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SUMMARY

Potassium is an essential mineral element for
plant growth and development. Although it is
known that plants absorb and transport K+

through membrane transporters, it remains un-
clear how these transporters are regulated.
Here we show that the protein kinase CIPK23,
encoded by the LKS1 gene, regulates K+ uptake
under low-K+ conditions. Lesion of LKS1 sig-
nificantly reduced K+ uptake and caused leaf
chlorosis and growth inhibition, whereas over-
expression of LKS1 significantly enhanced K+

uptake and tolerance to low K+. We demon-
strate that CIPK23 directly phosphorylates the
K+ transporter AKT1 and further find that
CIPK23 is activated by the binding of two calci-
neurin B-like proteins, CBL1 and CBL9.We pro-
pose a model in which the CBL1/9–CIPK23
pathway ensures activation of AKT1 and en-
hanced K+ uptake under low-K+ conditions.

INTRODUCTION

Potassium is an essential element for plant growth and de-

velopment, and it plays crucial roles in many fundamental

processes in living plant cells, such as osmoregulation,

electrical neutralization, regulation ofmembrane potential,

cotransport of sugars, and so on (Clarkson and Hanson,

1980). Normal plant growth and development require milli-

molar K+ in the soil or growthmedium. However, typical K+

concentration at the interface of roots and soils is within

micromolar range (Schroeder et al., 1994). Under low-K+

stress, most plants showK+-deficient symptoms, typically

leaf chlorosis and subsequent inhibition of plant growth

and development (Mengel and Kirkby, 2001). It is known

that different genotypes of a plant species show varied

K+ utilization efficiency (Epstein, 1978), which suggests

that K+ uptake and translocation in plants is genetically

controlled.

Plants absorb and transport K+ ions through a number of

transporters that vary in kinetics, energy coupling, and reg-

ulation (Schroeder et al., 1994; Véry and Sentenac, 2003).

Although many plant K+ transporters have been identified

(see the reviewbyVéry andSentenac, 2003and references

therein) and some of them have been functionally charac-

terized, such as AKT1 in K+ nutrition (Lagarde et al., 1996;

Hirsch et al., 1998; Spalding et al., 1999; Ivashikina et al.,

2001) and KAT1 in stomatal movements (Ichida et al.,

1997), little is known about the regulatory mechanism of

these K+ transporters. It is well known that some K+ chan-

nels in animal cells are regulated by specific kinases (Jan

and Jan, 1997). However, it remains unknown whether

K+ transporters in plant cells are functionally regulated by

protein phosphorylation, although circumstantial evidence

exists for interaction between protein kinases and K+

transporters (Li et al., 1998; Mori et al., 2000). Chérel

et al. (2002) reported the effect of AtPP2CA on AKT2 activ-

ity, suggesting possible regulation of plant K+ channels by

protein phosphorylation and dephosphorylation. Despite

some pharmacological studies investigating regulation of

plant K+ transport systems by protein kinases, these

datadonot necessarily infer adirect effect of the regulatory

proteins on K+ transporters (Chérel, 2004).

Here we report the identification and characterization

of a regulatory pathway for K+ uptake in Arabidopsis, in

which a Ser/Thr protein kinase (CIPK23) phosphorylates

K+ transporter AKT1 and enhances K+ uptake, particu-

larly under low-K+ stress. Furthermore, two calcineurin

B-like (CBL) proteins were identified as the upstream reg-

ulators of CIPK23. In addition, activation of AKT1 by

CIPK23 and CBL1 or CBL9 was further confirmed by

voltage-clamp recording using a Xenopus oocyte expres-

sion system and by patch-clamp recording from root-cell

protoplasts. All evidence supports the conclusion that

there exists an AKT1-mediated and CBL/CIPK-regulated

K+ uptake pathway in higher plants that plays crucial

roles in plant K+ uptake, particularly under K+-deficient

conditions.
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The Mg-chelatase H subunit is an abscisic
acid receptor
Yuan-Yue Shen1*, Xiao-Fang Wang1*, Fu-Qing Wu1*, Shu-Yuan Du1, Zheng Cao1, Yi Shang1, Xiu-Ling Wang1,
Chang-Cao Peng1, Xiang-Chun Yu1, Sai-Yong Zhu1, Ren-Chun Fan1, Yan-Hong Xu1 & Da-Peng Zhang1

Abscisic acid (ABA) is a vital phytohormone that regulates mainly stomatal aperture and seed development, but ABA
receptors involved in these processes have yet to be determined.We previously identified from broad bean an ABA-binding
protein (ABAR) potentially involved in stomatal signalling, the gene for which encodes the H subunit of Mg-chelatase
(CHLH), which is a key component in both chlorophyll biosynthesis and plastid-to-nucleus signalling. Here we show that
Arabidopsis ABAR/CHLH specifically binds ABA, and mediates ABA signalling as a positive regulator in seed germination,
post-germination growth and stomatal movement, showing that ABAR/CHLH is an ABA receptor. We show also that
ABAR/CHLH is a ubiquitous protein expressed in both green and non-green tissues, indicating that it might be able to
perceive the ABA signal at the whole-plant level.

The phytohormone ABA has a vital function in plant adaptation
to stressful environments by regulating stomatal aperture and the
expression of stress-responsive genes, and in plant development such
as seed maturation, germination and seedling growth1–3. Genetic
approaches have permitted the characterization of numerous com-
ponents involved in ABA signalling but have failed to identify ABA
receptors1–3. Biochemical approaches provide another way to isolate
ABA receptors by the identification of ABA-binding proteins that are
putative ABA receptors4–6. Recently, the RNA-binding protein FCA, a
homologue of anABA-binding protein ABAP1 (ref. 6), was identified
as an ABA receptor in the regulation of flowering time7. However,
ABA receptors involved in seed development, seedling growth and
stomatal movement remain elusive.

We previously reported an ABA-specific-binding protein from
broad bean (Vicia faba) and found that this protein was potentially
involved in ABA-induced stomatal signalling5. So we designated it
ABAR (for putative abscisic acid receptor). On the basis of the sequen-
cing information, we isolated from broad bean leaves a complemen-
tary DNA fragment encoding the carboxy-terminal half of about 770
amino acids of the putative H subunit (CHLH) of the magnesium-
protoporphyrin-IXchelatase (Mg-chelatase).CHLHhasbeen reported
to have multiple functions in plant cells. In addition to its enzymatic
functionsas a subunit of theMg-chelatase inproducingphotosynthetic
apparatus8, CHLH has a key function in mediating plastid-to-nucleus
signalling9–12. We found that the yeast-expressed product of the cDNA
fragment encoding the C-terminal portion of the broad bean ABAR or
CHLHbindsABA specifically (data not shown). The information from
Vicia faba led us to analyse the functions of ABAR in ABA signalling in
Arabidopsis thaliana. Here we show that theArabidopsisABAR/CHLH
(the Arabidopsis genomic locus tag for CHLH is At5g13630, and the
GenBank accession numbers are AY070133, BT002311, NM_121366,
Z68495 or AY078971) is an ABA receptor that regulates seed devel-
opment, post-germination growth and stomatal aperture.

ABAR binds ABA specifically

The purified yeast-expressed Arabidopsis ABAR binds ABA as a sat-
urable process (Fig. 1a). The ABAR protein possesses one binding

*These authors contributed equally to this work.

1China State Key Laboratory of Plant Physiology and Biochemistry, China Agricultural University, 100094 Beijing, China.

a

c

b

d

e

0.8

B
ou

nd
 [3

H
]A

B
A

 (m
ol

 m
ol

–1
)

Bound [3H]ABA (mol mol–1)

B
/F

 (m
ol

 m
ol

–1
 n

M
–1

)

Free [3H]ABA (nM)

Free [3H]ABA (nM)

Unlabelled (+)ABA or (–)ABA
(× 30 nM)

0.6

0.4

0.2

0

0.8

ABAR

B
ou

nd
 [3

H
]A

B
A

 (m
ol

 m
ol

–1
)

B
ou

nd
 [3

H
]A

B
A

 (n
m

ol
 g

–1
)

B
ou

nd
 [3

H
]A

B
A

 (d
.p

.m
.)

0.6

0.4

0.2

0

0

0 1 10 100 1,000

4,000

3,000

2,000

1,000

0

30% 100 130

RNAi WT OE

0.4 0.8 1.2

20 40 60

0.04

50

40

30

20

10

0
0 20 40 60

OE

WT

RNAi

NB

0.03

0.02

0.01

0

Figure 1 | ABAR binds ABA. a, Saturable ABA-specific binding (filled
circles) to the pure yeast-expressed ABAR. Open circles, non-specific
binding. b, Scatchard plot of binding data in a. B, [3H]ABA bound; F, free
[3H]ABA. The parameters of the curve are Kd5 32 nM;
Bmax5 1.28molmol21; R25 0.98. c, Displacement of [3H](1)-ABA
binding by (1)-ABA and (2)-ABA. Filled triangles, in vitro (1)-ABA
binding (molmol21); open triangles, in vitro (2)-ABAbinding (molmol21);
filled circles, (2)-ABApull-down assay (d.p.m.); open circles, (1)-ABApull-
down assay (d.p.m.). d, Saturable ABA-specific binding to the extracts of
leaves of gl1 (WT), RNAi (line 12) and overexpressing (OE, line 1) lines. NB,
non-specific binding. e, Immunosignal of ABAR protein in the extracts in
d and the band intensities relative to the wild type. Each point in a–d is the
mean 6 s.d. (n5 10).
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ROR1/RPA2A, a Putative Replication Protein A2, Functions in
Epigenetic Gene Silencing and in Regulation of Meristem
Development in Arabidopsis W

Ran Xia,a,1 Junguo Wang,a,1 Chunyan Liu,b Yu Wang,a Youqun Wang,a Jixian Zhai,b Jun Liu,a Xuhui Hong,a

Xiaofeng Cao,b Jian-Kang Zhu,c and Zhizhong Gonga,2

a State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,

China Agricultural University, Beijing, 100094, China
b Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, 100101, China
c Department of Botany and Plant Sciences, Institute of Integrative Genome Biology, University of California,
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We screened for suppressors of repressor of silencing1 (ros1) using the silenced 35S promoter-neomycin phosphotrans-

ferase II (Pro35S:NPTII) gene as a marker and identified two allelic mutants, ror1-1 and ror1-2 (for suppressor of ros1). Map-

based cloning revealed that ROR1 encodes a 31-kD protein similar to DNA replication protein A2 (RPA2A). Mutations in

ROR1 reactivate the silenced Pro35S:NPTII gene but not RD29A promoter-luciferase in the ros1 mutant. DNA methylation in

rDNA, centromeric DNA, and RD29A promoter regions is not affected by ror1. However, chromatin immunoprecipitation

data suggest that histone H3 acetylation is increased and histone H3K9 dimethylation is decreased in the 35S promoter in

the ror1 ros1 mutant compared with ros1. These results indicate that release of silenced Pro35S:NPTII by ror1 mutations is

independent of DNA methylation. ROR1/RPA2A is strongly expressed in shoot and root meristems. Mutations in ROR1/

RPA2A affect cell division in meristems but not final cell sizes. Our work suggests important roles of ROR1/RPA2A in

epigenetic gene silencing and in the regulation of plant development.

INTRODUCTION

Foreign genes integrated into plant genomes and some endog-

enous genes often become silenced at the transcriptional level.

Transcriptional gene silencing (TGS) involves the establishment

of a condensed chromatin structure that is often closely related

to DNA hypermethylation (Bender, 2004; Tariq and Paszkowski,

2004; Chan et al., 2005). Genes that affect TGS by altering DNA

methylation can be divided into two major groups. The first

group, including DECREASE IN DNA METHYLATION1 (DDM1)

(Vongs et al., 1993; Jeddeloh et al., 1999; Morel et al., 2000;

Scheid et al., 2002),DNAMETHYLTRANSFERASE1 (Vongs et al.,

1993; Morel et al., 2000), CHROMOMETHYLASE3 (CMT3)

(Bartee et al., 2001; Lindroth et al., 2001; Tompa et al.,

2002), KRYPTONITE1/SU(VAR)3-9 HOMOLOG4 (KYP1/SUVH4)

(Jackson et al., 2002; Malagnac et al., 2002), SUVH2 (Naumann

et al., 2005), andHOMOLOGY-DEPENDENTGENESILENCING1

(HOG1) (Rocha et al., 2005) (our unpublished results), affects

DNA methylation at the whole genome level. The second group

of genes, such as DOMAINS-REARRANGED METHYLASE1

(DRM1) and DRM2 (Cao and Jacobsen, 2002), HISTONE

DEACETYLASE6 (Aufsatz et al., 2002a; Probst et al., 2004),

DICER-LIKE3 (Xie et al., 2004), ARGONAUTE4 (Zilberman et al.,

2003, 2004), DNA-DEPENDENT RNA POLYMERASE IV (DRD1)

(Kanno et al., 2004), and NUCLEAR RNA POLYMERASE IV 1B

(NRPD1B)/DRD3 and NRPD2A/DRD2 (Herr et al., 2005; Kanno

et al., 2005; Onodera et al., 2005), affect DNAmethylation only in

some specific regions of the genome. Recent studies also iden-

tified several other genes that regulate TGS without changing

DNA methylation. Among them, MORPHEUS’ MOLECULE1

(MOM1), which encodes a protein with limited similarity to the

SWI2/SNF2 family of proteins, affects TGS probably through

chromatin remodeling (Amedeo et al., 2000; Scheid et al., 2002;

Tariq et al., 2002). BRUSHY1 (BRU1) (a DNA repair-related

protein) (Takeda et al., 2004), FASCIATA1 (FAS1) and FAS2

(subunits of chromatin assembly factor [CAF-1], the condensin

complex) (Kaya et al., 2001), and MEIOTIC RECOMBINATION11

(MRE11) regulate epigenetic gene silencing during DNA/

chromatin replication, repair, or recombination (Takeda et al.,

2004).

