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most compelling. Most nanoparticle synthesis
methods result in nanoparticles bounded by
low-index, low-energy faces such as the
{111} or {100} atomic planes (6). This makes
intuitive sense, as any high-energy face
should grow itself out of existence, leaving
particles bound by more stable faces.
Unfortunately, particles with mostly low-
energy surfaces contain a low percentage of
atomic edge and corner sites. The synthetic
method of Tian et al. produces particles
capped by {730} faces, a surface structure that
contains a relatively high density of atomic
step edges (see the right panel of the figure).
The authors calculated that 43% of the total
number of surface atoms reside along steps,
which can be compared to 6%, 13%, and 35%
for 5-nm-diameter platinum cubes, spheres,
and tetrahedral particles, respectively (5).

Along with the increase in edge atoms,
Tian et al. report an increase in the efficiency
of ethanol and formate oxidation. The
enhancement factor, defined as the ratio of fuel
oxidation rates by Pt tetrahexadra (nanocrys-
tals with 24 faces) versus spheres, was 400%
for formate and 200% for ethanol. The plat-
inum tetrahexahedra were also unexpectedly
thermally stable, resisting morphological
changes even at temperatures of 800°C. This is
an important consideration in fuel cell applica-
tions where temperatures of hundreds of
degrees Celsius are often employed to maxi-
mize efficiency and reduce problems with CO.

Perhaps as surprising as the resulting shape
and catalytic activity of the platinum tetrahexa-
hedra is the method Tian et al. used to fabricate
the particles. A majority of synthetic methods
aimed at manipulating the size and shape of
nanoparticles have used molecules, surfac-
tants, or polymers to mediate particle growth.
When present in solution during particle
nucleation and growth, these mediators can
bind preferentially to certain faces of the grow-
ing particle. This can slow or speed growth
along those faces relative to others, affecting
the shape of the resulting nanoparticle. 

Like Michael Faraday more than 150 years
ago, however, Tian et al. used an electrochem-
ical method to generate their nanoparticles,
electrodepositing them onto a graphite elec-
trode. Although the electrodeposition of
spherical palladium nanoparticles and
nanowires at constant potential has been
demonstrated previously, those structures had
a rough and granular morphology and grew
along step edges on the graphite substrate (7). 

Tian et al. first deposited platinum spheres
on the electrode using a constant potential but
then added a potential pulse sequence that
alternated between reducing and oxidizing
potentials at a rate of 10 Hz. The alternating

potential caused electrochemical reactions on
the nanoparticle surface that may affect its
growth in much the same way that molecular
mediators manipulate the growth of nanopar-
ticles from solution. During the positive
potential steps, a monolayer of PtO and PtOH
is thought to form on the high-index {730}
faces, which increases their stability. In con-
trast, oxygen atoms may diffuse into the lattice
beneath the {111} faces, creating an unstable,
disordered surface structure. As the electrode
potential is gradually made negative, the
oxide/hydroxide surface is removed, and fresh
platinum is deposited in place of the atoms at
the {111} face, preserving the {730} faces. 

With this electrochemical approach to
nanoparticle shape control, metal deposition
times and adsorption reaction rates can be con-
trolled precisely through applied potential and
potential step frequency. It will be interesting
to learn more about the role of these parame-
ters in directing nanoparticle shape. It will also

be exciting to explore the electrochemical syn-
thesis of mixed metal and metal oxide
nanoparticles, because the presence of other
atoms at edge sites in the lattice could enhance
catalytic reactivity further, while lessening the
amount of expensive precious metal used. 
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Chloroplasts, the cellular organelle in
plants where photosynthesis takes
place, are responsible for capturing the

solar energy that fuels the activities of many
organisms on Earth. The ancestors of these
plastids were cyanobacteria that were engulfed
by a eukaryotic cell. Through a process of sym-
biogenesis, most symbiont genes were trans-
ferred to the host genome, such that more than
95% of chloroplast proteins are encoded by
nuclear genes (1). This dispersal of genetic
material requires plant cells to coordinate gene
expression in both organelles. Much of this
involves anterograde communication, from the
nucleus to the chloroplast. In return, chloro-
plasts send retrograde signals to the nucleus to
control the expression of nuclear genes that
encode chloroplast proteins. This bidrectional
signaling is necessary for plants to maintain
their photoautotrophic lifestyle and adapt to

challenging environments. On page 715 of this
issue (2), Koussevitzky et al. begin to define a
retrograde signaling pathway that multiple
chloroplast signals use to communicate with
the nucleus. 

