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The differentiation of stomata provides a convenient model for studying pattern formation in plant tissues. Stomata formation is
induced by a set of basic helix-loop-helix transcription factors and inhibited by a signal transduction pathway initiated by TOO
MANY MOUTHS (TMM) and ERECTA family (ERf) receptors. The formation of a proper stomata pattern is also dependent
upon the restriction of symplastic movement of basic helix-loop-helix transcription factors into neighboring cells, especially in
the backgrounds where the function of the TMM/ERf signaling pathway is compromised. Here, we describe a novel mutant of
KOBITO1 in Arabidopsis (Arabidopsis thaliana). The kob1-3 mutation leads to the formation of stomata clusters in the erl1 erl2
background but not in the wild type. Cell-to-cell mobility assays demonstrated an increase in intercellular protein trafficking
in kob1-3, including increased diffusion of SPEECHLESS, suggesting that the formation of stomata clusters is due to an escape
of cell fate-specifying factors from stomatal lineage cells. While plasmodesmatal permeability is increased in kob1-3, we did not
detect drastic changes in callose accumulation at the neck regions of the plasmodesmata. Previously, KOBITO1 has been
proposed to function in cellulose biosynthesis. Our data demonstrate that disruption of cellulose biosynthesis in the erl1 erl2
background does not lead to the formation of stomata clusters, indicating that cellulose biosynthesis is not a major determining
factor for regulating plasmodesmatal permeability. Analysis of KOBITO1 structure suggests that it is a glycosyltransferase-like
protein. KOBITO1 might be involved in a carbohydrate metabolic pathway that is essential for both cellulose biosynthesis and
the regulation of plasmodesmatal permeability.

The majority of neighboring plant cells are connected
symplastically by tiny plasma membrane-lined cyto-
plasmic channels called plasmodesmata. These channels
play an essential role in intercellular communications, as
they lead to the formation of symplastic domains allow-
ing cell-to-cell trafficking of small molecules, proteins,
and mRNA. The symplastic movement of molecules can
provide positional information to cells during develop-
ment and is at the root of the non-cell-autonomous
function of multiple transcription factors. For example,
while mRNA of the maize (Zea mays) homeobox protein
KNOTTED1 is expressed in the L2 and L3 layers of

shoot apical meristems, the protein is able to move and
functions in the epidermis (Hake and Freeling, 1986;
Jackson et al., 1994). In roots, the SHOORTROOT pro-
tein moves symplastically from the stele into the adja-
cent cell layer, where it promotes endodermis cell fate
(Nakajima et al., 2001).

Some plasmodesmata form directly in the cell plate
during cytokinesis, while others develop de novo by
penetrating existing cell walls (Ehlers and Kollmann,
2001). At first, most plasmodesmata are simple linear
channels, but later, they may become branched and
gain a central cavity. The permeability of plasmodes-
mata strongly depends on the developmental stage,
with cells in meristems and young developing tissues
being connected by multiple open plasmodesmata that
become closed as tissues mature (Duckett et al., 1994;
Kim and Zambryski, 2005). The selectivity of traffick-
ing through plasmodesmata depends on their aperture
and is defined by the size exclusion limit that specifies
the maximum size of the macromolecules able to pass
through. The major factor regulating the size of the
aperture is the turnover of callose at the constricted
ends (neck regions) of plasmodesmata. Callose deposi-
tion by a plasma membrane-localized callose synthase
causes a plasmodesma to close, while callose degradation
by extracellular glycosylphosphatidylinositol-anchored
b-1,3-glucanases results in a plasmodesma opening
(Iglesias and Meins, 2000; Levy et al., 2007; Guseman
et al., 2010). In addition, callose accumulation at the
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neck regions is stimulated by plasmodesmata callose-
binding proteins (PDCBs) and by plasmodesmata-
localized proteins (PDLPs). PDCBs are extracellular
glycosylphosphatidylinositol-anchored proteins with an
X8 domain that has been shown to bind callose (Simpson
et al., 2009). Overexpression of PDCBs causes increased
callose deposition and decreased permeability of plas-
modesmata (Simpson et al., 2009). The PDLPs are type I
plasma membrane proteins with an extracellular DUF26
domain of unknown function. Their overexpression
promotes plasmodesmata closure and their down-
regulation results in increased plasmodesmatal per-
meability (Thomas et al., 2008). The level of PDLP
expression positively correlates with the accumulation
of callose at the neck regions (Lee et al., 2011). The
other factor modulating plasmodesmatal permeability
is a redox state of mitochondria and plastids, when
oxidation of mitochondria promotes plasmodesmata
opening while oxidation of plastids inhibits it (Benitez-
Alfonso et al., 2009; Stonebloom et al., 2009, 2012).
Recently, an Arabidopsis (Arabidopsis thaliana) mutant

with altered plasmodesmatal permeability has been
identified in a genetic screen designed to find genes es-
sential for correct stomata patterning (Guseman et al.,
2010). Differentiation of stomatal complexes is initiated
by an asymmetric division in a subset of protodermal
cells called meristemoid mother cells. A meristemoid
mother cell gives rise to a smaller triangular meristemoid
cell and a bigger sister cell that may divide asymmetri-
cally to produce a new meristemoid or may differentiate
into a pavement cell. In Arabidopsis, meristemoids typ-
ically undergo one to three rounds of asymmetric divi-
sion, but eventually they differentiate into a round guard
mother cell, which divides symmetrically to generate
a pair of guard cells. Differentiation of stomata follows
a “one-cell-spacing” rule in which two stomata com-
plexes are separated by at least one pavement cell. Five
basic helix-loop-helix (bHLH) transcription factors,
SPEECHLESS (SPCH), MUTE, FAMA, ICE1/SCREAM,
and SCREAM2, are positive regulators of stomata de-
velopment (Ohashi-Ito and Bergmann, 2006; MacAlister
et al., 2007; Pillitteri et al., 2007; Kanaoka et al., 2008).
To control stomata density and to prevent stomata
clustering, a receptor-like kinase-mediated signaling
pathway negatively regulates stomata differentiation.
The signaling is initiated at the plasma membrane by
three partially redundant receptor-like kinases, ERECTA,
ERL1, and ERL2 (Shpak et al., 2005), a receptor-like
protein, TOO MANY MOUTHS (TMM; Nadeau and
Sack, 2002), and an EPF family of putative ligands (Hara
et al., 2007, 2009; Hunt and Gray, 2009; Abrash and
Bergmann, 2010; Kondo et al., 2010; Sugano et al., 2010).
When activated, the receptor-like kinases presumably
turn on the mitogen-activated protein kinase cascade
consisting of YODA, MKK4/5, and MPK3/6 (Bergmann
et al., 2004; Wang et al., 2007). The mitogen-activated
protein kinase cascade phosphorylates and inhibits at
least some of the above-mentioned bHLH transcrip-
tion factors (Lampard et al., 2008). Guseman and
colleagues (2010) have demonstrated that proper

stomata patterning is dependent upon the restriction of
symplastic movement of these transcription factors. A
mutation in the callose synthase GLUCAN SYNTHASE-
LIKE8 (GSL8) increased plasmodesmatal permeability
and produced a stomata clustering phenotype, possibly,
due to transcription factor escape.

