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Summary

The molecular links between cell cycle control and the regulation of programmed cell death are largely
unknown in plants. Here we studied the relationship between the cell cycle and elicitor-induced cell death
using synchronized tobacco BY-2 cells. Flow cytometry and fluorescence microscopy of nuclear DNA, and RNA
gel-blot analyses of cell cycle-related genes revealed that the proteinaceous elicitor cryptogein induced cell
cycle arrest at the G1 or G2 phase before the induction of cell death. Furthermore, the patterns of cell death
induction and defence-related genes were different in different phases of the cell cycle. Constitutive treatment
with cryptogein induced cell cycle arrest and cell death at the G1 or G2 phase. With transient treatment for2 h,
cell cycle arrest and cell death were only induced by treatment with the elicitor during the S or G1 phase. By
contrast, the elicitor-induced production of reactive oxygen species was observed during all phases of the cell
cycle. These results indicate that although recognition of the elicitor signal is cell cycle-independent, the
induction of cell cycle arrest and cell death depends on the phase of the cell cycle.

Keywords: cell cycle arrest, elicitor, programmed cell death, tobacco BY-2 cells, synchronous culture.

Introduction

Programmed cell death {PCD) in plants has been identified in
a number of developmental processes, including tracheary
element formation (Kuriyama and Fukuda, 2002), destruc-
tion of cereal aleurone (Fath etal, 2000), endosperm
development {Young and Gallie, 2000}, embryogenesis
{Souter and Lindsey, 2000) and floral organ abortion
{Rubinstein, 2000). PCD also has a crucial role in defence
responses against microbial attack {Heath, 2000; Jones and
Dangl, 1996}. The determination of cell fate — that is, whether
cells survive, proliferate or undergo PCD - appears to be
crucial in developmental processes, cell differentiation and
defence responses.

In animal cells, crosstalk between the progression of the
cell cycle and apoptosis has been studied extensively. The
tumour suppressor protein p53 is stabilized and activated by
a variety of cellular stresses such as heat shock, hypoxia,
osmotic shock and DNA damage. These, in turn, induce cell

© 2004 Blackwell Publishing Ltd

cycle arrest in the G1 phase via the transactivation of p21*2f
protein, which is a potent inhibitor of G1/S CDK {Ko and
Prives, 1996; Levine, 1997; Oren, 1994). p53 also activates the
expression of an apoptosis-inducing gene, p53AIP7, and
induces apoptosis (Oda et al., 2000). When the Fas ligand,
one of the tumour necrosis factors that induces apoptosis,
binds to its receptor Fas, dephosphorylation of retinobla-
stoma protein {Rb) is induced causing cell cycle arrest in the
S phase {N'cho and Brahmi, 2001}. Anti-IgM stimulates the
multimerization of surface immunoglobulins, which induces
cell cycle arrest in the G1 phase and results in apoptosis in a
murine B-cell line {Tsubata et al,, 1993). This G1 arrest is
induced through activation of a CDK inhibitor, p27¥F-1
expression, and inactivation of COK4 and CDK6 expression
(Ishida et al., 1995).

Fungal elicitor {cligopeptide elicitor, Pep-25 derived from
Phytophthora sojae) induces the downregulation of cell
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cycle-related genes (Logemann et al,, 1995) in parsley cells,
implying some link between defence signalling and cell
cycle regulation in plants. However, there is no evidence of 2
direct relationship between the cell cyele and PCD in plants.
Furthermore, nc genes encoding proteins similar to p53 or
related regulators of cell death or the cell cycle have been
found in plants (The Arabidopsis Genome Initiative, 2000),

We have developed a model system involving elicitor-
induced hypersensitive cell death in synchronized tobaceo
BY-2 cells. Tobacco BY-2 cell suspensions can be synchron-
ized and were therefore used to analyse the mechanisms of
cell cycle regulation (Nagata et al., 1992). The proteinaceous
elicitor cryptogein, derived from P. cryptoges, induces
fluxes of Ca®*, NO; and H*, the production of reactive
oxygen species {ROS), protein phosphorylation, cell death
and defence-gene activation in various kinds of suspension-
cultured tobacco cells {Binet etal, 2001; T. Goh and
K. Kuchitsu, Tokyo University of Science, Noda, Japan,
unpublished results; Lecourieux-Ouaked et al., 2000; Taver-
nier et al.,, 1995; Wendehenne et al., 2002), including BY-2
cells {Kadota et af,, 2004a,b; Simon-Plas et al,, 2002). Ca®*
and anion channel inhibitors both suppress cryptogein-
induced cell death, suggesting that induced cell death
occurs via a specific signal transduction pathway (Binet
et al., 2001; Lecourieux et alf., 2002).

In the present study, we examined the relationship
between cell cyele and cell death using synchronized
tobacco BY-2 cells. Cryptogein induced cell cycle arrest
specifically during the G1 or G2 phase prior to the induction
of cell death. Furthermore, cell death induction, as well as
the accumulation of transcripts of defence-related genes,
was strictly dependent on the stage of the cell cycle.
Although elicitor recognition occurred during all phases of
the cell cycle, downstream events such as elicitor-induced
cell death and the inhibition of cell growth occurred only in
cells in which the elicitor was recognized during the G1 or §
phase. These results show the presence of a relationship
between the cell cycle and cell death in plants.

Results

Effect of cryptogein on cell cycle progression

In order to examine the effect of cryptogein on the pro-
gression of the cell cycle in BY-2 cells, exponentially growing
cells were treated with cryptogein (500 nm). Fluorescence
microscopy of 4,6-diamidino-2-phenylindole (DAPI})-stained
cells showed that the elicitor decreased the population of
cells in the M phase (Figure 1a). We used flow cytometric
analysis to determine the effects of the elicitor on cells in
other phases of the cell cycle. The elicitor treatment
increased the numbers of cells in the G1 or G2 phase and
decreased those in the S phase (Figure 1b), suggesting that
the elicitor induced cell cycle arrest during specific phases of
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Figure 1. Effect of cryptogein on cell cycle progression in random cultured
tobacco BY-2 cells. Cryptogein {500 nm) or distilled water (control) was
applied to exponentially growing cells {3 days after sub-culture).

la} The change of mitotic index after the application of cryptogein {open
circlas) or distilled water {closed circles). The data represent the average of
three independent experiments. Error bars indicate the standard error of the
mean {n = 3).

{b] Flow cytometric analyses were performed on 3,500 nuclei of the cells 15 h
after the application of DW or cryptogein. Representative results of three
independent experiments are shown.

the cell cycfe. These changes in the cell cycle occurred 6 h
after cryptogein application, whereas cell death was detec-
ted after 10 h {data not shown). This suggests that cell cycle
arrest occurs before cell death.