The analysis of Arabidopsis thaliana mutants has revealed

several other chromatin-related genes that regulate flowering

time, suggesting that a chromatin-mediated gene regulation

system functions during plant development (Fransz and de Jong,

2002; He and Amasino, 2005). For example, PHOTOPERIOD-

INDEPENDENT EARLY FLOWERING1 (PIE1), encoding an ISWI

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. E-mail gongzz@
cau.edu.cn; fax 86-10-62733491.
The author responsible for distribution of materials integral to the find-
ings presented in this article in accordance with the policy described in
the Instructions for Authors (www.plantcell.org) is: Zhizhong Gong
(gongzz@cau.edu.cn).
WOnline version contains Web-only data.
Article, publication date, and citation information can be found at
www.plantcell.org/cgi/doi/10.1105/tpc.105.037507.

The Plant Cell, Vol. 18, 85–103, January 2006, www.plantcell.orgª 2005 American Society of Plant Biologists



50

植物生理学与生物化学国家重点实验室 2006年报

A Rice Glutamate Receptor–Like Gene Is Critical for the
Division and Survival of Individual Cells in the Root
Apical Meristem W

Jing Li,a,1 Shihua Zhu,a,1,2 Xinwei Song,a Yi Shen,a Hanming Chen,a Jie Yu,a Keke Yi,a

Yanfen Liu,b Valerie J. Karplus,b Ping Wu,a,3 and Xing Wang Dengc,3

a State Key Laboratory of Plant Physiology and Biochemistry, College of Life Science, Zhejiang University,

Hangzhou 310029, China
b National Institute of Biological Sciences, Zhongguancun Life Science Park, Beijing 102206, China
c Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520-8104

Glu receptors are known to function as Glu-activated ion channels that mediate mostly excitatory neurotransmission in

animals. Glu receptor–like genes have also been reported in higher plants, although their function is largely unknown. We

have identified a rice (Oryza sativa) Glu receptor–like gene, designated GLR3.1, in which mutation by T-DNA insertion

caused a short-root mutant phenotype. Histology and DNA synthesis analyses revealed that the mutant root meristematic

activity is distorted and is accompanied by enhanced programmed cell death. Our results supply genetic evidence that

a plant Glu receptor–like gene, rice GLR3.1, is essential for the maintenance of cell division and individual cell survival in the

root apical meristem at the early seedling stage.

INTRODUCTION

Animal ionotropic glutamate receptors (iGluRs) function as

Glu-activated ion channels that mediate most excitatory neuro-

transmission in the brain (Dingledine et al., 1999). The three

pharmacologically defined classes of iGluRs were originally

grouped according to their sequence homology and named

after reasonably selective agonists: N-methyl-D-aspartate,

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and

kainate (Dingledine et al., 1999; Sprengel et al., 2001). However,

the homologues of the iGluRs are also present in nonneuronal

cells, and somehave even been found in higher plants (Lamet al.,

1998). A large family of 20 glutamate receptor–like genes (GLRs)

has been identified and divided into three subgroups in Arabi-

dopsis thaliana based on sequence similarity (Chiu et al., 2002).

The identification of the putative iGluR genes in plants has given

rise to the hypothesis that a primitive signaling mechanism

involving excitatory amino acids or related small molecules

existed before the divergence of plants and animals (Chiu et al.,

2002). After the discovery of the plant GLRs, indirect evidence for

the participation of those putative receptors in Glu-mediated

calcium signaling was reported (Dennison and Spalding, 2000;

Dubos et al., 2003). By means of molecular modeling and apply-

ing different iGluR agonists in combinationwith a pH-homeostasis

mutant, det3, some characteristics of the N-methyl-D-aspartate

family of iGluRs were reported inArabidopsis (Dubos et al., 2003,

2005) and implicated in the redistribution of carbon (Dubos et al.,

2005). The functional properties of these proteins and their roles

in plant physiology and development, however, remain elusive

because of a shortage of genetic studies. Transgenic plant

studies have been used to examine the function of the family of

GLR genes in plants. In Arabidopsis, overexpression of GLR3.2

showed that these genes may be involved in calcium homeo-

stasis (Kim et al., 2001), and by an antisense approach, GLR1.1

was shown to be a regulator of abscisic acid biosynthesis (Kang

et al., 2004) and carbon/nitrogen metabolism (Kang and Turano,

2003). Until now, despite many efforts, no visible phenotypes in

plants have been linked to mutations in the GLRs.

Plant root development is controlled by internal programs and

external factors and proceeds through controlled cell division

and cell differentiation. Cell positional cues play a pivotal role in

the development of different root components (van den Berg

et al., 1995, 1997; Benfey and Scheres, 2000; Barlow, 2003).

External signals, including light, temperature, and other nutrient

conditions, can greatly influence plant growth and root develop-

ment. It has been reported that Arabidopsis GLRs may mediate

the transmission of light signals in whole plant assays in which

the plants were treated with iGluR antagonists or agonists (Lam

et al., 1998; Brenner et al., 2000). During the development of the

nervous system in animals, cell–cell communication through

Glu receptors plays an important role in regulating the pro-

liferation, migration, and survival of neuronal progenitors and

immature neurons (Dingledine et al., 1999; Ikonomidou et al.,

1 These authors contributed equally to this work.
2 Current address: Department of Biology, Ningbo University, Ningbo,
China.
3 To whom correspondence should be addressed. E-mail clspwu@
zju.edu.cn or xingwang.deng@yale.edu; fax 86-571-86971323.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instruction for Authors (www.plantcell.org) is: Ping Wu (clspwu@
zju.edu.cn).
WOnline version contains Web-only data.
Article, publication date, and citation information can be found at
www.plantcell.org/cgi/doi/10.1105/tpc.105.037713.
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Mutations in ABO1/ELO2, a Subunit of Holo-Elongator, Increase Abscisic
Acid Sensitivity and Drought Tolerance in Arabidopsis thaliana
Zhizhong Chen,1† Hairong Zhang,1† Daniel Jablonowski,2 Xiaofeng Zhou,1 Xiaozhi Ren,1

Xuhui Hong,1 Raffael Schaffrath,2 Jian-Kang Zhu,3 and Zhizhong Gong1*
State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing

100094, People’s Republic of China1; Biologicum, Institut für Genetik, Martin-Luther-Universität Halle-Wittenberg,
Weinbergweg 10, D-06120 Halle (Saale), Germany2; and Department of Botany and

Plant Sciences, Institute for Integrative Genome Biology, 2150 Batchelor Hall,
University of California, Riverside, California 925213
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The phytohormone abscisic acid (ABA) plays an important role in modulating plant growth, development,
and stress responses. In a genetic screen for mutants with altered drought stress responses, we identified an
ABA-overly sensitive mutant, the abo1 mutant, which showed a drought-resistant phenotype. The abo1 muta-
tion enhances ABA-induced stomatal closing and increases ABA sensitivity in inhibiting seedling growth. abo1
mutants are more resistant to oxidative stress than the wild type and show reduced levels of transcripts of
several stress- or ABA-responsive genes. Interestingly, the mutation also differentially modulates the develop-
ment and growth of adjacent guard cells. Map-based cloning identified ABO1 as a new allele of ELO2, which
encodes a homolog of Saccharomyces cerevisiae Iki3/Elp1/Tot1 and human I�B kinase-associated protein.
Iki3/Elp1/Tot1 is the largest subunit of Elongator, a multifunctional complex with roles in transcription
elongation, secretion, and tRNA modification. Ecotopic expression of plant ABO1/ELO2 in a tot1/elp1� yeast
Elongator mutant complements resistance to zymocin, a yeast killer toxin complex, indicating that ABO1/ELO2
substitutes for the toxin-relevant function of yeast Elongator subunit Tot1/Elp1. Our results uncover crucial
roles for ABO1/ELO2 in modulating ABA and drought responses in Arabidopsis thaliana.

Water stress caused by drought and soil salinity is an impor-
tant environmental factor that limits the productivity and dis-
tribution of plants. The cellular and molecular mechanisms of
plant responses to water stress have been analyzed extensively
(48, 59, 63). Water stress can induce the accumulation of the
phytohormone abscisic acid (ABA) (59). ABA plays a vital role
in triggering stomatal closure, which reduces transpirational
water loss and constitutes an essential part of plant drought
tolerance (48, 58, 63). Analysis of Arabidopsis thaliana mutants
has defined several ABA response loci that encode proteins
such as protein phosphatases and kinases, which greatly affect
guard cell movement (10, 45, 58).
Recent studies indicate that transcripts of protein-coding

genes are regulated at all steps of RNA metabolism, from
transcription initiation to RNA processing (50). A great deal of
information about plant transcriptional regulators that bind
the promoters to initiate gene transcription in response to
water stress has been collected (61). In contrast, much less is
known about proteins involved in RNA processing (30). Nev-
ertheless, recent studies point to a central role of RNA pro-
cessing in regulating ABA sensitivity and osmotic stress re-
sponses. The RNA-binding protein FCA was reported to be an
ABA receptor, although it appears to function in ABA regu-
lation of flowering rather than in seed dormancy or drought

tolerance (44). ABH1, a cap-binding protein, functions in early
ABA signaling (20). A recessive mutation in the SAD1 gene
encoding an Sm-like snRNP required for mRNA splicing, ex-
port, and degradation rendered plants hypersensitive to ABA
and drought (56). The Arabidopsis HYL1 gene encodes a nu-
clear double-stranded RNA-binding protein. A knockout mu-
tation of the HYL1 gene caused abnormal development, in-
creased sensitivity to abscisic acid, and reduced sensitivity to
auxin and cytokinin (33). HYL1 controls gene expression likely
through microRNA-mediated gene regulation, although the
targeted genes related to ABA sensitivity are still unknown
(18). AKIP1 isolated from Vicia faba is a single-stranded RNA-
binding protein which can bind to a dehydrin mRNA after
phosphorylation by an ABA-activated protein kinase (32). The
CRYOPHYTE/LOS4 gene encoding a DEAD box RNA heli-
case is essential for mRNA export, and the cryophyte mutant is
hypersensitive to ABA during seed germination (14, 15). The
double-stranded RNA-binding protein FRY2/CPL1 negatively
regulates ABA and osmotic stress responses possibly through
modulating RNA polymerase II activity by dephosphorylating
Ser-5 of its C-terminal domain (27, 28, 57). Transcriptional
elongation mediated by RNA polymerase II is a pivotal process
in gene regulation, is highly regulated in eukaryotes by numer-
ous factors in mRNA biogenesis and maturation, and is an
emerging topic of active study in biology (50).
We report here the isolation and characterization of the

Arabidopsis ABA-overly sensitive 1 (abo1) mutant and map-
based cloning of ABO1. The abo1 mutant was isolated on the
basis of its drought-resistant phenotype. The abo1 mutation
enhances ABA sensitivity in both seedling growth and stomatal

* Corresponding author. Mailing address: State Key Laboratory of
Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University, Beijing 100094, People’s Republic of
China. Phone: 86-10-62733733. Fax: 86-10-62733491. E-mail: gongzz
@cau.edu.cn.
† These authors contributed equally to this work.
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NADK3, a novel cytoplasmic source of NADPH, is required
under conditions of oxidative stress and modulates abscisic
acid responses in Arabidopsis
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State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University,

Beijing 100094, China

Received 23 March 2006; accepted 4 May 2006.
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Summary

In plants, excess reactive oxygen species are toxic molecules induced under environmental stresses, including

pathogen invasions and abiotic stresses. Many anti-oxidant defense systems have been reported to require

NADPH as an important reducing energy equivalent. However, the sources of NADPH and the molecular

mechanisms of maintaining cytoplasmic redox balance are unclear. Here, we report the biological function of a

putative cytoplasmic NADH kinase (NADK3) in several abiotic stress responses in Arabidopsis. We found that

cytoplasmic NADPH is provided mostly by the product of the NADK3 gene in Arabidopsis. Expression of he

NADK3 gene is responsive to abscisic acid (ABA) and abiotic stress conditions, including methyl violgen (MV),

high salinity and osmotic shock. An NADK3 null mutant showed hypersensitivity to oxidative stress in both

seed germination and seedling growth. Seed germination of the mutant plants also showed increased

sensitivity to ABA, salt and mannitol. Furthermore, stress-related target genes were identified as upregulated

in the mutant by mannitol and MV. Our study indicates that this cytoplasmic NADH kinase, a key source of the

cellular reductant NADPH, is required for various abiotic stress responses.

Keywords: NADH kinase, oxidative stress, abscisic acid.

Introduction

In higher plants, the generation of reactive oxygen species

(ROS), such as superoxide (•O�
2 ), hydrogen peroxide (H2O2)

and hydroxyl radicals (•OH), is exacerbated in response to

environmental stress conditions, including drought, salinity

and low temperature (Fedoroff, 2002; Finkelstein et al., 2002;

Himmelbach et al., 2003), as well as biotic stress (Riley, 1994;

Wojtaszek, 1997). Excess ROS, as toxic cellular metabolites,

irreversibly damage a variety of biomolecules, such as

lipids, proteins and nucleic acids, thus causing cell death

and plant lethality. ROS have also been shown to be signals

affecting the expression of a number of genes and signal

transduction pathways (Apel and Hirt, 2004; Dat et al., 2000;

Mittler, 2002; Mullineaux and Karpinski, 2002; Neill et al.,

2002). Plants have evolved a set of anti-oxidant defense

systems to maintain ROS homeostasis (Mittler et al., 2004).

