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Summary

The FUSED (FU) Ser/Thr protein kinase family has a key
role in the hedgehog signaling pathway known to con-
trol cell proliferation and patterning in fruit flies and
humans [1, 2]. The genomes of Arabidopsis thaliana
and rice each encode a single Fu ortholog, but their
role is unknown. Here, we show that cytokinesis-defec-
tive mutants, which we named two-in-one (tio), result
from mutations in Arabidopsis Fu. Phenotypic analy-
sis of tio mutants reveals an essential role for TIO in
conventional modes of cytokinesis in plant meristems
and during male gametogenesis. TIO also has a key
role in nonconventional modes of cytokinesis (cellula-
rization) during female gametogenesis. We demon-
strate that TIO is tightly localized to the midline of the
nascent phragmoplast and remains associated with
the expanding phragmoplast ring. These data reveal
the evolution of adivergent role for the Fu kinase family
as an essential phragmoplast-associated protein that
functions in different cell type-specific modes of cyto-
kinesis in plants.

Results and Discussion

The hedgehog (Hh) signaling pathway has a central role
in the development of vertebrates and invertebrates
[1, 2]. Cells interpret the levels of the secreted morpho-
gen Hh through a large intracellular complex, the Hh sig-
naling complex (HSC). The HSC is well characterized in
Drosophila and includes the kinesin-related protein
Costal 2 (Cos2), the Ser/Thr protein kinase Fused (Fu),
the transcription factor Cubitus interruptus (Ci), and
the PEST domain protein Suppressor of Fused [Su(fu)]
[1, 2]. The HSC regulates processing of various forms
of Ci that lead to repression or activation of Ci-depen-
dent target genes. Although plants possess a single Fu
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ortholog, it is intriguing that no other components of
the Hh signaling pathway exist in the complete Arabi-
dopsis and rice genome sequences. This suggests
that plant Fu proteins could act in distinct cytoplasmic
signaling complexes that have evolved independently
in plants.

In a genetic screen [3] for pollen cell division defects,
we identified two-in-one mutants (tio-1, tio-2) that were
shown to arise from mutations in Arabidopsis Fu. The
ontogeny of haploid pollen grains within flower involves
only two mitotic cell divisions and provides a tractable
system to identify regulators of the division process
[4]. Haploid microspores normally divide unequally at
pollen mitosis | to form a larger vegetative cell and
smaller generative cell. Only the generative cell divides
further to form the two sperm cells in mature tricellular
pollen. In contrast to the wild-type, tio mutants produce
binucleate pollen grains that arise from failure of cytoki-
nesis at pollen mitosis |. Heterozygous tio-1 and tio-2
mutants produce approximately 35% aberrant pollen
grains including binucleate, uninucleate, and collapsed
pollen (see Figures 1A-1D and Table S1 in the Supple-
mental Data available with this article online). A more se-
vere T-DNA insertion allele, tio-3, showed approximately
50% mutant pollen in heterozygous plants demonstrat-
ing complete penetrance. In heterozygous tio-3 mutants
in the quartet [5] genetic background, in which the four
products of meiosis remained attached, wild-type and
mutant pollen segregated 2:2, suggesting that tio muta-
tions act in the haploid gametophyte (Figure 1E). Ultra-
structural analysis confirms that binucleate mutant tio
pollen contain two free nuclei and remain uncellularized
(Figures 1F and 1G). In reciprocal test crosses with wild-
type plants, all three tio mutations completely block
male transmission, preventing the isolation of homozy-
gous mutants, and are transmitted through the female
at less than 10% efficiency (Table S2). This demon-
strates a requirement for T/O function during male and
female gametogenesis.

To examine the origin of cytokinesis defects in tio mu-
tants, we examined the ontogeny of microspores and
pollen by staining isolated spores for nuclei, and for
the presence of dividing callose walls. Polar nuclear mi-
gration and asymmetric nuclear division at pollen mito-
sis | occur normally in tio mutants (Figures 2A-2C). At
early bicellular stage in wild-type, the generative cell re-
mains attached to the parent wall, and a complete cal-
lose wall surrounds the lens-shaped generative nucleus
(Figures 2C and 2F). In tio-1 and tio-2, however, approx-
imately 35% (n = 108 and 202) of dividing microspores
have incomplete callose walls (Figures 2C and 2F) that
increases to 50% (n = 330) in tio-3 (see Table S3). Incom-
plete callose walls in tio mutants are correctly posi-
tioned at the generative cell pole but do not persist
and are degraded before mid-bicellular pollen stage
(data not shown). Subsequently, at mid-bicellular pollen
stage, when the generative cell nucleus is highly con-
densed in wild-type, in approximately 35% of pollen in
tio-1 and tio-2, and 50% in tio-3, the smaller generative
pole nucleus remains round and relatively uncondensed
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Figure 1. Pollen Phenotypes in tio Mutants

(A-D) Four classes of pollen grains shed from mature anthers of het-
erozygous tio mutants viewed by fluorescence microscopy after
DAPI staining. Tricellular (wild-type) (A), binucleate (B), uninucleate
(C), and collapsed pollen (D).