Aiming to find additional factors regulating stomata
differentiation, we conducted an enhancer genetic screen
with the erl1 erl2 mutant. Out of three ERECTA family
receptors, only ERL1 and ERL2 are expressed in mer-
istemoids and guard mother cells (Shpak et al., 2005).
While the erl1 erl2 double mutant plants do not have
growth defects (Shpak et al., 2004), they have a slight
change in stomata differentiation. Meristemoids in erl1
erl2 plants undergo a reduced number of asymmetric di-
visions and differentiate prematurely, suggesting that
ERL1 and ERL2 inhibit meristemoid differentiation
into guard mother cells. In our screen, we identified a
novel mutant with increased stomata clustering in the
erl1 erl2 background. Map-based cloning determined
that the mutation is in the ELD1/KOBITO1/ABI3 gene.
As this gene is most frequently called KOBITO1 in the
literature, we adopted that name as well. KOBITO1 is
important for cellulose biosynthesis during cell elon-
gation (Pagant et al., 2002) and mediates plant re-
sponses to abscisic acid and Glc (Brocard-Gifford et al.,
2004), but its molecular function is unknown. Our data
suggest that increased stomata clustering in the iden-
tified kob1-3 mutant is due to an increase of plasmo-
desmatal permeability; thus, KOBITO1 is essential for
the establishment of the correct size exclusion limit of
plasmodesmata. The sequence analysis of KOBITO1
predicts that it might be a glycosyltransferase, and we
speculate that it is involved in a carbohydrate meta-
bolic pathway that is essential for both cellulose bio-
synthesis and the closure of plasmodesmata.

RESULTS

Positional Cloning of KOBITO1

A dwarf mutant with stomata clusters has been
isolated in an ethyl methanesulfonic acid mutagenesis
screen in the erl1-2 erl2-1 background. Segregation
analysis demonstrated that reduced plant size and sto-
mata clustering are linked and the mutation is recessive
and monogenic (95 out of 402; x2 = 0.401, P = 0.52).

Using map-based cloning, we determined that the
mutation is located on the long arm of chromosome 3
and then fine-mapped it to a 138-kb fragment between
markers KDY42 and F17O14b (Fig. 1A). Analysis of
genes in this fragment revealed the presence of
KOBITO1. As descriptions of KOBITO1 mutant alleles
such as kob1-1, kob1-2, eld1-1, eld1-2, and abi8 (Cheng
et al., 2000; Pagant et al., 2002; Lertpiriyapong and
Sung, 2003; Brocard-Gifford et al., 2004) highly re-
sembled the phenotype of our mutant, we sequenced
KOBITO1 and found a single C→T substitution at
position 2,166 bp that results in a Ser-371→Leu-371
substitution (Fig. 1B). We named the new allele kob1-3.
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This mutation does not change the expression of
KOBITO1 mRNA as determined by semiquantitative
reverse transcription (RT)-PCR (Supplemental Fig. S1).
A genetic cross confirmed that kob1-3 is allelic with eld1-1
(Lertpiriyapong and Sung, 2003).

Growth Defects of kob1-3 Are Independent of erl1 erl2

The kob1-3 erl1-2 erl2-1 mutants are dwarfs with
short swollen roots, short hypocotyls, small cotyle-
dons, and small round leaves with very short petioles
(Fig. 2; Supplemental Fig. S2). The mutants form leaves
at a slower rate, transition to flowering at least 12 d
later than erl1-2 erl2-1, and have severely reduced
fertility. Inflorescence stems are shorter at maturity.
The reduced growth of plant organs is coincident with
dramatically reduced cell expansion in the epidermis
(Fig. 2C). At the same time, the mutant is able to form
root hairs of normal length, suggesting that KOBITO1
is essential for diffused cell growth but not for tip
growth. We did not detect any evidence of incomplete
cell walls in the kob1-3 erl1-2 erl2-1 or kob1-3 epidermis.
Outcrossing to wild-type plants demonstrated that
all the described growth defects of kob1-3 are inde-
pendent of the erl1-2 erl2-1 mutations (Fig. 2, A and C;
Supplemental Fig. S2). kob1-3 is a weaker allele com-
pared with other kobito1 mutants (kob1-1, kob1-2, abi8,
and eld1-2, based on their published descriptions
[Pagant et al., 2002; Lertpiriyapong and Sung, 2003;
Brocard-Gifford et al., 2004], and eld1-1, based on di-
rect observations), as it can survive in soil, is not fully
sterile, and does not have obvious cytokinesis defects.
Therefore, KOBITO1 protein with the Ser-371→Leu-
371 substitution is likely to be partially functional.

Stomatal Patterning Defects Conferred by kob1-3

The kob1-3 erl1-2 erl2-1 plants contain a dramatically
increased number of stomata clusters in cotyledons (Fig.

3A). In kob1-3 erl1-2 erl2-1, 38% 6 5% and 35% 6 1% of
stomata are in clusters versus 3%6 3% and 2%6 4% in
erl1 erl2 on the abaxial and adaxial sides of cotyledons,
respectively (Fig. 4, B and D). In other organs of kob1-3
erl1-2 erl2-1 plants, we also detected stomata clusters,
but the phenotype was weaker compared with cotyle-
dons. When kob1-3 is in the background of functional
ERL1 and ERL2, the stomata clustering phenotype is
absent (Figs. 3C and 4, B and D). Outcrossing of the
KOB1 allele eld1-1 into an erl1-2 erl2-1 background
produced seedlings with stomata clusters in cotyledons,
confirming that the observed phenotype is due to a
mutation in the KOBITO1 gene (Fig. 3, I and J). Next, we
analyzed the genetic interaction of kob1-3 with two
other components of the stomatal patterning pathways:
ERECTA and TMM. In the erecta background, the kob1-3
mutation increased the number of cells dividing
asymmetrically but did not lead to the formation of
stomata clusters (Fig. 3E). We observed a very strong
stomata clustering phenotype in the background of the
tmm-1 mutation (Fig. 3, G and H) (Nadeau and Sack,
2002), with 99% 6 1% of stomata in clusters of more
than three on the abaxial side of cotyledons in kob1-3
tmm-1 versus 36% 6 7% in tmm-1 (Fig. 4F). In addition
to stomata clustering, the kob1-3 mutation also had an
effect on the stomatal index (the ratio of stomata to total
epidermal cell count). In cotyledons, kob1-3 increases the
fraction of cells that are stomata on the adaxial epider-
mis on its own (Fig. 4C) and on both the abaxial and
adaxial epidermis in the erl1-2 erl2-1 and tmm-1 back-
grounds (Fig. 4, A, C, and E).