The anti-oxidant enzymes, such as thioredoxin (TRX) per-

oxidases, methionine sulfoxide reductases and tripeptide

glutathione (GSH) peroxidases, are dependent on the re-

duced forms of GSH and TRX, which aremaintained through

TRX and GSH reductases in an NADPH-dependent manner

(Asada and Takahashi, 1987). Thus, the production of

NADPH is a vital and possibly limiting step in the generation/

scavenging of ROS.

NAD(H) kinasesmay play important roles in regulating the

formation of NADP(H) by catalyzing the ATP-dependent

phosphorylation of NAD(H). The activities of NAD(H) kinases

have been found in all organisms investigated to date,

suggesting their essential role in all organisms (Kawai et al.,

2001a,b; Lerner et al., 2001; McGuinness and Butler, 1985;

Zielinski, 1998). Based on their preference for the oxidized or

reduced form of NAD(H), NAD(H) kinases have been classi-

fied as NAD kinases (EC 2.7.1.23) and NADH kinases (EC

ª 2006 The Authors 665
Journal compilation ª 2006 Blackwell Publishing Ltd
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Abscisic Acid Stimulates a Calcium-Dependent Protein
Kinase in Grape Berry1[W]

Xiang-Chun Yu2, Mei-Jun Li2, Gui-Feng Gao2, Hai-Zhong Feng2, Xue-Qing Geng, Chang-Cao Peng,
Sai-Yong Zhu, Xiao-Jing Wang, Yuan-Yue Shen, and Da-Peng Zhang*

China State Key Laboratory of Plant Physiology and Biochemistry, China Agricultural University,
100094 Beijing, China

It has been demonstrated that calcium plays a central role in mediating abscisic acid (ABA) signaling, but many of the
Ca21-binding sensory proteins as the components of the ABA-signaling pathway remain to be elucidated. Here we identified,
characterized, and purified a 58-kD ABA-stimulated calcium-dependent protein kinase from the mesocarp of grape berries
(Vitis vinifera3Vitis labrusca), designated ACPK1 (for ABA-stimulated calcium-dependent protein kinase1). ABA stimulates
ACPK1 in a dose-dependent manner, and the ACPK1 expression and enzyme activities alter accordantly with the endogenous
ABA concentrations during fruit development. The ABA-induced ACPK1 stimulation appears to be transient with a rapid
effect in 15 min but also with a slow and steady state of induction after 60 min. ABA acts on ACPK1 indirectly and dependently
on in vivo state of the tissues. Two inactive ABA isomers, (2)-2-cis, 4-trans-ABA and 2-trans, 4-trans-(6)-ABA, are ineffective
for inducing ACPK1 stimulation, revealing that the ABA-induced effect is stereo specific to physiological active (1)-2-cis,
4-trans-ABA. The other phytohormones such as auxin indoleacetic acid, gibberellic acid, synthetic cytokinin N-benzyl-6-
aminopurine, and brassinolide are also ineffective in this ACPK1 stimulation. Based on sequencing of the two-dimensional
electrophoresis-purified ACPK1, we cloned the ACPK1 gene. The ACPK1 is expressed specifically in grape berry covering a
fleshy portion and seeds, and in a developmental stage-dependent manner. We further showed that ACPK1 is localized in both
plasma membranes and chloroplasts/plastids and positively regulates plasma membrane H1-ATPase in vitro, suggesting that
ACPK1 may be involved in the ABA-signaling pathway.

The phytohormone abscisic acid (ABA) regulates
many important events during both vegetative and
reproductive growth of plants as well as in plants’
adaptation to their environment. During vegetative
growth, ABA is a central signal of plant response to var-
ious environmental challenges including drought, salt,
and cold stresses (for review, see Koornneef et al.,
1998; Leung and Giraudat, 1998; Finkelstein and Rock,
2002). In reproductive organ seeds, ABA is responsible
for the seed storage reserve synthesis, acquisition of
desiccation tolerance and dormancy, and induction of
stress tolerance (for review, see Finkelstein et al., 2002).
Fleshy fruits are also the essential portions of repro-
ductive organs and economically important harvest
organs, as are crop seeds. In fleshy fruits as in seeds,
ABA regulates various processes concerning assimi-

late uptake and metabolism to enhance reserve accu-
mulation in these economic sinks (Yamaki and
Asakura, 1991; Rock and Quatrano, 1995; Wayne and
John, 1996; Opaskornkul et al., 1999; Peng et al., 2003;
Pan et al., 2005). Grape berry (Vitis vinifera and also
Vitis labrusca) is one of the most widely cultivated fruit
trees in the world and also one of the typical non-
climacteric fruits. The ripening of grape berry is con-
sidered to be independent of the hormone ethylene but
to be triggered essentially by ABA (for review, see
Coombe, 1992). However, the ABA-signaling pathway
in regulating development of the fleshy fruits remains
essentially elusive.

ABA signal transduction has been extensively stud-
ied in the past years. Numerous cellular components
that modulate ABA responses have been identified,
leading to considerable progress in understanding the
ABA-signaling pathway (for review, see Finkelstein
et al., 2002; Himmelbach et al., 2003; Fan et al., 2004).
Reversible protein phosphorylation, catalyzed by pro-
tein kinases and phosphatases, has been believed to
play central roles in ABA signal transduction. Calcium-
modulated protein phosphatases (PPs) 2C ABI1 and
ABI2 are the twomost characterized, homologous nega-
tive regulators of ABA signaling (Leung et al., 1994,
1997; Meyer et al., 1994; Sheen, 1998; Gosti et al., 1999;
Merlot et al., 2001). They interact with multiple cellular
targets such as a calcineurin B-like (CBL) protein
kinase CIPK15 and a CBL Ca21-binding protein
ScaBP5. CIPK15 and one of its homologs CIPK3 and
ScaBP5 are all involved in ABA signaling as negative

1 This research was supported by the China National Natural
Science Foundation (grant nos. 30421002, 30330420, 30471193, and
30270919 to D.-P.Z.), the National Key Basic Research Program of
China (grant no. 2003CB114302 to D.-P.Z.), and Research Programs
of the China Ministry of Education (grant no. 03018 to D.-P.Z).
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62731899.
The author responsible for distribution of materials integral to the
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Da-Peng Zhang (zhangdp@sohu.net).
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The hpa1 Mutant of Arabidopsis Reveals a Crucial Role of
Histidine Homeostasis in Root Meristem Maintenance1

Xiaorong Mo, Qingyu Zhu, Xiang Li, Jing Li, Qingning Zeng, Honglin Rong, Hanma Zhang, and Ping Wu*

State Key Laboratory of Plant Physiology and Biochemistry, College of Life Science, Zhejiang University,
Hangzhou, 310029, People’s Republic of China (X.M., Q. Zhu, X.L., J.L., Q. Zeng, P.W.); and Institute
of Integrative and Comparative Biology, Faculty of Biological Sciences, University of Leeds,
Leeds LS2 9JT, United Kingdom (H.R., H.Z.)

Histidine (His) is an essential ingredient for protein synthesis and is required by all living organisms. In higher plants,
although there is considerable evidence that His is essential for plant growth and survival, there is very little information as to
whether it plays any specific role in plant development. Here, we present evidence for such a role of this amino acid in root
development in Arabidopsis (Arabidopsis thaliana) from the characterization of a novel Arabidopsis mutant, hpa1, which has a
very short root system and carries a mutation in one of the two Arabidopsis histidinol-phosphate aminotransferase (HPA)
genes, AtHPA1. We have established that AtHPA1 encodes a functional HPA and that its complete knockout is embryo lethal.
Biochemical analysis shows that the mutation in hpa1 only resulted in a 30% reduction in free His content and had no
significant impact on the total His content. It did not cause any known symptoms of His starvation. However, the mutant
displayed a specific developmental defect in root meristem maintenance and was unable to sustain primary root growth 2 d
after germination. We have demonstrated that the root meristem failure in the mutant is tightly linked to the reduction in free
His content and could be rescued by either exogenous His supplementation or AtHPA1 overexpression. Our results therefore
reveal an important role of His homeostasis in plant development.

His is one of the essential amino acids for protein
synthesis and is required by all living organisms. Its
biosynthetic pathway has been extensively character-
ized in bacteria and lower eukaryotes and consists of
10 enzymatic steps catalyzed respectively by (in the
order of reactions) ATP-phosphoribosyltransferase,
phosphoribosyl-ATP pyrophosphohydrolase (PRA-PH),
phosphoribosyl-AMP cyclohydrolase (PRA-CH), N#-
(5$-phosphoribosyl)-4-imidazolecarboxamide isomer-
ase (BBMII isomerase), Gln amidotransferase, cyclase,
imidazoleglycerol-phosphate dehydratase (IGPD),
histidinol-phosphate aminotransferase (HPA), histidinol-
phosphate phosphatase, and histidinol dehydrogen-
ase (which catalyzes the last two steps; Winkle, 1987;
Carlomagno et al., 1988; Alifano et al., 1996). In Esch-
erichia coli, these enzymes are encoded by eight genes
(the PRA-PH and PRA-CH activities are encoded by a
single gene) in a single operon (Carlomagno et al.,
1988). However, in Saccharomyces cerevisiae, they are

encoded by seven genes scattered throughout the
genome. The difference in the number of genes be-
tween E. coli and S. cerevisiae is due to the multifunc-
tional properties of two yeast proteins, HIS4 (with
PRA-PH, PRA-CH, and histidinol-dehydrogenase
activities) and HIS7 (with both Gln amidotransferase
and cyclase activities; Mortimer et al., 1994; Alifano
et al., 1996). Except for histidinol-phosphate phospha-
tase, genes encoding for all the other enzymes of the
His biosynthetic pathway have been identified in
plants (Noutoshi et al., 2005). In Arabidopsis (Arabi-
dopsis thaliana), genomic sequence analysis reveals
10 putative genes in the His biosynthetic pathway
(Noutoshi et al., 2005).

It has been well established that His biosynthesis is
vital for the survival of plants. Physiological studies
using specific inhibitors of the His biosynthetic path-
way, such as triazole herbicides that inhibit the activ-
ities of IGPD, revealed that a complete blocking of His
biosynthesis in plants was lethal (Guyer et al., 1995;
Mori et al., 1995). A similar conclusion was reached
from the characterization of a Nicotiana plumbaginifolia
His auxtrophic mutant, hisl2, which carried a mutation
in the HPA encoding gene and was unable to survive
without exogenous His supplement (El Malki and
Jacobs, 2001), and an Arabidopsis mutant carrying a
knock-out T-DNA insertion in the APG10 gene, which
encodes a putative BBMII isomerase (Noutoshi et al.,
2005). In addition to its role in protein synthesis, His is
known to play some role in cross-pathway regulation
(Guyer et al., 1995; Noutoshi et al., 2005). For example,
in Arabidopsis, inhibiting His biosynthesis with a
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Activation of Ntf4, a Tobacco Mitogen-Activated
Protein Kinase, during Plant Defense Response
and Its Involvement in Hypersensitive
Response-Like Cell Death1

Dongtao Ren2, Kwang-Yeol Yang2,3, Guo-Jing Li2,4, Yidong Liu, and Shuqun Zhang*

State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University, Beijing 100094, China (D.R.); and Department of Biochemistry,
University of Missouri, Columbia, Missouri 65211 (D.R., K.-Y.Y., G.-J.L., Y.L., S.Z.)

Mitogen-activated protein kinase (MAPK) cascades are important signaling modules in eukaryotic cells. They function
downstream of sensors/receptors and regulate cellular responses to external and endogenous stimuli. Recent studies
demonstrated that SIPK and WIPK, two tobacco (Nicotiana spp.) MAPKs, are involved in signaling plant defense responses to
various pathogens. Ntf4, another tobacco MAPK that shares 93.6% and 72.3% identity with SIPK and WIPK, respectively, was
reported to be developmentally regulated and function in pollen germination. We found that Ntf4 is also expressed in leaves
and suspension-cultured cells. Genomic analysis excluded the possibility that Ntf4 and SIPK are orthologs from the two
parental lines of the amphidiploid common tobacco. In vitro and in vivo phosphorylation and activation assays revealed that
Ntf4 shares the same upstream MAPK kinase, NtMEK2, with SIPK and WIPK. Similar to SIPK and WIPK, Ntf4 is also stress
responsive and can be activated by cryptogein, a proteinaceous elicitin from oomycetic pathogen Phytophthora cryptogea.
Tobacco recognition of cryptogein induces rapid hypersensitive response (HR) cell death in tobacco. Transgenic Ntf4 plants
with elevated levels of Ntf4 protein showed accelerated HR cell death when treated with cryptogein. In addition, conditional
overexpression of Ntf4, which results in high cellular Ntf4 activity, is sufficient to induce HR-like cell death. Based on these
results, we concluded that Ntf4 is multifunctional. In addition to its role in pollen germination, Ntf4 is also a component
downstream of NtMEK2 in the MAPK cascade that regulates pathogen-induced HR cell death in tobacco.

