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Cell differentiation is essential for the development of multicellular organisms. In flowering plants, the
haploid male gametophytes (pollen grains) are generated in the anther from reproductive cells called

microsporocytes. Several types of somatic cells ensure successful pollen development, and thus reproduction.
However, it is not clear what genes regulate the differentiation of these diverse, highly specialized cells in the
anther. We report here the isolation and characterization of a novel Arabidopsis thaliana male sterile mutant,

excess microsporocytesl (ems1), that produces excess microsporocytes, lacks tapetal cells, and abnormally
maintains middle layer cells. Although the meiotic nuclear division in the ems1 mutant is normal, the
microsporocytes do not undergo cytokinesis, resulting in failed microsporogenesis and male sterility. The
EMS1 gene encodes a putative leucine-rich repeat receptor protein kinase (LRR-RPK), and its expression is
associated with the differentiation of the microsporocytes and tapetal cells, suggesting that EMS1 mediates
signals that control the fate of reproductive cells and their contiguous somatic cells.
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The life cycle of flowering plants alternates between the
diploid sporophyte and haploid gametophyte genera-
tions. Male gametophytes develop in anthers where cell
division, differentiation, and subsequent degeneration
are essential for successful reproduction (Scott et al.
1991; Goldberg et al. 1993; McCormick 1993). The an-
ther usually has a four-lobed structure consisting of
highly specialized reproductive and nonreproductive tis-
sues (Goldberg et al. 1993). The reproductive tissue con-
tains microsporocytes that undergo meiosis and produce
microspores that in turn develop into pollen grains. The
nonreproductive tissues or somatic cell layers, including
the epidermis, endothecium, middle layer, and tapetum,
are required for normal pollen development and the re-
lease of pollen grains. In particular, the importance of
tapetum for pollen development has been demonstrated
by the observation that selective destruction of the ta-
petum in tobacco and oilseed rape results in the failure of
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pollen formation (Mariani et al. 1990, 1992; Denis et al.
1993). Therefore, the anther offers an excellent system to
study cell type differentiation and cell signaling in the
plant.

The ontogeny of the anther is divided into two phases
(Goldberg et al. 1993). During the first phase, anther
morphology is established and the differentiation of mul-
tiple and highly specialized types of cells is completed.
In particular, archesporial cells give rise to the microspo-
rocytes, tapetum, middle layer, and endothecium. In ad-
dition, microsporocytes undergo meiosis toward the end
of this phase. In the second phase, the anther enlarges in
size and microspores develop into pollen grains. Subse-
quently, specific anther tissues degenerate and the an-
ther dehisces to release the pollen grains. Genetic and
molecular studies have revealed that the identity of sta-
men primordium is controlled by the combination of
class B and C genes in Arabidopsis, snapdragon, and a
number of other plants (Coen and Meyerowitz 1991;
Meyerowitz et al. 1991; Ma 1994; Weigel 1995; Ma and
dePamphilis 2000). In Arabidopsis, the B genes
APETALA3 and PISTILLATA (Bowman et al. 1989;
Jack et al. 1992; Goto and Meyerowitz 1994), the C
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gene AGAMOUS (Yanofsky et al. 1990), and the
SEPALLATA1/2/3 genes (Pelaz et al. 2000) are required
for normal anther initiation. However, it is unknown
how these genes control cell fate determination in the
stamen.

The Arabidopsis mutant sporocyteless (spl) (Yang et
al. 1999), which is allelic with nozzle (nzz) mutants
(Schiefthaler et al. 1999; Balasubramanian and Schneitz
2000), fails to form both male and female sporocytes. SPL
(NZZ) encodes a novel nuclear protein and is expressed
before the initial archesporial periclinal cell divisions in
the anther, suggesting that SPL (NZZ) plays an early role
in the anther development. During later stages of anther
development, several Arabidopsis mutants have been
found to exhibit defects in tapetum development. For
example, in the ms9 and ms15 mutants, the tapetum
degenerates prematurely (Taylor et al. 1998). In addition,
the msI mutation causes tapetal cells to become abnor-
mally vacuolated after the microspores are released from
the tetrads; the MSI gene encodes a putative transcrip-
tional regulator with a PHD-finger motif (Dawson et al.
1993; Wilson et al. 2001). Also, the tapetum and middle
layer in the fat tapetum mutant enlarge beyond their
normal sizes with concurrent breakage and degeneration
of microspores (Sanders et al. 1999). However, very little
is known about the molecular mechanisms controlling
cell fate determination, cell patterning and cell signaling
in the anther. Specifically, genes controlling the tapetal
cell identity have not yet been described.

Here we describe the isolation and analysis of a novel
Arabidopsis male sterile mutant, excess microsporo-
cytesl (ems1). In addition to producing excess microspo-
rocytes, the ems1 mutant lacks tapetal cells, and main-
tains the middle layer for a period of time longer than
wild-type plants. The male meiotic nuclear division
seems normal in the ems] mutant, but the male meiotic
cytokinesis does not occur, resulting in the failure of
microsporogenesis and male sterility. The EMSI gene
was isolated by transposon tagging, and it encodes a pu-
tative leucine-rich repeat receptor protein kinase (LRR-
RPK). Furthermore, EMS1 expression is associated with
the differentiation of the microsporocytes and tapetal
cells, thereby suggesting that EMS1 controls the fate of
reproductive cells and their adjacent somatic cells.

