Mutant

Abnormal Cells

Cells/Frequency = Chromosome Behavior  Cells/Frequency

Normal
Stages Cells Observed  Cells/Frequency = Chromosome Behavior
Metaphase | 50 23/46% Univalents
Anaphase | 56 18/32% Chromosome bridge
Anaphase I 60 21/35% Micronucleus
Tetrad 46 16/35% Micronucleus

27/54% n.d. n.d.
16/29% Delayed univalents 22/39%
17/28% Delayed univalents 22/37%
25/54% Triad 5/11%

n.d., not detected.

dehiscence, such as dde1/opr3 (Sanders et al., 2000; Stintzi and
Browse, 2000), coi1 (Feys et al., 1994; Xie et al., 1998), dad1
(Ishiguro et al., 2001), and aos/dde2-2 (Park et al., 2002; von
Malek et al., 2002), are all defective in jasmonic acid biosynthesis
or signaling. Another anther dehiscence-related gene, MS35/
MYB26, is involved in the lignin biosynthesis pathway (Yang
et al., 2007). The exact reasons for defective anther dehiscence
in pss1 are not known. We speculate that this could be due to
reduced mechanical pressure generated in the pollen sacs in the
pss1 mutants. In rice, it has been observed that, prior to dehis-
cence, pollen grains swell rapidly, and it has been proposed that
this rapid swelling generates a significant mechanical force that
has a role in rupturing the enzymatically weakened septum
(Matsui et al., 1999a, 1999b). In pss? mutants, there are only
~50% of normal pollen, and the other 50% anamorphic pollen
grains have no accumulations of starch granules. These aborted
pollen grains cannot swell during floret opening; this will reduce
the mechanical pressure. Thus, we deduced that the anther
indehiscence in pss1 mutants could be a secondary effect of
reduced pollen viability, which also contributes to the low panicle
fertility of the mutant.

PSS1 Is a Member of the Kinesin-1 Family

In this study, we demonstrated that the rice PSS7 gene encodes
a protein belonging to the kinesin-1 family of the kinesin super-
family (Lawrence et al., 2004). The kinesin-1 family is the
founding member of the kinesin superfamily, formerly called
KHC or conventional kinesin. Based on studies from other
eukaryotes, kinesin-1 family proteins are generally known to
function as organelle transporters (Brady et al., 1990) and are
involved in nuclear movement (Holzinger and Liitz-Meindl, 2002).
Little is known about kinesin-1 family proteins in flowering plants.
Through computational analysis, we found that PSS1 represents
the only kinesin-1 family member in the rice genome and shares
highest sequence identity with the product encoded by the
Arabidopsis At3g63480 gene (amino acid sequence identity
59.09%). The biological function of At3g63480 is unknown. Our
genetic, molecular, and cell biology analyses strongly support a
function of PSS1 in chromosome segregation in male meiocytes
and male gametogenesis. Thus, our data indicate that the
molecular and biological functions of kinesin-1 family members
may have diverged in the plant and animal kingdoms.

Several non-kinesin-1 family proteins have been reported to
function in regulating diverse cellular processes during male
meiosis and gametophyte development in dicotyledonous plants.

The recently reported Arabidopsis KIN14a (also known as ATK1
or KATA), a C-terminal kinesin belonging to kinesin-14 family,
and KIN14b (formerly ATK5) have evolved partially distinct func-
tions in regulating male meiosis (Quan et al., 2008). Arabidopsis
atk1 mutants have greatly reduced male fertility and unfocused
spindle poles with disorganized microtubules. Bivalents in the
mutant meiocytes fail to align at the metaphase | plate properly,
with some bivalents lagging behind in their movement to the
metaphase | plate (Chen et al., 2002). Arabidopsis TETRASPORE
(TES)/STUD/NACK2 and NACK1/HINKEL are kinesin-like pro-
teins that have overlapping functions essential for regulating
meiotic cytokinesis (Tanaka et al., 2004; Oh et al., 2008).
PAKRP1/Kinesin-12A and PAKRP1L/Kinesin-12B also jointly
play a critical role in the organization of phragmoplast microtu-
bules and cell plate formation during male meiotic cytokinesis
(Lee et al., 2007). Intriguingly, mutations in the rice DBS1 gene, a
homolog of the Arabidopsis STUD/TES/NACK2 and NACK1/
HINKEL genes, cause a severe dwarf phenotype and cell wall
stubs in rapidly dividing cells, also reflecting defects in cytoki-
nesis (Sazuka et al., 2005). These observations suggest that
there may be some functional overlaps between kinesin-1 fam-
ily and other kinesins in regulating meiosis and cytokinesis in
higher plants.