The active defense of plants against invading path-
ogens often includes rapid programmed cell death,
known as the hypersensitive response (HR), the gen-
eration of reactive oxygen species, the activation of a
complex array of defense genes, and the production of
antimicrobial phytoalexins (Dangl and Jones, 2001;
Dixon, 2001; Lam et al., 2001; Martin et al., 2003;
Greenberg and Yao, 2004; Torres and Dangl, 2005). In

addition to these local responses, the uninfected por-
tions of the plant usually develop systemic acquired
resistance, which is manifested as enhanced resistance
to a subsequent challenge by pathogens (Durrant and
Dong, 2004; Bostock, 2005). The induction of these
defense responses is regulated by a complex signaling
network initiated after the plant recognition of path-
ogens, which is mediated either by gene-for-gene
interactions between plant resistance (R) genes and
pathogen avirulence (Avr) genes, or by the binding of
nonhost-specific elicitors, also known as pathogen-
associated molecular patterns, to their receptors
(Staskawicz et al., 1995; Baker et al., 1997; Dangl and
Jones, 2001; Martin et al., 2003; Innes, 2004; Ausubel,
2005; Boller, 2005).

Mitogen-activated protein kinase (MAPK) cascades
are highly conserved signaling modules in eukaryotes.
They function downstream of sensors/receptors and
convert signals generated by the sensors/receptors to
cellular responses (Herskowitz, 1995; Mizoguchi et al.,
1997; Widmann et al., 1999; Davis, 2000; Chang and
Karin, 2001; Innes, 2001; Tena et al., 2001; Zhang
and Klessig, 2001; Nakagami et al., 2005; Pedley and
Martin, 2005). Biochemical studies from a number of
laboratories demonstrated that SIPK and WIPK, two
tobacco (Nicotiana spp.) MAPKs, and their orthologs
in other plant species, including MPK6 and MPK3 in
Arabidopsis (Arabidopsis thaliana), SIMK and SAMK
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A Shift of Phloem Unloading from Symplasmic to
Apoplasmic Pathway Is Involved in Developmental
Onset of Ripening in Grape Berry1

Xiao-Yan Zhang2, Xiu-Ling Wang2, Xiao-Fang Wang2, Guo-Hai Xia, Qiu-Hong Pan, Ren-Chun Fan,
Fu-Qing Wu, Xiang-Chun Yu, and Da-Peng Zhang*

China State Key Laboratory of Plant Physiology and Biochemistry, China Agricultural University,
100094 Beijing, China

It remains unclear whether the phloem unloading pathway alters to adapt to developmental transition in fleshy fruits that
accumulate high level of soluble sugars. Using a combination of electron microscopy, transport of the phloem-mobile
symplasmic tracer carboxyfluorescein, movement of the companion cell-expressed and the green fluorescent protein-tagged
viral movement protein, and assays of the sucrose cleavage enzymes, the pathway of phloem unloading was studied in the
berries of a hybrid grape (Vitis vinifera 3 Vitis labrusca). Structural investigations showed that the sieve element-companion
cell complex is apparently symplasmically connected through plasmodesmata with surrounding parenchyma cells throughout
fruit development, though a small portion of plasmodesmata are apparently blocked in the ripening stage. Both carboxy-
fluorescein and the green fluorescent protein-tagged viral movement protein were released from the functional phloem strands
during the early and middle stages of fruit development, whereas the two symplasmic tracers were confined to the phloem
strands during the late stage. This reveals a shift of phloem unloading from symplasmic to apoplasmic pathway during fruit
development. The turning point of the phloem unloading pathways was further shown to be at or just before onset of ripening,
an important developmental checkpoint of grape berry. In addition, the levels of both the expression and activities of cell wall
acid invertase increased around the onset of ripening and reached a high level in the late stage, providing further evidence for
an operation of the apoplasmic unloading pathway after onset of ripening. These data demonstrate clearly the occurrence of an
adaptive shift of phloem unloading pathway to developmental transition from growing phase to ripening in grape berry.

The phenomenon of phloem unloading has been
studied extensively over the last 20 years (Oparka,
1990; Patrick, 1997; Viola et al., 2001) but still remains
poorly understood. Phloem unloading is believed to
play a key role in the partitioning of photoassimilates,
so determining to a large extent crop output (Fisher
and Oparka, 1996; Patrick, 1997). The unloading path-
way is a central process of the unloading mechanism
to determine the key transport events responsible for
assimilate movement from the sieve elements (SEs) to
the recipient sink cells (Fisher and Oparka, 1996;
Patrick, 1997). Evidence from several plant species
suggests that a symplasmic pathway predominates in
most sink tissues, although transfer of solutes to the
apoplast may occur at some point along the post-

phloem pathway (Patrick, 1997; Roberts et al., 1997;
Imlau et al., 1999; Oparka and Santa Cruz, 2000; Haupt
et al., 2001; Viola et al., 2001; van Bel, 2003). The pre-
dominance of the symplasmic unloading pathway has
been considered to be associated with greater trans-
port capacity and lower resistance (Patrick and Offler,
1996; Patrick, 1997; van Bel, 2003).

However, several studies revealed that the phloem
unloading routes are changeable, and may shift in
response to sink development and function. Roberts
et al. (1997) revealed that symplasmicphloemunloading
pathway may be blocked during sink-to-source transi-
tion in tobacco (Nicotiana tabacum) leaves. Viola et al.
(2001) found that tuberization of potato (Solanum tuber-
osum) stolons is associated with a switch from apoplas-
mic to symplasmic phloem unloading pathway. The
modification of the phloem unloading pathway may
result from changes in the numbers or conductivity of
plasmodesmata, and this modification due to plasmo-
desmal regulation has been believed to be of special
importance to sink development and function (Patrick,
1997; Oparka and Turgeon, 1999; van Bel, 2003).

Plasmodesmal function in developmental transition
of various plant tissues has been studied extensively in
recent years. Oparka et al. (1999) revealed a decrease
in the permeability of leaf mesophyll plasmodesmata
when leaves underwent the sink/source transition.
Gisel et al. (1999, 2002) demonstrated a transition from
symplasmic connection with surrounding cells to
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Abstract

Although triose phosphate/phosphate translocator is known to play an important role in regulating the distribution of assimilates in
wheat chloroplasts, the mechanism of triose phosphate/phosphate translocator gene control has not yet been clearly elucidated. We
first showed that glucose inhibited the expression of triose phosphate/phosphate translocator gene in wheat by reverse transcription-
polymerase chain reaction and Western blotting. The triose phosphate/phosphate translocator expression was seriously impaired by
5 mmol/L glucose, and it responded slowly, more than 48 h, to level as low as 1 mmol/L glucose. Both glucose and 2-deoxyglucose
inhibited the expression of triose phosphate/phosphate translocator gene, but 2-deoxyglucose-6-P, product of phosphorylated 2-
deoxyglucose, cannot be further metabolized, therefore the further metabolism of phosphorylated glucose by hexokinase is not a
prerequisite for triggering glucose-regulated expression of triose phosphate/phosphate translocator gene. Glucose had little inhibitory
effect on the expression of triose phosphate/phosphate translocator gene when hexokinase activity was reduced or eliminated by
transforming wheat protoplasts with a hexokinase antisense construct or treating protoplasts with glucosamine, an inhibitor of
hexokinase. Therefore, it appears essential for hexokinase to retain phosphorylation activity for glucose to regulate the expression
of triose phosphate/phosphate translocator gene. The treatment of protoplasts with glucose-6-phosphate resulting in no inhibition
of triose phosphate/phosphate translocator expression demonstrated that phosphorylation via hexokinase is necessary for glucose
inhibiting triose phosphate/phosphate translocator expression. All the data suggest that triose phosphate/phosphate translocator is
regulated by glucose via a hexokinase-dependent pathway.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In plants, sugars function not only as nutrients, but
also as signaling compounds that affect the expres-
sion of many different genes involved in many impor-
tant processes (Gibson, 2005) including seed germina-
tion, root, shoot, and leaf growth, flowering, aging, and
disease defense responses (Brouquisse, Evrard, Rolin,
Raymond, & Rody, 2001; Dekkers, Schuurmans, &
Smeekens, 2004; Moore et al., 2003; Price, Li, Kang,
Na, & Jang, 2003; Quirino, Reiter, & Amasino, 2001;
Smeekens, 2000; Yoshida, Ito, Nishida, & Watanabe,
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VfCPK1, a gene encoding calcium-dependent protein kinase 
from Vicia faba, is induced by drought and abscisic acid
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ABSTRACT

Calcium, one of the most ubiquitous second messengers,
has been shown to be involved in a wide variety of
responses in plants. Calcium-dependent protein kinases
(CDPKs) (EC 2.7.1.37) are the predominant Ca2+-regulated
serine/threonine protein kinase in plants and play an
important role in plant calcium signal transduction. CDPKs
are encoded by a large multigene family in many plants,
which has been showed so far; however, the precise role of
each specific CDPK is still largely unknown. A novel
CDPK gene designated as VfCPK1 was cloned from epi-
dermal peels of broad bean (Vicia faba L.) leaves using the
rapid amplification of cDNA ends (RACE)-PCR technique
and its expression was studied in detail. The VfCPK1
cDNA is 1783 bp long and contains an open reading frame
of 1482 bp encoding 493 amino acids. VfCPK1 contains
all conserved regions found in CDPKs and shows a high
level of sequence similarity to many other plant CDPKs.
VfCPK1 was highly expressed in leaves, especially in leaf
epidermal peels of broad bean in mRNA and protein levels.
Expressions of VfCPK1 at both the mRNA and protein
levels were increased in leaves treated with abscisic acid or
subjected to drought stress. Potential roles of VfCPK1 in
epidermal peels are discussed.

The nucleotide sequence data reported here were depos-
ited in the GenBank database under accession number
AY753552.

Key-words: CDPK; drought stress; gene cloning; gene
expression.

INTRODUCTION

As a second messenger, calcium (Ca2+) plays important
roles in a wide variety of cellular and physiologic processes
(Ghosh & Greenberg 1995; Rudd & Franklin-Tong 2001).
It was demonstrated that hormones, light, mechanical dis-
turbances, abiotic stress and pathogen elicitors result in a
rapid increase in cytosolic Ca2+ levels in plant cells (Sanders,
Brownlee & Harper 1999; Rudd & Franklin-Tong 2001).

Ca2+ acts through intracellular protein mediators, such as
calmodulin (CaM), calcium-dependent protein kinases
(CDPKs) and calcineurin B-like proteins.

CDPKs (EC 2.7.1.37), identified only in plants, green
algae and protozoa (Hrabak 2000), are biochemically dis-
tinct from other Ca2+-regulated kinases such as Ca2+ and
phospholipid-dependent protein kinase or Ca2+/CaM-
dependent protein kinases, because CDPKs are activated
by direct binding of Ca2+ and are independent of CaM
(Harmon, Putnam-Evans & Cormier 1987). The basic struc-
tural features of CDPKs are conserved. All CDPKs contain
four distinct domains: (1) N-terminal variable domain; (2)
protein kinase domain; (3) autoinhibitory domain (junction
region); and (4) CaM-like regulatory (calcium-binding)
domain. The N-terminal variable domain is the most diver-
gent region, ranging in length from 20 to 200 amino acids
and usually exhibiting little sequence similarity between
different CDPK isoforms. The autoinhibitory domain is a
highly conserved junction region of 31 amino acids that lies
between the kinase and regulatory domains, and it acts as
a pseudosubstrate inhibitor. The regulatory domain con-
tains four typical Ca2+-binding EF hands.

Plant CDPKs represent a very large family. Since the
isolation of the first CDPK cDNA from soybean (Harper
et al. 1991), cDNA clones encoding CDPKs have been iden-
tified from a wide variety of plant species. It was estimated
that there are 34 and 29 CDPK genes in Arabidopsis
thaliana and rice (Oryza sativa) genomes, respectively
(Cheng et al. 2002; Asano et al. 2005). Information avail-
able from limited genomic sequencing, as well as several
extensive expressed sequence tag projects, also indicates
the presence of multigene families of CDPKs in other
plants, including soybean (Glycine max), tomato (Lycoper-
sicon esculentum), tobacco (Nicotiana tabacum) and maize
(Zea mays). This suggests that individual isoforms have
different functions and participate in multiple distinct sig-
nalling pathways (Romeis et al. 2001).

In spite of CDPK’s potential importance, the physiologic
function of a specific CDPK pathway has not been eluci-
dated so far. Biochemical approaches have identified a vari-
ety of CDPK substrates that suggest potential regulatory
roles in gene expression, metabolism and signalling path-
way components, traffic of ions and water across mem-
branes, and the dynamics of the cytoskeleton (Harmon,
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Cytokinin represses phosphate-starvation response 
through increasing of intracellular phosphate level
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ABSTRACT

The involvement of cytokinins (CTKs) in the repression of
phosphate (Pi)-starvation signalling has been widely docu-
mented. However, the full physiological and molecular
relevance of this role remains unclear. To gain further
insights  into  the  regulation  system  of  CTK  repression  of
Pi-starvation  signalling,  a  global  analysis  of  gene  expres-
sion events in rice seedlings under Pi starvation, and the
exogenous  CTK  treatment  under  Pi-sufficient  (+P)  and
Pi-deficient (-P) conditions, was conducted using oligo-
nucleotide array analysis. Physiological and biochemical
adaptation was observed after 10 d Pi starvation in rice
seedlings. A global reduction of the Pi-starvation signalling
was detected after 3 d treatment of exogenous CTK. Expres-
sion profiling data indicate that, together with a significant
increase of intracellular Pi content, many expression
changes responsive to Pi starvation were reversed by exog-
enous CTK treatment while CTK-responsive genes behaved
normally under -P condition. These results suggest that the
interplay of CTK signal and Pi-starvation response can be
partially explained by the rise of Pi concentration after
exogenous CTK treatment. Microarray data also revealed
that a small number of genes have different CTK response
patterns under different Pi levels, suggesting a subtle inter-
action between CTK and Pi-starvation signalling pathway.