Results

Isolation of the excess microsporocytesl mutant

To identify genes that are important for the regulation of
anther development, we generated Arabidopsis insertion
lines using a transposon derived from the maize Ds ele-
ment (Sundaresan et al. 1995). After screening 359 Ds
insertion lines, we found one line that segregated for
male sterile plants. The F1 plants from a cross between
the sterile mutant and the wild type had normal fertility,
and the F2 plants segregated for both normal fertility (98
plants) and sterility (31 plants), indicating that the defect
was likely caused by a recessive mutation in a single
gene. The Ds element carries the Kan® marker, allowing
the presence of the Ds element to be determined using a
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plate assay. Approximately three-quarters (128) of the F3
seedlings from Ds/- F2 plants were kanamycin-resistant,
and one-quarter (44) were kanamycin-sensitive. In addi-
tion, when the kanamycin-resistant seedlings were
grown to maturity, one-third (41) displayed the sterility
phenotype. These results suggest that the male sterile
mutation may be linked to the Ds insertion.

Phenotypic analysis of the excess
microsporocytesl mutant

Although the newly isolated mutant was completely
male sterile, it exhibited normal vegetative and floral
development (Fig. 1A,B,D,E). To analyze the develop-
mental defects that caused male sterility in the mutant,
we compared anther and pollen development in wild-
type and mutant plants. The wild-type mature and im-
mature anthers contained pollen grains and microspores,
respectively (Fig. 1G,I), but the mutant anthers lacked
pollen grains and microspores (Fig. 1H,]J).

We then prepared transverse sections of anthers to fur-
ther examine defects in the mutant. Anther develop-
ment in Arabidopsis has been divided into 14 stages
based on morphological landmarks of cellular events vis-
ible under the light microscope (Sanders et al. 1999).
From stage 1 to 4, a four-lobed structure is generated. A
stage-1 anther has L1, L2, and L3 layers. The L1 layer
provides cells for the epidermis, and the L2 layer is
largely responsible for generating cells for other somatic
layers and the sporogenous tissue in each lobe. The L3
layer forms the vascular and other tissues at the center of
the anther. Archesporial cells are derived from the L2
layer at stage 2, and then divide to form primary sporog-
enous cells and primary parietal cells at stage 3. The
primary sporogenous cells will divide and develop into
microsporocytes, whereas the primary parietal cells fur-
ther divide into two sets of secondary parietal cells. At
stage 4, the inner set of secondary parietal cells adjacent
to the sporogenous cells divide and differentiate into ta-
petal cells, and the secondary parietal cells in the outer
set divide again to form endothecium and the middle
layer. At this time, the cells of endothecium, middle
layer, and precursors of the tapetal cells are not yet or-
ganized into layers, because they are not formed syn-
chronously (Fig. 2A). There was no detectable difference
between a wild-type and mutant anther from stage 1 to 3
(data not shown). At stage 4, the structure of the mutant
anther resembled that of the wild-type anther; however,
it is not known whether all of the cells are identical
between the wild-type and the mutant (Fig. 2A,B).

During stage 5 in a wild-type anther, microsporocytes
are formed at the center of each lobe (Fig. 2C,E). At this
point, five cell layers can be recognized; they are, from
outside to inside, the epidermis, endothecium, middle
layer, tapetum, and microsporocytes. The microsporo-
cytes are typically larger than the tapetal cells, which are
close to rectangular in shape and have formed a clearly
recognizable layer interior to the thin middle layer (Fig.
2F). In contrast, the mutant anthers at early stage 5 had
no tapetal layer (Fig. 2D) and at late stage 5 they had
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excess microsporocytes (Fig. 2F). Therefore, we named
the mutant excess microsporocytesl (ems1). At stage 6,
the microsporocytes in the wild-type anther are detached
from the tapetum and each other (Fig. 2G). The tapetal
layer is very distinctive, with vacuolated and intensely
stained cells (Fig. 2G). In addition, the middle layer de-
generates and collapses to a thin line (Fig. 2G). However,
in stage-6 emsl anthers, the microsporocytes still ad-
hered to each other and were abnormally enlarged (Fig.
2H). Furthermore, the middle layer was still visible in
the mutant anther (Fig. 2H).

In stage-7 wild-type anthers, meiotic cytokinesis has
completed, resulting in the formation of tetrads in the
anther locule (Fig. 2I). In contrast, the emsI anthers
lacked tetrads (Fig. 2]); instead the microsporocytes had
degenerated, suggesting that microsporogenesis was ar-
rested prior to meiotic cytokinesis. Moreover, the mu-
tant middle layer continued to persist (Fig. 2J). In the
wild type, at stage 8, the callose wall of tetrads degener-
ates and individual microspores are released (data not
shown). At stage 9, the microspores become vacuolated
and the exine wall is formed (Fig. 2K). During stages 7 to
9, the tapetal layer still exists in the wild type (Fig. 21,K).
However, in the mutant, the undivided microsporocytes
in the locule disintegrated into cell fragments or debris
and the middle layer was still present (Fig. 2],L; data not
shown). In the wild type, tapetum degeneration initiates
at stage 10 and is completed at stage 12 (data not shown).