Three independent chloroplast retrograde
signals have been identified in algae and
higher plants (3). The best-defined signal is the
accumulation of Mg–protoporphyrin IX (Mg-
ProtoIX), a tetrapyrole that is generated during
chlorophyll biosynthesis. Alterations in plastid
gene expression and in the photosynthetic
electron transport chain also trigger retrograde
signals, generally in response to aberrant
chloroplast development and to stressful envi-
ronmental conditions. However, little has been
known about how these events in the chloro-
plast impinge upon the nucleus. Koussevitzky
et al. now report that in the model plant
Arabidopsis thaliana, the chloroplast-local-
ized pentatricopeptide-repeat protein GUN1
(genomes uncoupled 1) is a node where differ-
ent chloroplast retrograde signals converge.
They also identify the nuclear AP2
(APETALA 2)–type transcription factor ABI4

Plant chloroplasts respond to environmental and developmental stress through a signaling

pathway that controls gene expression in the nucleus.

Signaling to the Nucleus 
with a Loaded GUN
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Arabidopsis MICROTUBULE-ASSOCIATED PROTEIN18
Functions in Directional Cell Growth by Destabilizing
Cortical Microtubules

Xia Wang,a,1 Lei Zhu,a,1 Baoquan Liu,a Che Wang,a Lifeng Jin,a Qian Zhao,b and Ming Yuana,2

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

China Agricultural University, Beijing 100094, China
b State Key Laboratory of AgroBiotechnology, College of Biological Sciences, China Agricultural University, Beijing 100094, China

Microtubule-associated proteins (MAPs) play important roles in the regulation of microtubule function in cells. We describe

Arabidopsis thaliana MAP18, which binds to microtubules and inhibits tubulin polymerization in vitro and colocalizes along

cortical microtubules as patches of dot-like structures. MAP18 is expressed mostly in the expanding cells. Cells over-

expressing MAP18 in Arabidopsis exhibit various growth phenotypes with loss of polarity. Cortical microtubule arrays were

significantly altered in cells either overexpressingMAP18orwhere it had beendownregulated byRNA interference (RNAi). The

cortical microtubules were more sensitive to treatment with microtubule-disrupting drugs when MAP18 was overexpressed,

butmore resistantwhenMAP18waseliminated incells expressingMAP18RNAi.Our studydemonstrated thatMAP18mayplay

a role in regulating directional cell growth and cortical microtubule organization by destabilizing microtubules.

INTRODUCTION

Microtubule-associated proteins (MAPs) play critical roles in

controlling microtubule (MT) dynamics and organization and

hence are involved in the regulation of cell expansion (Lloyd

and Chan, 2002; Hussey et al., 2002; Wasteneys and Galway,

2003; Mathur, 2004; Sedbrook, 2004; Smith and Oppenheimer,

2005). Mutations in proteins interacting with MTs result in abnor-

mal plant development and plant cell morphogenesis due to

disruption of MT organization. For instance, mutations inMOR1/

GEM1, which stabilizes cortical MTs, result in organ twisting and

isotropic cell expansion in roots as a result of defects in MT

organization and cytokinesis (Twell et al., 2001;Whittington et al.,

2001). Mutation of Arabidopsis thaliana SKU6/SPIRAL1, which

encodes a plus end–localized MT-interacting protein, causes

right-handed axial twisting in roots, etiolated hypocotyls, leaf

petioles, and strongly right-skewed root growth on inclined agar

media (Sedbrook et al., 2004). The radial expansion defect is also

observed in katanin mutants (Burk and Ye, 2002; Webb et al.,

2002). RIC1, a novel MT binding protein interacting with ROP

GTPase, promotes the organization of cortical MTs locally to

inhibit outgrowth of the Arabidopsis pavement cells (Fu et al.,

2005). Also, mutations in ATMAP65-1 and ATMAP65-3/PLEIADE

result in expanded short root phenotypes resulting fromdefective

cytokinesis (Muller et al., 2004; Smertenko et al., 2004).