Key-words: Oryza sativa L.; transcript profile.

INTRODUCTION

The phytohormone cytokinin (CTK) is an important regu-
lator of plant growth and development. A model for CTK
perception and signalling pathway in Arabidopsis has been
demonstrated to be similar to prokaryotic two-component
response pathways. Twenty-three Arabidopsis response
regulators  (ARRs)  have  been  identified  including  10

A-types and 13 B-types classified on the basis of their
sequence similarities, domain structure and transcriptional
response to CTK (see review, Ferreira & Kieber 2005).
Three CTK receptors [CTK response 1 (CRE1)/AHK4/
WOL, AHK2 and AHK3] similar to bacterial two-compo-
nent histidine kinases have been found in Arabidopsis to
mediate the induction of the type-A ARRs. These receptors
act through five histidine phosphotransfer proteins (AHPs)
and B-type response regulators. The similar CTK signalling
pathway was also found in maize (Asakura et al. 2003;
Yonekura-Sakakibara et al. 2004).

Phosphate (Pi) is an essential macronutrient required for
plant growth and development, which is least available for
plants in soils, especially in acidic and calcareous soils (Rag-
hothama 1999). To cope with low Pi, plants develop several
adaptive strategies. Many genes involved in the physiolog-
ical and biochemical adaptations have been reported
(William & Robert 2004). The involvement of CTKs in
signalling the status of nutrients, such as nitrogen, sulphur,
sugar and Pi, has been highlighted in Arabidopsis and in
maize (Wagner & Beck 1993; Sakakibara et al. 1999; Nan-
amori et al. 2004; Franco-Zorrilla et al. 2005). It has been
shown that exogenous application of CTKs represses the
induction of many Pi starvation-responsive genes in Arabi-
dopsis (Martin et al. 2000), and this effect is weakened
in cre1 mutants, implicating the participation of CTK
two-component system in the negative regulation of Pi-
starvation responses (Franco-Zorrilla et al. 2002). Based on
the observation, CTKs affect only Pi-starvation responses
that are dependent upon whole-plant Pi status (controlled
by systemic signals), and did not repress the increase in
root hair number and length induced by Pi starvation, a
response dependent on local Pi concentration. It has been
proposed that the CTK signalling pathway could be a can-
didate for the systemic repression system for Pi signal
(Martin et al. 2000). Recently, the effects of three CTK
receptors on Pi-starvation responses were examined using
kinetin as an exogenous CTK on single and double CTK
receptor mutants. It was found that the double mutants did
not show a significant increase in the long-distance systemic
repression of Pi-starvation signalling. It was also found that
the expression of many Pi-responsive genes is stimulated
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Abstract

The plant speciWc LATERAL ORGAN BOUNDARIES (LOB) domain (LBD) gene family has a potential role in lateral organ devel-
opment. Thirty-Wve LBD genes in a japonica rice (Nipponbare) (designated OsJLBD) and in an indica rice (9311) (designated OsILBD)
were identiWed based on the current databases of the two rice subspecies. A new rice LBD gene with two LOB domains and two predicted
coiled coil structures in both subspecies was found, which is not found in other plant species based on the current NCBI Genbank data-
base. OsJLBD and OsILBD genes have similar chromosomal distribution pattern. Both OsJLBD and OsILBD genes can be divided into
7 subclasses (classes Ia–e, II and III (see Table 1)) and no subclass-speciWc expression pattern was observed. No introns have been pre-
dicted in all class Ie genes in both OsJLBD and OsILBD subfamilies. The genome and tandem duplication has contributed to the neo-
functionalization and formation of new rice subclasses, but the mechanism of diploidization and limited tandem duplication have
contributed to fewer LBD genes in rice than in Arabidopsis. Functional studies of genes in subclasses may help to determine whether spe-
cial sequence structure (intron–exon, spacing characters of motifs) has caused special expression pattern of subclasses.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Oryza sativa L.; LOB domain gene family; Evolution; Expression pattern

1. Introduction

The plant-speciWc LATERAL ORGAN BOUND-
ARIES (LOB) domain (LOB domain D LBD) gene family
has a potential role in lateral organ development (Shuai
et al., 2002). Forty-three Arabidopsis LOB domain genes
(AtLBD) have been identiWed and they have been classiWed
into two classes with three subclasses (classes Ia–b, and II)
(Iwakawa et al., 2002; Shuai et al., 2002). An LBD gene in
Arabidopsis, ASYMMETRIC LEAVES2 (AS2) was found
to be involved in the establishment of the leaf venation sys-
tem, which included the prominent midvein, as well as in
the development of a symmetric lamina (Iwakawa et al.,

2002; Semiarti et al., 2001). AS2 was the Wrst indication
that, although the LOB domain is redundant in plant, some
of the LBD genes might function in morphological devel-
opment. In rice, an LOB domain gene, designated ARL1

(Adventitious Roots Less1) or CRL1 (Crown Rootless1),
has been reported to be required for initiation of adventi-
tious root primordia (Inukai et al., 2005; Liu et al., 2005).

The LBD gene family is characterized by a conserved,
approximately 100-amino acid, domain (the LOB domain)
and four conserved Cys residues, and most AtLBD proteins
contain a predicted coiled coil structure with four leucines
in LX6LX3LX6L spacing that is reminiscent of a Leu-zipper
(Landschultz et al., 1988; Shuai et al., 2002). The diVerential
expression pattern of some AtLBD genes has been
observed, which may reXect their diVerent roles in plant
developmental process (Shuai et al., 2002). Investigation of

* Corresponding author. Fax: +86 571 86971323.
E-mail address: clspwu@zju.edu.cn (P. Wu).
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Abstract The post-genomic era offers unrivalled

opportunities for genetic manipulation of polygenic

traits, multiple traits, and multiple gene products.

However, remaining technical hurdles make the

manipulation of multiple genes in plants difficult. Here

we describe a Gateway-based vector system to enable

multiple transgenes to be directly linked or fused. The

vector system consists of a destination vector and two

special attL-flanked entry vectors each containing an

attR cassette incompatible with the attL. By multiple

rounds of LR recombination reactions, which we call

MultiRound Gateway, multiple transgenes can be

delivered sequentially and indefinitely into the Gate-

way-compatible destination vector through alternate

use of the two special entry vectors. In our proof-

of-principle experiments we have used this vector

system to construct a plant transformation vector

containing seven functional DNA fragments, including

a screening marker gene, two reporter genes and four

matrix attachment region sequences. This system

provides a platform for fully realizing the potential of

plant genetic manipulation.

Keywords Gateway vectors Æ Multigene plant

transformation Æ MultiRound Gateway

Introduction

In recent years there has been a rapid increase in re-

search designed to improve plants through genetic

engineering. In most of these applications, a single

functional gene has been transferred, excluding a

selectable marker gene. However, the ability to

manipulate polygenic traits, multiple traits and multi-

ple gene products is urgently required, as a vast

majority of agronomic traits, as well as complex met-

abolic pathways and biologically or pharmaceutically

important multimeric proteins, are controlled polyge-

netically. The ongoing identification of novel, useful

genes for plant improvement and continued develop-

ments in functional genomics, led to an exciting new

era in biotechnology characterized by multigene engi-

neering, where research is shifting from the introduc-

tion of single gene, to multigenic, traits (Halpin et al.

2001; Daniell and Dhingra 2002; Halpin 2005).

Various strategies have been employed in multigene

manipulation, including iterative, co-transformation,

multigene-linking, polycistron, and polyprotein strate-

gies (Halpin et al. 2001; Halpin 2005). Iterative

strategies are more conventional, and include cross-

fertilization (Zhao et al. 2003) and re-transformation

approaches (Singla-Pareek et al. 2003). Specifically, a

transgenic plant is crossed with another transgenic

plant harboring a gene of interest or, alternatively, is

re-transformed with other genes. In co-transformation

approaches, multiple transgenes positioned on various

T-DNAs are introduced simultaneously into plants via

Electronic Supplementary Material Supplementary material
is available to authorised users in the online version of this article
at http://dx.doi.org/10.1007/s11103-006-9065-3.
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Cytokinin-Mediated Cell Cycling Arrest of Pericycle Founder Cells in

Lateral Root Initiation of Arabidopsis

Xiang Li, Xiaorong Mo, Huixia Shou and Ping Wu *
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In Arabidopsis, lateral root formation is a post-

embryonic developmental event, which is regulated by

hormones and environmental signals. In this study, via

analyzing the expression of cyclin genes during lateral root

(LR) formation, we report that cytokinins (CTKs) inhibit the

initiation of LR through blocking the pericycle founder cells

cycling at the G2 to M transition phase, while the promotion

by CTK of LR elongation is due to the stimulation of the G1

to S transition. No significant difference was detected in the

inhibitory effect of CTK on LR formation between wild-type

plants and mutants defective in auxin response or transport.

In addition, exogenously applied auxin at different concen-

trations could not rescue the CTK-mediated inhibition of LR

initiation. Our data suggest that CTK and auxin might

control LR initiation through two separate signaling path-

ways in Arabidopsis. The CTK-mediated repression of LR

initiation is transmitted through the two-component signal

system and mediated by the receptor CRE1.

Keywords: Arabidopsis — Cell cycle — Cytokinin — Lateral

root initiation.

Abbreviations: AG, after germination; 6-BA,
6-benzylaminopurine; CDK, cyclin-dependent kinase; CTK,
cytokinin; DAG, days after germination; GFP, green fluorescent
protein; GUS, b-glucuronidase; HU, hydroxyurea; KT, kinetin;
LR, lateral root; LRP, lateral root primordium; NAA,
a-naphthaleneacetic acid; NPA, N-1-naphthylphthalamic acid;
PI, propidium iodide; QRT–PCR, quantitative real-time PCR;
ZT, trans-zeatin.

Introduction

Cytokinins (CTKs) have long been recognized as

essential plant hormones that influence almost all aspects

of plant development and physiology (Mok 1994). The

inhibitory effect of CTK on root growth was first reported

by Skoog and Miller (1957). It was found that callus placed

on medium with a low ratio of CTK to auxin usually

produces few shoots and more roots, and vice versa.

Applying exogenous CTKs or changing the endogenous

CTK levels in mutants or transgenic plants results in the

alteration of plant root development (Baskin et al. 1995,

Beemster and Baskin 2000, Werner et al. 2001, Werner et al.

2003). Two aspects of inhibitory effects of CTKs on root

growth have been reported, including the impeding of

primary root elongation and the regulation of lateral root

(LR) initiation (Baskin 1995, Beemster and Baskin 2000,

Werner et al. 2001, Debi et al. 2005, Werner et al. 2003).

In Arabidopsis, LRs arise from asymmetric transverse

divisions of pericycle founder cells, pericycle cells in cell files

adjacent to the two xylem poles (Dubrovsky et al. 2001).

Some of the newly divided cells undergo further periclinal

divisions to form a dome-shaped lateral root primordium

(LRP) gradually. The LRP then grows through the

epidermis of the primary root to form a functional LR

meristem (Malamy and Benfey 1997). Overexpression of

AtCKX genes in transgenic Arabidopsis seedlings leads to a

reduced level of endogenous CTK and increased numbers of

branched roots, suggesting that CTK acts as a negative

regulator in LRP initiation (Werner et al. 2003). Similarly,

CTK was shown to be a negative regulator of LR initiation

in rice, while it promotes the elongation of LR

(Debi et al. 2005).

Auxin plays an essential role in LR formation and

development (Celenza et al. 1995, Casimiro et al. 2001,

Bhalerao et al. 2002). Several lines of evidence indicate that

auxin regulates LR development in at least three phases: LR

initiation, LRP establishment and the reactivation of LR

meristem. Basipetal polar auxin transport is required for the

first formative divisions in the pericycle, and the shoot-

derived auxin regulates the outgrowth of LRs (Casimiro

et al. 2001, Bhalerao et al. 2002). It has been reported that

the frequency and position of LR initiation are determined

by the amount and direction of auxin flow in the root.

Auxin helps more pericycle cells re-entering the cell cycle to

pass the G1 to S transition through down-regulating the

transcription of Kip related protein (KRP)2. Therefore, the

G1 to S checkpoint is the target of auxin in the case of LR

initiation (Himanen et al. 2002).

Previous studies have demonstrated the existence of

synergistic, antagonistic and additive interactions between

CTK and auxin (Coenen and Lomax 1997). The inhibitory

role of auxin in the activity of axillary buds in the shoot

(Cline 1991) and the stimulatory role in LR and

* Corresponding author: E-mail, clspwu@zju.edu.cn; Fax, þ 86-571-88206412.
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Abstract

We describe a noncommercial alternative method to create entry clones compatible with all kinds of destination vectors based on an
improved TA cloning approach. To generate Gateway T vectors, we Wrst constructed gentamicin- and chloramphenicol-resistant entry
vectors designated pGWG and pGWC, respectively. Each entry vector contains an AhdI cassette Xanked by attL sites, with each AhdI cas-
sette containing two AhdI restriction enzyme sites spaced by the ccdB killer gene, which is lethal to most Escherichia coli strains. Gateway
T vectors can be prepared by simple digestion of these entry vectors with the AhdI enzyme or its isoschizomers. The use of the ccdB gene
as a negative selection marker is an important improvement over conventional TA cloning in that it eliminates the necessity of blue/white
color screening based on �-complementation. Another important improvement that we have implemented is to retail the T vectors using
Taq polymerase and dTTP so as to improve the cloning eYciency. Together, these improvements allow TA cloning to realize its full
potential. Using Gateway T vectors prepared by this improved method, entry clones for PCR products or restriction enzyme fragments
can be created simply, eYciently, and inexpensively while at the same time introducing greater compatibility.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Entry clone; Gateway; TA cloning

The Gateway technology is a Xexible and universal clon-
ing approach that enables rapid cloning of one or more
genes into multiple destination vectors using � phage site-
speciWc recombination, eliminating the requirement to
work with restriction enzymes and ligase [1]. A variety of
destination vectors have been developed by Hartley and
coworkers and other researchers [1–8]. Among these desti-
nation vectors, two Gateway cloning vector sets have been
produced for Agrobacterium-mediated plant transforma-
tion. These vectors facilitate high-throughput functional
analysis of genes in planta [2,3].