Application of cryptogein in the 5 phase induces cell cycle
arrest at the G2 phase

To determine the pointin the cell eycle when arrest occurred,
cryptogein was applied to BY-2 cells synchronized at the §,
late G2 and M phases using the aphidicolin synchronization
method (Nagata et al., 1992). Cryptogein was added 0.5 h
{S phase), 5.5 h {late G2 phase) and 8.5 h (M phase)} after
aphidicclin release. Cell cycle progression was monitored
using the mitotic index (Figure 2a) and flow cytometry
{Figure 2b). Control cells progressed from the S to the G2
phase and subsequently to the M and G1 phases, while cells
treated with the elicitor during the S phase showed G2 phase
arrest. In contrast, cells treated with cryptogein at the late G2
phase did not show arrest at this stage and progressed to the
M/G1 phase. Analysis of mitotic index showed that treat-
ment with cryptogein at the mid-G2 phase {4 h) also did not
induce G2 phase arrest {data not shown). After the G1 phase,

© Blackwell Publishing Ltd, The Plant Journal, (2004), 40, 131-142

— 631 —



a ) y
(@) SUs/c,z/ru/c.l
40
;:::
x 30
=]
B
&2
:_,6 20
-
10
0 —
] 3 6 9 12 15
Time after aphidicolin releuse ()
{b) Time after aphidicolin release (hy

ih ik Sk ith 13h 17h 2h

& i : 1
LL_LM da il el

& 4 b - I )
Gl @ G W i G2 U 42 U GF G R Gi G

Cryptopein JE :.’: | : i
0 t :
c H i :
5h “ :i.—a‘l_I_J_ .._1 L..._L T Lamndh
- ) - 3

4 & & & A &
G2 W GLow Gy W Gi @ LTI

Cryprogein

£ i
= ! i i
55h) I WY .1 e

i oa A & [ a4 A A
G1 Q2 G1 G} Gl G2 QG Q1 G2
n i :
L H
C in & P
ryprogei 5. j
(.5 by o _J_.L s
. &

Cell cycle-dependent elicitor response 133

() Nicta;CycAlL]
Time afier aphidicolin relcase {h)
B 15 35355 2S5 951051351551705

s ~ G/ M/ dl S
Control ﬁu“””“iﬂ% 3 ek 4

Crypiogein ‘ LaAaaE S Ee At 2 mgn FERR T

(05
CTYPIOREing v i -
(5.5h) Vi o

Nicta;CycBI;3 N
Time after aphidicolin release (h)
0 L% 3855 2895118135155 1758

[ s ~ qz/m/ Gl - §

Control -~ - -G D e L5
Cryptogein 9 o
(0.5h) ‘ % e A W e 5t

Cryptogein
ARtel JUTE D

PCNA Time after aphidicolin release (h)
1% 358558 75951150038 188113

B G M G s
Control ““- . W w“‘
Cryptogein g s, 0
O3t Y
Cryplogein g/
(55h) -

EFl-a

Time after aphidicolin nelease (h)
P 1§ 35855 T50811.513.518517%

™3 Gl M Gl_/5s ]

Toshy ¥ P v 00 o
Cryptogein S .
(5.5h) Y PBBED®

Figure 2. Effect of cryptogein on cell cycle progression of the 8, late G2 and M phase cells.

BY-Z cells were synchronized at the S phase by aphidicolin treatment. Representativ

e results of four independent experiments are shown.

{a) The change in the mitotic index of non-treated cells {solid circles) and cells treated with cryptogein at 0.5 h (S phase; open circlas), 5.5 h (late G2 phase; solid
triangles) or 8.5 h (M phase; open triangles) after release from aphidicolin treatment.
{b) Flow cytometric analyses ware performed on 1500 nuclei of non-treated cells (control} and cells treated with cryptogein in 5 (0.5 h), late G2 (5.5 h) ar M (8.5 h}

phase.
{c} RNA gel-blat analysis of cell cycle-related gene expression {Nicta;CycA7;1, Nic

ta;CycBT.3, and PCNA) in non-treated cells {control) and cells treated with

cryptogein in 5 {0.5 h} or late G2 (5.5 h) phase. EF1-u ¢DNA was used as an internal standard.

a propartion of the cells treated with the elicitor in the late
G2 phase seemed to arrest at the G1 phase, because the
number of cells that remained in the G1 phase was higher
than in untreated cells {17 and 21 h; Figure 2b). By contrast,
almost all cells treated with the elicitor during the M phase
induced cell cycle arrest at the G1 phase (Figure 2b).

The effect of cryptogein on the accumulation of tran-
scripts of cell cycle-related gene — Al-type cyclin, Bl-type

© Blackwell Publishing Ltd, The Plant Journal, (2004), 40, 131-142
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cyclin and proliferating cell nuclear antigen (PCNA) - was
investigated using RNA gel-blot analysis under the same
conditions as in Figure 2{a,b} {Figure 2¢}. In control cells,
the transcripts of Nicta;CycAT1 {Al-type cyclin) gene were
accumulated from the S phase to the G2/M transition,
whereas those of the Nicta;CycB1.3 (B1-type cyclin} gene
were accumulated from the G2 phase until the end of
mitosis. By contrast, the accumulation of transcripts of
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Nicta;CycA ;1 and Nicta;CycB1;3 in the cells treated with
the elicitor during the S phase was greatly suppressed
(Figure 2¢). The PCNA transcripts were accumulated dur-
ing the G1-5 phase in control cells, while in cells treated
with the elicitor during the S phase, PCNA transcripts
were not detected. These results suggest that the cells
treated with the elicitor during the S phase arrested at the
G2 phase and did not progress to the G1 phase.
Conversely, the cells treated at the late G2 phase induced
the accumulation of the transcripts of cyclins in the same
manner as the control cells, suggesting that the cell cycle
progressed at least as far as the G1 phase {Figure 2c).
Cells treated at the late G2 phase induced lower accumu-
lation of PCNA transcripts than control cells during the G1
and S phases (13.5-17.5 h). This lower accumulation of
PCNA transcripts might be due to the fact that some of
the cells treated with the elicitor at the late G2 phase
arrested during the G1 phase (Figure 2b). This partial cell
cycle arrest would then cause fewer cells to progress to
the S phase in which the level of PCNA transcripts is
higher than in the G1 phase.

Application of cryptogein during the M or G1 phase induces
cell cycle arrest at the G1 phase '

The results described in Figures 1 and 2{b} showed that
cryptogein induced cell cycle arrest during both the G1 and
G2 phases. For a detailed analysis of the cell cycle-arrest
points during the G1 phase, BY-2 cells were highly syn-
chronized during the prometaphase of M phase using the
aphidicolin/propyzamide synchronization method {Nagata
et al., 1992). Cryptogein was added 0.5 h {M phase} or 5.5 h
(G1 phase) after propyzamide release. Cell cycle progression
was monitored using the mitotic index (Figure 3a) and flow
cytometry {Figure 3b). Control cells progressed from the
prometaphase of M phase to the G1 phase, and subse-
quently to the S phase, the G2 phase and M phase. Cells
treated with the elicitor during the M or G1 phase showed G1
arrest (Figure 3a,b). Similarly, cells synchronized by the
phosphate starvation method (Sano et afl, 1999) showed
elicitor-induced G1 arrest {data not shown}.

BY-2 cells treated with the elicitor during the M or G1
phase did not induce accumulation of the transcripts of
Nicta;CycA1;1 or Nicta;CycB 1,3 (Figure 3c). The accumula-
tion of PCNA transcripts was also significantly suppressedin
cells treated with the elicitor during the M phase. When we
applied the elicitor during the G1 phase, the amount of pre-
existing PCNA transcripts rapidly decreased.