An LRR receptor kinase controls anther cell fate

Figure 1. Comparison of the wild-type,
ems] mutant, and revertant plants and
flowers. (A) A wild-type plant showing nor-
mal seedpods. (B) A mutant plant with
small seedpods with no developing seeds.
(C) A mutant plant with revertant sectors
showing large seedpods (arrow). (D) A wild-
type flower showing pollen grains. (E) A
mutant flower lacking pollen grains. (F) A
close-up view of a revertant flower showing
pollen grains. (G) A portion of wild-type an-
ther with functional pollen grains stained
in red. (H) A portion of emsI mutant anther
without pollen grains. (I) Microspores from
wild-type anther regular in size. (J) Debris
from ems] mutant anther at stage similar
to that shown in I. In A, bar, 5 mm. In D, F,
bar, 500 um. In G,I, bar, 10 pm. A-C; D and
E; G and H; I and ] have same magnifica-
tion.

From stage 12 to 15, dehiscence occurs and pollen grains
are released. In the mutant, locules eventually became
empty (data not shown). During dehiscence, the anther
wall broke open, although no pollen grains were there to
be released.

We observed that in the ems1 mutant, the formation
of archesporial cells, primary sporogenous cells, primary
parietal cells, and secondary parietal cells was normal,
indicating that cell division in the first anther phase was
not affected. However, excess microsporocytes were
formed. The tapetal cells were absent, and the middle
layer persisted beyond the normal stage of its presence.
These results indicate that the EMSI gene is required for
normal cell differentiation in anther development.

The excess microsporocytesl mutant is defective
in controlling cell fate in anther development

The phenotypic analysis described above suggests that in
the emsI mutant, cells from the inner secondary parietal
cells developed into excess microsporocytes. If this is
true, the number of microsporocytes in the emsI mutant
anther should be close to the sums of the numbers of
normal microsporocytes and tapetal cells. We examined
160 locules of wild-type and ems1 anthers (see Materials
and Methods), and found that the number (with standard
deviation) of microsporocytes in sections of a mutant
locule near the middle of the anther (16.0 + 0.4) was
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Figure 2. Comparison of the wild-type and ems1 mutant anther development. The panels show the upper right lobe of the anther. (A)
Wild-type anther at stage 4 with the epidermis, endothecium, middle layer, and precursors of tapetal cells; cells of a particular layer
are not formed simultaneously. (B) Stage-4 mutant anther with a structure similar to the wild-type in A. (C) Wild-type anther at early
stage 5 showing the epidermis, endothecium, middle layer, tapetal layer, and microsporocytes. (D) Mutant anther at early stage 5
lacking the tapetal layer. (E) Wild-type anther at late stage 5 with structure similar to that in C. (F) Mutant anther at late stage 5 with
excess microsporocytes and a more obvious absence of the tapetal layer. (G) Stage-6 wild-type anther with epidermis, endothecium,
degenerated middle layer, vacuolated tapetal cells, and isolated microsporocytes. (H) Mutant anther at stage 6 containing enlarged and
undetached microsporocytes. The middle layer had not degenerated. (I) Stage-7 wild-type anther showing tapetal layer and tetrads. (])
Stage-7 mutant anther with degenerating microsporocytes and lacking tapetal layer. The middle layer was still present. (K) Wild-type
anther at stage 9 with tapetal layer and microspores. (L) Stage-9 mutant anther showing degenerated microsporocytes and persistent
middle layer. E, epidermis; En, endothecium; ML, middle layer; Ms, microsporocytes; MSp, microspores; PT, precursors of tapetal cells;
PPT, putative precursors of tapetal cells; T, tapetal layer; Tds, tetrads. Bar, 10 um. A and B, Cand D, Eand F, G and H, I and ], K and
L have same magnification.

much greater than that of the wild-type (5.3 + 0.2), but
close to the sum of microsporocytes and tapetal cells in
the wild type (18.5 =+ 0.4). This is consistent with the
idea that, in the emsl mutant, the cells that normally
develop into tapetal cells had differentiated into micro-
sporocytes, apparently without alteration in cell divi-
sion.

Although the microsporocytes appeared normal ini-
tially, they become abnormal subsequently and eventu-
ally degenerated. Since it was not clear whether meiotic
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nuclear division occurred in these microsporocytes, we
examined meiosis in the mutant and compared that with
the wild type. Wild-type microsporocytes undergo meio-
sis at stage-6 anther (Fig. 3A,C,E). In ems] microsporo-
cytes, meiotic nuclear division seemed to occur nor-
mally (Fig. 3B). We examined 1258 microsporocytes from
the emsI mutant, and found various stages of meiotic
nuclear division, from prophase I to telophase II (e.g., Fig.
3D,F), suggesting that the meiotic nuclear division was
normal in the ems! mutant.
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Figure 3. The emsI mutant produces excess microsporocytes
but has no tapetal cells. (A) DAPI staining of the wild-type sec-
tion indicating that microsporocytes are undergoing meiosis
(e.g., arrows). (B) DAPI staining of the mutant section showing
that all microsporocytes (e.g., arrows) were undergoing meiosis.
(C-F) DAPI-stained spread chromosomes. (C) Wild-type pro-
phase I at zygotene. (D) Mutant prophase I at zygotene. (E) Wild-
type telophase II. (F) Mutant telophase II. (G) The meiosis-spe-
cific gene SDS was expressed in wild-type microsporocytes. (H)
SDS was expressed in all microsporocytes in the mutant. (I) A
stage-8 wild-type anther exhibiting tapetum-specific expression
of the ATA7 gene. (]) A stage-8 mutant anther without ATA7
expression. Bar, 10 um. A and B, C-F, G and H, I and ] have same
magnification.

