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Summary

To study cellular morphogenesis genetically, we isolated loss-of-function mutants of Arabidopsis thaliana,
designated ibo1. The ibo1 mutations cause local outgrowth in the middle of epidermal cells of the hypocotyls
and petioles, resulting in the formation of a protuberance. In Arabidopsis, the hypocotyl epidermis
differentiates into two alternate cell files, the stoma cell file and the non-stoma cell file, by a mechanism
involving TRANSPARENT TESTA GLABRA1(TTG1) and GLABRAZ2 (GL2). The ectopic protuberances of the ibo1
mutants were preferentially induced in the non-stoma cell files, which express GL2. TTG1-dependent
epidermal patterning is required for protuberance formation in ibo7, suggesting that IBO1 functions
downstream from epidermal cell specification. Pharmacological and genetic analyses demonstrated that
ethylene promotes protuberance formation in ibo17, implying that IBO1 acts antagonistically to ethylene to
suppress radial outgrowth. IBO1 is identical to NEK6, which encodes a Never In Mitosis A (NIMA)-related
protein kinase (Nek) with sequence similarity to Neks involved in microtubule organization in fungi, algae, and
animals. The ibo1-1 mutation, in which a conserved Glu residue in the activation loop is substituted by Arg,
completely abolishes its kinase activity. The intracellular localization of GFP-tagged NEK6 showed that NEK6
mainly accumulates in cytoplasmic spots associated with cortical microtubules and with a putative
component of the y-tubulin complex. The localization of NEKG6 is regulated by the C-terminal domain, which
is truncated in the ibo7-2 allele. These results suggest that the role of NEK6 in the control of cellular

morphogenesis is dependent on its kinase action and association with the cortical microtubules.
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Introduction

Epidermis, consisting of many specialized cells such as
pavement cells, trichomes, guard cells, and root hair cells,
provides a model system for studying cytodifferentiation in
plants, which involves specification of cell fate and cellular
morphogenesis (Hilskamp et al., 1994). The specification
processes of epidermal cells in shoots and roots are directed
by a substantially common mechanism (reviewed by
Hilskamp, 2004; Schiefelbein and Lee, 2006). The epidermal
cell files in the root differentiate into either a trichoblast file
that produces root hairs or an atrichoblast file that does not
produce root hairs, and the hypocotyl epidermal cell files
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differentiate into a stoma-containing cell file or a non-stoma
cell file (Berger et al., 1998; Dolan et al., 1994; Gendreau
et al., 1997; Hung et al., 1998). The trichoblast and stoma cell
files are positioned over the anticlinal cell wall between two
cortex cell files, whereas the atrichoblast and non-stoma cell
files are positioned outside the periclinal cell wall of one
cortex cell file. A transcriptional complex containing a
WD40-repeat protein  TRANSPARENT TESTA GLABRA1
(TTG1; Walker et al., 1999) promotes the expression of a
homeodomain protein GLABRA2 (GL2; Rerie et al., 1994) in a
position-dependent manner, which prevents cell fate from
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being specified as root-hair cells or guard cells. TTG1
and GL2 are involved in trichome differentiation as well.
Unlike the cases of root hair and guard cells, however, GL2
positively regulates trichome differentiation.

Genetic analyses, biochemical studies, and live-cell imag-
ing have revealed the central role of the organization of
cortical microtubules in cellular morphogenesis as well as
anisotropic growth (reviewed by Hamada, 2007; Hashimoto
and Kato, 2005; Hussey et al., 2002; Wasteneys and Yang,
2005). Microtubule-associated proteins (MAPs) bind to
microtubules and participate in microtubule nucleation,
stabilization, or destabilization (e.g. Smertenko et al.,
2000). Mutations in MAPs or tubulins have been known to
cause various defects or abnormalities in anisotropic
growth, cellular morphology, cell division, and microtubule
organization (Abe et al., 2004; Ambrose et al., 2007; Busch-
mann et al., 2004; Ishida et al., 2007; Kawamura et al., 2006;
Kirik et al., 2002; Nakajima et al., 2004; Sedbrook et al., 2004;
Shoji et al., 2004; Thitamadee et al., 2002; Twell et al., 2002;
Whittington et al., 2001). It has been also shown that the
WAVE complex and the actin-related protein 2/3 (Arp2/3)
complex, which enhance the initiation and branching of new
actin microfilaments from pre-existing microfilaments, are
essential for the morphogenesis of trichomes and the other
epidermal cells (Basu et al., 2004, 2005; Brembu et al., 2004;
Deeks et al., 2004; El-Assal et al., 2004a,b; Frank and Smith,
2002; Le et al., 2003; Li et al., 2003; Mathur et al., 2003a,b;
Uhrig et al., 2007; reviewed by Smith, 2003). During pave-
ment-cell morphogenesis in Arabidopsis, Rop-interactive
CRIB motif-containing protein 4 (RIC4) locally activates a
small G-protein ROP2, which enhances the assembly of
cortical actin filaments and induces localized outgrowth (Fu
et al., 2002, 2005). Bundling of microtubules mediated by the
other RIC family member, RIC1, antagonizes the RIC4-ROP2-
actin pathway and inhibits localized outgrowth, resulting in
interdigitating lobe-neck formation (Fu et al., 2005).

Pharmacological and genetic analyses have indicated
that protein phosphorylation is involved in the morpho-
genesis of epidermal cells (Baskin and Wilson, 1997;
Camilleri et al., 2002; Naoi and Hashimoto, 2004; Sakai
et al., 2008). Very recently, a Never In Mitosis A (NIMA)-
related protein kinase (Nek), designated NEK6, has been
identified as interacting with armadillo repeat-containing
kinesin-related proteins (ARKs) (Sakai et al., 2008). The nek6
mutants exhibited pleiotropic phenotypes: side-by-side
root-hair formation, abnormal protrusions in the hypocotyls
and petioles, and a slightly leftward root growth (Sakai
et al., 2008). The nek6-1 mutant also shows a reduction in
trichome branching. From the observations that drugs
interfering with microtubules partly phenocopied the nek6
mutants and that ark7 mutants accumulated extra micro-
tubules in the endoplasm, NEK® is inferred to act together
with ARKs in the morphogenesis of epidermal cells via
microtubule functions (Sakai et al., 2008).