Several MT binding domains in interacting proteins have been

described. One domain is the repetitive K-K-E-E and K-K-E-I/V

motifs, which were first identified in a neural MT-associated

protein, MAP1B from mouse. This has no structural relationship

with theMTbindingdomains of kinesin,MAP2, or Tau (Noble et al.,

1989). Similar repetitive motifs have also been identified in plants

(Figure 1). For instance, a pollen-specific expressed protein,

SB401 from Solanum berthaultii, contains six repetitive domains

of the sequenceV-V-E-K-K-N/E-E (Liu et al., 1997) Another pollen-

specific gene,ST901, isolated from agenomic library of the potato

diploid species Solanum tuberosum cvDesiree, encodes a hydro-

philic protein of 217 amino acid residues, which contains five

imperfect repeated motifs of V-V-E-K-K-N/E-E (Hao et al., 2006).

Other proteins, such as the pollen-specific Lys-richprotein SBgLR

from S. tuberosum (Lang et al., 2004) and TSB from Solanum

lycopersicum (Zhao et al., 2004), also contain such repetitive mo-

tifs. However, there is no evidence that these are truly plantMAPs.

Here, we report the identification of a plant MAP, MAP18 from

Arabidopsis, which was identified by an Arabidopsis genome

BLAST search using the sequence of V-V-E-K-K-N/E-E. MAP18

destabilizes MTs and plays an important role in the regulation of

MT organization to determine plant directional cell growth.

RESULTS

Identification of theMAP18 Gene and Purification of the

Recombinant Protein

A BLAST search of the Arabidopsis genome sequence identified

a gene (At5g44610) located on chromosome 5, encoding a pro-

teinwith unknown function and containing seven repeatedmotifs

of V-E-E-K-K. The full-length cDNA sequence (CDS) encodes

a predicted polypeptide of 168 amino acid residues, with an

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. E-mail mingyuan@
cau.edu.cn; fax 86-10-62733491.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: Ming Yuan
(mingyuan@cau.edu.cn).
www.plantcell.org/cgi/doi/10.1105/tpc.106.048579
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Two Calcium-Dependent Protein Kinases, CPK4 and CPK11,
Regulate Abscisic Acid Signal Transduction in Arabidopsis W

Sai-Yong Zhu,1 Xiang-Chun Yu,1 Xiao-Jing Wang,1 Rui Zhao,1 Yan Li, Ren-Chun Fan, Yi Shang, Shu-Yuan Du,
Xiao-Fang Wang, Fu-Qing Wu, Yan-Hong Xu, Xiao-Yan Zhang, and Da-Peng Zhang2

China State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University,

100094 Beijing, China

Many biochemical approaches show functions of calcium-dependent protein kinases (CDPKs) in abscisic acid (ABA) signal

transduction, but molecular genetic evidence linking defined CDPK genes with ABA-regulated biological functions at the

whole-plant level hasbeen lacking.Here,we report thatABAstimulated twohomologousCDPKs inArabidopsis thaliana, CPK4

and CPK11. Loss-of-function mutations of CPK4 and CPK11 resulted in pleiotropic ABA-insensitive phenotypes in seed

germination, seedling growth, and stomatal movement and led to salt insensitivity in seed germination and decreased

tolerance of seedlings to salt stress. Double mutants of the two CDPK genes had stronger ABA- and salt-responsive

phenotypes than the single mutants. CPK4- or CPK11-overexpressing plants generally showed inverse ABA-related pheno-

types relative to those of the loss-of-function mutants. Expression levels of many ABA-responsive genes were altered in the

loss-of-function mutants and overexpression lines. The CPK4 and CPK11 kinases both phosphorylated two ABA-responsive

transcription factors, ABF1 and ABF4, in vitro, suggesting that the two kinases may regulate ABA signaling through these

transcription factors. These data provide in planta genetic evidence for the involvement of CDPK/calcium in ABA signaling at

the whole-plant level and show that CPK4 and CPK11 are two important positive regulators in CDPK/calcium-mediated ABA

signaling pathways.