To confirm the identity of the excess microsporocytes
in the emsI mutant, we tested the expression of the SDS
gene, which is specifically expressed in the microsporo-
cyte (Azumi et al. 2002). As shown in Figure 3G, SDS is
expressed only in the microsporocytes of a wild-type an-
ther. In the emsI mutant, SDS was expressed in the mi-

An LRR receptor kinase controls anther cell fate

crosporocytes that occupied normal positions and in the
surrounding excess microsporocytes, supporting the idea
that these cells were indeed microsporocytes (Fig. 3H).
Furthermore, to verify the lack of tapetum in the ems1
mutant, we examined the expression of the ATA7 gene,
the earliest available tapetum-specific molecular marker
(Rubinelli et al. 1998). Whereas ATA7 is clearly ex-
pressed in the wild-type anther (Fig. 3I), its expression
could not be detected in an ems1 anther, providing mo-
lecular evidence for the absence of tapetal cells (Fig. 3]).

Therefore, analyses using cytological and molecular
markers all indicate that excess microsporocytes were
formed in the emsI mutant at the expense of tapetal
cells. Cell numbers in mutant and wild-type anthers sup-
port the idea that the emsl mutation causes the differ-
entiation of cells derived from the inner secondary pari-
etal cells into excess microsporocytes.

Isolation of the EMSI gene

The ems1 mutant carried a single Ds insertion, as sup-
ported by cosegregation of the Ds with the mutant phe-
notype and by the recovery of several large fertile rever-
tant sectors from mutant plants carrying an Ac element
(e.g., Fig. 1CF). Thermal asymmetric interlaced-PCR
(TAIL-PCR; Liu et al. 1995) was used to obtain the plant
sequences adjacent to both ends of the Ds element (data
not shown). The sequences of these TAIL-PCR products
revealed that the Ds element was inserted four codons
downstream of the ATG codon of a predicted open read-
ing frame (ORF; Protein ID CAB87284) with a typical
8-bp duplication (Fig. 4A). Analysis of the insertion site
of two revertant plants identified 6-bp and 9-bp inser-
tions, respectively, which did not disrupt the OREF,
clearly demonstrating that the Ds insertion was respon-
sible for the male sterility phenotype (Fig. 4A). The pre-
dicted EMS1 gene (At5g07280) in the Arabidopsis geno-
mic sequence lacks any intron, and there was no EST for
this gene. To verify the exon-intron structure, we ampli-
fied an EMS1 ¢cDNA containing the entire protein coding
region; its sequence confirmed the predicted intronless
gene structure and has been submitted to GenBank (ac-
cession no. AJ488154).

The EMSI gene encodes a putative LRR-RPK

The EMSI1 gene encodes a putative LRR-RPK of 1192
amino acids with three major domains: an N-terminal
extracellular receptor-like domain with 30 LRRs, a pre-
dicted transmembrane domain, and a cytoplasmic pro-
tein kinase domain (Fig. 4B,C). A BLASTP search was
performed using the entire amino acid sequence of the
predicted EMSI protein and indicated that there are sev-
eral proteins in Arabidopsis with ~30% amino acid se-
quence identity to EMSI. Specifically, EMS1 has 33%
(317/960) identity and 48% (468/960) similarity to
ERECTA (U47029), and 32% (316/970) identity and 47%
(470/970) similarity to CLV1 (U96879). In addition, a pre-
dicted Arabidopsis LRR-RPK (NP-193747.1) has the
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wild ATG GCG TTT CTT AC C GCA TTIG
type Met Ala Phe Leu Thr Ala Leu

emsl ATG GCG TTT CTT AC Ds TTT CTT AC C GCA TTG
Met Ala Phe Leu

rev.l ATG GCG TTT CTA ATT CTT AC C GCA TTG
Met Ala Phe Leu Ile Leu Thr Ala Leu

rev.2 ATG GCG TTT CTT AGT ATT CTT AC C GCA TTG
Met Ala Phe Leu Ser Ile Leu Thr Ala Leu

MAFLTALFLFLFFSFSSSAIVDLSSETTSLISFKRSLENPSLLSSWNVSS 50

SASHCDWVGVTCLLGRVNSLSLPSLSLRGQIPKEISSLKNLRELCLAGNQ 100
FSGKIPPEIWNLKHLOTLDLSGNSLTGLLPRLLSELPQLLYLDLSDNHFS 150
GSLPPSEFFISLPALSSLDVSNNSLSGEIPPEIGKLSNLSNLYMGLNSFSG 200
QIPSEIGNISLLKNFAAPSCFFNGPLPKEISKLKHLAKLDLSYNPLKCSI 250
PKSPGELHNLSILNLVSAELIGLIPPELGNCKSLKSIMLSFNSLSGPLPL 300
ELSEIPLLTFSAERNQLSGSLPSWMGKWKVLDSLLLANNRFSGEIPHEIE 350