In the present study, we isolated a new class of loss-of-
function mutants of Arabidopsis, designated ibo7, which
exhibit abnormal protuberances on their epidermal cells.
Positional cloning identified the gene responsible as NEK®.
The ibo1-1 mutation results in the complete loss of the
kinase activity of NEK6, and green fluorescent protein (GFP)-
NEK®6 constructs labeled cytoplasmic spots associated with
cortical microtubules. The localization pattern of GFP-NEK6
is interfered with by the ibo7-2 mutation. Our findings
suggest that NEK6 exerts a kinase function in a close relation
with the cortical network of microtubules to suppress
ectopic outgrowth and modulate anisotropic growth in
epidermal cells.

Results

Phenotypic analysis of ibo1

The epidermal cells of the hypocotyls of wild-type Arabid-
opsis seedlings elongate simply and do not show outward
growth. A series of novel mutants were originally isolated on
the basis of protuberances on the surfaces of their hypoco-
tyls, resulting from the unusual outward growth of the epi-
dermal cells (Figure 1a). These mutants were referred to as
‘ibo’, meaning ‘small protuberances’ in Japanese. Three
recessive alleles of ibo? (ibo1-1, ibo1-2, and ibo1-3) were
identified and characterized. The ibo7-1 mutant was isolated
from ethyl methane sulfonate (EMS)-mutagenized popula-
tions of the Wassilewskija accession (Ws). The ibo7-2 and
ibo1-3 mutants were identified from EMS-mutagenized
populations of the Columbia accession (Col). We also iden-
tified ibo7-4 from T-DNA insertion populations (Alonso
et al., 2003), as described in a later section. Because all ibo1
alleles were very similar in the protuberance phenotype, the
ibo 1-1Tmutant was mainly characterized in detail. In the ibo1-
1seedlings, the epidermal protuberances were observed not
only on the hypocotyls but also on the petioles of cotyledons
and rosette leaves (Figure 1a,b). Each protuberance was a
single-cell structure with a round tip, similar in appearance
to a root hair (Figure 1c). Each of the protruding epidermal
cells formed only one protuberance, in the middle of the cell
(Figure 1c). The protuberances became visible 3-6 days
after germination (Figure 1d), which corresponds to the
linear growth phase of hypocotyls (Gendreau et al., 1997).

In Arabidopsis hypocotyls, two kinds of epidermal cell
files are arranged alternately into the non-stoma cell file and
the stoma cell file (Berger et al., 1998; Gendreau et al., 1997;
Hung et al., 1998). We examined the relationship between
these cell files and the protuberances in ibo1. Close obser-
vation of the hypocotyl surface of the ibo7-1 mutant
indicated that the protuberances are mostly restricted to
the non-stoma cell files (Figure 1c), suggesting that the
formation of protuberances is dependent on epidermal
patterning.
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Figure 1. Phenotype of ibo1.
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(a) Morphology of hypocotyls of 11-day-old seedlings of wild type and ibo1. Bars = 1 mm.
(b) Morphology of petioles of 21-day-old plants of wild type and ibo1-1: stereoscopic microscopy (upper panels, bars = 1 mm) or light microscopy (lower panels,

bars = 100 um). A bracket indicates protuberances in ibo1-1.

(c) Close observation of hypocotyl epidermis in wild type and ibo1-1 by light microscopy (the upper panels and the lower right panel) and scanning electron
microscopy (the lower left panel). Circles and arrows indicate stoma complexes and protuberances, respectively. Bars = 100 um.
(d) Time course of protuberance formation. Symbols indicate averages of data from 25 seedlings of wild type (WT) and ibo7-1, and vertical lines represent SEs.

Next, we characterized the effects of the ibo7 mutations
on the trichomes and root hairs. Whereas the number of
trichomes per leaf was not affected by any ibo7 mutations
(Figure S1), trichome branching was increased in ibo1-2
(Table S1). With respect to root-hair density, there was no
difference between the wild type and the ibo7 mutants
(Figure S2a,b). However, with regard to root-hair length,
ibo1-1was slightly shorter and ibo 1-2was rather longer than
the wild type (Figure S2a,c).

© 2008 The Authors

Epidermal marker gene expression in ibo1

To characterize the ibo1 phenotype in more detail, we ana-
lyzed the cell-specific expression of GLABRA2 (GL2) and
EXPANSIN7 (EXP7). A glucuronidase (GUS) reporter gene
was fused to the promoter region of GL2 (Pg.,::GUS) or
EXP7 (Pexp7::GUS), and these constructs were introduced
into the wild type and ibo7-1. The GUS activity of the
Pg12::GUS lines was localized to the non-stoma cell files in
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the hypocotyls (Figure 2a,c), the atrichoblast cell files in the
roots (Figure 2e), and the trichomes in the leaves (Fig-
ure 2g). The GUS activity of the Pexp7::GUS lines was spe-
cific to the root-hair cells (Figure 2ik). These patterns of
reporter gene expression are consistent with the results of
previous studies (Masucci et al., 1996; Ohashi et al., 2003).
The ibo1 mutation did not affect the expression patterns of
Pg12::GUS or Pexp7::GUS (Figure 2a-l). It is noteworthy that
the epidermal cells undergoing protuberance formation in
ibo1-1 showed strong GUS activity in the Pg.,::GUS lines
(Figure 2d) and no GUS activity in the Pexp;::GUS lines
(Figure 2j). These results indicate that the protuberances are
induced in the non-stoma cell files expressing GL2 and also
suggest that the protuberance-forming cells are similar in
gene expression to trichome cells rather than to root-hair
cells.