These results suggest that KOBITO1 is necessary for
proper stomatal patterning and for the inhibition
of excessive stomata differentiation when the TMM/
ERECTA gene family pathway is compromised. This
interaction between KOBITO1 and the ERECTA family
genes does not happen at the level of gene expression,
as expression of ERECTA is not changed in either
kob1-3 erl1 erl2 or kob1-3, and KOB1 expression is not
changed in the erl1 erl2 mutant (Supplemental Fig. S1).

Figure 1. Positional cloning of KOBITO1.
A, Fine-mapping of KOBITO1. The kob1-3
mutation was mapped to the long arm
of chromosome 3 between molecular
markers KDY42 and F17014b. The
number of recombinants obtained is in-
dicated in the middle. Markers are po-
sitioned to scale. The corresponding
bacterial artificial chromosome clones
and the location of the KOBITO1 locus
(At3g08550) are indicated below. B,
KOBITO1 gene structure and positions
of the mutations in kob1-3 and eld1-1.
Boxes indicate exons and thick lines in-
dicate introns. In kob1-3, a C-to-T sub-
stitution results in Ser-371→Leu-371. In
eld1-1, an A-to-G substitution results
in a premature stop codon.
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The KOBITO1 Gene Is Necessary for the Regulation of
Plasmodesma Permeability

Published data suggest that a primary function of
KOBITO1 is in cell wall metabolism (Cheng et al., 2000;
Pagant et al., 2002). Because alterations in plasmo-
desmatal permeability can lead to misspecification of
epidermal cell fate (Guseman et al., 2010), we asked
whether KOBITO1 is important for the establishment
of the proper size exclusion limit of plasmodesmata.
To examine cell-to-cell protein mobility, we bom-

barded a plasmid carrying cauliflower mosaic virus
(CaMV) 35S:GFP into the abaxial epidermis of kob1-3
erl1 erl2 and erl1 erl2 10-d-old seedlings and 18 h later
analyzed the movement of GFP from the point of
transformation. The particle gun always transforms an
individual cell during bombardment, and surrounding
cells receive GFP due to diffusion through plasmodes-
mata. This technique has previously been used to assess
changes in plasmodesma permeability due to the de-
regulation of callose biosynthesis or degradation (Levy
et al., 2007; Guseman et al., 2010). In erl1 erl2 seedlings,
GFP was mostly expressed in a single cell (34%) or in
small clusters of cells (38% in clusters of two to four). In
kob1-3 erl1 erl2 seedlings, GFP was more frequently
expressed in big groups of cells (78% in clusters of more
than four, 32% in clusters of more than 10; Fig. 5, A and
D). The average cluster sizes were 3.8 for erl1-2 erl2-1
plants and 8.4 for kob1-3 erl1-2 erl2-1 mutants. To con-
firm our findings, we repeated the experiment with two
plasmids; one carrying CaMV 35S:GFP and another
carrying CaMV 35S:red fluorescent protein (RFP) were
cobombarded into the adaxial epidermis of 17-d-old
seedlings. In our experiments, RFP was always ob-
served only in an individual transformed cell due to the
presence of an endoplasmic reticulum retention signal

and a resulting inability to move through plasmodes-
mata. While GFP had the ability to move, it was still
confined to mostly single cells (88%) in erl1 erl2 seedlings.
However, in kob1-3 erl1 erl2 seedlings, GFP had moved
out of one cell to neighboring cells and was observed in
clusters (72%; Fig. 5, B and E). The average cluster sizes
were 1.1 for erl1-2 erl2-1 plants and 3.7 for kob1-3 erl1-2
erl2-1mutants, confirming the increased plasmodesmatal
permeability in kob1-3 erl1-2 erl2-1 mutants.

As the number of stomatal lineage cells in the kob1-3
erl1-2 erl2-1 epidermis is much higher than in erl1-2
erl2-1 (Figs. 3, A and B, and 4, A–D), it is possible that
our observed variation in plasmodesma permeability is
related to a distinct plasmodesmata structure in differ-
ent cell types. To analyze whether kob1-3 alters plas-
modesmata conductivity in seedlings with a comparable
epidermal cell differentiation pattern, we bombarded
the CaMV 35S::GFP construct into kob1-3 and the wild
type. Analysis of the adaxial epidermis of 10-d-old seed-
lings demonstrated increased GFP diffusion in kob1-3,
with 78% of GFP expressed in clusters versus 47% in the
wild type (Fig. 5, C and F). The average cluster size of cells
expressing GFP was 2.1 in the wild type and 3.2 in kob1-3.

Another possibility is that the observed increase in the
diffusion of GFP is related to higher GFP accumulation
in the smaller epidermal cells of kob1-3. While on aver-
age cells are smaller in kob1-3, we often detected GFP
expressed in cells of similar size in kob1-3 and the wild
type (Fig. 5C) and sometimes in cells with the reversed
proportions: small wild-type cells and big kob1-3 cells
(Supplemental Fig. S3). We did not detect any correla-
tion between the size of cells or the level of GFP ex-
pression and the amount of GFP diffusion. These results
suggest that the kob1-3mutation increases plasmodesma
permeability independently of changes in epidermal cell
composition or modification of cell size.