DCPMLKHLSLASNLLSGSIPRELCGSGSLEAIDLSGNLLSGTIEEVEDGC 400

SSLGELLLTNNQINGSIPEDLWKLPEMALDLDSNNFTGEI PKSLWKSTNL 450

MEFTASYNRLEGYLPAEIGNAASLKRLVLSDNQLTGEIPREIGKLTSLSV 500

LNLNANMFQGKIPVELGDCTSLTTLDLGSNNLOGQIPDKITALAQLQCLV 550

LSYNNLSGSIPSKPSAYFHQIEMPDLSFLOHHGIFDLSYNRLSGPIPEEL 600

GECLVLVEISLSNNHLSGEIPASLSRLTNLTILDLSGNALTGSIPKEMGN 650
SLKLQGLNLANNQLNGHI PESFGLLGS LVKLNLTKNKLDGPVPASLGNLK 700
ELTHMDLSFNNLSGELSSELSTMEKLVGLYIEQNKFTGEIPSELGNLTQL 750
EYLDVSENLLSGEIPTKICGLPNLEFLNLAKNNLRGEVPSDGVCQDPSKA 800
LLSGNKELCGRVVGSDCKIEGTKLRSAWGIAGLMLGFTIIVEVFVFSLRR 850
WAMTKRVKQRDDPERMEESRLKGFVDONLYFLSGSRSREPLSINIAMFEQ 300
PLLKVRLGDIVEATDHFSKKNIIGDGGFGTVYKACLPGEKTVAVKKLSEA 950
KTQGNREFMAEMET LGKVKHPNLVSLLGYCSFSEEKLLVYEYMVNGSLDH 1000
WLRNQTGMLEVLDWSKRLKIAVGAARGLAFLHHGFIPHIIHRDIKASNIL 1050
LDGDFEPKVADFGLARLISACESHVSTVIAGTFGYIPPEYGQSARATTKG 1100
DVYSFGVILLELVTGKEPTGPDFKESEGGNLVGWAIQKINQGKAVDVIDP 1150
LLVSVALKNSQLRLLQTAMLCLAET PAKRPNMLDVLKALKETL 1192

leucine-rich repeat

LT

100 amino acids transmembrane domain

kinase domain

Figure 4. Molecular characterization of the EMS1 gene. (A)
The mutant sequence has an 8-bp duplication and the revertants
(rev.) show 6- and 9-bp insertions, respectively (in boldface). (B)
The EMSI1 protein sequence. (C) A diagram of EMS1 protein
shows LRRs, transmembrane domain, and kinase domain.

highest similarity to EMS1 with 33 % identity over most
of the sequence (49 % similarity). In all of these cases, the
similarity between kinase domains is higher than that
between LRR domains (data not shown).

To determine whether EMS1 possesses a protein ki-
nase activity, we produced a fusion protein between glu-
tathione S-transferase (GST) and the EMSI1 kinase do-
main using heterologous expression in Saccharomyces
cerevisae (Skirpan et al. 2001). We found that the puri-
fied recombinant protein exhibited an autophosphoryla-
tion activity when incubated with [y-3*P] ATP (Fig. 5A),
suggesting that EMS] is indeed a protein kinase. If EMS1
is also a receptor, it should localize to the plasma mem-
brane. To test the localization of EMS1, we constructed
a translation fusion between a new synthetic green fluo-
rescent protein (sGFP; Chiu et al. 1996) and the EMS1
fragment with the predicted transmembrane domain re-
gion and a portion of the kinase domain. The EMS1-GFP
fusion and GFP alone, both driven by the 35S promoter,
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Figure 5. Kinase activity analysis of the EMSI protein and sub-
cellular localization of an EMS1-GFP fusion protein. (A) Auto-
phosphorylation activity of the EMS]1 kinase domain. (Lane 1) A
fusion protein between the EMS1 kinase domain and GST.
(Lane 2) GST protein. (Lane 3) The fusion protein between the
EMSI1 kinase domain and GST showing kinase activity of au-
tophosphorylation. (Lane 4) GST alone having no activity of
autophosphorylation. (B) A cell that expressed free GFP showing
fluorescence in nucleus (N), cytoplasm (arrowhead), and plasma
membrane (arrow). (C) A cell that expressed EMS1-GFP show-
ing fluorescence in the plasma membrane (arrow). Bar, 25 um.

were introduced into onion epidermal cells by particle
bombardment. As expected, the free GFP was expressed
strongly in the nucleoplasm, as well as in the cytoplasm
and the plasma membrane (Fig. 5B). In contrast, the
EMSI1-GFP fusion protein was observed at the cell pe-
riphery as a thin line (Fig. 5C), suggesting that EMSI1-
GFP localized to the plasma membrane.