R289 Plays a Critical Role for the Microtubule Interacting
Activity of PSS1

Inthe pss1 allele, a missense mutation causes substitution of the
Arg-289 (R) residue by a His (H) residue (Figure 5B). Arg-289 is
located in the conserved region of the motor domain and is highly
conserved in all kinesin-1 family members across plant and
animal kingdoms. Sequence analysis revealed that Arg-289 of
PSS1 corresponds to the Arg-284 residue of human KHC (also
known as KIF5B) (see Supplemental Figure 6 online). Human
KHC exhibits ubiquitous expression with prominent glial cell
expression and plays a significant role in growth and survival of
Hela cells. Depletion of KHC affects lysosomal distribution and
stability and induces perinuclear accumulation of autophago-
somes in cancer cells (Cardoso et al., 2009). It has been reported
that R284 of human KHC is one of the key residues located in
the a5 region involved in microtubule interaction (see Supple-
mental Figure 7 online for the three-dimensional structure), and
mutations of this residue decrease affinity for microtubules
(Woehlke et al., 1997). Our analyses also showed that the
pss1 mutant protein has a drastically reduced microtubule-
stimulated ATPase activity, which likely reflects a decrease in
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its microtubule binding ability. Notably, mutation of the corre-
sponding residue in the Arabidopsis TES protein (Arg-306 to Lys)
in the tes-2 allele causes defects in microspore wall separation
owing to the failure of the male postmeiotic cytokinesis (Spielman
et al., 1997; Yang et al., 2003) (see Supplemental Figure 6 online
for amino acid alignment). These findings strongly support the
notion that Arg-289 and its corresponding residue in the kinesin
motor domain are critical for the biological function of PSS1 and
other kinesins, and this residue is most likely involved in micro-
tubule interaction. Future studies will be aimed to more precisely
determine the cellular function of PSS1 and its functional rela-
tionship with other gene products regulating male meiosis inrice.

METHODS

Plant Materials and Growth Conditions

The pss1 mutant was initially identified as a spontaneous semisterile
mutant in the japonica rice (Oryza sativa) variety Nipponbare. Genetic
analysis revealed that the semisterility phenotype was stably inherited. A
semisterile progeny line, w207-2, was selected for further analysis, which
displays ~50% pollen viability and ~40% spikelet fertility. When w207-2
was crossed with the wild type or wide-compatibility varieties, the fertility
of F1 plants was normal. F2 plants segregated fertile plants and semi-
sterile plants in a 3:1 ratio, suggesting that the mutant phenotype was
controlled by a single recessive nuclear gene (Yu et al., 2005). An F2
mapping population was generated from a cross between the pss?
mutant and the indica variety Dular. Dular carries a suite of neutral alleles:
S-7n (Yanagihara et al., 1992), S-5n, S-8n, S-9n, S-16n, and S-17n (Wan
et al., 1993, 1996; Wan and lkehashi, 1995, 1996). All rice materials were
grown in the paddy field at the Jiangsu Academy of Agricultural Sciences
(Nanjing, China) in the natural growing season.

Evaluation of Pollen, Embryo Sac, and Spikelet Fertility

To estimate the level of pollen viability, three spikelets were collected
from each plant shortly before anthesis and fixed in 70% ethanol. Three
anthers were sampled at random from each spikelet. Between 100 and
200 stained pollen grains (1% l»-KI solution) were inspected by light
microscopy.

A whole-mount stain-clearing laser scanning confocal microscopy
method (Zhao et al., 2007) was used to evaluate the structure of mature
embryo sacs in the wild type and the pss7 mutant. Between 100 and 150
mature florets from 10 wild-type and mutant plants were fixed in FAA
solution (containing an 18:1:1 [by volume] mixture of formalin, 70%
ethanol, and acetic acid). The samples were placed in a vacuum for 30
min and incubated for 24 h at room temperature, after which the tissue
was stored in 70% ethanol at 4°C. Before staining, the samples were
transferred to 70% ethanol; the lemma and palea were removed to
expose the ovary to ethanol. The tissue was then processed through an
ethanol series (50, 30, and 15%) and finally transferred into distilled water.
The whole mature ovary was incubated in 2% aluminum potassium
sulfate for 20 min, held in 10 mg/L Eosin Y (Amresco; 0109) water solution
for 10 to 12 h, in 2% aluminum potassium sulfate once again for 20 min,
washed with distilled water for 24 h, and finally washed three or four times
in tap water. The samples were dehydrated by passing through an ethanol
series (30, 50, 70, and 100%) and cleared in 100% methyl salicylate three
times (for >10 h in the final incubation). The embryo sacs were then
examined by confocal laser scanning microscopy (Leica SP2).