INTRODUCTION

The phytohormone abscisic acid (ABA) regulates many pro-

cesses of plant growth and development, such as seed matura-

tion and germination, seedling growth, flowering, and stomatal

movement, and is a key hormone mediating plant adaptation to

various environmental challenges, including drought, salt, and

cold stress (reviewed in Koornneef et al., 1998; Leung and

Giraudat, 1998; Finkelstein and Rock, 2002). Three ABA recep-

tors have been identified: FCA, which is involved in the control of

flowering time (Razem et al., 2006), and ABAR and GCR2, which

regulate seed germination, seedling growth, and stomatal move-

ment (Shen et al., 2006; Liu et al., 2007). Numerous cellular

components that modulate ABA responses also have been

characterized (reviewed in Finkelstein et al., 2002; Himmelbach

et al., 2003; Fan et al., 2004). However, many ABA signaling

components remain to be discovered.

Calcium plays an essential role in plant cell signaling (Hepler,

2005) and has been shown to be an important second messen-

ger involved in ABA signal transduction (reviewed in Finkelstein

et al., 2002; Himmelbach et al., 2003; Fan et al., 2004). Calcium

signaling is modulated by specific calcium signatures (i.e., spe-

cific patterns in the amplitude, duration, location, and frequency

of cytosolic free Ca2þ spikes in response to different stimuli).

Specific calcium signatures are recognized by different calcium

sensors to transduce calcium-mediated signals into downstream

events (Sanders et al., 1999; Harmon et al., 2000; Rudd and

Franklin-Tong, 2001). Plants have several classesof calciumsen-

sor proteins, including calmodulin (CaM) and CaM-related pro-

teins (Zielinski, 1998; Snedden and Fromm, 2001; Luan et al.,

2002), calcineurin B-like (CBL) proteins (Luan et al., 2002), and

calcium-dependent protein kinases (CDPKs) (Harmon et al.,

2001; Cheng et al., 2002). The CBL-interacting protein kinase

CIPK15 interacts with two calcium-modulated protein phospha-

tases 2C, ABI1 and ABI2 (Guo et al., 2002), which are well-

characterized negative regulators of ABA signaling (Leung et al.,

1994, 1997; Meyer et al., 1994; Sheen, 1998; Gosti et al., 1999;

Merlot et al., 2001). CIPK15, and its homologs CIPK3 and CBL9,

negatively regulate ABA signaling (Guo et al., 2002; Kim et al.,

2003; Pandey et al., 2004). An AP2 transcription factor, At ERF7,

that negatively regulates ABA response was shown to be a

kinase substrate of CIPK15 (Song et al., 2005), suggesting that

CIPK15 may regulate ABA signaling directly by phosphorylating

a transcription factor and modulating gene expression.

CDPKs, which are the best-characterized calcium sensors in

plants, are Ser/Thr protein kinases that have an N-terminal

kinase domain joined to a C-terminal CaM-like domain via a

junction region that serves to stabilize and maintain the kinase in

an auto-inhibited state (Harper et al., 1991, 1994; Harmon et al.,

1 These authors contributed equally to this work.
2 Address correspondence to zhangdp@sohu.net.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: Da-Peng Zhang
(zhangdp@sohu.net).
WOnline version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.107.050666
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The protein kinase TOUSLED is required
for maintenance of transcriptional gene silencing
in Arabidopsis
Yu Wang1, Jun Liu1, Ran Xia1, Junguo Wang1, Jie Shen1, Rui Cao1, Xuhui Hong1, Jian-Kang Zhu2

& Zhizhong Gong1+
1State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing,

China, and 2Department of Botany and Plant Sciences, Institute of Integrative Genome Biology, University of California, Riverside,
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TOUSLED-like kinases (TLKs) are highly conserved in plants and
animals, but direct evidence linking TLKs and transcriptional gene
silencing is lacking. We isolated two new alleles of TOUSLED
(TSL). Mutations of TSL in ros1 reactivate the transcriptionally
silent 35S-NPTII transgene and the transcriptionally silent
endogenous loci TSI (TRANSCRIPTIONAL SILENCING INFOR-
MATION). Chromatin immunoprecipitation (ChIP) analysis shows
that histone H3Lys9 dimethylation is decreased in the reactivated
transgene and endogenous TSI loci in the tsl ros1 mutant.
However, there is no change in DNA methylation in the affected
loci. Western blot and ChIP assay suggest that TSL might not be
responsible for histone H3Ser10 phosphorylation. The tsl seedlings
were more sensitive to DNA damage reagent methyl methane-
sulphonate and UV-B light. Our results provide direct evidence for
a crucial role of the TOUSLED protein kinase in the maintenance
of transcriptional gene silencing in some genomic regions in a
DNA-methylation-independent manner in Arabidopsis.
Keywords: TOUSLED protein kinase; ROS1; transcriptional gene
silencing
EMBO reports (2007) 8, 77–83. doi:10.1038/sj.embor.7400852