Expression of the EMS] gene

To gain further insight into the action of the EMS1 gene,
we analyzed its expression pattern using in situ RNA
hybridization experiments. The EMS1 gene was only ex-
pressed in the anthers of young floral buds (data not
shown). The expression of the EMSI gene was first de-
tected in archesporial cells in stage-2 anthers (Fig. 6A),
and then in both sporogenous and parietal cells at stage
3 (Fig. 6B). The EMS1 mRNA was predominately de-
tected in sporogenous and parietal cells at stage 4 (Fig.
6C). At stage 5, the EMSI gene was expressed more
strongly in the tapetum than in the microsporocytes (Fig.
6D). The EMS1 transcript level was reduced greatly in
both tapetum and microsporocytes at stage 6 (Fig. 6E).
The EMSI gene expression was reduced gradually from
stage 6 and was not detectable at about stage 9 (data not
shown). As a control, only background levels of signal
were detected when a sense probe was used for hybrid-
ization (Fig. 6F). Therefore, our results strongly indicated



Figure 6. The EMS1 gene expression pattern. (A) A wild-type
anther at stage 2 showing that the EMS1 gene was expressed in
archesporial cells. (B) A stage-3 wild-type anther indicating that
EMS1 was expressed in the four corners of anther with sporog-
enous and parietal cells. (C) A stage-4 wild-type anther showing
that EMS1 was predominately expressed in both sporogenous
and parietal cells. (D) A wild-type anther at stage 5 showing that
EMS1 was strongly expressed in the tapetal layer but less in
microsporocytes. (E) A stage-6 wild-type anther showing that
EMS1 expression was greatly reduced. (F) A wild-type anther at
early stage 5 with sense probe lacking a specific signal. Ar, ar-
chesporial cells; Ms, microsporocytes; P, parietal cells, Sp, spo-
rogenous cells; T, tapetal layer. Bar, 10 pm.

that the EMSI expression is associated with the differ-
entiation of microsporocytes and tapetal cells.

Discussion

The EMS]1 gene regulates anther cell development
in Arabidopsis

We report here the characterization of the EMS1 gene in
Arabidopsis. Based on morphological studies, cell divi-
sion during early anther development is normal in the
ems] mutant. On the other hand, the ems1 mutant had
excess microsporocytes but no tapetal layer, suggesting
that the cells derived from the inner secondary parietal
cells differentiated into additional microsporocytes. The
statistical results indicated that the number of microspo-
rocytes formed in the mutant is close to the sum of the
number of microsporocytes and tapetal cells in the wild
type. Furthermore, the meiotic nuclear division in the
ems] mutant is normal, but the microsporocyte cytoki-
nesis is arrested, resulting in the failure of microsporo-
genesis and male sterility. In addition, the structure of
the middle layer cell abnormally persists. Taken to-
gether, these findings indicate that the EMS1 gene regu-
lates anther cell development, particularly the cell dif-
ferentiation. Our observation that EMS1 is expressed in
microsporocytes and other cells before and during tape-
tum differentiation strongly suggests that EMSI is not
sufficient for specifying the tapetal cell fate.

Somatic cells are very important for male reproduc-
tion; their functions include providing substances for
pollen development and releasing matured pollen grains.
The tapetum is thought to nourish the developing pollen
(Pacini et al. 1984; Scott et al. 1991; Goldberg et al. 1993).
On the basis of cytological and histochemical studies,
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several functions of the tapetum in supporting pollen
development have been proposed. First, the tapetum pro-
duces and releases callase and some other proteins and
enzymes, which are important for the release of micro-
spores from the tetrad (Mepham 1970; Izhar and Frankel
1971; Stieglitz 1977). In addition, tapetum cells secrete
starch-containing substances into the locule (Gori 1982;
Pacini and Juniper 1983). The tapetum also provides
molecules for the formation of the pollen outer wall
called exine and tryphine, a proteinaceous coating of pol-
len. The importance of the tapetum is supported by the
observation that selectively destroying the tapetum
causes the failure of pollen formation in tobacco and
oilseed rape (Mariani et al. 1990, 1992; Denis et al. 1993).
This idea is further supported by the finding that mu-
tants that are defective in tapetum development also
produce abnormal microsporocytes or pollen grains. For
example, in the ms3 mutant, tapetal cells and middle
layers become vacuolated and markedly enlarged, and
microsporocytes are irregularly shaped (Chaudhury et al.
1994). 1t is known that microspores are capable of con-
tinued development in vitro, suggesting that postmeiotic
tapetum might function mainly in provision of sub-
stances (Takegami et al. 1981).

Although tapetal cells support pollen development, it
is not known whether the tapetum affects male meiosis.
Among previously described Arabidopsis mutants with
tapetum defects, the spl (nzz) mutant lacks both the ta-
petum and microsporocytes (Schiefthaler et al. 1999;
Yang et al. 1999; Balasubramanian and Schneitz 2000),
and other mutations cause the abnormal tapetum devel-
opment but not the lack of the tapetum (Dawson et al.
1993; Chaudhury et al. 1994; Taylor et al. 1998; Sanders
et al. 1999). In the emsI mutant, the tapetum is com-
pletely absent, but meiotic nuclear division still occurs,
suggesting that tapetal cells are not critical for meiotic
nuclear division. On the other hand, the ems1 microspo-
rocytes failed to undergo cytokinesis, indicating that
EMS]1 is required for normal meiotic cytokinesis. One
possibility is that tapetal cells are required for meiotic
cytokinesis and spore formation. Alternatively, the
EMS1 gene may act in microsporocytes to promote mei-
otic cytokinesis. In either case, the observation that
EMS1 expression was detected in both the sporogenous
cells and parietal cells suggests that the formation of the
microsporocyte layer and that of the somatic cell layer
are coupled.