Genetic relationship between epidermal regulators and 1BO1

To test any possible genetic interactions of /BO7 with the
epidermal regulators TTG7and CAPRICE (CPC; Wada et al.,
1997), double mutant lines were generated and character-
ized for the hypocotyl phenotype (Figure 2m,n). TTGT1 is
required for the promotion of GL2 expression, which was
prevented by CPC (Hilskamp, 2004). In the ibo1-1 ttg1-1
double mutant, the protuberances were strongly sup-
pressed, indicating that TTG1-dependent epidermal pat-
terning is required for the formation of protuberances in
ibo1. The ibo1-1cpc-1double mutant formed protuberances
like those of the ibo7-1 single mutant. With respect to the
trichome and root-hair phenotypes of ttg7 and cpc, the ibo1
mutations had neither an enhancing nor a suppressing
effect. Like the ttg1-1single mutant, the ibo1-1 ttg1-1double
mutant exhibited severe defects in trichome development
and ectopic root-hair formation in the normally atrichoblast
cell files. Like the cpc-1 single mutant, root hairs were very
few in the ibo1-1 cpc-1 double mutant. The double-mutant
analyses demonstrated that protuberance formation in ibo7
involves TTG1, an important regulator required for trichome
differentiation, but not CPC, a positive regulator of root-hair
differentiation. This finding, together with the results for GL2
expression, suggests that the ibo1 protuberances might be
trichome-like structures.

Ethylene promotes protuberance formation in ibo1

Ethylene is well known to have a function of controlling the
radial growth of plant cells, and it has been shown that
ethylene promotes root-hair formation and elongation in
Arabidopsis (Masucci and Schiefelbein, 1994, 1996; Pitts
et al., 1998; Tanimoto et al., 1995). Therefore, we examined
the effects of the ethylene precursor, 1-amino-cyclopropane-
1-carboxylic acid (ACC), and the ethylene biosynthesis
inhibitor, aminoethoxyvinylglycine (AVG), on protuberance

formation in ibo1 (Figure 3a,b). When ibo1-1seedlings were
grown on germination medium (GM) supplemented with
ACC, the number of protuberances was markedly increased.
In contrast, ibo1-1seedlings cultured on GM containing AVG
had far fewer protuberances than the untreated ibo7-1
seedlings. The reduction of protuberances by AVG was
counteracted by the simultaneous addition of ACC, sug-
gesting that AVG and ACC affect protuberance formation via
changes in ethylene biosynthesis. No protuberances were
induced in the epidermal cells of the wild-type hypocotyls by
any treatment tested.

The effects of genetic modification of ethylene signaling
on protuberance formation in ibo7 were examined with
ibo1-1ctr1-1and ibo1-1ein2-1double mutants. As shown in
Figure 3(c,d), the ibo1-1 ctr1-1 double mutant showed
significantly increased protuberances on the hypocotyl
epidermis, suggesting that the constitutive activation of
ethylene signaling by the ctr1-1 mutation enhanced protu-
berance formation in ibo7-1. In the ibo1-1 ein2-1 double
mutant, the number of protuberances was fewer than in the
ibo1-1 single mutant, suggesting a role for EIN2-dependent
ethylene signaling in protuberance formation. Together,
these results indicate the involvement of ethylene in
protuberance formation in ibo1.

Enhanced elongation suppresses protuberance
formation in ibo1

To test the possible relationship between ibo1 protuberance
formation and cell elongation, we examined the effects of
dark-induced etiolation and gibberellic acid treatment (Fig-
ure 4). When hypocotyl elongation was stimulated by etio-
lation or gibberellic acid, the ibo1-1 seedlings formed very
few protuberances on their hypocotyls. This result indi-
cates that the promotion of cell elongation antagonizes
protuberance formation in ibo7-1.

IBO1 encodes a NIMA-related protein kinase

To determine the molecular basis of the ibo7 phenotype, we
identified the /BO7 gene by map-based cloning (Figure 5a).
The IBO1 gene was localized between markers 43920 and
44400 on chromosome 3. By determining the nucleotide
sequences of the candidate genes in this region, we found
mutations in one gene, At3g44200, in all ibo1 alleles (Fig-
ure 5b). Introduction of two genomic fragments (clones #1
and #2) encompassing At3944200 into ibo1-2 recovered the
normal phenotype (Figure 5c). A T-DNA insertion mutant of
IBO1 was identified in the collection of SALK T-DNA inser-
tion lines and was designated ibo7-4. The ibo1-4 mutant
exhibited protuberances on its hypocotyls like the other ibo1
mutants described above (Figure 1a). These results indicate
that At3g44200 is the IBO1 gene. Because At39g44200 was
designated AtNek6 or NEK6 in previous reports (Cloutier
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Figure 2. Relationship between epidermal cell patterning and protuberance formation in ibo1.

(a—h) GUS staining pattern of Pg;,::GUS. (a-d) Hypocotyls of 4-day-old seedlings of (a, c) wild type and (b, d) ibo7-1. (e, f) Roots and (g, h) leaves of 11-day-old
seedlings of (e, g) wild type and (f, h) ibo7-1. Bars = 100 pm.

(i)—(I) GUS staining pattern of Pexp7::GUS. (i, j) Hypocotyls and (k, |) roots of 4-day-old seedlings of (i, k) wild type and (j, 1) ibo1-1. Bars = 100 pm.

(m) Morphology of hypocotyls of 11-day-old seedlings of wild type, ibo1-1, ttg1-1, cpc-1, ibo1-1 ttg1-1, and ibo1-1 cpc-1. Bar = 1 mm.

(n) Numbers of protuberances per hypocotyl were measured at 11 days after germination. Bars represent averages of data from 16 to 24 seedlings for each line.
Vertical lines indicate SEs. Numbers of seedlings examined are indicated at the bottom. Values designated by the same letter are not significantly different at the
P =0.01 level in the Student’s t-test.
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Figure 3. Ethylene promotes protuberance formation in ibo7.
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(a, b) Wild type and ibo1-1 were incubated for 11 days on GM without 1-amino-cyclopropane-1-carboxylic acid (ACC) and aminoethoxyvinylglycine (AVG) (Mock),
with 100 pm ACC (ACC), with 5 um AVG (AVG), or with 100 um ACC and 5 um AVG (AVG+ACC). (a) Morphology of hypocotyls of 11-day-old wild-type (Ws) and ibo1-1
seedlings. Bars = 1 mm. (b) Numbers of protuberances per hypocotyl were calculated from 12 seedlings in each treatment at 11 days. Bars represent averages of
data and vertical lines indicate SEs. Values designated by the same letter are not significantly different at the P = 0.02 level in the Student’s t-test.