(E) Mature pollen tetrad from a tio-3 heterozygote in the quartet
background showing segregation of wild-type and binucleate
pollen.

(F and G) Ultrastructure of wild-type (F) and binucleate (G) pollen
grains at early bicellular stage in tio-1 heterozygotes. The vegetative
nucleus (VN) is located centrally in the vegetative cytoplasm, and the
new hemispherical cell wall marked by arrowheads encloses the
generative cell and generative nucleus (GN).

Scale bars represent 10 um (A-E) and 3 um (F and G).

and does not divide further (Figures 2D and 2E). These
data suggest that TIO is not required for positioning or
establishment of the cell plate but has a specific role in
cell plate expansion.

Given the strong effect on female transmission, we ex-
amined haploid embryo sacs of tio mutants for cytokine-
sis defects. Cytokinesis during female gametogenesis is
uncoupled from mitosis, resulting in cellularization of the
multinucleate embryo sac. Analysis using confocal laser
scanning microscopy showed that until early FG5 stage
[6], mitosis in tio embryo sacs proceeded normally to the

eight nucleate stage (data not shown). Mature embryo
sacs, however, showed various numbers (2-5) of nuclei
located toward the micropylar pole without visible cellu-
lar boundaries (Figures 3A and 3B). After fertilization,
mutant embryo sacs did not develop further and re-
mained uncellularized (Figures 3C and 3D). These data
demonstrate that TIO also has an important role in the
nonconventional mode of cytokinesis (cellularization)
that occurs during female gametogenesis.

TIO was positionally cloned by mapping tio-1 and
tio-2 to an interval of 39 kb within BAC clone F1413 con-
taining Arabidopsis Fu homology (see Figure 4A and
Figure S1). Because of discrepancies in gene annotation
in public databases, we verified and constructed the
complete 4 kb T/IO cDNA by RT-PCR and sequence anal-
ysis. Isolation of the T-DNA insertion allele tio-3, which
shows a stronger tio pollen phenotype and more se-
verely reduced female transmission, further confirmed
the identity of TIO.

The lack of male transmission of tio mutations
prevented the isolation of homozygous mutants and as-
sessment of the potential role of T/IO in somatic cytoki-
nesis. Therefore, we adopted an inducible RNAi ap-
proach to suppress TIO expression in developing
seedlings [7]. In the presence of the inducer B-estradiol,
transgenic TIO-RNAi seedlings showed stunted devel-
opment of young leaves and a striking swollen root tip
phenotype (Figure 3E) resulting in arrested growth.
Transverse sections through arrested shoot and root
meristems revealed multinucleate cells with incomplete
cell walls (Figures 3F and 3G). Irregularly expanded root
tips contained highly enlarged cells often with greater
than ten nuclei, demonstrating that mitosis was un-
coupled from cytokinesis (Figures 3H and 3l). Moreover,
Western blot analysis showed that TIO protein levels
were decreased in roots of TIO-RNAi plants. (see
Figure S3). Therefore, we conclude that T/O has an es-
sential role in somatic cell cytokinesis and is required
to maintain plant meristem structure.

The TIO kinase domain is closely related to those in
dFu and hFU, with putative ATP binding and Ser/Thr
kinase-active site residues conserved (Figure 4B). More-
over, there are no other TIO-related sequences in Arabi-
dopsis, but the unique ortholog in rice (OsTIO) has

Figure 2. Pollen Development and Cytokinesis-Defective Phenotypes in tio Mutants

(A-E) DAPI-stained pollen from wild-type (top panel) and tio-1 (bottom panel) at early microspore (A), late microspore (B), early bicellular (C), mid-
bicellular (D), and late tricellular (E) stages. In wild-type, after detachment of the generative cell from the parent cell wall the highly condensed
generative cell nucleus (closed arrowhead) divides to form two sperm cells in wild-type; however, in mutant tio pollen the generative pole nucleus
(open arrowhead) does not divide, and pollen remains binucleate.
(F) Pollen at early bicellular stage stained for callose walls with aniline blue. Scale bar represents 10 um.
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a conserved length and domain structure (Figure 4B).
Phylogenies constructed from either the kinase domains
or the entire FU sequences revealed that plant and pro-
tozoan sequences are more closely related, with meta-
zoan sequences being significantly more divergent
(see Figure S2). A recent analysis of invertebrate and
vertebrate FU sequences using ClustalW concluded
that hFU and dFu share six colinear blocks of similarity
in their C-terminal regions [8]. However, when we ex-
tended this analysis to include FU sequences from
plants and the protozoan Leishmania (IFU), we did not
detect the same colinear regions of similarity. Instead,
we identified a conserved C-terminal domain (see Fig-
ure 4B and Figure S2). Within this domain, plant and
Leishmania proteins contain four predicted Armadillo/
B-catenin (ARM) repeats (Figure 4B and Figure S4). In
addition, two to three overlapping HEAT repeats were
also detected in all proteins except dFu. The C-terminal
domain was less well conserved in hFu and dFu and did
not contain predicted ARM repeats. The ARM repeat do-
main could therefore represent a structural or protein in-
teraction domain unique to the functions of plant and
protozoan FU proteins.