The spl (nzz) mutant phenotype and the SPL (NZZ)
expression pattern suggest that SPL (NZZ) regulates the
formation of anther primordium very early in anther de-
velopment (Schiefthaler et al. 1999; Yang et al. 1999;
Balasubramanian and Schneitz 2000). The ems1 mutant
can normally produce precursors of different types of
cells, indicating that the EMS1 gene is not required for
those early events. The failure of the emsI mutant to
form the tapetum and the presence of excess microspo-
rocytes indicate that the EMSI gene controls cell fates
subsequent to the time of SPL (NZZ) function. Further-
more, the fact that microsporocytes are formed instead
of tapetal cells in the ems1 mutant indicates that the fate
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of microsporocytes is controlled by a default pathway
and that tapetal cell fate requires an additional pathway
that is dependent on the EMS1 gene.

The EMSI1 gene is involved in a new signal pathway
to regulate the cell fate in plant

Receptor protein kinases (RPKs) are a diverse group of
proteins that are key components of signal transduction
pathways in both animals and plants (Becraft 1998;
Schenk and Snaar-Jagalska 1999). RPKs usually consist
of three domains: a large extracellular domain, a single
transmembrane domain, and a cytoplasmic domain of
protein kinase (Walker 1994; Stone and Walker 1995). At
least 610 Arabidopsis genes have been found to encode
RPKs; they represent nearly 2.5% of total protein coding
genes in the Arabidopsis genome (Shiu and Bleecker
2001). Five major RPK families are recognized in plants
according to the structures of their putative ligand-bind-
ing domains (McCarty and Chory 2000): LRR-RPK fam-
ily, S-domain RPK family, CR4-like RPKs, lectin-type
RPK family, and wall-associated kinases (WAKs].

Leucine-rich repeat receptor protein kinases (LRR-
RPKs) make up the largest family of plant RPKs, with
over 200 predicted members in Arabidopsis, of which
only a few have known biological functions (McCarty
and Chory 2000; http://www.wisc.edu/prkr/). Both
CLV1 and ERECTA are important for normal Arabidop-
sis development: CLV1 controlling cell division and cell
differentiation in the shoot apical meristem (Clark et al.
1996, 1997) and ERECTA regulating stem and fruit elon-
gation and other processes (Torii et al. 1996). The
HAESA gene regulates the differentiation of the abscis-
sion zone of floral organs (Jinn et al. 2000). Also, the
petunia PRK1 protein is important for pollen develop-
ment (Mu et al. 1994). Other genes encoding LRR-RPKs
with known functions include the Arabidopsis BRI1
gene that functions in brassinosteroid signaling (Li and
Chory 1997; Friedrichsen et al. 2000; He et al. 2000;
Wang et al. 2001) and the rice Xa21 gene, which confers
resistance to Xanthomonas oryzae pv. oryzae race 6
(Song et al. 1995).

EMS1 is required for specifying tapetal cell fate, and is
needed for normal cytokinesis of microsporocytes. It is
also involved in regulating the degeneration of the
middle layer. Therefore, EMS1 has a function distinct
from previously described LRR-RPKs. Our results
support the idea that the EMSI is a protein kinase that
is localized to the cell membrane, further suggesting
that EMSI1 defines a new signaling pathway that con-
trols the cell fate and patterning in anther development.
Because the ems] mutant phenotype suggests that the
microsporocyte might be a default cell identity, it is
possible that a signal from the microsporocytes is re-
ceived by the EMSI receptor, which then triggers the
differentiation of tapetal cells. It will be very interesting
to identify potential signals and substrates for the
EMSI protein to uncover components of this signaling
pathway.
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Materials and methods

Plant materials and mutant isolation

All Arabidopsis thaliana plants in this study are of the Land-
sberg erecta background. Plants were grown on soil with 16 h
light/8 h dark at 22°C.

The generation of Ds insertional lines and screening of plants
carrying Ds insertions were carried out as described (Sundaresan
et al. 1995). Homozygous Ds plants were crossed with homo-
zygous Ac plants (carrying an active transposase). The Ds/-Ac/-
double hemizygous F1 plants were grown to allow Ds transpo-
sition. F2 seedlings were then screened for plants carrying Ds
insertions that segregated away from both the original Ds donor
site and the Ac element. The mutants were screened from the
F3 generation because most of them are hemizygous for the new
Ds insertion at the F2 generation. To screen for revertant sec-
tors, we crossed the emsI mutant with an Ac-carrying plant.
The F2 plants with a Ds excision could produce a revertant
sector. We found that 11 of the F2 plants that exhibited mutant
phenotypes produced large fertile revertant sectors. The puta-
tive revertant sectors were further confirmed by genetic and
sequence analyses.

Characterization of mutant phenotype

Plants or flowers were photographed with a digital camera and
a dissecting microscope. To observe live pollen grains, anthers
prior to dehiscence were stained and photographed under a com-
pound microscope (Alexander 1969). Fresh anthers were dis-
sected and microspores were stained using Toluidine Blue O
(0.05%). Anther sections were stained by DAPI (4,6-diamino-2-
phenylindole dihydrochloride; Vector Laboratories). Examina-
tion of chromosomes in meiotic cells was performed as de-
scribed (Ross et al. 1996).