(c, d) Double mutant analysis. (c) Morphology of hypocotyl of 11-day-old wild type, ibo1-1, ctr1-1, ein2-1, ibo1-1 ctr1-1, and ibo1-1 ein2-1. Bar = 1 mm. (d) Numbers
of protuberances per hypocotyl were calculated from 15 to 25 seedlings of each line at 11 days. Numbers of seedlings examined are indicated at the bottom. Bars
represent averages of data and vertical lines indicate SEs. Values designated by the same letter are not significantly different at the P = 0.04 level in the Student’s

t-test.

et al., 2005; Sakai et al., 2008), IBO1 will be referred to as
NEK®6 hereafter.

NEK®6 is deduced to encode a protein of 956 amino acids,
with a relative molecular mass of 106 388 and an isoelectric
point of 6.76. Sequence analysis of NEK6 identified a Ser/Thr
protein kinase domain at the N-terminus, which has signif-
icant homology to the kinase domains of the NIMA-related

kinases of various organisms, including fungi, animals, and
plants. In NEKS, the kinase domain is followed by a long tail
containing three PEST degradation motifs and a coiled-coil
domain near the C-terminus. The ibo7-1 mutant allele has a
G to A transition at nucleotide position 529, which causes an
amino acid substitution of Glu177 with Arg in the activation
loop of the kinase domain. The ibo7-2 allele hasa Cto T
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Figure 4. Enhanced elongation suppresses protuberance formation in ibo1.
(a, b) Wild type and ibo1-7 were incubated for 11 days in continuous light
without gibberellic acid (GA3) (Control) or with 10 um GA3 (GA), or in the dark
(Etiolation).

(a) Morphology of hypocotyls of 11-day-old wild type and ibo1-1 seedlings.
Bar =1 mm.

(b) Numbers of protuberances per hypocotyl were calculated from 20
seedlings of each treatment at 11 days. Bars represent averages of data and
vertical lines indicate SEs. Values designated by the same letter are not
significantly different at the P = 0.01 level in the Student’s t-test.

transition at nucleotide position 1978, which alters the
GIn660 codon to a stop codon and might result in the
production of a truncated NEK6 protein without the C-
terminal half, which contains the coiled-coil domain. The
ibo1-3 allele has a C to T transition at nucleotide position
2746, which replaces Pro916 with Thr in the C-terminal
region. Careful comparison with the amino acid sequences
of plant Neks found a conserved sequence at the C-terminus

© 2008 The Authors
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following the coiled-coil domain (Figure 5b), which we
designated the ‘plant NEK C-terminal motif’ (PNC motif).
The Pro residue altered by the ibo7-3 mutation is highly
conserved in this motif.

Reverse transcription (RT)-PCR analysis detected the
NEK® transcripts in all the organs examined, especially in
roots, inflorescence stems, and flowers (Figure 5d). The
accumulation of the NEKG6 transcripts was not significantly
altered in ibo1-1 but was slightly reduced in ibo7-2 and
ibo1-3 (Figure 5d).

Kinase activity of NEK6

To investigate the protein kinase activity of NEK6, a
recombinant protein glutathione S-transferase (GST)-NEK6,
in which full-length NEK6 was fused at its N-terminus to
GST, was expressed in Escherichia coli, purified with gluta-
thione beads, and assayed for in vitro kinase activity
(Figure 6). After electrophoresis of GST-NEK6 that had been
incubated with [y-32P]ATP, a radioactive band was detected
at the position of GST-NEKS, indicating autophosphoryla-
tion activity of NEK6 (Figure 6a). When GST-NEK6 was
incubated with myelin basic protein (MBP), an intense signal
corresponding to the MBP band was detected, indicating
transphosphorylation activity of NEK6 on MBP (Figure 6a).
A requirement of NEK6 kinase activity for divalent cations
was determined for both the autophosphorylation and the
phosphorylation of MBP (Figure 6a). The addition of Mn%*
and Mg?* to the reaction mixture produced strong and weak
phosphorylation activities, respectively. No phosphorylation
activity was detected with Ca%* or in the absence of cations.
The phosphorylation activity of GST-NEK6 incubated in
buffer containing both Mn% and Mg?* was slightly lower
than that in buffer containing only Mn?*. These results
indicate that NEK6 requires Mn?* or Mg?* but not Ca%*, and
prefers Mn?* to Mg?".

The ibo1-1allele has an Arg substitution at Glu177, which
occurs at the C-terminal end of the activation loop and is
conserved in various kinase families, including the Nek
family. The autophosphorylation of the Ser/Thr residues in
the activation loop of the Nek proteins is required for full
kinase activity (Rellos et al., 2007; Roig et al., 2005). To
examine whether the ibo7-7 mutation results in either the
loss or reduction of the kinase activity of NEK6, the ibo1-1
mutation (E177R) was introduced into GST-NEK6. We also
generated two kinase-dead negative controls (K37D and
D133A) and three mutant proteins with single mutations at
the putative phosphorylation sites of the activation loop
(T157A, S166A, and T170A). The wild-type GST-NEK6 and
mutated GST-NEK6 proteins were subjected to a kinase
assay (Figure 6b). The ibo7-1 mutation (E177R) and the
kinase-dead mutations (K37D and D133A) resulted in a total
loss of kinase activity. The T157A mutation reduced the
kinase activity. The mutations S166A and T170A greatly

Journal compilation © 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), doi: 10.1111/j.1365-313X.2008.03445.x
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reduced the phosphorylation activity to the basal level,
suggesting that these Ser/Thr residues are essential for the
activation of NEK6 by autophosphorylation.

Association of NEK6 with microtubules

To investigate the intracellular localization of NEK6, NEK6
fused at the N-terminus to GFP was transiently expressed in

Figure 5. Positional cloning and expression analysis of NEK®.