INTRODUCTION
TOUSLED (TSL), which encodes a nuclear Ser/Thr protein kinase,
was first cloned from Arabidopsis (Roe et al, 1993). Mutations in
TSL impaired the development of flowers and leaves (Roe et al,
1993). TOUSLED-like kinases (TLKs) in animals are cell-cycle

regulated and sensitive to DNA-damaging agents and inhibitors of
DNA replication (Sillje et al, 1999). Strong TLK kinase activities
are linked to active DNA replication during the S-phase, when it
directly phosphorylates ANTI-SILENCING FUNCTION 1 (ASF1;
Sillje & Nigg, 2001; Carrera et al, 2003; Groth et al, 2003). TSL
in Arabidopsis also interacts with and phosphorylates ASF1b
in vitro (Ehsan et al, 2004). ASF1 recruits H3 and H4 histones to
form REPLICATION-COUPLING ASSEMBLY FACTOR together
with CHROMATIN ASSEMBLY FACTOR 1 (CAF1) to assist the
assembly of nucleosomes onto newly synthesized DNA during
replication (Mello & Almouzni, 2001; Tyler, 2002). Mutations in
Arabidopsis FAS1 and FAS2 (subunits of CAF1) lead to develop-
mental defects and impair transcriptional gene silencing (TGS;
Kaya et al, 2001; Takeda et al, 2004; Ono et al, 2006). fas1 and
fas2 mutants are hypersensitive to DNA-damaging agents,
suggesting that they function in DNA repair (Takeda et al,
2004). However, there is no direct evidence to show whether
TLKs are linked to TGS.

Previous studies showed that two linked transgenes, RD29A-
LUC and 35S-NPTII, become silenced due to a mutation in a
putative DNA glycosylase/lyase REPRESSOR OF SILENCING 1
(ROS1; Gong et al, 2002). A mutant screen for suppressors of ros1
mutant (ror) has identified a gene encoding REPLICATION
PROTEIN A2 (RPA2A/ROR1; Kapoor et al, 2005a; Xia et al,
2006). In this study, we characterized another two ros1
suppressors. These were found to be new alleles of the tsl mutant.
We provide evidence that TSL is important in chromatin
regulation and in maintaining TGS in some genomic regions
of Arabidopsis.

RESULTS
tsl mutations reactivate the silenced 35S-NPTII
Here, we used the Arabidopsis accession C24 carrying a T-DNA
locus with 35S-NPTII and RD29A-LUC genes as starting C24 wild-
type plants (Ishitani et al, 1997). From a screening for suppressors
of the ros1-1 mutant (Gong et al, 2002), we obtained two allelic

Received 26 June 2006; revised 5 September 2006; accepted 5 October 2006;
published online 17 November 2006
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AtNHX8, a member of the monovalent cation:proton
antiporter-1 family in Arabidopsis thaliana, encodes a
putative Liþ/Hþ antiporter
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Summary

The Arabidopsis monovalent cation:proton antiporter-1 (CPA1) family includes eight members, AtNHX1–8.

AtNHX1 and AtNHX7/SOS1 have been well characterized as tonoplast and plasma membrane Naþ/Hþ

antiporters, respectively. The proteins AtNHX2–6 have been phylogenetically linked to AtNHX1, while AtNHX8

appears to be related to AtNHX7/SOS1. Here we report functional characterization of AtNHX8. AtNHX8 T-DNA

insertionmutants are hypersensitive to lithium ions (Liþ) relative towild-type plants, but not to the othermetal

ions such as sodium (Naþ), potassium (Kþ) and caesium (Csþ). AtNHX8 overexpression in a triple-deletion

yeast mutant AXT3 that exhibits defective Naþ/Liþ transport specifically suppresses sensitivity to Liþ, but does
not affect Naþ sensitivity. Likewise, AtNHX8 overexpression complemented sensitivity to Liþ, but not Naþ, in
sos1-1 mutant seedlings, and increased Liþ tolerance of both the sos1-1 mutant and wild-type seedlings.