To use the destination vectors described above, DNA
fragments of interest must be inserted into donor or entry
vectors to create entry clones. There are a few options avail-
able to create entry clones [1,9]. One of these is to create
entry clones by inserting the DNA fragment of interest into
a donor vector (pDONR, Invitrogen, Carlsbad, CA, USA)

with a BP recombination reaction. This method requires
that DNA fragments be Xanked by attB sites, usually via
PCR ampliWcation. Another option is to insert DNA frag-
ments of interest into entry vectors (pENTR vectors, Invit-
rogen), either by traditional digestion with restriction
enzymes and ligation with ligase or by the TOPO cloning
method. However, the entry clones derived from these entry
vectors do have some limitations. For example, because all
of the pENTR vectors except pCR8/GW/TOPO (Invitro-
gen) carry kanamycin (Kan)1 resistance, entry clones
derived from these entry vectors are compatible with (i.e.,
suitable for recombination with) ampicillin (Amp)-resis-
tant, but not Kan-resistant, destination vectors (e.g., the
Gateway-compatible binary T-DNA destination vectors
created by Curtis and Grossniklaus [3]). The reason for this
incompatibility is the diYculty of selecting the desired Kan-
resistant clones (produced by LR recombination reactions)

* Corresponding author. Fax: +86 10 62733450.
E-mail address: xcwang@cau.edu.cn (X.-C. Wang).

1 Abbreviations used : Kan, kanamycin; Amp, ampicillin; Spe, spectinomy-
cin; Gen, gentamicin; BSA, bovine serum albumin; Chl, chloramphenicol.
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� Background and AimsActin distribution in root hair tips is a controversial topic. Although the relationship between
Ca2+ gradient and actin dynamics in plant tip-growth has been a focus of study, there is still little direct evidence on
the exact relationship in root hair tip-growth.
� Methods G-actin was labelled by fluorescein isothiocyanate–DNase I. F-actin was labelled by tetramethylrhod-
amine isothiocyanate–phalloidin. Actin in root hairs of Triticum aestivum (wheat) was investigated using confocal
laser-scanning microscopy.
� Key Results Thick F-actin bundles did not extend into a region of approx. 5–10mm from the tip of the growing root
hairs, although they gave off branches of fine actin filaments in the hair tips. A tip-focused G-actin gradient was
shown at the extreme apex of growing root hairs. In full-grown wheat root hairs, the tip-focused G-actin gradient
disappeared while the thick F-actin bundles extended into the tips. BAPTA-AM, a Ca2+ disruption agent, also caused
the tip-focused G-actin gradient to disappear and the diffuse F-actin bundles to appear in the tips of wheat root hairs.
� Conclusions These results suggest that the tip-focused gradient of intracellular G-actin concentration at the
extreme apex may be essential for root hair growth, and that preserving the tip-focused gradient needs a high
Ca2+ concentration in the root hair tips.

Key words: G-actin, F-actin, root hairs, plant tip-growth, Ca2+, BAPTA-AM, Triticum aestivum, wheat.

INTRODUCTION

Actin plays essential roles in plant tip growth. Root hairs
are one type of plant tip-growth cells that have served as
a model for plant cytoskeleton studies. F-actin bundles
are arranged longitudinally in root hairs, and, together
with myosin, are thought to cause cytoplasmic streaming
that transports the vesicles to the apex (Mathur and
Hülskamp, 2002). However, actin distribution in root hair
tips is a controversial topic. Wang et al. (2004) and Ketelaar
et al. (2004) found that F-actin distribution was dis-
organized, with less F-actin in the root hair apex of
Arabidopsis thaliana, whereas other reports showed an
accumulation or cap of F-actin at the tip of root hairs
(Baluška and Volkmann, 2002; Ditengou et al., 2003).

The function of Ca2+ in plant cells is a fascinating
research area (Rudd and Franklin-Tong, 2001). An obvious
tip-focused gradient of cytosolic Ca2+ was found in root
hairs (Mathur and Hülskamp, 2001; Ryan et al., 2001).
In vitro, a high concentration of Ca2+ inhibits F-actin poly-
merization (Pollard and Cooper, 1986), and, in vivo, studies
of animal cells have also proved that high concentrations
of Ca2+ can lead to F-actin depolymerization while inhib-
iting its polymerization (Stolz and Bereiter-Hahn, 1988;
Constantin et al., 1998). In addition, a proper Ca2+ gradient
appears to be essential for root hair tip-growth (Rudd
and Franklin-Tong, 2001). Many treatments, including the
injection of the Ca2+-specific buffer, dibromo-BAPTA, sim-
ultaneously dissipate the tip-focused Ca2+ gradient and
inhibit root hair elongation (Carol and Dolan, 2002;
Wasteneys and Galway, 2003). Although the relationship
between Ca2+ gradient and actin dynamics in plant
tip-growth has been a focus of study, there is still little

direct evidence on the exact relationship in root hair tip-
growth.

In the present study, labelling with fluorescein isothiocy-
anate (FITC)–DNase I was used to reveal the presence of a
tip-focused gradient of intracellular G-actin concentration at
the extreme apex of growing wheat root hairs. By contrast,
in full-grown wheat root hairs, the tip-focused G-actin
gradient disappeared while thick F-actin bundles extended
continuously into the tips. As a Ca2+ disruption agent,
BAPTA-AM was found to make the tip-focused G-actin
gradient to disappear and the F-actin mesh to appear in
root hair tips of wheat.

MATERIALS AND METHODS

Plant growth

Wheat grains (Triticum aestivum L.) were germinated in a
moistened culture dish with filter paper for 2 d in darkness
at 26 �C. Seedlings were used after 36 h or 48 h when their
roots grew to 0�5–1 cm in length.

BAPTA-AM treatment

BAPTA-AM treatment followed the protocol of
Fluo-3/AM treatment reported in Zhang et al. (1998).
Briefly, after the wheat grains had germinated, some of
them were treated with 65 mM BAPTA-AM (Sigma;
A1076, a selective chelator of intracellular Ca2+ stores
and membrane-permeable form of BAPTA) in distilled
water at 4 �C for 1�5 h. Then, the roots were allowed
to recover for 1�5 h at 25 �C. BAPTA-AM was diluted in
DMSO as stock solution, and the final concentration of
DMSO in treatments did not exceed 0�5% (v/v).* For correspondence. E-mail liyan@cau.edu.cn

Annals of Botany 98: 49–55, 2006

doi:10.1093/aob/mcl084, available online at www.aob.oxfordjournals.org
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� Background and Aims Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activase (RCA) is a nuclear-
encoded chloroplast protein that modifies the conformation of Rubisco, releases inhibitors from active sites, and
increases enzymatic activity. It appears to have other functions, e.g. in gibberellin signalling and as a molecular
chaperone, which are related to its distribution within the chloroplast. The aim of this research was to resolve
uncertainty about the localization of RCA, and to determine whether the distributions of Rubisco and RCA were
altered when RCA content was reduced. The monocotyledon, Oryza sativa was used as a model species.
� Methods Gas exchange and Rubisco were measured, and the sub-cellular locations of Rubisco and RCA were
determined using immunogold-labelling electron microscopy, in wild-type and antisense rca rice plants.
� Key Results In antisense rca plants, net photosynthetic rate and the initial Rubisco activity decreased much less
than RCA content. Immunocytolocalization showed that Rubisco in wild-type and antisense plants was localized in
the stroma of chloroplasts. However, the amount of Rubisco in the antisense rca plants was greater than in the
wild-type plants. RCA was detected in both the chloroplast stroma and in the thylakoid membranes of wild-type
plants. The percentage of RCA labelling in the thylakoid membrane was shown to be substantially decreased, while
the fraction in the stroma was increased, by the antisense rca treatment.
� Conclusions From the changes in RCA distribution and alterations in Rubisco activity, RCA in the stroma of the
chloroplast probably contributes to the activation of Rubisco, and RCA in thylakoids compensates for the reduction
of RCA in the stroma, allowing steady-state photosynthesis to be maintained when RCA is depleted. RCA may also
have a second role in protecting membranes against environmental stresses as a chaperone.

Key words: Antisense rca rice plants, Rubisco, Rubisco activase (RCA), cellular localization.

INTRODUCTION

In green plants, ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco, EC 4.1.1.39) catalyses the irreversible
carboxylation of ribulose-1,5-bisphosphate and CO2 to form
two 3-phosphoglyceric acid molecules. However, the rate of
the reaction is extremely slow, and Rubisco must be activ-
ated and carbamylated to become catalytically competent.
Activation is achieved by Rubisco activase (RCA), which
can remove inhibitors from Rubisco’s catalytic sites, alter
the conformation, and activate Rubisco in vivo (Andrews
et al., 1995). RCA is a nuclear-encoded chloroplast protein,
and is essential for plants (Portis, 1995). Komatsu et al.
(1996) reported that a gibberellin-binding protein in rice
was homologous to RCA. Sharma and Komatsu (2002),
using an in-gel protein kinase assay, suggested that RCA
was associated with Ca2+-dependent protein kinases in gib-
berellin signalling. These studies suggest some additional
role for RCA beyond Rubisco regulation (Portis, 2003).
Possibly, the role of RCA depends on its location within
the chloroplast, as functions of other proteins are known to
be related to their cellular localization. Immunogold
labelling for electron microscopy has been widely used
to identify the position of macromolecules in plant tissues.

Therefore, one aim of this study was to establish where
RCA is located in higher plants.

A second aim of this study was to determine whether
Rubisco and RCA contents were altered, or the proportions
in different parts of the chloroplast changed, when RCA
content was reduced by use of antisense rca. This was made
possible by using genetically modified rice plants with anti-
sense-RNA to RCA (Jin et al., 2004a, b). The photosyn-
thetic rate of such plants was largely unaffected by RCA
concentration until it was reduced below approx. 35% of
that of wild-type plants (Jin et al., 2004a). These results
were similar to results obtained in transgenic tobacco (Mate
et al., 1993, 1996; Hammond et al., 1998) and Arabidopsis
thaliana (Eckardt et al., 1997; Zhang et al., 2002). In these
plants, modest reduction (32–49%) in Rubisco activation
did not mirror the large decrease (from 0�02 to 0�0025) in
the RCA :Rubisco ratio that occurred (He et al., 1997).
Although the reduced amount of RCA in the anti-activase
plants might be partially compensated by an increase in
ATP or in the ATP :ADP ratio in vivo, in no case was
compensation by ATP sufficient to explain the relative
insensitivity of photosynthesis to loss of RCA. Other
factors, such as increased amount of Rubisco protein, or
re-location of sequestered RCA to maintain Rubisco activity
might also explain the insensitivity of photosynthesis to loss
of RCA. It is therefore hypothesized that changes in amount* For correspondence. E-mail dajiang@zju.edu.cn
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Involvement of plasma-membrane NADPH oxidase in nickel-induced

oxidative stress in roots of wheat seedlings
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Abstract

The roles of the plasma-membrane (PM) NADPH oxidase in nickel-induced oxidative stress were investigated in roots of wheat (Triticum

durum D.) seedlings. Treatment with nickel resulted in significant increase in level of membrane lipid peroxidation, content of H2O2, the

production rate of O2
�� and the activity of the PM NADPH oxidase in wheat roots. The effects caused by nickel were inhibited pronouncedly by

pretreatments with three widely used NADPH oxidase inhibitors (diphenylene idonium, imidazole and pyridine). Moreover, the change patterns of

the Ni-induced increase and inhibitor-caused decrease in these parameters were quite similar. These data suggest that the Ni-induced enhancements

in levels of H2O2 and O2
��, which appear to cause membrane lipid peroxidation, originate mainly from PMNADPH oxidase. A native in-gel assay

also confirmed that PM NADPH oxidase participates in the Ni-induced production of reactive oxygen species in wheat. In addition,

pharmacological experiments suggest that Ca2+ may be involved in the oxidative stress induced by nickel in wheat roots.

# 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: NADPH oxidase; ROS; Nickel; Ca2+; Plasma membrane

1. Introduction

Nickel, a heavy metal, is one of essential micronutrients for

plant growth and development [1]. However, it becomes toxic at

high concentration. Excessive nickel strongly destroys plant

mineral nutrition, photosynthesis and membrane function,

obviously inhibits seed germination, plant growth and

development and markedly decreases the yields of plants [2–4].

Phytotoxity from heavy metals is closely related to the

production of reactive oxygen species (ROS) in plants [5,6]. It

has been demonstrated that excessive nickel leads to significant

increase in the concentration of hydrogen peroxide (H2O2) [4]

and the membrane lipid peroxidation in a few plant species

[2–4,7–9]. However, the molecular mechanism for the

generation of ROS and the factors that affect the syntheses

of ROS in Ni-treated plants are largely unknown.