Spikelet fertility was calculated as the proportion of fertile spikelets to all
spikelets on three panicles for each plant at maturity. Hand-saturated
pollination was performed to study the biology of semisterility in pss?

mutant. Ten panicles of the semisterile pss7 mutant were bagged before
flowering and then fertilized with wild-type Nipponbare pollen every day for
4 d. One month later, seed set in the bagged spikelets was calculated.

Scanning Electron Microscopy and Transmission
Electron Microscopy

For scanning electron microscopy, samples were prepared as described
previously (Li et al., 2003) with some modifications. Briefly, rice tissues
were excised with a razor and immediately placed in 70% ethanol, 5%
acetic acid, and 3.7% formaldehyde for 18 h. Samples were critical point
dried, sputter coated with gold in an E-100 ion sputter, and observed with
a scanning electron microscope (S3400N; Hitachi).

For transmission electron microscopy, samples were fixed in 3% (w/v)
paraformaldehyde and 0.25% glutaraldehyde in 0.2 N sodium phosphate
buffer, pH 7.0, and were then postfixed in 2% OsO, in PBS, pH 7.2.
Following ethanol dehydration, samples were embedded in acrylic resin
(London Resin Company). Ultrathin sections (50 to 70 nm) were double
stained with 2% (w/v) uranyl acetate and 2.6% (w/v) lead citrate aqueous
solution and examined with a JEM-1230 transmission electron micro-
scope (JEOL) at 80 kV.

Examination of Pollen Grains on the Stigma

To observe the pollen grains on the stigma, the spikelet of the mutant and
wild type were marked when their glume opens. The spikelets were
harvested 2 h after anthesis and fixed in FAA fixation (containing an 18:1:1
[by volume] mixture of formalin, 70% ethanol, and acetic acid) for 24 h.
The spikelets were then processed through an ethanol series (70, 50, and
30%) and washed with distilled water three times. The spikelets were
incubated in 10 N sodium hydroxide for 5 to 8 min at 56°C and then
washed with distilled water three times and stained with 0.1% water blue
(Fluka; 95290) overnight. Finally, the samples were examined using a
fluorescence microscope (Leica DM5000B).

Determination of Total Pollen Grains per Anther

The number of total pollen grains was counted as described previously
(Nakamura et al., 2000). Briefly, the number of pollen grains was counted
for the spikelets at the specific position on the panicle, which is the 3rd,
4th, and 5th spikelets on the 1st, 2nd, and 3rd primary branches. The
spikelets were sampled from six panicles (three panicles from each pot)
and fixed with 50% ethanol 1 or 2 d after heading. The pollen grains were
counted for two anthers from each of 10 spikelets taken randomly from
the sample. The pollen grains were examined by staining with iodine-
potassium iodide solution and counted using an optical microscope.

In Vitro Pollen Germination Assay

For pollen germination tests, Brewbaker and Kwach medium (10% su-
crose, 100 mg L~ boric acid, 300 mg L~ calcium nitrate, 200 mg L~'
magnesium sulfate, and 100 mg L~ potassium nitrate) was used. Pollen
grains were placed on a clean 24 X 50-mm cover glass, and 20 p.L of the
liquid medium were added. The cover glass was placed on a piece of
moist filter paper in a plastic dish. Then, the dish was sealed tightly and
incubated for 60 min at 25°C in the dark. The pollen grains were then
observed under a microscope. More than 200 pollen grains were exam-
ined to determine the percentage of germination. Pollen grains with pollen
tube elongated longer than the diameter of the pollen grain were scored
as successful germination.