For the anther structure study (Owen and Makaroff 1995),
dissected floral buds and inflorescences were fixed in 2.8 % (vol/
vol) glutaraldehyde in 0.1 M HEPES (N-2-Hydroxyethyl pipera-
zine-N'-2-ethanesulfonic acid) buffer (pH 7.2) and 0.02% Triton
X-100 overnight at 4°C. Samples were washed twice for 15 min
each in 0.1 M HEPES buffer (pH 7.2) and then fixed in 1% OsO4
overnight. They were then dehydrated in a graded acetone series
(10% increments) and embedded in Spurr’s resin. Semi-thin (0.5
um) sections were made using an Ultracut E ultramicrotome
(Reichert-Jung) and were stained with 0.25% of Toluidine Blue
O. The images were photographed using an Optronics digital
camera. Tapetal cells and microsporocytes were counted under
the microscope from the central sections of the anther. Sections
from ten individual buds were examined. In each bud, cell num-
bers were determined from four anthers, sixteen locules.

Molecular analyses and in situ hybridizations

Thermal asymmetric interlaced (TAIL)-PCR was performed
with ems] mutant genomic DNA and Ds3/AD2 or Ds5/AD4
primers (Liu et al. 1995; Grossniklaus et al. 1998). A portion of
the EMS1 c¢cDNA was amplified from a floral ¢cDNA library
(Dixit and Cyr 2002) with gene-specific primers oMC511: 5'-
TCGTCTCTTTTAAATCTCCGAGT-3' (beginning 48 nt up-
stream of the predicted ATG codon) and oMC512: 5'-AACATT
TAAGGTTATATGGCTCAT-3’ (the complement of the se-
quence including the stop codon and 20 nt downstream). The
PCR product was cloned into the pGEM®-T vector (Promega) to
yield the plasmid pMC2433.

RNA in situ hybridizations were performed on the wild-type
and mutant floral sections essentially as described (Drews et al.



1991; Flanagan and Ma 1994; Long and Barton 1998). Either
radioactive probe or digoxigenin-labeled probe was used. For the
EMS1 gene, a 1.2-kb ¢cDNA fragment was amplified using prim-
ers oMC511 and oMC505, 5-GGAATCGAACCACTTAAC
AAG-3' and cloned into pGEM®-T vector, resulting in
pMC2435. The ATA7 and SDS antisense and sense probes were
synthesized using the pMC1577 (Rubinelli et al. 1998) and
pMC2317 (Azumi et al. 2002) plasmids as templates, respec-
tively.

Kinase activity analysis

A 0.95-kb cDNA fragment encoding the kinase domain was
PCR-amplified using primers oMC509: 5'-GTGATCCGATCA
GAACCTGTATTTCTT-3' and oMC510: 5-CGCTCGAGT
TTAAGGTTATATGGCTCAT-3'. The PCR product was
cloned into the pGEM®-T vector. The fragment was released by
Notl and BamHI digestion and subcloned into the pYEX-4T-3
yeast expression vector (Skirpan et al. 2001) to produce
pMC2438. After its sequence was confirmed, the pMC2438 con-
struct was transformed into the S. cerevisae strain Y59 with
selection for growth without uracil. Yeast cells were grown and
the fusion protein was purified as described (Skirpan et al. 2001).
Three micrograms of the fusion protein was incubated with 10
nCi of [y-3>P] ATP (10° cpm/pmol ATP) in kinase buffer (50 mM
HEPES at pH7.4, 10 mM MgCl,, 10 mM MnCl,, ] mM DTT) for
1 h at room temperature. The reaction was terminated by add-
ing 1/2 volume of SDS-PAGE sample buffer, incubated for 3 min
at 95°C, and the phosphorylated proteins were separated by
12% SDS-PAGE.

EMSI1 localization analysis

To reduce the chance of PCR-induced mutations and for the
ease of cloning, a portion of EMS1 cDNAs was amplified rather
than the entire coding region. A 0.65-kb ¢cDNA encoding trans-
membrane domain and partial kinase domain was PCR-ampli-
fied by using primers oMC637: 5'-ACCCATGGGTGTTITG
TCAGGATCC-3' and oMC638: 5'-ACCCATGGTCCCAGT
TTGGTTCCT-3'. The PCR product was cloned into the
pGEM®-T vector and was released by Ncol digestion. This frag-
ment was subcloned into the sGFP vector containing the 35S
promoter and a synthetic GFP sequence (Chiu et al. 1996) to
produce pMC2573. Then, 2.5 ng of the pMC2573 plasmid and
sGFP vectors were used to coat gold particles and divided into
three aliquots. The onion epidermis was peeled and bombarded
by using a gene gun (Model PDS-100/He Biolistik® Particle De-
livery System, Bio-Rad). The bombarded samples were incu-
bated at 22°C for 24 h on an MS plate with 3% agar. Cells with
GFP fluorescence were observed using an Olympus FV300 laser
scanning confocal microscope (Olympus America). The GFP
was excited using a 488-nm argon laser with emitting light fil-
tered though 510 nm IFLP and 530 IFSP filters.
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