Results of Liþ and Kþmeasurement of loss-of-function and gain-of-functionmutants indicate that AtNHX8may

be responsible for Liþ extrusion, andmay be able to maintain Kþ acquisition and intracellular ion homeostasis.

Subcellular localization of the AtNHX8–enhanced green fluorescent protein (EGFP) fusion protein suggested

that AtNHX8 protein is targeted to the plasma membrane. Taken together, our findings suggest that AtNHX8

encodes a putative plasmamembrane Liþ/Hþ antiporter that functions in Li detoxification and ion homeostasis

in Arabidopsis.

Keywords: AtNHX8, Liþ/Hþ antiporter, cation transporter, lithium, Arabidopsis.

Introduction

Transport of metal and alkali cations across plant plasma

and organelle membranes is essential for plant growth,

development, signal transduction and nutrient utilization,

and also for extrusion and compartmentalization of toxic

ions under stress conditions. Most cations are transported

by proton-coupled transporters, rather than primary ion

pumps (Maser et al., 2001; Ward, 2001). Among the genes

encoding putative Hþ-coupled transporters in Arabidopsis

plants, there are more than 40 genes that encode homo-

logues of sodium–hydrogen (Naþ/Hþ) antiporters (Brett

et al., 2005a; Maser et al., 2001). Given this large number

of Naþ/Hþ antiporter homologues, and the fact that Naþ is

not an essential nutrient for plants, it is likely that these

homologues have other functions in plants (Maser et al.,

2001). As the substrate specificity, regulation and mem-

brane localization of these antiporters cannot be predicted

with certainty from phylogenetic relationships, they need

to be functionally characterized. Researchers have begun

to unveil the molecular mechanisms of ion selectivity and

regulation of transporter activity. Recently, the effects have

been documented on the ion selectivity and transporter

activity of single-residue/domain deletions or various

amino acid substitutions in Naþ/Hþ antiporter genes

(Hamada et al., 2001; Kuwabara et al., 2004; Mitsui et al.,

2004; Ohgaki et al., 2005; Waditee et al., 2001; Yamaguchi

et al., 2003). Phylogenetic analysis indicates that Naþ/Hþ

antiporters fall into three families, among which the

monovalent cation:proton antiporter-1 (CPA1) family

718 ª 2006 The Authors
Journal compilation ª 2007 Blackwell Publishing Ltd

The Plant Journal (2007) 49, 718–728 doi: 10.1111/j.1365-313X.2006.02990.x
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SB401, a pollen-specific protein from Solanum berthaultii,
binds to and bundles microtubules and F-actin
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Summary

We characterize a novel, pollen-specific, microtubule-associated protein, SB401, found in Solanum berthaultii.

This protein binds to and bundles taxol-stabilized microtubules and enhances tubulin polymerization in a

concentration-dependent manner, particularly at lower temperatures. Electron microscopy revealed that the

protein decorates the entire length of microtubules. Cross-linking and electrophoresis studies showed that

SB401 protein forms dimers, and suggest that dimerization could account for bundling. Double immuno-

fluorescent staining of pollen tubes of S. berthaultii showed that SB401 protein co-localized with cortical

microtubule bundles. SB401 protein also binds to and bundles actin filaments, and could connect actin

filaments to microtubules. SB401 protein had a much higher affinity for microtubules than for actin filaments.

In the presence of both cytoskeletal elements, the protein preferentially bound microtubules to form bundles.

These results demonstrate that SB401 protein may have important roles in organizing the cytoskeleton in

pollen tubes.

Keywords: microtubule-associated protein, microtubules, actin, pollen tubes, Solanum berthaultii.

Introduction

Microtubule-associated proteins (MAPs) regulate the

dynamics and organization of microtubules (MTs). Recently,

an increasing number of MAPs or MT-related proteins have

been identified in plant cells. Some of these proteins types

have homologues in animal cells, whereas others are unique

to plants (Hussey et al., 2002; Lloyd and Chan, 2004; Lloyd

and Hussey, 2001; Sedbrook, 2004; Wasteneys, 2000). For

example, the plant MAP,MOR1 (microtubule organization 1)

is a homologue of Xenopus MAP215 and has an important

role in cortical MT organization (Whittington et al., 2001).