Plastic Sections

Observation of anther development was performed on standard plastic
sections as described previously (Li et al., 2006). Spikelets of different



developmental stages were collected, based on the length of spikelet,
and fixed with 3% (w/v) paraformaldehyde and 0.25% glutaraldehyde in
0.2 N sodium phosphate buffer, pH 7.0, for 20 h at 4°C, rinsed with 0.1 M
phosphate buffer, pH 7.0, and dehydrated through an ethanol series. The
samples were embedded in Technovit 7100 resin (Hereaus Kulzer) and
polymerized at 45°C. Transverse sections of 2 um were cut using an
Ultratome IlI ultramicrotome (LKB) and stained with 0.25% toluidine blue
O (Chroma Gesellshaft Shaud). Images were captured using Leica Appli-
cation Suite 3.3 and merged and enhanced using Photoshop CS (Adobe).

DAPI Staining

The panicles, including flowers in meiosis, were fixed with 3:1 ethanol:
acetic acid and stored at 4°C until observation. Single anthers were
dissected from the isolated spikelet using a dissecting microscope (Leica
MZ16). Anthers were disrupted on microscope slides using dissecting
needles and gently squashed in DAPI staining solution (0.1 M sodium
phosphate, pH 7.0, 1 mM EDTA, and 1 mg/mL DAPI) under a cover slip.
After staining for 20 min, the stained pollens were monitored under UV
light with a fluorescence microscope (Leica DM5000B).

Complementation Test of the pss7 Mutant

For functional complementation, a 7.6-kb genomic DNA fragment con-
taining the entire coding region, 3777-bp upstream sequence, and 368-
bp downstream sequence was amplified by PCR with primers named W1f
and W1r, using the BAC clone OSJNBa0085H08 as the template. The
PCR product was recombined into pDONR-207 (Invitrogen) to generate a
Gateway entry clone and finally recombined into the binary Gateway
vector pGD625 (Chalfun-Junior et al., 2005) carrying a kanamycin resis-
tance marker to generate the pGD625-PSS1 construct. The pGD625-
PSS1 and the control pGD625 binary plasmids were introduced into the
Agrobacterium tumefaciens strain EHA105 and used to infect the pss1
mutant calli. Transformed calli were grown in darkness at 25°C for 3 d.
Kanamycin-resistant calli were grown in an isolated greenhouse to
produce transgenic plants.

For molecular identification of TO transgenic plants, a dCAPS marker
(Neff et al., 1998) was designed to identify the mutation site of pss?
mutant, and a mismatch was made in the antisense primer W2r using
dCAPS Finder 2.0 software (Neff et al., 2002) at http://helix.wustl.edu/
dcaps/dcaps.html. It generated an additional EcoRl site in the wild-type
allele (GAATTC) but not in the mutant allele (GAATTT). The sense primer
was W2f. A total of 5 pL of each PCR product was digested with 0.1 units
EcoRl (Takara) in a total volume of 20 pL at 37°C overnight. After
digestion, 2 pL of each of the digested PCR products was separated on
8% polyacrylamide gel. The positive transgenic plants have bands
corresponding to both the wild type and the mutant alleles.

To generate the RNAi construct, two inverted repeat PCR fragments
were amplified using the first-strand cDNA derived from rice panicle as the
template and the following two pairs of primers named W3f and W3r, and
W4f and W4r. The PCR fragments were sequentially cloned into Xhol/Kpnl
and BamHI/Xbal sites of the pHANNIBAL vector in the sense and antisense
orientations. The whole-stem loop fragment was further cloned into
pCam23ACT:OCS vector between the rice Actin1 promoter and OCS
terminator sequence, yielding the binary PSS7 RNAi vector. The PSS1 RNAI
and its empty vector control were introduced into the Agrobacterium strain
EHA105 and used to infect the Kitaake (a japonica variety) calli. Trans-
formed calli were grown in darkness at 25°C for 3 d. Kanamycin-resistant
calli were grown in an isolated greenhouse to produce transgenic plants.
The regenerated plants were further confirmed by PCR using W5f and W5r
primers corresponding to the neomycin phosphotransferase Il gene. All
primer sequences are listed in Supplemental Table 2 online.
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RT-PCR and Real-Time PCR Analysis

Total RNA was extracted using a RNA prep pure plant kit (Tiangen)
according to the manufacturer’s instructions. The first-strand cDNA was
synthesized using oligo(dT) as the primer. For the PCR step, two specific
primers, W6f and Wér, within the PSS7 cDNA were used. Rice elongation
factor 1a (EF-1a) was used as a control with the primer pair W7fand W7r.