Elicitor-induced cell death depends on the phase of the cell
cycle

To determine the relationship between the cell cycle and the
elicitor-induced cell death, we treated BY-2 cells in each

phase of the cell cycle with cryptogein. Cryptogein was
applied 0.5, 4.5, 6.5, 7.5, 8.5, 9.5 and 13.5 h after aphidicolin
release, and cell death was detected using the Evans blue
assay. The cells treated with the elicitor during the S phase
{0.5 h after aphidicolin release) induced cell death 10 h
after aphidicolin release (Figure 4a); 27.3 £ 4.1(SE}% and
65.4 + 9.5% of cells were stained with Evans blue at 20 and
40 h respectively (Figure 4b).

Although cryptogein was applied to the cells at several
time points during the G2 to G1 phase transition (4.5, 6.5,
7.5, 85, 9.5 and 135 h after aphidicolin release), cell
death occurred at a similar time (27,5 h after aphidicolin
release; Figure 4a). At 40 h after aphidicolin removal, 26—
48% of the cells treated with c¢ryptogein during the G2, M
and G1 phases were stained with Evans blue (Figure 4b).
These results suggest that the pattern of elicitor-induced
cell death changed depending on where the cells were in
the cell cycle: cells in the S phase induced cell death
rapidly, whereas cells in the G2 or M phase induced cell
death at the same time as the cells treated with elicitor in
the G1 phase.

Elicitor-induced cell death and the accumulation of
transcripts of defence-related genes are strictly requlated in
a cell cycle-dependent manner

To study the relationship between cell ¢ycle and defence-
related gene activation, the accumulation of several
defence-related gene products was measured in cells
treated with the elicitor in each phase of the cell cycle. A
hypersensitive response-related (hsr} gene, hsr203),
encoding a serine hydrolase with esterase activity
(Baudouin et al,, 1997), is postulated to regulate either the
establishment or limitation of cell death (Pontier et al.,
1998). The expression of the harpin-induced gene hinlis
correlated with the hypersensitive response (Gopalan
et al.,, 1996). Acidic chitinase {ACHN) is a defence gene that
breaks down the cell walls of microbes (Linthorstet al.,
18901.

Cryptogein was applied 1.5, 5.5, 7.5, 9.5, 11.5 and 13.5 h
after aphidicolin release, and the accumulation of the
transcripts of these genes was analysed using RNA gel-biot
analysis {Figure 5). The transcripts of hin!, hsr203J and
ACHN were accumulated in cells treated in the S phase
{1.5 h) 45h after aphidicolin release. By contrast, the
transcripts of these genes in cells treated with the elicitor
at time points from the late G2 to the G1 phase (5.5, 7.5, 9.5,
11.5 and 13.5 h) were accumulated approximately 13.5 h
after aphidicolin release. These accumulation patterns of the
defence-related gene transcripts were similar to the pattern
of cell death induction {Figure 4). These results suggest that
both cell death and the accumulation of transeripts of
defence-related genes were strictly dependent on the phase
of the cell ¢ycle.

® Blackwell Publishing Ltd, The Plant Journal, (2004}, 40, 121-142
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Figure 3. Effect of cryptogsin on cell cycle progression of thea M and G1 phase cells.

BY-2 cells were synchronized at the M phase using the aphidicolin/propyzamide synchranization method. Representative results of four independent experiments
are shown,

(al Tha changes in mitotic index of non-treated cells {solid circles) and cells treated with cryptogein {500 nm) at 0.5 h {M phase; open circles) or 5.5 h (G1 phase; salid
triangles) after release from propyzamide treatment. )

(b} Flow cytometric analysis of non-treated cells [control} and cells treated with cryptogein in the M (0.5 h} or G1 (5.5 h) phase.

(¢} RNA gel-blot analysis of cell cycle-related gene expression (Nicta;CyeAT;1, Nicta;Cyc8%,3, and PCNA} in non-treatsd cells (control} and cells treated with
cryptogein in the M {0.5 h) and G1 {55 h) phases. EF1-2 ¢cDNA was used as an internal standard.

either recognition or transduction of the elicitor signal is
affected by the cell cycle. In order to determine how the cell
cycle affects the elicitor-signalling pathway, cells were

Cell death, growth arrest and cell cycle arrest are induced
only at specific phases of the cell cycle

The eficitor-induced cell death and the accumulation of treated with the elicitor for a limited period of time at each
transcripts of defence-related genes were shown to depend point of the cell cycle. Treatment with the elicitor was
strictly on the cell cycle (Figures 4 and 5), suggesting that required for at least 2 h to induce cell death and growth

© Blackwell Publishing Ltd, The Plant Journal, {Z2004), 40, 131-142
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Figure 4. Cell cycle-dependent cell death induction. BY-2 cells were syn-
chronized at the $ phase by aphidicolin treatment. Cryptogein (500 nM) was
applied 0.5, 4.5, 6.5, 7.5, 8.5, 9.5 and 13.5 h after aphidicolin release. The peak
of the mitotic index was observed 8-9 h after aphidicolin release in control
cells [data not shown}, suggesting that cell cycle progression might be similar
to that shown in Figura 2.

{a) The time course of cryptogein-induced cell death. Cell death was detected
using the Evans blue assay. The data represent the average of three
independent experiments. Error bars indicate the standard error of the mean
{n=23}L

{b) The percentage of cells stained by Evans blue. Approximately 500 cells
from each sample were counted using microscopy. The data represent the
average of three independent experiments.

arrest in BY-2 cells (Y, Kadota et al., unpublished resulis).
Thus, we treated the cells with cryptogein only for 2 h
at each point of the cell cycle in the S and G2 phases
(Figure 6a) as well as in the late G2, S and G1 phases
{Figure 6b). A 2-h treatment with cryptogein during the §
phase induced cell death and growth arrest {(Figure 6a). By
contrast, cells treated with the elicitor 3 h after aphidicolin
release (3-5, 4-6 and 5-7 h) did not show these responses.
Flow cytometric analysis showed that aimost all of the cells
had entered the G2 phase 3 h after aphidicolin release
{Figure 2b), suggesting that the drastic difference in the
timing of cell death induction and growth arrest is consis-
tent with cell cycle progression from the S phase to the G2
phase.

As cell death induction after elicitor treatment in the late
G2, M or G1 phase was weaker than that in the S phase

(Figure 4}, we applied a higher concentration of cryptogein
(1 pm) for the experiment shown in Figure 6(b). Although
cryptogein treatment for 2 h in the late G2 or M phase (5-7,
6-8, 7-9 and 9-11 h) did not induce cell death and growth
arrest (Figure 6b), cryptogein treatment in the G1 phase
{11-13 and 13-15 h) induced these responses.

To confirm whether transient 2-h cryptogein treatment
induces G1 or G2 arrest, we analysed the effects of such
treatment, during each phase, on cell cycle progression
using flow cytometric analysis (Figure 6c). Control cells and
cells treated with cryptogein in the late G2 (5-7 h), M (7-8 h)
or G1{11-13 h) phase progressed to the G1 phase 13 h after
aphidicolin release, while cells treated with the elicitor in the
5 phase (0-2 h) showed G2 phase arrest. After the G1 phase,

. although cells treated in the late G2 {5-7 h) or M {7-9 h)

phase showed cell cycle progression similar to the control
cells, the cells treated with the elicitor in the G1 phase
{11-13 h) induced cell cycle arrest at the G1 phase. Although
continuous treatment with cryptogein induced complete cell
cycle arrest (Figures 2 and 3}, in the case of transient
treatment a small portion of the cells treated in the S or G1
phase did not induce cell cycle arrest {Figure Bc). This result
might be because 2-h treatment with cryptogein is insuffi-
cient to induce cell cycle arrest in all the cells. This is
consistent with the result that cell death induced by 2-h
transient treatment with the elicitor was also insufficient
{Figure 6a).