The cross-linking MAP65 has been identified in carrot,

tobacco and Arabidopsis (Chan et al., 1999; Jiang and

Sonobe, 1993; Smertenko et al., 2000, 2004), and is homol-

ogous to the spindle mid-zone proteins Ase1p, found in

yeast (Schuyler et al., 2003), and PRC1, found in human cells

(Mollinari et al., 2002). BY-2 cells contain a 190 kDa protein

that binds to both MTs and actin filaments, which suggests

that it might play a role in the interaction between these two

components of the cytoskeleton (Igarashi et al., 2000). A

katanin-like protein, which has the ability to sever MTs, has

been identified in Arabidopsis and alters the oriented

deposition of cellulose microfibrils (Burk and Ye, 2002). A

90 kDa phospholipase D from tobacco BY-2 binds to MTs

and the plasma membrane (Gardiner et al., 2001), and trig-

gers the re-orientation of cortical MTs when activated

(Dhonukshe et al., 2003). In addition to these investigations

on the identity and function of MAPs, studies on the identity

and function of kinesin-related microtubule motor proteins

(KRPs) have also been performed in plant cells (reviewed by

Lee and Liu, 2004). Collectively, these studies on MAPs have

increased our understanding of the cellular functions of

MAPs and MT-related proteins in plants.

Pollen tube growth is essential for reproduction in higher

plants. Through tip growth, the pollen tube grows towards

the ovules and delivers themale germ unit to the embryo sac

for fertilization. Accordingly, pollen tube growth is a good

406 ª 2007 The Authors
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Summary

A critical step during rice (Oryza sativa) cultivation is dense planting: a wider tiller anglewill increase leaf shade

and decrease photosynthesis efficiency, whereas a narrower tiller angle makes for more efficient plant

architecture. The molecular basis of tiller angle remains unknown. This research demonstrates that tiller angle

is controlled by a major quantitative trait locus, TAC1 (Tiller Angle Control 1). TAC1 was mapped to a 35-kb

region on chromosome 9 using a large F2 population from crosses between an indica rice, IR24, which displays

a relatively spread-out plant architecture, and an introgressed line, IL55, derived from japonica rice Asominori,

which displays a compact plant architecture with extremely erect tillers. Genetic complementation further

identified the TAC1 gene, which harbors three introns in its coding region and a fourth 1.5-kb intron in the

3¢-untranslated region. Amutation in the 3¢-splicing site of this 1.5-kb intron from ‘AGGA’ to ‘GGGA’ decreases

the level of tac1, resulting in a compact plant architecture with a tiller angle close to zero. Further sequence

verification of the mutation in the 3¢-splicing site of the 1.5-kb intron revealed that the tac1 mutation ‘GGGA’

was present in 88 compact japonica rice accessions and TAC1 with ‘AGGA’ was present in 21 wild rice

accessions and 43 indica rice accessions, all with the spread-out form, indicating that tac1 had been extensively

utilized in densely planted rice grown in high-latitude temperate areas and at high altitudes where japonica

rice varieties are widely cultivated.

Keywords: tiller angle, TAC1, 3¢-UTR, dense planting.

Introduction

An important determinant of efficient plant architecture in

rice (Oryza sativa) is the spatially and temporally changing

tiller angle, which affects the plant’s ability to survive, cap-

ture light, and reproduce successfully. A tiller appears from

leaf axils on the main culm when the fourth leaf is fully

formed. Generally, although each leaf on the main culm has

a bud in its axil, only those buds on the short internodes near

the base can grow and develop into tillers. The progenitor of

rice possessed vertical tillers, a trait that evolved for

competition with a variety of weeds on marshy lands. The

vertical tillers of the progenitor could extend horizontally,

occupymore space, and repress the growth of weeds during

the tillering stage, gradually becoming more erect at the

time of heading. However, such vertical tillers are extremely

extravagant of space in densely planted rice, and the

creeping habit was eliminated early on during the domesti-

cation of rice whereas selection based on tiller angle was

continued. Although the tiller angle varies widely in culti-

vated rice, the angle is generally wider in indica rice than in

japonica rice. In densely planted stands, a relatively wide

tiller angle may help the plant to escape some diseases by

decreasing humidity, but it occupies more space and also

increases the extent of shade, thereby decreasing the pho-

tosynthetic efficiency of the leaves: a relatively narrow tiller

ª 2007 The Authors 891
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Osmo-Sensitive and Stretch-Activated
Calcium-Permeable Channels in Vicia faba
Guard Cells Are Regulated by Actin Dynamics1[OA]