Real-time PCR analysis was conducted using ABI7900HT Fast real-
time PCR system with the SYBR Premix Ex Taq (TaKaRa; RR041A) and
three biological repeats. For each sample, quantification was made in
triplicate. Melt curves were read at the end of each amplification by steps
of 0.3°C from 65 to 95°C to ensure that the quantification data were
derived from real PCR products and not from primer dimers. Specific
gene expression was normalized to the internal control gene Ubiquitin
using the primer pair named ubif and ubir. The gene expression value of
the wild type was used as a control and set at 1.0. For each specific gene,
primer pairs were as follows: for PSS1 gene with primer pair pss1f and
pssir; for MEL1 gene with primer pair mel1f and melir; for UGP1 gene
with primer pair ugp1f and ugp1r; for Rad217-4 with primer pair osrad21-4f
and osrad21-4r; for PAIR1 gene with primer pair pairif and pairir; for
PAIR2 with pair2f and pair2r; for PAIR3 gene with primer pair pair3f and
pair3r; for MER3 gene with primer pair mer3f and mer3r. All primer
sequences are listed in Supplemental Table 2 online.

PSS1-GUS Reporter Gene Construction and Analysis

A 4.3-kb promoter genomic fragment upstream of the ATG start codon
was amplified by PCR (see PCR primer sequences promoter-f and
promoter-r in Supplemental Table 2 online) using the Nipponbare ge-
nomic DNA as the template and cloned into the binary vector pPCAMBIA
1305 to drive the GUS reporter gene expression. Transgenic plants were
generated as described above. GUS histochemical staining was per-
formed as described previously (Jefferson, 1987). Images were captured
using Leica Application Suite 3.3 and merged and enhanced using
Photoshop CS (Adobe).

Subcellular Localization of PSS1 Protein

To investigate the cellular localization of PSS1, the PSS1 cDNA was fused
in frame with GFP and inserted between the cauliflower mosaic virus 35S
promoter and the NOS terminator in the PA7 vector. The expression
construct was transfected into rice and Arabidopsis thaliana protoplasts
according to the protocols described previously (Chen et al., 2006; Yoo
et al., 2007), with GFP alone as the control. The mCherry-tagged rice
prolamin box binding factor (RPBF-mCherry) construct was used as a
nuclear marker (Kawakatsu et al., 2009). The samples were observed with
a confocal laser scanning microscope (Leica TCS SP5).

Microtubule-Activated ATPase Assay

We cloned cDNA fragments encoding the motor domain of PSS1 (first 350
amino acids; see PCR primer sequences motor-f and motor-r in Supple-
mental Table 2 online) from Nipponbare or the pss7 mutant into the BamHI
and Sall site of pET30a (+) (Novagen) and prepared the fusion proteins
following the manufacturer’s protocol. A kinesin enzyme-linked inorganic
phosphate assay biochemistry kit (Cytoskeleton) was used to mea-
sure the microtubule-activated kinesin ATPase of the motor domain of
wild-type and mutantPSS1 proteins. The assay is based on an absorbance
shift (330 to 360 nm) that occurs when 2-amino-6-mercapto-7-methyl-
purine ribonucleoside (MESG) is catalytically converted to 2-amino-6-
mercapto-7-methyl purine in the presence of inorganic phosphate (Pi)
and purine nucleoside phosphorylase. The reactions were set up in wells
of a one-half-area 96-well plate, and each well contained 15 pg wild or
mutant PSS1 motor protein, 15 mM PIPES, pH 7.0, 5.0 mM MgCl,, 15 pM
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paclitaxel, 0.75 mM ATP, 0.2 units purine nucleoside phosphorylase, 0.2
mM MESG reagent, and microtubule concentrations ranging from 0 to 200
rg/mL in a reaction volume of 200 pL. Reactions were started by the
addition of ATP and were read every 30 s at 360 nm for a total of 15 min using
amonochromatic spectrophotometer (SpectroMax250; Molecular Devices).

Meiotic Chromosome Examination

Young (40- to 60-mm) panicles, including flowers in meiosis, were fixed with
3:1 ethanol:acetic acid and stored at 4°C until examination. Anthers were
staged by staining with 1% of Aceto carmine (Sigma-Aldrich Chemical) to
visualize chromosomes under an optical microscope. Anthers of appropri-
ate stages were squashed in 40% acetic acid with a cover slip. After
freezing in liquid nitrogen for 5 min, the cover slip was removed and the
sample dried at room temperature. Then meiocytes were treated with 20 pL
of 0.1 mg/mL propidium iodide for ~20 min to stain chromatin. Finally, the
male meiocytes were observed using a fluorescence microscope (Leica
DM5000B). Images were captured using Leica Application Suite 3.3 and
merged and enhanced using Photoshop CS (Adobe).