Continuous treatment with cryptogein from the G2 or M
phase induced cell death with similar kinetics to the cells
treated with cryptogein from the G1 phase (Figure 4).
Conversely, transient 2-h treatment with cryptogein in the
G2 or M phase did not induce cell cycle arrest and cell death
{Figure 6). Cryptogein treatment from the G2 to just before
the G1 phase {5-9 h) also did not induce cell death and cell
growth arrest {Y. Kadota et al., unpublished results). These
results indicate that cells in the G2 or M phase did not
induce cell death and cell cycle arrest; therefore, these cells
need to recognize the elicitor after cell cycle progression to
the G1 phase to induce these responses.

Elicitor recognition and oxidative burst occur in all phases of
the cell cycle

In order to investigate whether elicitor recognition occurs
only in the S and G1 phases rather than in all phases of the
cell cycle, we analysed the elicitor-induced production of
ROS, which is one of the earliest events induced by elicitors
{Kuchitsu et al.,, 1995). Production of the superoxide anion
{0;) was monitored using the chemiluminescence of 2-
methyl-6-[p-methoxyphenyl}-3,7-dihydroimidazo [1,2-a)pyr-
azin-3-one (MCLA) (Tampo et af,, 1998; Uehara &t al., 1993).
Cryptogein-induced ROS production occurred during all
phases of the cell cycle {Figure 7). ROS production com-
menced after a 2- to 3-min lag time, and peaked 7-10 min
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after elicitor application. These results suggest that the
elicitor was recognized during all phases of the cell cycle.

The results shown in Figures 6 and 7 indicate that elicitor
recognition occurs during all phases of the cell cycle. During
the G2 and M phases, however, ce!l cycle arrest and cell death
arenotinduced. Consequently, these events are induced only
when elicitor recognition occurs in the S or G1 phase.
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Discussion

The determination of cell fate (proliferation, differentiation
or PCD) is crucial during various stages in a plant's life
cycle, including development, growth, organcgenesis and
during stress responses. This study focused on the rela-
tionship betweéen the cell cycle and stress-induced cell
death in plants. We showed the antithetical relationship
between the cell cycle and elicitor-induced defence
responses, including death and defence-gene activation,
Cell cycle arrest occurred at the G1 or G2 phase before
induction of cell death, and the induction of cell death
and the accumulation of transcripts of defence-refated
genes were dependent on where the plant cells were in
the cell cyele.

Cryptogein induced cell cycle arrest during the G1 or G2
phase

In several plant species, a relationship has been sugges- -
ted between stress responses and growth or cell cycle
progression. Downregulation of cell cycle-related genes
and upregulation of defence genes were induced simul-
taneously by UV irradiation or elicitor treatment in parsley
cells (Logemann etal, 1995}, and during menadione-
mediated oxidative stress in tobacco cells {Reichheld
et al., 1999). A eubacterial flagellin-derived peptidyl elici-
tor also induced defence-related genes and inhibited
growth in Arabidopsis seedlings (Gomez-Gomez et al,
1998). Arabidopsis mutants expressing defence-related
genes constitutively show dwarf phenotype (Bowling
et al., 1994), These results may predict the existence of a
certain link between cell proliferation and the induction of
defence responses. In this study, we showed that a
pathogenic elicitor induced cell cycle arrest at the G1 or
G2 phase {Figures 2 and 3).

We also studied the expression of cell cycle-related genes.
Concomitant with cell cycle arrest, the accumulation of
transcripts of the genes involved in the cell cycle such as
Al-type cyclin, B1-type cyclin and PCNA was inhibited.
These results indicate that the elicitor-induced cell cycle
arrest occurred in the G1 or G2 phase. Cyclins are crucial
components of the cell cycle machinery as they bind and
activate CDKs. Al- and BI-type cyclins are thought to be

Figure 5. Cell cycle-dependent expression of defence-related genes
{Hsr203J, Hin1 and ACHN).

BY-2 cells were synchronized at the S phase by aphidicolin treatment.
Cryptogein (500 pm) was applied 1.5, 6.5, 7.5, 5, 11.5 and 13.5h after
aphidicolin release, and the expression of defence-telated genes {Hinft,
Hsr203J and ACHM) and EF1-a was analysed by RNA gel-blot analysis. EF1-a
cDNA was used as an internal standard. The peak of the mitotic index was
observed 9 h after aphidicolin release in control cells {data not shown),
suggesting that cell cycle progression might be similar to that shown in
Figure 2. The figure shows the results of one experiment, which was
representative of the three independent experiments.
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Figure 7. Cryptogein-induced RQS (0Q3) pro-
duction occurred during all phases of the cell
cycla.

BY-2 cells were synchronized at the S phase by
aphidicolin treatment, Cryptogein {500 nm} and
distilled water were applied 0.5 h (S phase), 5.5 h
{late G2 phase), 9.5 h {M phase) and 13.5 h {G1
phase} after aphidicolin release, and '0; produc-
tion was followed by MCLA chemiluminascencs.
Arrows indicate the application of the elicitor or
distilled water. The unbroken and broken lines
indicate ‘0; production induced by the elicitor
and distilled water respectively. The peak of the 0
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involved in the progression from the G2 to the M phase
{John et al., 2001; Mironov et al., 1899). Inhibition of cyclin
synthesis could account for the distinct cell cycle arrest
during the G2 phase. Nevertheless, the roles of these cyclins
in plants are still speculative and have been deduced
predominantly through studying their respective expression
patterns during the cell cycle. An important question for
future studies is whether inhibition of their expression is part
of the mechanism that triggers elicitor-induced cell cycle
arrest, or whether it is a consequence of this arrest.

Cryptogein-induced cell cycle arrest precedes
hypersensitive cell death

Only a few previous studies have suggested any relationship
between cell death and the cell cycle in plants. Reichheld
et al. {1999} showed that menadione-mediated oxidative
stress slowed DNA replication and delayed the entry of BY-2
cells into mitosis, and that a high menadione concentration
induced toxic cell death in plants, In addition, the application
of ethylene increased cell mortality at the G2/M phase in
tobacco BY-2 cells (Herbert et af, 2001). Evidence for a
relationship between the cell cycle and hypersensitive cell
death, however, is lacking. In this study, we clearly show for
the first time that cryptogein-induced cell cycle arrest at the
G1 or G2 phase occurs prior to cell death {Figures 2 and 4).
The cells treated with the elicitor during the S phase

s 10 15 20 5 0 S5 10 15 20
Time (min) Time {min)

progressed to the G2 phase 3 h after aphidicolin release and
showed complete cell cycle arrest {Figure 2}, while cell death
induction occurred after 10 h (Figure 4). The cells treated
with the elicitor in the G2, M or G1 phase showed cell cycle
progression to the G1 phase 13 h after aphidicolin release,
followed by complete cell cycle arrest (Figure 2; data not
shown}, while cell death was ohserved after 27.5 h. Similar
results were also obtained using the aphidicolin/propyza-
mide synchronization method {data not shownl).