Figure 2. Growth defects of kob1-3. A
and B, Comparison of wild-type (WT)
and mutant growth in 10-d-old seed-
lings (A) and 6-week-old plants (B). C,
Comparison of pavement cell size on
the abaxial side of cotyledons in 15-d-
old seedlings.
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Increased Diffusion of SPCH-Yellow Fluorescent Protein
in kob1-3 erl1-2 erl2-1

We hypothesized that excessive stomata differenti-
ation in kob1-3 erl1-2 erl2-1 is due to increased diffusion
of stomata promoting bHLH transcription factors. To
test this hypothesis, we analyzed the diffusion of SPCH-
yellow fluorescent protein (YFP), a bHLH transcription

factor essential for meristemoid mother cell differen-
tiation (MacAlister et al., 2007). SPCH-YFP and cyan
fluorescent protein (CFP) were cobombarded into the
adaxial epidermis of 12-d-old cotyledons. Analogous
to GFP, diffusion of CFP was increased in kob1-3 erl1-2
erl2-1 versus erl1-2 erl2-1 (Fig. 6, A and B), again sug-
gesting increased plasmodesmata permeability. More
importantly, diffusion of SPCH-YFP was also increased
in kob1-3 erl1-2 erl2-1 epidermis (Fig. 6, A and C). While
in erl1-2 erl2-1 we detected SPCH-YFP only in single
cells, in kob1-3 erl1-2 erl2-1 SPCH-YFP was able to dif-
fuse in the neighboring cells in 23% of transformation
events (Fig. 6C). This result suggests that the diffusion
of SPCH and possibly other stomata-promoting tran-
scription factors from stomatal lineage cells into neigh-
boring cells is likely to occur in kob1-3 mutants.

Callose Accumulation in kob1-3 erl1-2 erl2-1

Plasmodesma permeability strongly depends on cal-
lose accumulation at the neck region, with a decrease
in callose deposition leading to plasmodesma opening
(Iglesias and Meins, 2000; Levy et al., 2007; Guseman
et al., 2010). However, previously it was reported that
the kob1-1 mutant shows increased, not decreased,
callose accumulation (Pagant et al., 2002). Our analysis
of kob1-3 by aniline blue staining suggests a similar
pattern and level of callose deposition in the cotyle-
dons of kob1-3 erl1 erl2 and erl1 erl2 seedlings (Fig. 7, A
and B). In both cases, we detected high aniline blue
staining in the vasculature, at the tips of root hairs, at
the cell plates of the newly divided guard mother cells,
and in the root tip. In some kob1-3 erl1 erl2 seedlings,
the levels of aniline blue staining was somewhat
higher compared with erl1 erl2, but as the difference
was not dramatic it is difficult to conclude significance.
The weaker accumulation of callose in kob1-3 com-
pared with kob1-1 is likely related to the considerably
weaker phenotype of kob1-3 mutants. More signifi-
cantly, while observing the abaxial leaf epidermis, we
detected callose accumulation at plasmodesmata in
both erl1-2 erl2-1 and kob1-3 erl1-2 erl2-1 (Fig. 7, C and
D). In the erl1-2 erl2-1 epidermis, aniline blue staining
appeared as two narrow parallel rectangles in the cell
wall area. These rectangles are most likely two plas-
modesma neck regions. In kob1-3 erl1-2 erl2-1, some
plasmodesmata had a similar pattern of staining, but
accumulation of callose at others seemed to be reduced
and looked patchy (Fig. 7C). This different pattern of
callose accumulation could be one of the contributing
factors to increased plasmodesma permeability in kob1-3.
Alternatively, the difference in observed aniline blue
staining could be due to the difficulty in focusing on
callose rectangles, as the surface of kob1-3 leaves is very
bumpy. While a more precise analysis is needed to
measure the exact amount of callose accumulation at
plasmodesmata, at this point we can conclude that if
there is a change in callose accumulation in kob1-3 it is
rather subtle.

Figure 3. Stomatal patterning defects conferred by the kob1-3 muta-
tion. DIC images are shown of the abaxial cotyledon epidermis from
17-d-old seedlings of kob1-3 erl1-2 erl2-1 (A), erl1-2 erl2-1 (B), kob1-3
(C), the wild type (wt; D), kob1-3 erecta-105 (E), erecta-105 (F), kob1-3
tmm-1 (G), tmm-1 (H), eld1-1 erl1-2 erl2-1 (I), and eld1-1 (J). While
the kob1-3 and eld1-1 mutations do not change stomatal patterning in
the wild type (C and J), they lead to the formation of stomata clusters
when combined with erl1-2 erl2-1 (A and I). The kob1-3mutation also
promotes excessive asymmetric divisions in the erecta background,
leading to the formation of meristemoids (E), and increases the size of
stomata clusters in the tmm mutant (G). Images were all taken under
the same magnification. Bar = 50 mm.
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Disruption of Cellulose Biosynthesis Does Not Change
Stomata Differentiation in the erl1 erl2 Background

The most obvious defects of kobito1 mutants are de-
creased cellulose biosynthesis and the abnormal orien-
tation of cellulose microfibrils (Pagant et al., 2002).
Based upon those data, KOBITO1 was proposed to be a
part of the cellulose synthase machinery in elongating
cells. To check whether a disruption of cellulose biosyn-
thesis could cause an increase in plasmodesma permea-
bility and subsequent formation of stomata clusters, we
used two different methods. In the first experiment, we

grew wild-type and erl1 erl2 seedlings on plates with
1 mM 2,6-dichlorobenzonitrile (DCB), a cellulose synthesis
inhibitor. The presence of the inhibitor produced dwarf
seedlings as cells became smaller, but it did not induce
the formation of stomata clusters in either the wild type
or in erl1 erl2 (Fig. 8, A and B). In the second experiment,
we analyzed stomata formation in the rsw1-1 mutant
(Arioli et al., 1998), a temperature-sensitive allele of cel-
lulose synthase A1. To examine stomata formation in a
background where the TMM/ERECTA family signaling
pathway is not fully functional, we outcrossed rsw1-1
into the erl1 erl2 background. Again, we observed that
the rsw1-1 mutation caused reduced cell elongation and
led to dwarfism, but it did not change the stomatal index
or induce the formation of stomata clusters in either
background (Fig. 8, D and E).

KOBITO1 Is a Glycosyltransferase-Like Protein

KOBITO1 encodes a protein of 533 amino acids. While
earlier publications have stated that KOBITO1 has no
known domains, our search for conserved domains
using the Conserved Domain Database (Marchler-Bauer
et al., 2011) identified a glycosyltransferase family A
domain between amino acids 238 and 382 with an
E-value of 2.14e-03 and one between amino acids 146
and 292 with an E-value of 0.01. Ser-371 is a conserved
residue in this domain that is sometimes substituted to
Ala, Thr, or Pro in putative KOBITO1 orthologs and
paralogs. Another search using the Pfam database
identified a domain of unknown function (DUF23) with
an E-value of 2.1e-03 between amino acids 140 and 373.
This domain also belongs to the glycosyltransferase A
clan. The TMHMM2 program predicted a transmem-
brane domain spanning amino acids 27 to 49 and a type
II transmembrane topology typical of glycosyltransfer-
ases, with a short N-terminal segment within the cytosol
and a larger C-terminal domain on the other side. Ortho-
logs of KOBITO1 exist in many different plant species and
in green algae (Supplemental Fig. S4). The putative
glycosyltransferase domain (amino acids 146–382) of
KOBITO1 from the green alga Chlorella variabilis is 61%
identical and 76% similar to that of Arabidopsis KOBITO1.