The T-DNA insertion at aa 276 in tio-3 creates a prema-
ture stop codon immediately downstream of the kinase
domain (Figure 4A). We were unable to amplify mutant
transcripts from tio-3 by RT-PCR (Figure 4C). Therefore,
tio-3 appears to be a null mutation consistent with the
robust cytokinesis phenotypes in tio-3 (Table S1). We
sequenced tio-1 and tio-2 alleles and found that both
contained point mutations creating a premature stop
codon at amino acid position 943. tio-1 contained an ad-
ditional amino acid substitution (L737 — Q) (Figure 4A).
We detected mutant transcripts in tio-1 and tio-2 heter-
ozygotes by sequencing RT-PCR products, suggesting
that tio-1 and tio-2 are able to produce C-terminally trun-
cated TIO protein. The incompletely penetrant pollen cy-
tokinesis phenotypes in tio-1 and tio-2 further suggest
that C-terminally truncated TIO retains partial function

Figure 3. Embryo Sac Phenotypes in tio-1
and Seedling Phenotypes in TIO-RNAi Lines
(A-D) Wild-type (A and C) and tio-1 (B and D)
ovules before (A and B) or after (C and D) fer-
tilization. (A) In wild-type ovules, two polar
nuclei (P), the egg nucleus (Eg), and two syn-
ergid cell nuclei (S) are separated by cellulari-
zation. (B) Misplaced nuclei (arrowheads) in
tio-1 embryo sac without cell boundaries.
(C) Zygote (Z) and endosperm (En) nuclei
are indicated. (D) Arrested tio-1 embryo sac
with five free nuclei.

(E) Scanning electron micrograph of TIO-
RNAi seedling induced with 5 uM 173-estra-
diol for 8 days showing abnormal develop-
ment of shoot (open arrowhead) and root
(closed arrowhead).

(F and G) Multinucleate cells with incomplete
cell walls in sections of shoot and root meris-
tems, respectively.

(H and 1) Optical sections of uninduced (H)
and induced (I) TIO-RNAi root tips stained
with propidium iodide showing highly en-
larged cells (outlined) with multiple nuclei.
Scale bars represent 20 um (A and B), 40
um (C and D), 1 mm (E), 10 um (F and G),
and 25 ym (H and I).

because cytokinesis is completed normally in approxi-
mately 30% of pollen carrying tio-1 or tio-2 mutant al-
leles. We conclude that the C-terminal 379 amino acids
of TIO including the ARM repeat domain are not essen-
tial for TIO function, but they may have a regulatory role
associated with TIO localization or activity of the kinase
domain.

RNA analysis revealed that T/O is broadly expressed
in roots, stems, leaves, flowers, and developing pollen,
consistent with the role of TIO in cytokinesis in somatic
and reproductive cell types (Figure 4D). A single major
protein at approximately 130 kDa was detected in pro-
tein extracts from Arabidopsis cultured cells and seed-
lings with an antiserum to the central region (aa 266-
393) of TIO expressed in E. coli (Figure 4E).

To determine the subcellular localization of TIO,
Arabidopsis cultured cells were subjected to triple stain-
ing with anti-TIO, anti-tubulin, and DAPI. Cytokinesis, in
somatic plant cells, involves two plant cell-specific cyto-
skeletal arrays, the preprophase band (PPB) of microtu-
bules (Mts) and the phragmoplast. The phragmoplast,
an antiparallel array of two sets of Mts and actin fila-
ments, directs cell plate formation through delivery of
Golgi-derived vesicles to the phragmoplast midline. Lat-
eral translocation of the phragmoplast as a ring involves
depolymerization and repolymerization of Mts from the
center toward the cell periphery [9]. We observed a rela-
tively weak TIO signal in the nucleus of cells at early pro-
phase with the PPB present (Figures 5A-5C). A diffuse
TIO signal remained in the cytoplasm until late anaphase
(Figures 5D-5F). At telophase, however, TIO was tightly
localized to the midline of the phragmoplast, in the re-
gion where the phragmoplast Mts overlap (Figures 5G-
5l1). Subsequently, TIO remained associated with the ex-
panding phragmoplast as a complete ring and disap-
peared when the phragmoplast Mts depolymerized on
contact with the mother cell wall (Figures 5J-5L). TIO
is not associated with phragmoplast Mts along their
length and only appears tightly localized to the midline
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Figure 4. TIO Gene Structure and Expression