After cell cycle arrest, BY-2 cells induce physiological and
morphological changes in vacuolar dynamics, disruption of
the microtubular network and changes in the permeability of
the plasma membrane {T. Goh et al,, Tokyo University of
Science, Noda, Japan, unpublished results). However, it
remains unclear whether cell cycle arrest is necessary for cell
death induction. Cell cycle arrest might be necessary, or
alternatively cell death and cell cycle arrest might be
independent. This issue is erucial in understanding the
relationship between the cell cycle and cell death. Experi-
ments using overexpressers of positive cell cycle regulators,
such as cyclins, might provide the answerto these questions.

Cryptogein signalling depends on the phase of the cell cycle

Cryptogein induced '0; production in cells during all pha-
ses of the cell cycle, confirming that the elicitor was
recognized during all stages (Figure 7). By contrast, cell
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growth arrest, cell cycle arrest and cell death were induced
only when elicitor recognition occurred in the § or G1
phase {Figure 6). These results suggest that the ¢ryptogein-
induced signalling pathway depends on the phase of the
cell cycle, and the elicitor-signalling pathway might be
downregulated in the G2 or M phase. A comparison of
various cryptogein-induced signalling events, such as Ca®*
signalling and the activation of mitogen-activated protein
kinases, in each phase of the cell cycle might provide some
answers. Various elicitors have been shown to induce the
hiphasic production of ROS for several hours (Jabs et al.,
1997; Suzuki et al, 1999; Yoshioka et al, 2001). The pro-
duction of ROS observed at a later stage, following the
transient peak reported in this study (Figure 7), might de-
pend on the cell cycle. It is impossible to carry out real-time
measurements of ‘O; production over periods of several
hours using the present method, because of depletion of
the indicator, MCLA. We are currently improving the
method in order to measure the elicitor-induced ROS pro-
duction at a later stage.

Qur results also suggest the possibility that cell divi-
sion-active sites, such as the meristem, young leaves and
seedlings, could not induce strong defence response
because they include cells in the G2 or M phase. In fact,
young leaves are less sensitive to elicitors than mature
leaves (Bailey et al, 1995; Barna and Gyorgyi, 1932). By
contrast, almost all of the mesophyll cells of mature
leaves are in the GO or G1 phase {Nagata and Takahash,
1993) and induce strong defence responses and severe
cell death as a reaction to elicitors and avirulent patho-
gens (Riccl et al., 1989). Further experiments will therefore
be needed to determine the relationship between the cell
cycle and the defence response in intact plants.

The mitotic index of random cultured cells treated with
500 nMm cryptogein did not reach zero {Figure 1), suggest-
ing that this concentration of cryptogein does not induce
cell cycle arrest in all random cultured cells. Furthermore,
the elicitor-induced cell death in random cultured cells
was six- to seven-fold lower than that in cells synchron-
ized at the S phase (Y. Kadota et al., unpublished results).
These results could be explained by the present finding
that the elicitor induced cell death only during a limited
segment of the cell cycle (the S and G1 phases). Elicitor
treatment of the synchronously cultured cells character-
ized in this study would provide a novel experimental
model system for highly synchronous elicitor-induced cell
death, which should be useful in deducing the molecular
mechanisms for hypersensitive cell death.

In conclusion, cell cycle arrest occurred before induc-
tion of the elicitor-induced cell death, and cell death
induction is strictly dependent on the phase of the cell
cycle. By further studying this model system, it is possible
to gain a better understanding of the molecular relation-
ship between the cell cycle and PCD in plants.

Experimental procedures

Plant material

A tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2} suspen-
sion was maintained by weekly dilution {1/100} of cells in modified
Linsmaier and Skoog {LS) medium, as described by Nagata et al.
(1992). The cell suspension was agitated on a rotary shaker at
100 rpm at 28°C in the dark.

Expression and purification of cryptogein

Pichia pastoris {strain GS115) bearing the plasmid pLEP3 was used
for cryptogein production. Cryptogein was expressed accarding to
the method described by O’'Donohue et al. {1996} and was dissolved
in distilled water. The concentration of cryptogein was determined
using UV spectroscopy with extinction coefficients of 8306 M~ em™!
at 277 nm {O'Donchue et al., 1995,

Cell cycle synchronization

A stationary culture of tobacce BY-2 was diluted 1/10 in fresh
modified LS medium supplemented with 5 ug ml™' aphidicolin
{Wako Pure Chemical Industries, Ltd., Osaka, Japan). After a 24-h
culture, aphidicelin was removed by extensive washes and the cells

- were re-suspended in fresh medium. When analyses of post-mitotic

stages were needed, 0.8 pg ml™" of propyzamide {Sigma, St Louis,
MO, USA) was added before the pre-prophase stage, which was
approximately 5 h after removing the aphidicolin. The cultures were
then maintained for 4 h before removal of propyzamide through
extensive washes.

Determining cell division of BY-2 cells

Cell division percentages were determined by measuring the
mitotic index after staining the cells with DAPI and observing them
under a flugrescence microscope.

Flow cytometric analysis

Flow cytometric analysis was performed according to the manu-
facturer's protocol, One millilitre of cell suspension was centrifuged
at 1000 x g for 1 min. About 100 pl of Sclution A {PARTEC High
Resolution Kit type P; Partec GmbH, Minster, Germany) was added
to the peflet of the cell suspension, The cells were chapped with a
razor blade and then incubated for 10 min at room temperature. The
nuclei were separated from the cells by filtering the mixture thraugh
a 100-pm nylon filter. For staining, 400 pl of Solution B was added to
the nuclear solution. Fluorescence intensity was measured hy flow
cytametry {Ploidy analyser PA; Partec GmbH). Counts thathad a low
fluorescence intensity included fluorescence from artificially frag-
mented DNA produced during the extraction of the nuclei. We
therefore disregarded counts below a cut-off value of a much lower
fluoreseence intensity than that of the nuclei at the G1 phase.

RNA extraction and Northern blot analysis

Total RNA was extracted from each frozen sample of cells using
the Trizol Reagent according to the manufacturer's protocol
{Invitrogen Co., Carlsbad, CA, USA). Denatured total RNA {15 ug)
was electrophoresed on a 2% agarose gel containing 5.5%

@ Blackwel! Publishing Ltd, The Plant Journal, (2004}, 40, 131-142

— 639 —



formaldehyde and transferred to a Hybond-N membrane
{Amersham-Pharmacia Biotech, Little Chalfont, UK). Hybridization
was performed at 65°C in phosphate buffer (500 mm Ma-phos-
phate, pH 7.2, 1 mm EDTA, 1% BSA, 7% SDS) to random primed
[*2P] probes for Nicta;CycAT;1, Nicta;CycB7;3, PCNA (lto et al.,
1997; Sekine et al., 1999; Setiady et af., 1995) and EF1-x (Kumagai
et al., 1995) cDNA from tobacco. The hybridization signal was
visualized with a Bioimage analyser {BAS-2000; Fuji Film, Tokyo,
Japan} and Typhoon 9210 {Amersham-Pharmacia Biotech).

Cell death assay

Cne millilitre of the cell suspension was incubated with 0.05%
Evans blue (Sigma} for 15 min and then washed to remove the
unabsorbed dye. The selective staining of dead cells with Evans
blue depends upon extrusion of the dye from living cells via the
intact plasma membrane. The dye passes through the damaged
membrane of dead cells and accumulates as a blue protoplasmic
stain {Turner and Novacky, 1974). Dye that had been absorbed by
dead cells was extracted in 50% methanol with 1% SDS for 1 h at
60°C and quantified by absorbance at 535 nm. We also measured

the fresh weight by using 10 ml of the same culture, and the "

value measured by Evans blue was divided by the fresh weight
to average the cell volume.