(a) Chromosome mapping. BAC, markers, and recombinants are shown in
schematic representation on chromosome 3. Clones #1 and #2 represent
genomic clones used for complementation. Arrows represent positions and
directions of genes.

(b) Schematic representation of NEK6. Kinase domain (red), PEST sequences
(green, PEST), coiled-coil domain (yellow, CC), plant Nek C-terminal motif
(blue, PNC) and mutation sites (arrow) are indicated.

(c) Complementation of the ibo7 phenotype by the genomic clones.
Morphology of hypocotyls of 7-day-old seedlings of wild type (Col), ibo1-2,
and ibo1-2 transformed with clone #1 (ibo7-2 + clone #1) or with clone #2
(ibo1-2 + clone #2). Bar = 1 mm.

(d) The RT-PCR analysis of NEK6. Upper panels: expression of NEK6in 11-day-
old seedlings of wild type (Ws), ibo7-1, wild type (Col), ibo1-2, and ibo1-3.
ACT1 was used as a control. Lower panels: expression of NEK6 in roots (R),
hypocotyls (H), rosette leaves (RL), cauline leaves (CL), inflorescence stems
(S), and flowers (F) of 1-month-old wild-type Col plants. EF7a was used as a
control.

(@) GST-NEK6 GST-NEK6 + MBP
Mg2+ + + - - - + + - - -
Mn2+ + - + — - + - + - =
Ca2+ - - - + - - - - + -

GST-NEK6 H

GST-NEKe ™% -—
MBP [ -

Figure 6. Kinase activity of NEK6.

(a) Purified GST-NEK6 was incubated in the kinase buffer containing 10 mm
concentrations of cations with myelin basic protein (MBP) (GST-NEK6 + MBP)
or without MBP (GST-NEKS). The plus and minus represent the presence and
absence of cation(s) in the buffer, respectively.

(b) Effects of point mutations on the kinase activity of NEK6. The mutation
indicated above each lane was introduced into GST-NEK6. Each purified
protein was incubated in the buffer containing 10 mm Mn?* with MBP.

leaves of Nicotiana benthamiana. Strong fluorescence was
observed in small dots aligned along the cortical filamen-
tous structures (Figure 7a). Some of the strongly fluorescent
dots were localized at the branching points of the filamen-
tous structures. The GFP-NEK6 fluorescence pattern sug-
gests that NEK®6 is associated with cortical microtubules. To
test this possibility, leaves were treated with the microtu-
bule-stabilizing drug taxol, or the microtubule-depolymer-
izing drug oryzalin. Treatment with taxol intensified the
fluorescent labeling of the filamentous structures (Fig-
ure 7a). In the presence of oryzalin, the filamentous struc-
tures disappeared, whereas the cortical fluorescent dots
remained (Figure 7a). However, treatment with an actin
microfilament-depolymerizing drug, latrunculin B, did not
significantly affect the localization of GFP-NEK®6 (Figure 7a).

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), doi: 10.1111/j.1365-313X.2008.03445.x



(@)

Mock Taxol

Oryzalin

GFP-NEKB NEDD1-RFP

(d)

GFP-NEKE GFP-NEK&

Figure 7. Subcellular localization of NEK6.
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(b)
GFP-NEK6

Anti-Tub

Merge

Merge

GFP-NEK6EP?16T

(a) Effects of inhibitors on subcellular localization of GFP-NEK6. GFP-NEK6 was transiently expressed in leaves of Nicotiana benthamiana by agroinfiltration. At
2 days after inoculation, leaf pieces were incubated without drug (Mock) or with 10 um concentrations of taxol, oryzalin, or latrunculin B (Lat B) for 1 h and subjected

to a fluorescence microscopy. Bar = 10 um.

(b) Localization of GFP-NEK6 and microtubules. Microtubules in leaves of N. benthamiana expressing GFP-NEK6 were visualized with anti-tubulin antibody.

Bar = 10 um.

(c) Localization of GFP-NEK6 and NEDD1-mRFP. GFP-NEK6 and NEDD1-mRFP was transiently expressed in leaves of N. benthamiana and observed at 2 days after

inoculation. Bar = 10 pm.

(d) Localization of mutant GFP-NEK6. Wild-type GFP-NEK6 and the ibo T mutant GFP-NEK6 were transiently expressed in leaves of N. benthamiana and analyzed at

2 days after inoculation. Bar = 20 pm.

When the cells expressing GFP-NEK6 were immunolabeled
for microtubules, the fluorescent dots and filaments of GFP-
NEK6 were observed along with the cortical microtubules
(Figure 7b). All these results showed that NEK®6 is localized
in association with the cortical microtubules.

To further characterize the small dots labeled with GFP-
NEK®, a putative ortholog of NEDD1, a component of the
y-tubulin complex (Haren et al., 2006; Luders et al., 2006),
was co-expressed in a monomeric red fluorescent protein
(mRFP)-fused form (NEDD1-mRFP) with GFP-NEK6 (Fig-
ure 7c). The GFP-NEK6 dots at the branching points of the

© 2008 The Authors

microtubules were localized in close proximity to the dots
labeled with NEDD1-mRFP, suggesting some relationships
of NEK6 with the NEDD1-containing y-tubulin complex.

We also analyzed the subcellular localization of the ibo1
mutant NEK6 proteins (Figure 7d). GFP-NEK65'7’®, GFP-
NEK6®®%s'P  and GFP-NEK67'®" contain the ibo7-1,
ibo1-2, and ibo1-3 mutations, respectively. GFP-NEK6E"7R
and GFP-NEK6™'6T |abeled cytoplasmic spots associated
with the cortical filaments, as did the wild-type GFP-NEK®6,
whereas GFP-NEK62%5t°P |ocalized preferentially to the
nucleus (Figure 7d). These results imply that the C-terminal

Journal compilation © 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), doi: 10.1111/j.1365-313X.2008.03445.x
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region containing the coiled-coil domain (amino acids
660-956), which is truncated by the ibo7-2 mutation, is
required for the association of NEK6 with microtubules.