More and more experiments have demonstrated that plant

plasma-membrane NADPH oxidase, a homologue of the

mammal gp91phox in neutrophils, is an important source of

ROS in plants under stresses [10–14]. NADPH oxidase transfers

electrons from cytoplasmic NAD(P)H to O2 to form superoxide

radical (O2
��), followed by dismutation of O2

�� to H2O2. It has

been well documented that NADPH oxidase is involved in plant

growth and development [15–18], in plant defense reactions to

pathogen or elicitor attack [10,11,19–21] and in response to

various abiotic stresses [12,18,22–26] including deficiency or

excess of zinc, copper and cadmium [27–29].

It has been shown thatCa2+ is implicated inROSproduction in

plants under stresses [19,20]. PlantNADPHoxidase homologues

contain two Ca2+ binding EF hand motifs, suggesting that Ca2+

may have an important regulatory effect on the activity of the

NADPHoxidase.Anovel in-gel enzyme assay demonstrated that

the activity of NAPDH oxidase was modulated directly by

calcium in tobacco and tomato [20]. In addition, pharmacolo-

gical and molecular data indicated that Ca2+ may also regulate

NADPH oxidase activity via phosphorylation, following the

Ca2+-mediated activation of Ca2+-dependent protein kinases, or

www.elsevier.com/locate/plantsci

Plant Science 170 (2006) 151–158

Abbreviations: PM, plasma membrane; ROS, reactive oxygen species;

DPI, diphenylene idonium; XTT, sodium,30-[1-[phenylamino-carbonyl]-3,4-

tetrazolium]-bis (4-methoxy-6-nitro) benzenesulfonic acid hydrate; MDA,

malondialdehyde; FW, fresh weight
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Summary. Transmission electron microscopy of immunogold-labeled
Chinese pine egg cells before and after fertilization revealed that
polysomes are associated with microtubules (MTs) from fertilization to
the 2-nucleate embryo stage. Ribosome aggregates of various size and
shape were randomly distributed in the cytoplasm of the eggs before fertil-
ization. Single MTs or clusters were observed to be free of polysomes
at this stage. Upon fertilization, all polysomes were attached to MTs, and
this association persisted until the formation of the polarized embryo.
Thereafter, the polysomes spread into the cytoplasm and no polysome–MT
association was observed in the embryo. Some of the polysomes were
attached to one end of the MTs, while others appeared to form contacts
along their entire length. No polysome–microfilament association was
observed at any stage of the development. The polysome–MT association
may provide a mechanism for MT-dependent mRNA localization in early
embryo development of this plant.

Keywords: Pinus tabulaeformis; Microtubule; mRNA localization;
Polysome; Immunogold.

Introduction

The cytoskeleton is the most important structure contribut-
ing to the highly ordered organization of the eukaryotic cell.
It plays a key role in a number of plant-specific processes,
such as assisting in the formation of the cell plate, regulat-
ing cell-to-cell movement, and influencing the direction of
cell elongation (Davies et al. 1996). It provides a frame-
work for cell division and the trafficking of organelles
and macromolecules and also serves to regulate important
cellular processes, such as signaling, translation, and metab-

olism. A role for the microtubule (MT) component of the
cytoskeleton in many of these processes, including RNA
trafficking, has been demonstrated (Chuong et al. 2004).

mRNA localization in plants is beginning to emerge as
an important mechanism governing protein targeting, the
determination of cell fate and polar cell growth, as well as
mRNA silencing (Okita and Choi 2002). Although the role
of mRNA localization in establishing cell fate and polarity
during embryogenesis in higher plants has not yet been
documented, the existence of plant paralogs of known
Drosophila melanogaster genes whose encoded mRNAs
are localized supports such a role (Bashirullah et al. 1998,
Palacios and Johnston 2001, Okita and Choi 2002). A
number of studies have indicated that MTs are key players
in mRNA localization in oligodendrocytes, neurons, and
Xenopus laevis and Drosophila melanogaster oocytes and
embryos (Jansen 1999, Riechmann and Ephrussi 2001).
Earlier studies using plant tissue extracts have shown
that cytoskeletal fractions contain polysomes (Davies et al.
1991, 1992). Recently, a large number of RNA-binding
proteins identified in the tubulin-binding protein fraction
in Arabidopsis thaliana indicate that MTs are involved in
RNA localization in higher plants (Chuong et al. 2004).

To determine the relationship between MTs and mRNA
in the embryogenesis of Chinese pine, we examined the
distribution of MTs and polysomes in eggs, zygotes, and
early embryos by transmission electron microscopy (TEM)
and immunogold labeling of fixed materials. Our results
demonstrate that all the polysomes are associated with
MTs during fertilization and free nuclear migration. No

Protoplasma (2006) 227: 223–227
DOI 10.1007/s00709-005-0150-2 PROTOPLASMA
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Summary. In plant cells, cytoskeletons play important roles in response
to biotic and abiotic stresses. However, little is known about the dynam-
ics of cytoskeletons when cells are attacked by unphysical stress factors
such as elicitors and toxins. We report here that the toxin of Verticillium
dahliae (VD toxin) induced changes of microfilaments (MFs) and micro-
tubules (MTs) in Arabidopsis thaliana suspension-cultured cells. When
cells were treated with a low concentration of VD toxin, MFs were dis-
rupted ordinally from the cortex to the perinuclear region, and then recov-
ered spontaneously; but the MTs persisted. The MFs in the perinuclear
region showed more resistance to VD toxin than the cortical ones. In con-
trast, when cells were treated with a high concentration of VD toxin, MFs
and MTs were disrupted sooner and more severely and did not recover
spontaneously. Treatments with high concentrations of VD toxin also in-
duced changes of nucleoli. At the early stages of treatment, a nucleus had
a single ring-shaped nucleolus. At the later stages, multiple smaller and
more brightly fluorescing nucleoli emerged in a single nucleus. Disrupted
MFs could be recovered by removing the VD toxin before the ring-
shaped nucleoli appeared. All these results showed that MFs and MTs
play important roles in the early defense responses against VD toxin in
Arabidopsis suspension cells. The cytoskeletons may be used as sensors
and effectors monitoring the defense reactions. The changes of nucleoli
induced by VD toxin should be important characteristics of cell death.

Keywords: Arabidopsis thaliana; Suspension cell culture; Microfilament;
Microtubule; Nucleolus; Toxin of Verticillium dahliae.

Introduction

Plant cytoskeletons play important roles in plant cell growth
and development and other cellular processes (Staiger 2000,
Wasteneys and Galway 2003). Studies have implicated that
plant cytoskeletons are also involved in biotic- and abiotic-
stress responses (Vantard and Blanchoin 2002, Smith 2003,
Kwok and Hanson 2004, Wada and Suetsugu 2004). Micro-

filaments (MFs) and microtubules (MTs) are necessary for
plants to block fungal penetration (Kobayashi et al. 1992,
1997; Genre and Bonfante 2002; Kobayashi and Hakuno
2003). However, there are only a few data that show cy-
toskeleton dynamics in plant cells induced by pathogen elic-
itors or toxins (Takemoto and Hardham 2004; Takemoto
et al. 1997, 1999; Sandovsky-Losica et al. 2002).

Verticillium dahliae Kleb. is a fungal pathogen that can
induce verticillium wilt and causes large damages to many
woody and herbaceous plants, such as cotton, elm, potato,
pepper, watermelon, mint, and lettuce (Subbarao et al. 1995,
Veronese et al. 2003). The infection by the pathogens can in-
duce many reactions in the host cells, such as changes of the
concentration of some organic solutes including proline, to-
tal proteins, total soluble sugars, and starch in leaves, and of
the concentration of abscisic acid in the xylem (Goicoechea
et al. 2000). The pathogen infection also induced active
expression of some disease response genes (Hill et al. 1999,
McFadden et al. 2001) and production of some antifungal
compounds, such as terpenoids, PR (pathogenesis-related)
proteins, and lignin (Resende et al. 1996, Daayf et al. 1997,
Dubery and Slater 1997, Smit and Dubery 1997, Li et al.
2003, Zhen and Li 2004). However, how the cytoskeletons
of plant cells respond to V. dahliae pathogen or VD toxin
is yet to be studied. We studied the dynamics of the cy-
toskeleton in Arabidopsis thaliana suspension cells treated
with VD toxin. In addition, we observed some alterations in
nucleoli.

Our results showed that the microfilament and micro-
tubular cytoskeletons are involved in the basic and primi-
tive defense of A. thaliana suspension cells against VD
toxin. The major functions of microtubules (MTs) and mi-
crofilaments (MFs) in resistance reactions against VD toxin

Protoplasma (2006) 229: 75–82
DOI 10.1007/s00709-006-0154-6 PROTOPLASMA
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Abstract Helicobacter pylori ureB antigen gene

was cloned to the 5¢-end of gus (b-glucuronidase)
reporter gene between CaMV35S promoter and

the octopine synthase (OCS) terminator in the

plasmid, pCAMBIA13011. It was then introduced

into rice genome by Agrobacterium-mediated

transformation. A total of 30 regenerated plants

with hygromycin resistance were obtained in the

selection media. The putative transgenic individ-

uals were tested for the presence of ureB in the

nuclear genome of rice plants by PCR analysis.

Expression of ureB gene in rice plants was veri-

fied by RT-PCR and Western blot analysis using

polyclonal human antiserum for transcription and

translation levels respectively. These results pro-

vide a basis for further studies on the accumula-

tion level of UreB recombinant protein in

transgenic rice and potential utilization of trans-

genic rice for delivery of edible vaccines against

Helicobacter pylori.

Keywords Helicobacter pylori Æ
Transgenic rice Æ ureB Æ Vaccine

Introduction

The stomach-colonizing bacterium, Helicobacter

pylori, is the main cause of peptic ulceration and

gastric cancer. The standard treatment for

H. pylori infections has depended on antibiotics

in combination with proton pump inhibitors

(Bazzoli et al. 2002). Antibiotic-based triple

therapies are, however, not practical for global

control due to the high cost, patients’ non-

compliance and low effectiveness due to the

development of antibiotic resistance among

strains of H. pylori (Telford and Ghiara 1996).

Vaccination against H. pylori is therefore one of

the most effective ways to control H. pylori

infection and, indeed, administration of oral bac-

terial antigens can protect mice against H. pylori

infection (Ferrero et al. 1994).

Helicobacter pylori urease is essential for col-

onization of the stomach as it allows survival

under acidic condition. Moreover, urease

(including subunit proteins UreA and UreB) is

one of the main antigens recognized by the

human immune response to H. pylori, and UreB
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Cyclic electron flow around photosystem 1 is required for adaptation
to salt stress in wild soybean species Glycine cyrtoloba ACC547

Y. YANG*, D.-A. JIANG*1, H.-X. XU*, C.-Q. YAN*,** and S.-R. HAO* 

State Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University, 
Hangzhou, 310029, P.R. China*
Ningbo Academy of Agriculture Science, Ningbo, 315040, P.R. China** 

Abstract

A wild soybean species Glycine cyrtoloba ACC547 was found to possess a high salinity resistance trait. It maintained 
higher net photosynthetic rate (PN) and maximal photochemical efficiency (Fv/Fm) than the soybean Glycine max
cultivar Melrose under salt stress. Saline treatment enlarged the post-illumination transient increase in chlorophyll 
fluorescence in ACC547 much more than that in Melrose, indicating that its cyclic electron flow around photosystem 1 
(CEF1) was accelerated more by salt stress. Additionally, ACC547 maintained higher nonphotochemical dissipation of 
excitation energy than Melrose under salt stress. It is suggested that the salinity resistance of ACC547 might be due to 
the CEF1-coupled dissipation of excess excitation energy. 

Additional key words: chlorophyll fluorescence, dissipation of excitation energy, NaCl, nonphotochemical quenching, photosynthesis. 

Introduction

Salinity is a major factor in reducing crop production 
worldwide and one of the most important reasons is the 
drastic inhibition of photosynthesis. Some studies have 
shown that the decrease in photosynthesis is related 
directly to the salinity-induced stomata closure and the 
coupled reduction in intercellular CO2 concentration 
(Bayuelo-Jiménez et al. 2003, Karimi et al. 2005). 
Additionally, salt stress causes the decrease in 
chlorophyll (Chl) content (Baek et al. 2005, Karimi et al.
2005), the changes in chloroplast ultrastructure 
(Stoynova-Bakalova and Toncheva-Panova 2003/4), the 
depression in photosystem (PS) activity and electron 
transport (Kirst 1990), and the decline in the activity and 
content of Rubisco (Ziska et al. 1990). All these non-

stomatal limitations also make great contribution to the 
photosynthetic attenuation in salt stressed plants. 