Measurement of 0y production

A BY-2 cell suspension was washed and re-suspended in fresh
growth medium 30 min before measurement. The cells were then
treated with 2 pm MCLA (Molecular Probes, Eugene, OR, USA), and
the '0; -dependent luminescence was measured with a Lumicounter
2500 {Microtech Nition, Chiba, Japan).
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Identification of a Putative Voltage-Gated Ca**-permeable Channel (OsTPC1)
Involved in Ca®* Influx and Regulation of Growth and Development in Rice
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Cytosolic free Ca?* serves as an important second mes-
senger participating in signal transduction of various envi-
ronmental stresses. However, molecular bases for the
plasma membrane Ca’ influx and its regulation remain
largely unknown. We here identified a gene (OsTPCI)
encoding a putative voltage-gated Ca** channel from rice,
ubiquitously expressed in mature leaves, shoots and roots as
well as in cultured cells, OSTPC1 rescued the Ca** uptake
activity and growth rate of a yeast mutant c¢chi, To eluci-
date its physiological roles, we generated transgenic rice
plants and cultured cells overexpressing OsTPC! mRNA.
Furthermore, a retrotransposon (Tos17) insertional knock-
out mutant of OsTPCI was isolated. OsTPCl-overexpress-
ing cells showed hypersensitivity to excess Ca® but higher
growth rate under Ca* limitation, while growth of the
OsTPCI-knockout cultured cells was less sensitive to extra-
cellular free Ca* concentration, suggesting that OsTPC1
has Ca® transport activity across the plasma membrane.
OsTFCI-overexpressing plants showed reduced growth and
abnormal greening of roots. Growth of Ostpcl seedlings
was comparable to the control on agar plates, while signifi-
cantly reduced in adult plants. These results suggest that
OsTPCI functions as a Ca®*-permeable channel involved in
the regulation of growth and development.

Keywords: Calcium ion — lon channel — Plasma membrane
— Retrotransposon — Rice — Transport.

Abbreviations: [Ca™],,,, extracellular free calcium ion concentra-
tion; [Ca“]m, cytosolic free calcium ion concentration; RACE, rapid
amplification of cDNA ends; RT-PCR, reverse transcriptase-PCR;
TPC1, two-pore channel 1.

Introduction

Mebilization of cytosolic free Ca®* is essential for trans-
duction and conversion of signals, such as, light, touch, cold
shock, pathogen attack, plant hormones into adapted biological
responses (Sanders et al. 2002, White and Broadley 2003, and
references therein) as well as for growth and development
including root growth and elongation of pollen tubes (Li et al,
1999, Foreman et al, 2003). Elevation of cytosolic free calcivm

ion concentration ([Caz*]cy,) is postulated to be mediated by
Ca® channels located on the plasma membrane and endo-
membranes. In animal cells, many voltage-dependent Ca®*-
permeable channels have been identified which function in the
transduction of sensory input and signal transduction (Benitah
et al. 2002). In plants, membrane depolarization is involved in
various signal transduction pathways (Ward et al. 1995, White
2000). Electrophysiological studies revealed the existence of
plasma membrane Ca™-permeable channels activated by mem-
brane depolarization or hyperpolarization in response to
environmental stimuli (reviewed in White 2000). They are
postulated to play pivotal roles at early steps of a variety of
signal transduction networks, such as abscisic acid-induced
stomatal closure (Hamilton et al. 2000, Pei et al. 2000), defense
responses (Klilsener et al. 2002), tip-growth in rhizoid cells
(Taylor et al. 1996) and growth of root apex (Kiegle et al.
2000). .

Very little is known, however, about their molecular basis,
In animals, typical a-subunits of voltage-gated Ca®* channels
are composed of four homologous domains, while no genes
encoding these Ca™ channels are found in plants. Ishibashi et
al. (2000) recently reported a novel type of a putative voltage-
gated Ca® channel (two-pore channel 1; TPC1) in rat and
described existence of a homologous sequence in the Arabi-
dopsis genome. Furuichi et al. (2001) cloned the gene
(ArTPCI) and suggested its possible involvement in [Caz*]cyt
elevation caused by sucrose-induced membrane depolariza-
tion. The existence of homologs in other various plant species
was also suggested (White et al, 2002). However, physiologi-
cal roles of the TPC! family channels still remain mostly
unknown in plants and even it animals,

Rice is a useful model plant for agriculturally important
crops and monocots, whose entire genomic sequencing has
been completed ¢Shimamoto and Kyozuka 2002). A retrotrans-
poson (Tosl7) insertional mutagenesis-mediated gene knock-
out system has recently been established as a powerful tool
(Hirochika 1999, Hirochika 2001).

In the present study, we have identified a TPC1 homolog
in the rice genome and developed its overexpressors as well as
Tos17 insertional knockout mutant (Ostpcl). Ca®* transport
activity and effects on growth and development were character-
ized both in planta and in suspension-cultured cells to eluci-
date its physiological roles,

* Corresponding author: E-mail, kuchitsu @rs.noda.tus.ac. Jjp; Fax, +81-4-7123-9767,
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Fig. 1 The rice OsTPCl. (A) Allgnmcm of the predlcted amino acid sequences of rice OsTPCI and Arabidopsis AtTPCI. Asterisks indicate
identical or conserved residues in the whole sequence in the alignment. Colons indicate conserved substitutions. Dots indicate semi-conserved
substitutions. Twelve putative transmembrane segments are boxed. Two putative pore loops are gray boxed. Arginine residues (R) located at each
third position of 54 segments are indicated with arrowheads. Two putative EF-hand motifs are underlined. (B) Kyte and Doolittle hydropathy plot.
The six hydrophobic segments (81--36) and a pore loop segments (P) in each domain are indicated.

Results

We searched for hormologs of Ca®* channels and transport-
ers in the rice genome, and found a novel gene homologous to
the rat and Arabidopsis TPC1 (Ishibashi et al. 2000, Furuichi et
al. 2001}, which was designated as OsTPCI (GenBank Acces-
sion No. AB071014). The full-length cDNA was obtained by
using RACE-PCR method, which encoded a polypeptide of
757 amino acids with calculated molecular mass of 87,019.

The predicted protein showed 60.4% homology in amino
acid sequence compared to AtTPC1, and two transmembrane
segments (S1-86) and two pore loops (p) between S5 and S6
are especially more conserved in comparison with other
regions (Fig. 1A). The predicted secondary structure was also
similar to AtTPC1 (Fig. 1B), The two EF-hand motifs were
found by PFSCAN prediction (http:/hits.ish-sib.ch/cgi-bin/
PFSCAN) in the linker domain that connects domain I to
domain II (Fig. 1A). Southern blot analysis of genomic DNA as
well as database search of the whole genome (Rice BLAST;

http://riceblast.dna.affrc.go.jp/) indicated that no homologous
gene for OSTPC] was present in rice (data not shown). Expres-
sion of the OsTPC! mRNA was detected at a similar level
ubiquitously in calli, mature leaves and shoots except for roots
where its expression was weaker (Fig. 2).