To evaluate the roles of NEK6 in the regulation of
microtubules, the orientation of cortical microtubules in
the hypocotyl epidermis was examined by confocal immu-
nofluorescence microscopy (Figure S3). The majority of the
cortical microtubules were arrayed transversely to the long
axis of cells in the wild type. In ibo1-1, the orientation angles
of microtubules centered around 90° but were slightly more
deviated than the wild type. In statistical analysis using the
Kolmogorov-Smirnov test, however, no significant differ-
ence was detected between the wild type and ibo7-1.

Discussion

Involvement of NEK6 in the morphogenesis
of epidermal cells

In this paper we have described a new class of Arabidopsis
mutants, ibo1, which have protuberances on the surfaces of
their hypocotyls and petioles, arising from local outgrowth of
epidermal cells. IBO1is identical to NEK6 and encodes a Ser/
Thr protein kinase that belongs to the Nek family. An in vitro
kinase assay indicated that the ibo7-1 mutation results in the
total loss of NEK6 activity (Figure 6). These results strongly
suggest that NEK6 functions as a suppressor of ectopic
outgrowth in the epidermis through its kinase activity. Our
results are consistent with the findings of Sakai et al. (2008)
that T-DNA insertion mutants of NEK6 and transgenic lines
expressing the NEK6 RNAI construct exhibited aberrant
protuberances on their hypocotyls and petioles.

Although our knowledge of plant NEKs is quite limited
and fragmentary, previous studies have identified the NEK
gene family in plants and suggested their physiological roles
in several aspects of development involving cell division
(Cloutier et al., 2005; Pnueli et al., 2001; Vigneault et al.,
2007; Zhang et al., 1996). Tomato (Lycopersicon esculentum)
NEK (SPAK) interacts with SELF-PRUNING and a 14-3-3
protein and may regulate shoot development and flowering
(Pnueli et al., 2001). Poplar (Populus tremula x alba) NEK
(PNek1) mRNA is expressed at the G4/S transition and
throughout the G, to M progression in synchronous cell
culture (Cloutier et al., 2005), and at sites of auxin synthesis
in planta (Vigneault et al., 2007). Phenotype analysis of the
PNek1 overexpressor in Arabidopsis (Cloutier et al., 2005)
and expression analysis of poplar and Arabidopsis NEKs
(Vigneault et al., 2007) suggest their involvement in organ
and tissue development. Unlike these NEKs, NEK6 was
implicated in the regulation of cell expansion and growth
instead of cell division, since the nek6 and ibo71 mutants
showed abnormalities only in cellular morphogenesis due
to local outgrowth without detectable dysfunction of the
meristems.

The nek6 mutants exhibit not only abnormal protrusions
on the hypocotyls and petioles but also various develop-
mental defects in epidermal cells including side-by-side
formation of root hairs and decrease in trichome branching
(Sakai et al., 2008). The morphological alterations in the root
hairs and trichomes were also observed in the ibo7 mutants
(Figure 1 and Figures S1 and S2). In the trichome pheno-
type, however, there is a notable difference among mutants.
Whereas trichome branching was decreased in nek6-1, it
was increased in ibo1-2. This might reflect allele-specific
dysfunctions of NEK®.

Because the ibo7 and nek6é mutants have no obvious
defects in the elongation of cells and organs, the protuber-
ance phenotype should not be attributed to a growth defect
in the longitudinal direction. However, treatment with
gibberellic acid or etiolation in the dark, which promotes
hypocotyl elongation, suppressed protuberance formation
in ibo1 (Figure 4), suggesting an antagonistic relationship
between longitudinal growth and protuberance outgrowth.

Molecular function of NEK6

Nek genes have been found in various eukaryotes, and their
cognate proteins diverge in structure and possibly also in
function (O’Connell et al., 2003; Quarmby and Mahjoub,
2005). The NIMA kinase of Aspergillus nidulans, the first
identified Nek, regulates the G,/M transition and the pro-
gression of mitosis (Osmani et al., 1988, 1991). Animal Nek2
and Nercc1 localize to the centrosomes, conspicuous
microtubule organizing centers (MTOCs), and regulate cen-
trosome separation (Rellos et al., 2007; Roig et al., 2005).
Several other Nek proteins play important roles in the reg-
ulation of ciliary length and have been linked to polycystic
kidney disease (reviewed by Quarmby and Mahjoub, 2005).
Although these functions of Neks are physiologically
diverse, they might all be related to the regulation of
microtubule dynamics and MTOCs.

Several lines of evidence imply the involvement of NEK6
in the function of cortical microtubules. Arabidopsis seed-
lings treated with taxol or propyzamide exhibit a similar
phenotype to that of the nek6 mutants (Sakai et al., 2008).
NEK®6 binds to kinesin-related proteins (ARKs), one of which
(ARK1) might promote the destabilization of endoplasmic
microtubules (Sakai et al., 2008). In this study, we have
demonstrated the microtubule-associated localization of
GFP-NEK6 (Figure 7). GFP-NEK6 strongly labeled cortical
dots along with microtubules. This pattern is reminiscent of
the localization of several MAPs (Fu et al., 2005; Kawamura
et al., 2006; Twell etal., 2002; Wang et al., 2007) and
y-tubulin (Murata et al., 2005). Some of the cortical dots
labeled with GFP-NEK6 appeared to localize at the branching
points of microtubules, close to NEDD1, an ortholog of a
component of the y-tubulin complex (Figure 7). Although
our preliminary data suggest that GFP-NEK6 is biologically
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functional, the interpretation of the localization of GFP-NEK6
might be controversial because it is possible that constitu-
tive expression of GFP-NEK6 masked the endogenous
localization of NEK®.