DISCUSSION

In a genetic screen designed to find genes involved
in the regulation of stomata development, we found a
novel mutant allele of KOBITO1. The localization of
the kob1-3 mutation was determined by map-based
positional cloning and confirmed by allelic analysis
with the eld1-1 mutant. Several mutant alleles of
KOBITO1, such as eld1-1, eld1-2, kob1-1, and kob1-2,
have previously been isolated in genetic screens for
growth-defective mutants (Cheng et al., 2000; Pagant
et al., 2002), and another allele, abi8, has been isolated
in a screen for reduced sensitivity to abscisic acid
during seed germination (Brocard-Gifford et al., 2004).
All of these previous mutants are sterile severe dwarfs

Figure 4. Stomatal patterning defects in kob1-3. The kob1-3 mutation
increases the stomatal index in adaxial epidermis of cotyledons (C) but
does not result in stomata clustering in either abaxial (B) or adaxial (D)
epidermis. In erl1 erl2 and tmm backgrounds, kob1-3 increases the
stomatal index (A, C, and E) and stomata clustering (B, D, and F) in
both abaxial and adaxial epidermis. Values are means 6 SD. For
measurements, we used cotyledons from six 17-d-old seedlings. Ab-
axial epidermis (A and B) and adaxial epidermis (C and D) data are
shown. The total number of epidermis cells counted was between
1,121 and 1,864 for A and C and between 554 and 952 for E. The total
number of stomata counted was between 168 and 652. wt, Wild type.
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with abnormal vasculature differentiation. Cell elonga-
tion is impaired in all organs; however, the polarized
growth of root hair and pollen tubes is not changed
(Pagant et al., 2002). The reduced cell elongation in kobito1
mutants cannot be rescued by treatment with growth
regulators (Cheng et al., 2000). The phenotype of our
novel allele kob1-3 is very similar but slightly less severe.
The kob1-3 plants are dwarfs with reduced cell elonga-
tion; however, they are partially fertile and do not have
the incomplete cell walls that were observed in some
other alleles (Pagant et al., 2002). The weaker phenotype
of kob1-3 is likely due to the presence of a partially
functional KOBITO1 protein with a Ser-371→Leu-371
substitution.

Our experiments uncovered that, in addition to growth
defects, the kob1-3 mutants have increased plasmo-
desmatal permeability. At first, we noticed that in
backgrounds with reduced function of TMM/ERECTA
family (ERf), the kob1-3 mutants had increased sto-
matal index and multiple stomata clusters. The de-
pendence of stomata clustering in kob1-3 on mutations
in the signaling pathway, which suppresses stomata
differentiation, is strikingly similar to the phenotypes
observed for chorus (chor; Guseman et al., 2010). For
example, chor has very few stomata clusters when the
TMM/ERf pathway is functional, but stomata clusters
form in the background of the erecta erl1 and erecta erl2
mutations. In the background of erecta, both kob1-3 and

chor produce an increased number of small cells that
form through asymmetric divisions, and in the back-
ground of tmm, they both generate massive stomata
clusters. The increased stomata clustering in chor has
been attributed to an increased permeability of plas-
modesmata that allows symplastic movement of tran-
scription factors promoting stomata development. The
chor mutation is in the GSL8 gene, which encodes a
callose synthase (Töller et al., 2008). Reduced deposition
of callose at plasmodesmata in chor is the most likely
cause of their increased conductivity (Guseman et al.,
2010). In the kob1-3 plants, cell-to-cell mobility assays
demonstrated an increase in intercellular protein traf-
ficking, including a rise in the symplastic movement of
SPCH. In analogy to chor, we speculate that in kob1-3,
increased plasmodesmatal permeability leads to an
escape of stomata fate-promoting transcription factors
such as SPCH, MUTE, FAMA, ICE1/SCREAM, and
SCREAM2 from meristemoids and guard mother cells to
neighboring cells. When the TMM/ERf signaling path-
way is functional, it inhibits these transcription factors,
preventing the formation of stomata clusters. In the
backgrounds where this pathway is compromised,
such as in erl1 erl2 or tmm, the escaped transcription
factors are able to switch the development of cells in
the stomata neighborhood to stomata cell fate.

Our findings again illustrate that closure of plasmo-
desmata is essential for the differentiation of stomata, as

Figure 5. Increased plasmodesmata
conductivity in kob1-3 and kob1-3 erl1
erl2. A to C, Representative images
of abaxial epidermis of cotyledons of
10-d-old seedlings expressing bom-
barded GFP (A), adaxial epidermis of
cotyledons of 17-d-old seedlings
expressing cobombarded GFP (left
images), endoplasmic reticulum-local-
ized RFP (center images), and both
merged (right images; B), and adaxial
epidermis of cotyledons of 10-d-old
seedlings expressing bombarded GFP
(C). In C, cells with a dimmer GFP
signal are labeled with asterisks. D to
F, Distribution analysis of the number
of cells in clusters expressing GFP in
10-d-old seedlings (D and F) and in
17-d-old seedlings (E). n = 50. A cluster
is a single transformation event of one
cell based on RFP expression. wt, Wild
type.
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it prevents the diffusion of cell fate determinants. In
that respect, stomata development is unlike the dif-
ferentiation of the endodermis, root hairs, or trichomes,
in which symplastic transport plays a positive role
in the establishment of correct cell fate. In each of
these three cases, cells communicate with each other
through the exchange of transcription factors such
as SHOORTROOT, TRIPTYCHON, and CAPRICE
(Nakajima et al., 2001; Digiuni et al., 2008). On the other
hand, stomata formation is correlated with plasmo-
desmata closure, with mature guard cells being virtu-
ally completely symplastically isolated. This isolation is
essential for efficient opening and closing of stoma by
maintaining the independence of guard cell ionic and
electric balance. It appears that the differentiation of
stomata and their spacing evolved to rely solely on
extracellular communications and not on symplastic
transport. This peculiarity of stomata development could
be exploited further in the future to find other factors that
are important for the regulation of plasmodesma per-
meability. For example, the G-protein signaling pathway
has been shown to regulate stomatal density (Zhang et al.,
2008) and cell wall metabolism (Klopffleisch et al., 2011).
It would be interesting for future studies to investigate
if stomatal density changes in mutants of G-protein
a-subunit and G-protein b-subunit are related to changes
in plasmodesmatal permeability.
Increased plasmodesmatal permeability is most of-