Complementation of a yeast Ca’*-requiring mutant

To confirm that OsTPC1 has Ca®* uptake activity, we car-
ried out yeast complementation analysis by using Saccharomy-
ces cerevisiae CCHI defective mutant. CCH1 is a plasma
membrane protein, which has significant sequence homology
with the a-subunit of animal L-type Ca®* channels. Growth of
cchl mutant is suppressed in a low Ca®* medium (Fischer et al.
1997). Expression of OsTPCI in a cchl mutant strain, K927,
partially restored its growth under Ca®* limitation (Fig. 3A).
The **Ca® uptake activity of the transformant was higher than
that of its parent strain W303-1A (Fig. 3B). These results indi-
cate that OsTPCI1 rescued Ca® transport activity across the
plasma membrane of cch! mutant,
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Fig. 2 Expression of OsTPCI in rice tissues. First-strand cDNA was
synthesized from the total RNA exiracted from various tissues and
amplified indicated cycles by RT-PCR as described in Materials and
Methods. Actin cDNA was used as a control DNA. PCR products were
analyzed by agarose gel electrophoresis.

Overexpression of OsTPCI

To reveal physiological roles of OsTPCI, the deduced
open reading frame was introduced into calli in the sense
orientation under the control of cauliflower mosaic virus 355
promoter (Fig. 4A) by means of Agrobacterium-mediated
transformation (Tanaka et al. 2001). Six independent lines of
transgenic plants (T, generation) were generated. As a control,
three independent tines in which the B-glucurenidase (GUS)
gene was introduced were simultaneously investigated. Expres-
sion of OsTPCI mRNA in T, transgenic lines was analyzed by
RT-PCR. As shown in Fig. 4B, OsTPC! mRNA highly accu-
mulated in all 358::0sTPCI transgenic lines. Three independ-
ent overexpressing lines (S2-3, $2-4 and 52-5) were used for
further experiments,

Isolation of the Tos17 insertional mutant of OsTPCI

To further dissect the in vivo function of the OsTPC!
gene, we screened 39,744 mutant lines induced by insertion of
Tos!7 by PCR and identified one Tosl!7 insertional mutant
{Ostpcl) line (NF1041). In this line, Tosl!7 was found to be
inserted in the forward orientation near the end of the 11th
exon (Fig. 5A), and an alternative mRNA derived from the
splicing of exon 10 to exon 12, skipping exon 11, was
expressed (Fig. 5B, C). Function of the product of the alterna-
tive mRNA was examined by the yeast complementation.
OsTPC!I cDNA isolated from the mutant line did not comple-
ment the yeast cchl mutant (Fig. 5D). R2 populations were
used for further experiments.,

Effect of OsTPCI expression level on Ca®* sensitivity in suspen-
sion-cultured cells

As a first step of functional analyses of OsTPCl, we
tested whether its expression level affect Ca® sensitivity of
growth in suspension-cultured cells. As shown in Fig. 6, the
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Fig. 3 OsTPCI rescues both growth rate and Ca?* uptake activity of
yeast cchl mutant. (A) Exponentially growing cells of strains W303-
1A (wild type)pYES2, K927 {(cchl)/pYES2 and {cchl)/pYES2-
OsTPCI were transferred into $Gal-Ca?* medium, and the cell growth
(Age) was measured at the indicated times. Square, W301-1A (wild
type)pYES2; circle, K927 (cchl)/pYES2-OsTPCI; triangle, K927
(cchDIpYES2. Vertical bars represent SE (7 = 3). (B) Ca™ uptake was
measured by the method described by Eilam and Chemichovsky
(1987) with slight modifications. Square, W301-1A (wild type)/
pYES2; circle, K927 (cchlMpYES2-OsTPCI,; thangle, K927 (cchl)
pYES2. Vertical bars represent SE (n = 3).

growth rate of OsTPCI overexpressors was lower than that of
the control line in the regular medium (Ca®: 3 mM) and was
remarkably reduced under high Ca®* concentration (30 mM).
On the other hand, the OsTPC/ overexpressors showed higher
growth rate under Ca?* limitation (0-0.5 mM) than the control
line.

In contrast to the OsTPCI overexpressors, growth inhibi-
tion under high Ca®* concentration (60 mM) was rescued by
Ostpcl mutation. Ca?* sensitivity of Ostpcl for growth was
markedly lower than the control (Fig. 7B).

Effects of OsTPCI expression level on growth and development
in planta

We examined whether plant growth and development is
affected by the expression level of OsTPCI. As shown in Fig.
4C and D, the OsTPC! overcxpressors showed remarkably
slowed growth and reduced fertility in adult plants. Limited
growth rate was observed throughout all developmental stages.
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Fig. 4 Phenotypes of plants overexpressing OsTPCJ ¢cDNA. (A) The OsTPC! expression vector for rice transformation. 355 P, CaMV 358 pro-
moter; OsTPCI, ORF regions (2,274 bp in size) for OsTPCI cDNA; nos T, terminator sequence of the gene for nopaline synthase. 355.:GUS was
used as vector controls. (B) RT-PCR analysis of OsTPC! in the plants with sense OsTPCI. Actin cDNA was used as a control. (C) Phenotype of
overexpressing OsTPCI lines (T,) at adult stage. Plants were grown for 60 d in the greenhouse. Right: plant overexpressing OsTPCI mRNA and
left: control plant overexpressing GUS gene. White bars indicate [0 cm. (D) Phenotype of overexpressing OsTPC! lines (T,) at seedling stage.
Seedlings were grown for 10 d in the MS medium (16 h light/8 h darkness, 28°C). White bars indicate 10 em. (E) Root greening observed in over-
expressing OsTPC! lines (T,). Seedlings were grown for [4 d in the MS medium {continuous light, 28°C). Red bars indicate { mm. Control lines:

Ci-1 and C2-5, OsTPC/! overexpressors: $2-3, §2-4 and 52-5.

These phenotypes were exhibited in all six independent T,
transgenic lines and the expression level of the OsTPC/ tran-
scripts in the 35S::0sTPC! plants well correlated with the
severity of the phenotypes (Fig. 4B, C). OsTPCI overexpress-
ing lines showing severe phenotype also displayed a dwarf phe-
notype with dark green leaves in adult plants, and green-

colored roots in the seedling stage under light conditions
(Fig. 4E). The chlorophyl! content in these roots was £4.72 pg
(g FW)7, while it was +0.101 pg (g FWY! in control roots,
indicating that overexpression of OsTPC] resulted in abnormal
greening of roots. Root greening was not ohserved in the plants
grown under dark conditions (data not shown). One line (§2-3),
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Fig. 5 Isolation of Tosi7 insertional mutant of the OsTPCI. {A) The structure of the OsTPC] gene and insertion site of Tos!7 in the OsTPC!
gene of the mutant line (NF1041). The exon and intron regions of OsTPC! are presented as closed and open bars, respectively. (B) A schematic
representation of OsTPCT mRNA and the location of the deletion in the Ostpel mutant. The approximate locations of primer sequences are shown
by arrows. (C) PCR analysis of OsTPCI mRNA in Ostpcl and wild type. PCR products generated by using primers exonl!P and P2, which
amplify the mRNA region derived from the splicing of exon 11 to exon 21. (D) Yeast complementation analysis using Ostpci cDNA. Square,
K927 (cchI)pYESZ; circle, K927 (cchD/pYES2-OsTPCI; riangle, K927 (cchNpYES2-Ostpel. Vertical bars represent SE (n = 3),

which showed the most severe phenotype, died immediately
after transplantation to soil (Fig, 4C).