Pioneering work using Nitella internodal cells (Wasteneys
and Williamson, 1989a,b) indicated that the cortical micro-
tubule array has a self-organizing property and new micro-
tubules are formed along pre-existing microtubules,
resulting in the branching of microtubules (Wasteneys,
2002). The microtubule-nucleating complex might be dis-
sected from the minus ends, be moved along the existing
microtubules by various kinesins (Liu and Lee, 2001), and
nucleate additional microtubules (Wasteneys, 2002). Re-
cently, Murata et al. (2005) demonstrated that the y-tubulin
complex is recruited onto pre-existing microtubules and that
microtubule nucleation occurs on extant microtubules. Our
results suggest that NEK6 associates with MTOCs at the
branching points of microtubules. However, the immunocy-
tological analysis of the microtubules could not detect any
clear significant defect in the microtubule orientation in
ibo1-1. This might be attributable to the mild and cell-type-
specific phenotype of ibo1. A serial analysis of microtubule
dynamics in living cells might be useful to detect microtu-
bule abnormalities in the ibo7 and nek6 mutants.

Our results together with the findings of Sakai et al. (2008)
implied that the function of NEK6 in preventing outgrowth of
epidermal cells requires its association with cortical micro-
tubules. In this regard, the spr1 and spr2 mutants are of
special interest. These mutants exhibit ectopic root-hair-like
protrusions on the upper hypocotyls when cultured in the
dark for a long time at 4°C (Furutani et al., 2000). SPR1/SKU6
and SPR2/TOR1 encode microtubule-associated proteins
(Buschmann et al., 2004; Nakajima et al., 2004; Sedbrook
et al., 2004; Shoji et al., 2004). This also suggests that a
microtubule-dependent system participates in the suppres-
sion of ectopic outgrowth.

Although the present study did not address the regulatory
mechanisms of NEK®6, the results described here are sug-
gestive for these problems. Kinase assay experiments
showed a requirement for Mn?* and Ser/Thr residues in
the activation loop for the kinase activity of NEK6. The
mislocalization of GFP-NEK62%st°P into the nucleus sug-
gests that the C-terminal region containing the coiled-coil
domain is required for the association of NEK6 with micro-
tubules. This result may be related to the previous observa-
tion that the C-terminal tail is required for the proper
localization of PNek1 (Cloutier et al., 2005). In addition, the
ibo1-3 mutation suggests a significance of the PNC motif for
the biological activity of NEK6, the molecular function of
which remains to be determined.

An important clue for possible factors regulating NEK6 is
the observation that the kinesin-related proteins, ARKs,
interact with the C-terminal region of NEK6 (Sakai et al.,
2008). This result reminds us of the activation of the tobacco
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MAP kinase kinase kinase, NPK1, by the NACK1 and NACK2
kinesin-like proteins (Nishihama et al., 2002). In this MAP
kinase cascade (NACK-PQR pathway), the MAP kinase
NRK1 phosphorylates a microtubule-associated protein,
NtMAP65-1, downregulates its activity, and controls phrag-
moplast formation (Sasabe et al., 2006). The analogy sug-
gests that NEK6 is activated or recruited to microtubules by
its interaction with ARKs. The functional relationship
between NEK6 and ARKs is under investigation.

NEK®6 and specification of cell fate

The formation of protuberances in ibo7 is related to the
patterning of epidermal cells. The hypocotyl epidermis in
Arabidopsis differentiates into two alternating cell files, the
non-stoma cell file and the stoma cell file, dependent on the
TTG1/GL2 pathway (Berger et al., 1998; Gendreau et al.,
1997; Hung et al., 1998). TTG1 is required for the promotion
of GL2 expression in the non-stoma cell files, and GL2 sup-
presses the differentiation of stoma cell files. The ttg1-1
mutation causes the loss of GL2 expression and ectopic
stoma formation in the non-stoma cell files (Berger et al.,
1998; Hung et al., 1998). Protuberance formation in the non-
stoma cell files (Figures 1 and 2) and the suppression of
protuberances by ttg1-1 (Figure 3) indicate that the TTG1-
dependent differentiation of non-stoma cell files is required
for protuberance formation in ibo1. The epidermal cells in
the non-stoma cell files are larger than those in stoma cell
files and have a convex morphology, suggesting that these
cells may have a tendency to expand radially and are com-
petent to form protuberances, which is suppressed by NEK6
activity in the wild type (summarized in Figure S4).

There have been several papers reporting ectopic out-
growth of epidermal cells caused by the loss-of-function
mutations or genetic modifications of epidermal regulators
(Hu and Ma, 2006; Kirik et al., 2004; Larkin et al., 1994;
Ohashi et al., 2003). The etc1-1 try-82 cpc-1 triple mutant
develops abundant trichomes on its hypocotyls (Kirik et al.,
2004), suggesting that ETC1, TRY, and CPC suppress the
differentiation of the hypocotyl epidermal cells into tri-
chomes. The overexpression of both GL7and maize R genes
also caused the development of ectopic trichomes on
hypocotyls (Larkin et al., 1994), demonstrating that the
overexpression of GL7 and R could overwhelm and/or
bypass the inhibitory effects of ETC1, TRY, and CPC on
trichome specification. The overexpression of MINI ZINC
FINGER1 or VP16-GL24N induced ectopic root-hair devel-
opment on hypocotyls (Hu and Ma, 2006; Ohashi et al.,
2003). These studies indicate that the hypocotyl epidermis is
competent to form trichomes and root hairs, and that this
competence is sequestered by a transcriptional network
involving both positive and negative regulators.

It should be noted that the nek6 mutants and NEK6 RNAi
transgenic lines show side-by-side root-hair formation
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(Sakai et al., 2008). It is not clear whether this phenotype is
due to the disorganization of the cell files or ectopic root-hair
formation in the atrichoblast files. If the latter is true, the
suppressive action of NEK6 on ectopic outgrowth might be
common to both hypocotyls and roots, because the ibo1
protuberances were formed in the non-stoma cell files,
which correspond to the atrichoblast files in roots.