ten associated with decreased callose deposition at the
neck regions (Bucher et al., 2001; Guseman et al., 2010).
Previously, it has been reported that callose deposition
in kob1-1 is increased (Pagant et al., 2002). Likewise, we
observed equal or higher levels of callose accumula-
tion in kob1-3 mutants compared with controls. These
data indicate that callose biosynthesis is not impaired
in kobito1 mutants. There is still a possibility that while
callose is synthesized, it is inappropriately deposited at

the neck regions. While we were able to detect callose
accumulation at plasmodesmata, we saw some evidence
that in kob1-3 there was a higher density of plasmodes-
mata with slightly less callose deposition at individual
plasmodesma (Fig. 7C). Whether this result reflects the
real situation or is due to the difficulty with focusing a
microscope on plasmodesmata in kob1-3 leaves, as they
are fairly undulating, is still an open question. The
structure of kob1-3 plasmodesmata and the level of cal-
lose deposition at individual plasmodesmata shall be
addressed in the future.

Multiple previous lines of evidence suggest an in-
volvement of KOBITO1 in cellulose biosynthesis. The
dwarf phenotype of kobito1 mutants with radically
swelled cells is reminiscent of cellulose-deficient mu-
tants and seedlings treated with cellulose inhibitors.
Analysis of the kob1-1 mutant demonstrated a 33%
decrease in cellulose content and a random orientation
of cellulose microfibrils in the root cell elongation zone
(Pagant et al., 2002). In addition, classification of Arab-
idopsis cell wall mutants using Fourier transform in-
frared microspectroscopy showed that kobito1 mutants
appear in the same cluster as cellulose-deficient mu-
tants (Mouille et al., 2003). Could cellulose biosynthesis
be essential for the regulation of plasmodesmatal per-
meability? Recently, high-resolution scanning electron
microscopy of plasmodesmata suggested that the plas-
modesmal plasma membrane and the cell wall are
connected by spokes that are either composed of or
stabilized by cellulose or pectin (Brecknock et al., 2011);
hypothetically, disruption of the formation of those
spokes might change plasmodesmata structure. There-
fore, we analyzed whether the disruption of cellulose
biosynthesis might increase the permeability of plas-
modesmata and thus induce the formation of stomata
clusters. Two independent experiments suggested that it
does not. Analysis of the cellulose biosynthesis mutant

Figure 6. Increased diffusion of SPCH-
YFP in kob1-3 erl1 erl2. A, Represen-
tative images of adaxial epidermis of
cotyledons of 12-d-old seedlings
expressing cobombarded CFP (left im-
ages), SPCH-YFP (center images), and
both merged (right images). B and C,
SPCH-YFP was detected solely in the
nuclei. Distribution analysis is shown
for the number of cells in clusters
expressing CFP (B) and SPCH-YFP (C).
n = 40.
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rsw1-1 and seedlings grown on the cellulose biosyn-
thesis inhibitor DCB demonstrated that disruption of
cellulose biosynthesis does not result in the formation of
stomata clusters; thus, is not likely to increase plasmo-
desmatal permeability. These data suggest that kobito1
mutants are deficient in some other aspect besides cel-
lulose biosynthesis and that decreased biosynthesis of
cellulose might be an indirect effect of kobito1 mutation.

An analysis of KOBITO1 structure suggests that it has
a DUF23 domain that belongs to the glycosyltransferase
family A clan. This domain is highly conserved between
KOBITO1 homologs in land plants and green algae
but is not present in other organisms. While KOBITO1 is
not part of CAZy, a database of carbohydrate active
enzymes, a bioinformatics approach aimed at finding
additional plant glycosyltransferase genes has iden-
tified KOBITO1 as one of 27 non-CAZy-classified
putative glycosyltransferases (Egelund et al., 2004).
Two genes out of this group of 27 have been proven
to encode glycosyltransferases that function in pec-
tin biosynthesis (Egelund et al., 2006). The overall
structure of the KOBITO1 protein is also consistent
with its suspected function as a glycosyltransferase,
as it is predicted to be a type II transmembrane protein
with four functional domains: a short cytoplasmic tail,

a membrane-anchoring domain, a stem region, and an
approximately 350-amino-acid-long putative catalytic
domain. Several different subcellular localizations
have previously been reported for KOBITO1. When
overexpressed under the control of a 35S promoter,
KOBITO1 was detected in the plasma membrane and
in distinct punctate patches (Pagant et al., 2002) as well
as in the cell wall (Lertpiriyapong and Sung, 2003).
However, when expressed under the control of its own
promoter, KOBITO1 was observed in punctate struc-
tures within the cytoplasm (Brocard-Gifford et al.,
2004), which hypothetically could be Golgi complexes.
This expression in punctate structures is sufficient to
complement the abi8 mutant. The possibility of
KOBITO1 localization in the Golgi is suggested by
Golgi Predictor (Yuan and Teasdale, 2002). Based on
the transmembrane domain, this program determines
whether a membrane protein would stay within the
Golgi or move beyond it to a post-Golgi compartment.
The transmembrane domain of KOBITO1 is surpris-
ingly evolutionarily conserved, with 64% similarity
between Arabidopsis and Physcomitrella patens. Finally,
a recent proteomic analysis of Golgi membranes purified
by free-flow electrophoresis from Arabidopsis cell
cultures has reproducibly identified KOBITO1 as a