Advult plants of Ostpel showed slightly reduced growth
rate under normal growth conditions (Fig, 7A). Germination
and growth of Ostpc/ seedlings was comparable to the control
in the MS medium both in the presence or absence of sucrose.
However, its growth became reduced after transplantation to
soil to grow in a greenhouse (data not shown), suggesting that
the knockont line shows stress hypersensitivity,

To examine whether this phenotype shown in Fig. 7A was
due to the insertion of Tos17 in OsTPCI, we examined cosegre-
gation of the TosI7-induced Ostpel mutation with the mutant
phenotype. Sixty-four R2 plants derived from three R1 hetero-
zygous plants were examined and perfect cosegregation was
observed. These results strongly suggest that the observed

mutant phenotype was caused by the insertion of TosI7 in
OsTPC].

Discussion

In spite of physiological importance of voltage-gated Ca®*
channels in a broad range of signaling pathways in plants, very
Iittle is known about their molecular identity. We here identi-
fied OsTPCI as a putative voltage-gated Ca** channel in rice.
Characterization of transgenic plants and suspension-cultured
cells of its overexpressors as well as knockouts indicated its
Ca® transport activity in suspension-cultured cells and possi-
ble functions in growth and development as well as stress
responses in planta.
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Fig. 6 Ca™ sensitivity of OsTPC!-overexpressing transgenic rice cells. Seven-day-old cultured cells were assayed in this experiment. Cells
(0.5 g FW) were transferred to standard medium without or supplemented with CaCl, and incubated. After culturing for 3 or 7 d, fresh weight was
measured. Circle, C2-5; square, $2-4, triangle, $2-5. Vertical bars represent SE (2 = 3).

OsTPC1 encodes a putative voltage-gated channel capable of
transporting Ca”* across the plasma membrane in yeast cells

The hydropathy profile of OsTPCI shows a significant
structural similarity with AtTPC1 and TPC1 from rat as well as
the halves of the general structure of a-subunits of L-type
voltage-gated Ca® permeable channels. The predicted protein
has strong similarity to AtTPC1 (60.4%) and showed the high-
est homology with rat TPC1 (25.2%) among Ca™ permeable
channels in animals. Two EF-hand motifs were found in the
linker domain (Fig. 1A) as seen in some¢ mammalian L-type
Ca® channels, in which binding of Ca®* to the motifs lead to
the inhibition in the channel activities (Peterson et al. 2000).
Ca™ channel activity of OsTPCI may be downregulated by
[Ca*"),,, as a ncgative feedback mechanism.

The yeast Ca>-requiring cch! mutation was rescued by
expressing OsTPCI (Fig. 3A, B) as shown with AtTPCI
(Furuichi et al, 2001), suggesting that OsTPC1 have Ca®* trans-
port activity across the plasma membrane. Since both of the
two S4 segments of OsTPCl contained positively charged
arginine residues located at each third position (Fig. 1A) and
this structure is conserved among mammalian voltage-gated

Ca® channels to function as a voltage sensor (Fozzard and
Hanck 1996), OsTPCl may well be voltage-gated. Though
detection of functional current of the rat TPC1 have been
unsuccessful in heterologously expressed CHO cells and Xeno-
pus oocyte (Ishibashi et al. 2000), it should be an important
future research subject to electrophysiologically test the Ca®*
channel activity of OsTPC1 as wel! as its voltage dependency.

Expression level of OsTPCI determines Ca®* sensitivity in sus-
pension-cultured cells

Effects of OsTPCI expression levels on Ca®* sensitivity of
growth in suspension-cultured cells were analyzed. OsTPCI
overexpressors showed higher growth rate under low Ca®* con-
centration (Fig. 6}, whereas growth of the Ostpel was less sen-
sitive to [Ca®"],,, (Fig. 7B). These results suggest that OsTPC1
translocates substantial amount of Ca® across the plasma
membrane, and is one of the major factors affecting Ca’* sensi-
tivity at least in suspension-cultured cells.

Previous electrophysiological studies indicate existence of
several types of plasma membrane Ca’*-permeable channels
activated by membrane depolarization or hyperpolarization
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Fig. 7 Phenotypes and Ca®* sensitivity of Ostpel mutant. (A) Phenotype of Ostpel mutant at adult stage. Plants were grown for 90 d in the
greenhouse, NF 1041 WT (left), NF1041 heterozygote (middle) and NF1041 homozygote (right). Bars indicate 10 cm. (B) Ostpel suspension-
cultured cells render Ca®* sensitivity. Seven-day-old-cultured cells were assayed. Cells (0.5 g FW) were transferred to the standard mediur or that
supplemented with CaCl, (60 mM) and grown. After culturing for 3 or 7 d, fresh weight was measured. Circle, NF1041 WT; square, NF104!

homozygote. Vertical bars represent SE (n = 3).

{reviewed in White 2000). However, no other genes except for
the TPC1 family have been found as a candidate for voltage-
gated Ca® permeable channels in plants (Very and Sentenac
2002). No homologous genes to OsTPC! were found in the
whole rice genome and expression of its mRNA was ubiqui-
tously observed in various organs and cultured cells (Fig. 2).
OsTPC1 may function as a one of the major voltage-gated Ca®*
channels in rice.

Funciions of OsTPCI in regulation of growth and development

OsTPCI-overexpressing plants displayed reduced growth
rate and dwarf phenotype (Fig. 4C). Dwarfism is frequently
observed in stress-tolerant plants. For example, transgenic
plants overexpressing a stress-inducible transcription factor
DREBIA become tolerant to freezing and dehydration, result-
ing in severe reduction in plant size {Liu et al. 1998). Overpro-
duction of stress-related proteins under unstressed conditions
may lead to growth retardation of the plants. Since cytosolic
frec Ca serves as an important second messenger partici-
pating in transduction of various environmental stress signals
to induce expression of a variety of stress-related proteins
(Sanders et al. 2002), overproduction of the plasma membrane

Ca®* channels may result in enhancement of stress-induced
mobilization of [Caz"]qq leading to overproduction of stress-
related proteins. Therefore dwarfism observed in OsTPCI-
overexpressing plants may be attributed to hypersensitivity to
environmental stresses.

One line (52-3) in which the expression level of OsTPC]
was highest showed most severe phenotype including a death
symptom (Fig. 4C). Overproduction of plasma membrane Ca®*
channels may induce mobilization of excess amount of Ca™, to
cause drastic toxic symptoms.

Possible involvement of OsTPCI in the chloroplast development
Elevation of [Ca™],, have also been shown to play impor-
tant roles in developmental and morphogenetic processes, such
as elongation, formation of polarity and differentiation of cells
(White and Broadley 2003). For example, localized elevation of
[Caz”]wl in the apical side of the cell is shown to control polar-
ized growth of a pollen tube (Malho and Trewavas 1996).
Voltage-gated Ca**-permeable channel-induced spatiotemporal
changes in [Ca'*"']cyt are suggested to be crucial for regulation of
cell volume in Fucus rhizoid and cell elongation in roots
(Taylor et al. 1996, Kiegle et al. 2000, Foreman et al. 2003).
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