NEK6 and ethylene

In the Arabidopsis root, ethylene treatment causes ectopic
root-hair formation in the positions where atrichoblast cells
are normally located, suggesting that ethylene is a positive
signal controlling the position-dependent differentiation of
root hairs (Tanimoto et al., 1995). Detailed analysis indicated
that ethylene triggers root-hair morphogenesis downstream
from the patterning process regulated by the TTG1/GL2
pathway (Masucci and Schiefelbein, 1996). In this study, we
have demonstrated that ethylene promotes protuberance
formation in ibo1. Furthermore, the ein2 mutation reduced
the ibo1 protuberances and the ctr7 mutation increased the
protuberances in ibo1. Hence, endogenous ethylene sig-
naling is involved in the ectopic outgrowth of epidermal
cells in ibo1. Unlike the case of root hairs, ethylene did not
alter the cell file positions of protuberance formation in ibo1.
Ethylene enhanced protuberance formation in ibo7 in the
non-stoma cell files but not in the stoma cell files (data not
shown), suggesting that ethylene affects cell morphogene-
sis rather than cell specification. One possible hypothesis is
that NEK6 suppresses the promotion by ethylene of the
ectopic outgrowth of epidermal cells (Figure S4).

Interestingly, Kazama et al. (2004) found that the transient
exposure of etiolated cucumber seedlings to ethylene
induced snorkel-like multicellular protuberances in the less
differentiated regions of the hypocotyls, while in the differ-
entiating regions of the hypocotyls, ethylene treatment
modified stomatogenesis and trichome formation. These
results indicate that ectopic outgrowth in the hypocotyl
epidermis can be caused by ethylene alone under some
situations. How epidermal cells are released by ethylene
from the regulation by NEK6 in such cases is an intriguing
problem.

Experimental procedures

Plant materials and growth conditions

To isolate the iboT1 mutants, the wild-type Ws and Col seeds were
treated with 0.1% solution of EMS for 16 h at room temperature.
Approximately 10 000 M, seedlings were screened for protuber-
ances on the hypocotyl epidermis. The Pg,,::GUS line and cpc-1are
described in Wada et al. (2002, 1997), respectively. The Pexp7::GUS
line (Ohashi et al., 2003) was kindly provided by Dr Takashi Aoyama
(Kyoto University, Japan). The ttg1-1, ctr1-1, and ein2-1seeds were
provided from the Arabidopsis Biological Resource Center (ABRC).

The seeds and information about ibo71-4 (SALK_152782) were
obtained from the SIGnAL website (http://signal.salk.edu) and
ABRC. For growth of seedlings, surface-sterilized seeds were plated
on germination medium [GM, half-strength Murashige and Skoog
salts containing Gamborg B5 vitamins and 10 g I sucrose buffered
with 0.5 g I”" (N-morpholino)ethanesulfonic acid to pH 5.7 and
solidified with 0.25% gellan gum]. After 2 days at 4°C, plates were
incubated at 22°C in continuous light.

Chromosome mapping

Mapping was carried out by DNA analysis with simple sequence
length polymorphism (Bell and Ecker, 1994) and cleaved ampli-
fied polymorphic sequence markers (Konieczny and Ausubel,
1993).

Complementation

Genomic clones #1 and #2 were isolated from the transformation-
competent genomic library (Ohtani and Sugiyama, 2005) and used
for complementation analysis. Arabidopsis plants were trans-
formed by the floral dip method (Clough and Bent, 1998).

RT-PCR

Total RNA was extracted as described previously (Ozeki et al., 1990).
After treatment with RNase-free DNase | (Invitrogen, http:/
www.invitrogen.com/), first strand cDNA was synthesized with
Superscript Il (Invitrogen) according to the manufacturer’s
instructions and was used as a template for PCR with gene-specific
primer sets (Table S2) for 30 cycles (/BO1), 25 cycles (ACT1), 25
cycles (EF1a).

GUS staining

Samples of GUS lines were stained as described (Wada et al., 2002).

GFP-IBO1

The DNA fragment containing the full-length open reading frame
(ORF) for IBO1 was cloned into a Gateway® (Invitrogen) binary
vector of pGWB6 that provides a N-terminal GFP fusion protein
driven by the CaMV35S promoter (Nakagawa et al., 2007a). The
NEDD1 ORF fragment was cloned into a Gateway® binary vector
that provides a C-terminal mRFP fusion protein driven by the
CaMV35S promoter (Nakagawa et al, 2007b). Transient expres-
sion of GFP-IBO1 and NEDD1-mRFP in leaves of N. benthamiana
was performed by agroinfiltration (Yang et al., 2000; Yuasa et al.,
2005).

Immunofluorescence

Indirect immunofluorescence staining was performed to visualize
microtubules according to Wasteneys et al. (1997) and Sugimoto
et al. (2000). Rat monoclonal anti-a-tubulin antibody YL1/2 (Abcam,
http://www.abcam.com/) was used as a first antibody at the dilution
of 1/100. Alexa 568 anti-rat-IlgG antibody (Invitrogen) or fluorescein
isothiocyanate (FITC)-conjugated anti-rat-lgG antibody (Sigma-
Aldrich, http://www.sigmaaldrich.com/) was used as a secondary
antibody at a dilution of 1/250. Quantitative analysis of microtubule
orientation was done as described by Sugimoto et al. (2003).
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Microscopy

Arabidopsis plants were observed using a stereoscopic microscope
MZ12 (Leica Microsystems, http://www.leica-microsystems.com/)
equipped with DFC480 CCD camera. A DM5000B (Leica) equipped
with DFC480 was used for the light microscopy and fluorescence
microscopy. An LSM510 (Zeiss, http://www.zeiss.com/) was used
for the confocal laser scanning microscopy. Scanning electron
microscopy was performed according to Tsukaya et al. (1993) with a
JSM-5200LV (JEOL, http://www.jeol.com/).

Kinase assay in vitro

The c¢DNA encoding the full-length /BO7 was cloned into
the GST fusion vector pGEX4T-2 (GE Healthcare, http://www.
gehealthcare.com/). The point mutations were introduced by the
KOD-plus mutagenesis kit (TOYOBO, http://www.toyobo.co.jp/e/).
One microgram of the GST-tagged recombinant proteins was
incubated with or without 1 ug MBP in 20 ul of kinase buffer
containing 10 uCi [y-3?PJATP at 24°C for 30 min. Reaction
products were separated by SDS-PAGE and detected by auto-
radiography.

The detailed experimental procedure is available in Appen-
dix S1.
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