Figure 7. Callose accumulation is not decreased
in kob1-3 erl1 erl2 mutants. A and B, The ac-
cumulation of callose in cotyledons and roots of
7-d-old kob1-3 erl1-2 erl2-1 seedlings is similar
to that of erl1-2 erl2-1. C and D, In the abaxial
epidermis of cotyledons, callose deposition at
plasmodesmata was detected in both erl1-2
erl2-1 and kob1-3 erl1-2 erl2-1 seedlings. At
higher magnification, the accumulation of callose
in kob1-3 erl1-2 erl2-1 looks less regular than in
erl1 erl2 (C). The detection of callose was deter-
mined with an aniline blue dye.
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component of this organelle (J.L. Heazlewood, personal
communication). In contrast, KOBITO1 has not been iden-
tified in any proteomic survey of the Arabidopsis
plasma membrane, which have collectively identified
over 3,000 proteins from this structure (Heazlewood
et al., 2007). While it is possible that KOBITO1 is a
transient member of the secretory system, its absence
in plasma membrane preparations would support the
notion that it is in fact a resident and functional com-
ponent of the Golgi apparatus.
Our analysis of KOBITO1 structure and localization

suggests that it could be involved in some sort of gly-
cosylation process in the Golgi that is essential for both
cellulose biosynthesis and for the closing of plasmo-
desmata. Cellulose biosynthesis has been shown to be
dependent on at least one other glycosylation pathway:
N-glycosylation of proteins (Lukowitz et al., 2001). But
considering that the biosynthetic steps and enzymes
involved in N-glycosylation are conserved between
yeast, mammals, and plants (Lehle et al., 2006) and that
KOBITO1 is a plant-specific gene, its function in N-
glycosylation is unlikely. The kob1-1 seedlings have an
increased accumulation of pectin, callose, and lignin
(Pagant et al., 2002); therefore, KOBITO1 is not likely to
function in those pathways either. Analysis of gene
coexpression data can be useful for finding genes be-
longing to the same metabolic pathway. For example, it
has been used successfully to identify gene clusters as-
sociated with cellulose biosynthesis during primary and

secondary cell wall formation (Persson et al., 2005) and
to find glycosyltransferases responsible for arabinosyla-
tion of cell wall Hyp-rich glycoproteins (Velasquez et al.,
2011). In agreement with our idea that its involvement
in cellulose biosynthesis is indirect, KOBITO1 is not
coexpressed with genes involved in cellulose biosyn-
thesis, based on data in the ATTED-II database. How-
ever, KOBITO1 does coexpress with several suspected
glycosyltransferases of unknown function (At1g52420,
At1g34270, and At3g10630) and with FUCOSYL-
TRANSFERASE1, an enzyme responsible for the ad-
dition of the terminal fucosyl residue on xyloglucan
side chains (Vanzin et al., 2002). Further analysis of the
KOBITO1 coexpression network might be helpful in
the future to identify its metabolic pathway.

CONCLUSION

Our analysis of kobito1 mutants in backgrounds
having deficient signaling of the TMM/ERf signaling
pathway shows that KOBITO1 function is required for
proper stomatal patterning and for the suppression
of excessive stomata differentiation. We have further
demonstrated that KOBITO1 function is essential for
the regulation of symplastic trafficking, a factor in-
fluencing stomata development. Interestingly, the in-
creased plasmodesmatal permeability we observed in
the kobito1 mutant was not due to decreased accumu-
lation of callose, as has typically been ascribed. Based

Figure 8. Disruption of cellulose biosynthesis does not lead to the formation of stomata clusters. A and B, Growth on a medium
with a cellulose biosynthesis inhibitor (1 mM DCB) reduces cell elongation and decreases plant size but does not lead to the
production of stomata clusters in either wild-type (wt) or erl1 erl2 10-d-old seedlings. DIC images of the abaxial epidermis of
cotyledons are presented in B. C to E, When plants are grown at 28˚C, the rsw1-1 mutation causes dwarfism in both the wild
type and in the erl1 erl2 background (C) but does not change the stomatal index (D) or induce the formation of stomata clusters
(E). In D, values are means 6 SD. In E, the median is indicated as a thick horizontal line, upper and lower quartiles are rep-
resented with the top and the bottom boxes, and vertical lines designate the maximum and the minimum. The abaxial epidermis
of cotyledons in six 7-d-old seedlings was analyzed. The total number of epidermis cells counted was between 1,303 and
1,710. The total number of stomata counted was between 339 and 437.
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on the structure of KOBITO1 and previously published
localization data, we propose that KOBITO1 is a Golgi-
localized glycosyltransferase-like protein functioning
in a carbohydrate metabolic pathway that is essential
for proper plasmodesma closure and for cellulose
biosynthesis.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used as the wild
type. The kob1-3 mutant was obtained from an ethyl methanesulfonic acid-
mutagenized (0.3% for 14 h) erl1-2 erl2-1 population (Shpak et al., 2004).
Individual M2 seed lines were grown onmodifiedMurashige and Skoogmedium
plates supplemented with 13 Gamborg B5 vitamins and 1% (w/v) Suc and
screened for stomata patterning defects. eld1-1 (CS6557), tmm-1 (CS6140), and
rsw1-1 (CS6554) mutants were received from the Arabidopsis Biological Resource
Center. The erecta-105 mutant was described previously (Torii et al., 1996). Plants
were grown on a soil mixture (Promix PGX [Premier Horticulture]:vermiculite
[Palmetto Vermiculite Co.], 1:1) supplemented with Miracle-Gro (Scotts) and
approximately 3.5 mg cm23 Osmocoat 15-9-12 (Scotts). In the experiment in which
cellulose biosynthesis was disrupted with DCB, seedlings were grown for 10 d
on plates containing modified Murashige and Skoog medium as above with
1 mM DCB (Sigma; catalog no. D57558) + 0.05% dimethyl sulfoxide or with
only 0.05% dimethyl sulfoxide. Both seedlings on plates and plants in soil
were grown at 20°C under long-day conditions (18-h-light/6-h-dark cycle).
For the analysis of rsw1-1 stomata development, we grew seedlings at 28°C.

Map-Based Cloning of kob1-3

A mapping population of kob1-3 was generated by crossing kob1-3 erl1 erl2 to
the Landsberg erecta (Ler) ecotype. A bulked segregant analysis (Lukowitz et al.,
2000) with a combined pool of DNA from 55 kob1-3-like seedlings revealed
a strong linkage of kob1-3 to the long arm of chromosome 3 between simple
sequence length polymorphism (SSLP) markers NGA172 and NGA162. Fine-
mapping performed within this region using 3,172 F2 plants localized the mu-
tation between SSLP markers KDY42 and F17O14b in a segment of 138 kb that
included three bacterial artificial chromosomes (F17A17, T8G24, and F17014).
Sequencing in this region revealed a single C→T substitution at position 2,072 bp
of the At3g08550 gene. The SSLP markers for map-based cloning were designed
based on information available in the Monsanto Arabidopsis Polymorphism and
Ler Sequence Collection (http://www.Arabidopsis.org/Cereon/index.jsp) as
well as the Arabidopsis Mapping Platform (http://amp.genomics.org.cn/). For
primer sequences and amplified fragment sizes in ecotype Columbia and Ler, see
Supplemental Table S1.