The salinity-induced limitation of photosynthetic 
capacity results in the accumulation of excess energy, 
which, if not safely dissipated, is harmful to 
photosynthetic apparatus (Demmig-Adams and Adams 
1992, Demmig-Adams et al. 1996). For example, the 
excess energy can lead to the generation of the reactive 
oxygen species, which, in turn, can seriously aggravate 
the decrease in photo-synthesis through oxidative damage 
to membranes, photosynthetic pigments and enzymes. 
Researches have revealed that in many plants salt stress 
elevates the production of the reactive oxygen species 
and the activities of the antioxidant enzymes are  

Received 3 May 2005, accepted 5 January 2006. 
Abbreviations: CEF1 - cyclic electron flow around PS1; Chl - chlorophyll; ci - intercellular CO2 concentration; EQA - the estimate of 
redox potential of QA; Fm, Fo and Fv - maximal, minimal and variable Chl fluorescence yield for dark-acclimated samples, 
respectively; Fm′, Fo′ and Fs - maximal, minimal and steady-state Chl fluorescence yield for light-acclimated samples, respectively;  
Fp - height of the post-illumination Chl fluorescence peak; Fv/Fm - maximal photochemical efficiency; gs - stomatal conductance to 
water vapour; NPQ - non-photochemical quenching; PN - net photosynthetic rate; PS - photosystem; QA - primary quinone electron 
accepter of PS2; qE - high-energy state nonphotochemical quenching; qP - photochemical quenching; qT - nonphotochemical 
quenching due to state transitions.  
Acknowledgement: This work was supported in part by the National Natural Science Foundation (30471051), the Doctoral 
Foundation of Education Department (20020335043) and the National Basic Research and Development Plan (G1999011706) of  
P.R. China 
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Post-transcriptional gene  
silencing signal could move  
rapidly and bidirectionally in  
grafted Arabidopsis thaliana 
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Abstract  RNA interference (RNAi), one of the 
newly found ways for post-transcriptional gene si-
lencing, has been widely used to investigate gene 
functions through transgenic methods for introducing 
an RNA silencing signal into plants. In the present study, 
we constructed a dexamethazone (DEX)-inducible 
RNAi binary vector harboring a specific sequence 
fragment (168-bp) homologous to KatB and KatC, two 
kinesin isoform genes of Arabidopsis, which were 
proved to result in the post-transcriptional gene si-
lencing of KatB and KatC in DEX-induced transgenic 
plants. RT-PCR and Northern blot analysis on trans-
genic homozygous Arabidopsis (termed as RNAi-type 
plants) showed that DEX inducement causes KatB 
and KatC mRNA degradation. With a simplified 
method, Arabidopsis grafting was effectively per-
formed between RNAi-type and wild-type lines. The 
target gene mRNA levels were tested based on 
semi-quantitative RT-PCR. Our results demonstrateed 
that DEX-induced gene silencing signals could result 
in a reduction in KatB and KatC mRNA in the wild-type 
rootstocks or scions, indicating that silencing signals of 
RNAi could be transmitted bidirectionally across the 
graft junction whether RNAi-plants were scions or 
stocks. In contrast to the previously reported results 
on grafted tobacco, the transmission of post- tran-
scriptional gene silencing signals caused by RNAi in 
grafted Arabidopsis is more effective than that in to-
bacco. 

Keywords: Arabidopsis thaliana, RNAi, grafting, transmission of 
silencing signal. 

RNA-mediated gene silencing is a universal gene- 
regulation system fundamental in biological processes  

and phenomena of the double-stranded RNA (dsRNA) 
triggered sequence-specific mRNA degradation[1 3]. 
RNA silencing occurs in a broad range of eukaryotic 
organisms, including fungi, animals, and plants[2 6]. 
The mechanism for RNA silencing involves an initial 
process that the dsRNA is degraded into small interfer-
ing RNAs (siRNA) of 21 25 nt by RNase III-like en-
zyme, dicer-like (DCL) protein[7]. These siRNAs be-
come associated with a protein complex referred to as 
RNA-induced silencing complex (RISC), and serve as 
guides to select the specific mRNAs homologous to the 
dsRNA and cause degradation of the target messenger 
RNA (mRNA)[8]. In plants, RNA interference (RNAi, 
also known as post-transcriptional gene silencing, 
PTGS or co-suppression) is thought to be a mechanism 
of regulating endogenous genes[9 11]. Currently, RNAi 
is widely used for understanding gene functions in 
plant growth and development through transgenic 
methods, by which sequence-specific siRNAs are in-
troduced into plants[12 14]. The use of the grafted model 
plant, Arabidopsis, to study the direction and efficiency 
of transmission of gene silencing signals in long- dis-
tance, is not only significant for understanding the 
mechanism of post-transcriptional gene silencing, but 
also can provide a valuable tool for elucidating gene- 
regulation mechanisms of plant growth and develop-
ment. 

Recent studies showed that RNA silencing signal in 
tobacco not only could move a short distance between 
the cytoplasm and nulcleus, or cell-to-cell through 
plasmodesmata[7,15,16], but also travel a long distance 
through the phloem[16 20]. Experiments using agro-  
infiltration or particle bombardment to induce silencing 
demonstrated that the silencing signal could be trans-
mitted in a systemic manner from one leaf to anoth-
er[3,16,21]. Using grafting procedures, Palauqui et al.[19] 
found that systemic silencing signals were transmitted 
from silenced transgenic tobacco rootstocks to nonsi-
lenced scions unidirectionally causing the target gene to 
be silenced. Soon afterwards, the transmission of si-
lencing signals suggested that the signals could move 
bidirectionally, but more efficiently upward than 
downward in grafted tobacco[16,22]. 

The model plant, Arabidopsis, because of its advan-
tages such as clear genetic background, short growth- 
period, easiness for transgenic analysis, and existence 
of many mutants, has been widely used for revealing 
gene functions and signals regulating growth and de-
velopment in higher plants. Recently, Turnbull et al.[23]
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Abstract  A 1050 bp up-stream regulatory fragment of the transcription factor gene NAC1 in 
Arabidopsis thaliana was isolated using polymerase chain reaction (PCR) based techniques. The 
fragment was used to substitute the 35S promoter of the pBI121 plasmid to construct a 
-glucuronidase gene (GUS) expression system. The construct was introduced into tobacco (Nico-

tiana tabaccum) plants by the Agrobacterium-mediated transferring method. GUS expression pattern 
was studied by using the transgenic lines. The results showed that the GUS driven by the NAC1 
up-stream regulatory region was specifically expressed in the root meristem region basal areas of the 
lateral root primordium and the lateral roots. The GUS expression was induced by 3-indolebutyric acid 
(IBA) and gibberellins (GA3 and GA4+7). The results indicated that the up-stream regulatory fragment 
of NAC1 responded to plant hormones. The fragment might be involved in both auxins and gibberel-
lins signaling in promoting the development of lateral roots. 

Keywords: auxin, gibberellin, GUS, NAC1, lateral root, Nicotiana tabaccum. 

Lateral roots (LR) play very important roles in nu-
trition uptake and anchoring the whole plant. Under-
standing the mechanism of LR formation has been one 
of the most important areas in plant development re-
search[1 3]. Based on morphological studies, the LR 
formation can be divided into two developmental 
stages, namely initiation of LR primordium and elon-
gation after LR emergence. The LR number is deter-
mined by the initiation of LR primordia and the root 
architecture is determined by LR elongation[1,3]. 

Plant hormones are vital factors in controlling LR 
formation. Auxins promote LR development, while 

cytokines repress the process[2 4]. Gibberellins (GAs) 
are confirmed to stimulate LR elongation after the 
primordium emergence, while there is no consistent 
evidence to show whether gibberellins (GAs) promote 
or repress the initiation of LR primordium[1,3] . In the 
recent research, Fleet et al. (2005) reported that GAs 
promoted the formation of lateral organs, such as the 
leaf primordia and the flower primordia[5]. It is essen-
tial to test the possible role of GAs in the initiation of 
LR primordium. 

The development of LR primoridium is regulated 
by the expression of some specific genes[2,3]. The 
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Actomyosin is Involved in the Organization of the
Microtubule Preprophase Band in Arabidopsis

Suspension Cultured Cells

Chun-Li Li1, Zhi-Ling Chen1, 2 and Ming Yuan1*

(1. State Key Laboratory of Plant Physiology and Biochemistry; Department of Plant Sciences, College of Biological Sciences, China
Agricultural University, Beijing 100094, China;
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Abstract

The microtubule preprophase bands (PPBs) participate in the sequence of events to position cell plates in
most plants. However, the mechanism of PPB formation remains to be clarified. In the present study, the
organization of PPBs in Arabidopsis suspension cultured cells was investigated by confocal laser scanning
microscopy combined with pharmacological treatments of reagents specific for the cytoskeleton elements.
Double staining of F-actin and microtubules (MTs) showed that actin filaments were arranged randomly and
no colocalization with cortical MTs was observed in the interphase cells. However, cortical actin filaments
showed colocalization with MTs during the formation of PPBs. A broad actin band formed with the broad MT
band in the initiation of PPB and narrowed down together with the MT band to form the PPB. Nevertheless,
broad MT bands were formed but failed to narrow down in cells treated with the F-actin disruptor latrunculin
A. In contrast, in the presence of the F-actin stabilizer phalloidin, PPB formation did not exhibit any abnormality.
Therefore, the integrity, but not the dynamics, of the actin cytoskeleton is necessary for the formation of
normal PPBs. Treatment with 2, 3-butanedine monoxime, a myosin inhibitor, also resulted in the formation of
broad MT bands, indicating that actomyosin may be involved in the rearrangement of MTs to form the PPBs.
Double staining of MTs and myosin revealed that myosin concentrated on the PPB region during PPB formation.
It is suggested that the actin cytoskeleton at the PPB site may serve as a rack to transport cortical MTs by
using myosin when the broad MT band narrows down to form the PPB.

Key words: Arabidopsis suspension cultured cell; 2,3-butanedine monoxime; microfilament; microtubule preprophase band;
myosin.

For a growing-plant organ, determination of the division
plane is of  cr i t ical  importance. The microtubule
preprophase band (PPB) has been demonstrated to par-
ticipate in the sequence of events to position cell plates in
most plants (Mineyuki 1999; Smith 2001). The PPB nor-
mally develops during preprophase. It consists of compact,
transversely aligned microtubules (MTs). However, before
cells enter preprophase, MTs locate in parallel, transverse
arrays throughout the cortex, known as cortical MTs. The

dynamic reorganization of cortical MTs occurs in a short
period of time at the transition from interphase to M phase
in the cell cycle.

Microfilaments (MFs) are reported to colocalize with PPB
during PPB formation (Palevitz 1987; Cleary et al. 1992).
Treatment with cytochalasin D (CD) does not inhibit the
formation of the PPB, but prevents the narrowing of the
PPB and results in the formation of broad PPBs (Mineyuki
and Palevitz 1990; Eleftheriou and Palevitz 1992).
Furthermore, broad PPBs are also observed when protein
synthesis is inhibited by cycloheximide (Nogami et al.
1996). Treatment with kinase inhibitors disrupts the de-
velopment of the PPB and also loosens the PPB (Katsuta
and Shibaoka 1992; Nogami and Mineyuki 1999).
Therefore, complex mechanisms may be involved in the
process of MT narrowing to form normal PPBs.

A recent study using mammalian yellow fluorescent
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Activity, but not Expression, of Soluble and Cell
Wall-Bound Acid Invertases Is Induced by Abscisic

Acid in Developing Apple Fruit 
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Abstract

The present experiment, involving both the in vivo injection of abscisic acid (ABA) into apple (Malus domestica
Brohk.) fruits and the in vivo incubation of fruit tissues in ABA-containing medium, revealed that ABA
activates both soluble and cell wall-bound acid invertases. Immunoblotting and enzyme-linked
immunosorbent assays showed that this ABA-induced acid invertase activation is independent of the
amount of enzyme present. The acid invertase activation induced by ABA is dependent on medium pH, time
course, ABA dose, living tissue and developmental stage. Two isomers of cis-(+)-ABA, (–)-ABA and trans-
ABA, had no effect on acid invertases, showing that ABA-induced acid invertase activation is specific to
physiologically active cis-(+)ABA. Protein kinase inhibitors K252a and H7 as well as acid phosphatase in-
creased the ABA-induced effects. These data indicate that ABA specifically activates both soluble and cell
wall-bound acid invertases by a posttranslational mechanism probably involving reversible protein
phosphorylation, and this may be one of the mechanisms by which ABA is involved in regulating fruit
development.

Key words: abscisic acid; acid invertase; apple fruit; protein phosphorylation; sucrose metabolism.

Pan QH, Yu XC, Zhang N, Zou X, Peng CC, Wang XL, Zou KQ, Zhang DP (2006). Activity, but not expression, of soluble and cell
wall-bound acid invertases is induced by abscisic acid in developing apple fruit. J Integrat Plant Biol 48(5), 536−549.

www.blackwell-synergy.com; www.jipb.net

Abscisic acid (ABA) regulates plant adaptation to environ-
mental stresses and seed dormancy (Davies and Zhang 1991;
Rock and Quatrano 1995), and also plays a key role in organic
substance metabolism in plants (Brenner 1987; Wayne and John
1996). Much evidence has shown that ABA improves assimi-
late accumulation in sink organs such as crop grains and fleshy
fruits (Guldan and Brun 1987; Yamaki and Asakura 1991; Rock
and Quatrano 1995; Wayne and John 1996; Opaskornkul et al.

1999; Lu et al. 1999). However, the mechanism by which ABA
acts on the assimilate metabolism remains essentially unknown.

Acid invertase (β-fructosidase; EC 3.2.1.26), an enzyme cata-
lyzing the irreversible cleavage of sucrose into glucose and
fructose, is one of the key enzymes in sucrose metabolism in
apple fruit (Beruter et al. 1997; Patrick 1997) as it is in sink
organs of other plants (Quick and Schaffer 1996; Patrick 1997).
Acid invertase can be categorized into the cell wall-bound acid
invertase (CWI) located in the apoplasmic space and the soluble
acid invertase (SAI) compartmentalized in the vacuole (Quick
and Schaffer 1996; Patrick 1997). Both the CWI and vacuole
SAI are considered highly relevant to sink strength modulation
in crops, especially by improving phloem apoplasmic unloading
of photoassimilates (Quick and Schaffer 1996; Patrick 1997;
Famiani et al. 2000). Sugar unloading in apple fruit is consid-
ered to occur mainly through the apoplasmic route (Zhang et
al. 2001b; Zhang et al. 2004), in which the apoplasmically