Immunofluorescence Assay

Observation of the spindle morphology in male meiocytes was performed
following a previously described immunofluorescence method (Chan and
Cande, 1998). Meiocytes were always used the day the panicles were
harvested. Anthers (30 to 40) of appropriate stages were placed into 2 mL
of fixative solution: 8% (v/v) paraformaldehyde (Electron Microscopy
Sciences) in PHEMS buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA,
2 mM MgCl,, and 0.32 M sorbitol, pH 6.8) in a small Petri dish and shaken
for 2 h at a medium speed (~100 rpm). Then, the anthers were rinsed with
PHEMS buffer without formaldehyde. Using a microblade and forceps,
the ends of each anther was cut off, and meiocytes were extruded from
the anthers into PHEMS buffer. Aliquots (10 pL) of cell suspension were
placed into 1.5-mL microcentrifuge tubes, and 10 pL of molten 3%
agarose (ultralow gelling agarose; SeaPrep 15/45, FMC Corporation) in
PHEMS buffer were added to each tube. The tubes were cooled to slightly
below 15°C, allowing the agarose to solidify. The agarose block in each
tube was incubated overnight at room temperature with 100 L of 1.5%
B-glucuronidase (Sigma-Aldrich Chemical; G-0751) in PHEMS buffer to
digest the cell walls. The agarose blocks were rinsed with 100 pL PBS
(0.14 M NaCl, 2.7 mM KCI, 10 mM Nap,HPO,, and 1.8 mM KH,PO,,
pH 7.2). The agarose block in each tube was then incubated with 50 pL
of PBS-diluted (1:1000) mouse monoclonal antibody against a-tubulin
(Sigma-Aldrich Chemical; T-9026) overnight at room temperature, rinsed
with PBS, and then incubated overnight at room temperature with 30 pL
of PBS-diluted (1:30) fluorescein isothiocyanate—conjugated goat-anti-
mouse antibody (Sigma-Aldrich Chemical; F-0257). After rinsing with
PBS, the blocks were treated with 50 pL of 0.1 mg/mL propidium iodide
for ~30 min to stain the chromosomes. The agarose blocks were rinsed
with PBS and then placed on glass slides. For each slide, a layer of tape
was placed on each side of the slide to raise the cover slip. Approximately
100 pL of 100 mg/mL 1,4-diazobicyclo (2, 2, and 2) octane (DABCO;
Sigma-Aldrich Chemical) were placed on each block (100 mg of DABCO
were combined with 0.1 mL of PBS and 0.9 mL of glycerin). The slides were
heated until the agarose blocks just melted completely. A cover slip was
placed onto each slide, and the cover slips were sealed to the slides with
fingernail polish. The male meiocytes were observed using confocal laser
scanning microscopy (Leica SP2). Five or six photos of optical sections
from a meiocyte were merged and enhanced using Photoshop CS (Adobe).

Computational and Database Analysis

The kinesin sequences were downloaded from the kinesin homepage
(http://www.cellbio.duke.edu/kinesin/KinesinAlign.html). Multiple sequence

alignments were performed using ClustalW (Thompson et al., 1994) with the
BLOSUM matrix (Henikoff and Henikoff, 1992). A phylogenetic tree was
constructed with the aligned kinesin motor sequences using MEGA soft-
ware (version 4.0) (http://www.megasoftware.net/index.html) (Tamura
et al., 2007) based on the neighbor-joining method with the following
parameters: p-distance model, pairwise deletion, and bootstrap (1000
replicates; random seed).

The three-dimensional structure of human KHC (Hs KHC) was down-
loaded from the National Center for Biotechnology Information (http://
www.ncbi.nim.nih.gov), and figures were generated using Cn3D software
(http://www.ncbi.nIm.nih.gov/Structure/CN3D/cn3d.shtml).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under the following accession number: PSS1, AK287457;
MEL1, AB297928; UGP1, DQ395328; Rad21-4, AY371049; PAIR1,
AB158462; PAIR2, AB109238; PAIR3, FJ449712; MERS, FJ008126; and
Ubiquitin, AF184279.
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