(A) Genomic structure and positions of tio
mutations. Exons are shown as black bars,
and the lesions in three tio alleles are shown.
(B) Domain structure of Arabidopsis TIO and
FU proteins from rice (OsTIO, AK102130),
Leishmania (IFu, CAB95259), human (hFU,
AAF97028), and Drosophila (dFu, P23647).
The percentage amino acid identity and sim-
ilarity (in parentheses) between TIO and its
homologs are shown in each domain. Single
asterisk represents ATP binding site (Lys, K)
1322aa at amino acid residue 35, and double aster-
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after phragmoplast assembly. The association of TIO
with the expanding phragmoplast ring and the failure
of cell plate expansion in tio-3 null mutants (Figure 2F)
demonstrate the requirement for TIO in the phragmo-
plast during cell plate expansion.

Cytokinesis is executed in distinct ways in plants and
animals. In animals, daughter cells are formed by inward
constriction by an actinomyosin contractile ring; how-
ever, plant cells generally divide centrifugally by building
a cell plate. Moreover, plant cells have adopted cell
type-specific modes of division [10]. Despite these dif-
ferences, cell type-specific mechanisms of cytokinesis
share overlapping structural features, and there is evi-
dence that different modes of cytokinesis involve com-
mon molecular components [9]. For example, many em-
bryo cytokinesis-defective mutants also display defects
in endosperm cellularization [11]. Likewise, gem1 and
gem2 mutants are cytokinesis defective during male
and female gametogenesis [12]. However, GEM1 (also
known as MOR1) is a MAP215 family Mt-associated pro-
tein that has a wider role in Mt stability not restricted to
cytokinesis [13, 14]. Our data show that TIO is not re-
quired for positioning or establishment of the cell plate
but has a more specific role in cell plate expansion.

In conclusion, we have shown that the Arabidopsis FU
kinase TIO has an essential role in the phragmoplast
during cell plate expansion in different modes of cytoki-
nesis. Although FU functions have evolved indepen-
dently in plants and animals, the indirect association of
dFu with Mts through binding to the kinesin Cos2

215412 1315aa

ine expression from either wild-type or the
mutant tio-3 allele. RT, reverse transcriptase.
(D) RT-PCR analysis of TIO expression in wild-
805aa type RNA samples from root (Rt), leaf (Lf), stem
(St), flower (Fl), immature spores (Is), or mature

pollen (Mp). + or —, RT-PCR reactions with or

without RT. Intron-spanning primers were cho-

2 sen to distinguish cDNA amplification from

= 175K
—H - 83K

genomic DNA. KAPP, kinase-associated pro-
tein phosphatase (U09505) used as a positive
control for integrity of RNA samples.

(E) Western blot analysis with anti-TIO anti-
serum. Fifty micrograms of proteins from
Arabidopsis cultured cells (lane 1) and seed-
lings (lane 2) was separated by SDS-PAGE
and immunostained with the TIO antiserum.

suggests a possible mechanism of action for TIO. dFu
uses both the kinase domain and the C-terminal domain
to bind Cos2 [15]. Therefore, TIO might interact with a
kinesin-related protein through the highly conserved ki-
nase domain. Plants contain a large number of kinesin-
related proteins [16], including several that are associ-
ated with the phragmoplast midline [17-20]. Importantly,
the activation of the NACK-NPK1 MAPK signal trans-
duction pathway regulating phragmoplast expansion in
different cell types in tobacco and Arabidopsis is known
to involve kinesin-like proteins [17, 21, 22]. These NPK1-
activating kinesin-like proteins—NACK1 and NACK2 in
tobacco [17] and their Arabidopsis orthologs, HINKEL
[23] and TETRASPORE [24]—therefore represent candi-
date binding partners for TIO.

Supplemental Data

The Supplemental Data include Experimental Procedures, four sup-
plemental figures, and three supplemental tables and can be found
with this article online at http://www.current-biology.com/cgi/
content/full/15/23/2107/DC1/.
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Figure 5. TIO Decorates the Phragmoplast Midline during Cytokine-
sis

Arabidopsis suspension culture cells were stained for tubulin, TIO,
and DNA at various stages of mitosis. Optical sections show anti-
tubulin (green), anti-TIO (red), and DAPI (blue) fluorescences that
are triple merged in (l) and (L) and double merged in (N). Prepro-
phase band (A-C), late anaphase spindle (D-F), early phragmoplast
(G-l), late phragmoplast (J-N). Scale bar, 5 um.
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