Crosses and Genotyping

To generate kob1-3/eld1-1 plants, kob1-3+/2 was crossed to eld1-1+/2. The
kob1-3/eld1-1 plants were identified in F1 based on their phenotype, and then
their genotype was confirmed by DNA analysis. We distinguished wild-type,
kob1-3+/2, and kob1-32/2 genotypes by amplifying genomic DNA with the
primers kdy 550-1100 (59-GCAAATCAGTTGCTCGGGTTC-39) and kdy 550-
1770.rc (59-GCCATCCTAAAGCTACACAGC-39) and then digesting the PCR
product with the restriction enzyme DraI. As the restriction site for DraI
is present only in plants that contain kob1-3, after digestion we detected
the 1.4-kb band in wild-type plants, the 1.4-kb, 1.2-kb, and 200-bp bands in
kob1-3+/2, and the 1.2-kb and 200-bp bands in kob1-32/2 plants. We distin-
guished wild-type and eld1-1+/2 plants by amplifying genomic fragments
with kdy 550-1100 and kdy 550-1770.rc primers and sequencing the product
to check for a G-to-A substitution at position 2,566 bp.

To generate kob1-3, kob1-3 erl1 erl2 plants were crossed with the wild type
(ecotype Columbia). To generate kob1-3 erecta-105, kob1-3 erecta-105 erl1, and
kob1-3 erecta-105 erl2 mutants, kob1-3 erl1 erl2 plants were crossed with erecta-
105 plants. To generate the kob1-3 tmm-1 double mutant, kob1-3 erl1 erl2 plants
were crossed with tmm-1 plants. The presence of the erl1-2 and erl2-1 muta-
tions was determined by PCR using gene-specific primer pairs and a combi-
nation of T-DNA annealing primer (JL-202) with gene-specific primers as
described previously (Shpak et al., 2004). The presence of the erecta-105 and

tmm-1 mutations was determined by phenotypic analysis in kob1-3+/2 plants.
Plants of the correct genotype were isolated from the F2 or F3 populations.

To generate rsw1-1 erl1-2 erl2-1, rsw1-1 plants were crossed with erl1-2
erl2-1. The presence of the erl1-2 and erl2-1 mutations was determined as
above, and the presence of the rsw1-1 mutation was determined based on the
dwarf phenotype of seedlings grown at 28°C.

RNA Isolation and Expression Analysis by
Semiquantitative RT-PCR

Total RNA was isolated from 15-d-old seedlings using the Spectrum Plant
Total RNA Kit (Sigma). The first-strand cDNA was synthesized from 1 mg of
total RNAs with the ProtoScript M-MuLV Taq RT-PCR Kit (New England
Biolabs) according to the manufacturer’s instructions. For the primers used,
see Supplemental Table S2. The PCR products were separated by electro-
phoresis on a 1.5% (w/v) agarose gel with ethidium bromide and captured
using a CCD camera.

Analysis of Mutant Phenotypes

Images of epidermis were made and measurements of stomata index and
clusteringwere done on 17- or 10-d-old seedlings as described using differential
interference contrast (DIC) microscopy. For DIC, seedlings were incubated in a
solution of 9:1 ethanol:acetic acid overnight and then cleared in a mixture of
8:1:1 chloral hydrate:distilled water:glycerol. For the stomata measurements,
we looked at the cotyledon epidermis of six seedlings per genotype and an-
alyzed an area in the center of the cotyledon excluding the midvein region.
The size of pavement cells was measured on the abaxial side of 15-d-old
cotyledons (n = 60; 10 cells per cotyledon) using the ImageJ program.

Transient Transformation of Seedlings and Cell-to-Cell
Mobility Assay

In the first experiment, the abaxial epidermis of kob1-3 erl1 erl2 and erl1 erl2
10-d-old Arabidopsis seedlings was transiently transformed with the vector
pAVA 321 (CaMV 35S::mGFPS65T; von Arnim et al., 1998). In the second ex-
periment, the adaxial epidermis of kob1-3 erl1 erl2 and erl1 erl2 17-d-old Arabi-
dopsis seedlings was transiently transformed with the vectors pAVA 321 and
pAN456 (CaMV 35S::RFP with endoplasmic reticulum retention signal; Nelson
et al., 2007). In the third experiment, the adaxial epidermis of kob1-3 and wild-
type 10-d-old Arabidopsis seedlings was transiently transformed with the vector
pAVA 321. And in the fourth experiment, the adaxial epidermis of kob1-3 erl1
erl2 and erl1 erl2 12-d-old Arabidopsis seedlings was transiently transformed
with the vectors pAVA 574 (CaMV 35S::CFP) and pLJP 170 (CaMV 35S::SPCH-
YFP). For transient transformation, we used 1.1-mm tungsten microcarriers (Bio-
Rad) and a PSD-1000/He particle bombardment system (Bio-Rad). To determine
the number of cells into which fluorescent proteins diffused, we analyzed flu-
orescent signal at 18 h post bombardment using a Nikon Eclipse 80i epifluor-
escence microscope or a Zeiss Axio Observer.Z1 and obtained images with a
12-megapixel cooled color DXM-1200c (Nikon) camera or with a 1.3-megapixel
cooled black-and-white ORCA-AG (Hamamatsu) camera. We analyzed RFP
expression to confirm that only one cell was transformed during bombardment.

Aniline Blue Staining

The 7-d-old seedlings were fixed in 95% ethanol overnight. The next day,
they were incubated first for 30 min in 0.09 M sodium phosphate buffer (pH 9)
and then for 1 h in 0.01% aniline blue dissolved in the same buffer. The
seedlings were observed with a Nikon Eclipse 80i epifluorescence micro-
scope equipped with a 12-megapixel cooled color camera and a UV-2A
filter (Nikon).

The GenBank accession number for the KOBITO1 (At3g08550) mRNA se-
quence is NM111689.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Semiquantitative RT-PCR analysis of KOBITO1,
ERECTA, ERL2, and actin transcripts in 15-d-old seedlings.
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Supplemental Figure S2. The effect of kob1-3 on the elongation of hypo-
cotyls and roots.

Supplemental Figure S3. Increased plasmodesmata conductivity in kob1-3
does not correlate with a decrease in cell size.

Supplemental Figure S4. ClustalW alignment of the predicted amino acid
sequences for KOBITO1 from Arabidopsis, Populus trichocarpa, Zea mays,
Oryza sativa, Selaginella moellendorffii, Physcomitrella patens, Chlorella var-
iabilis, and Micromonas strain RCC299.

Supplemental Table S1. Primer sequences used in map-based cloning of
kob1-3.

Supplemental Table S2. Primer sequences used in RT-PCR.
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