Wei Zhang, Liu-Min Fan2, and Wei-Hua Wu*

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

In responses to a number of environmental stimuli, changes of cytoplasmic [Ca21]cyt in stomatal guard cells play important
roles in regulation of stomatal movements. In this study, the osmo-sensitive and stretch-activated (SA) Ca21 channels in the
plasma membrane of Vicia faba guard cells are identified, and their regulation by osmotic changes and actin dynamics are char-
acterized. The identified Ca21 channels were activated under hypotonic conditions at both whole-cell and single-channel levels.
The channels were also activated by a stretch force directly applied to the membrane patches. The channel-mediated inward
currents observed under hypotonic conditions or in the presence of a stretch force were blocked by the Ca21 channel inhibitor
Gd31. Disruption of actin filaments activated SA Ca21 channels, whereas stabilization of actin filaments blocked the channel
activation induced by stretch or hypotonic treatment, indicating that actin dynamics may mediate the stretch activation of
these channels. In addition, [Ca21]cyt imaging demonstrated that both the hypotonic treatment and disruption of actin filaments
induced significant Ca21 elevation in guard cell protoplasts, which is consistent with our electrophysiological results. It is
concluded that stomatal guard cells may utilize SA Ca21 channels as osmo sensors, by which swelling of guard cells causes
elevation of [Ca21]cyt and consequently inhibits overswelling of guard cells. This SA Ca21 channel-mediated negative feedback
mechanism may coordinate with previously hypothesized positive feedback mechanisms and regulate stomatal movement in
response to environmental changes.

Stomata form pores on leaf surfaces that facilitate
CO2 uptake for photosynthesis and regulate transpi-
rational water vapor loss. A number of stimuli, such as
light, CO2, drought, humidity, and the phytohormone
abscisic acid (ABA), regulate the aperture of the sto-
mata by controlling the turgor of the two guard cells
that surround each stomatal pore (for review, see
Mansfield et al., 1990; Assmann, 1993). Turgor changes
are driven by fluxes of K1 and anions through ion
channels in the plasma and vacuolar membranes, Suc
accumulation/removal, and metabolism between
starch and malate (for review, see Assmann, 1993;
MacRobbie, 1998). An increase of [Ca21]cyt has been
shown to be a common and key intermediate, both

inactivating inward K1 channels and activating slow
anion channels (Schroeder and Hagiwara, 1989),
which leads to stomatal closure (for review, see Blatt,
2000; McAinsh et al., 2000). More recent studies dem-
onstrated that [Ca21]cyt oscillations in guard cells are
important for stomatal closure movements (Allen et al.,
2000, 2001). The changes of [Ca21]cyt result from both
Ca21 release from and sequestration to intracellular
stores (such as tonoplasts) and Ca21 entry and efflux
across the plasma membrane (PM; Köhler et al., 2003;
for review, see MacRobbie, 1998; Hetherington and
Brownlee, 2004). Ca21 efflux from tonoplasts through
ion channels has been studied extensively. Two tono-
plast Ca21-permeable ion channels, the fast- and slow-
vacuole channels, exist in stomatal guard cells and are
regulated by inositol 1,4,5-triphosphate (Allen et al.,
1995), calcineurin (Allen and Sanders, 1995), and cyclic
ADP-ribose (Leckie et al., 1998). Compared to the
studies on tonoplast Ca21-permeable ion channels and
the substantial body of evidence on regulation of
[Ca21]cyt in guard cells (Ward et al., 1995; Ng et al.,
2001; for review, see Assmann, 1993; MacRobbie, 1998;
Schroeder et al., 2001), little is known about the regu-
latory mechanisms for Ca21 channels in the PM of
guard cells (Hamilton et al., 2000; Pei et al., 2000;
Köhler et al., 2003). Hydrogen peroxide (H2O2) has
been demonstrated to mediate ABA signaling to
increase [Ca21]cyt in guard cells by activating Ca21

channels in the PM (Pei et al., 2000; Klüsener et al.,
2002), whereas there is also a line of evidence suggest-
ing that the ABA and H2O2 pathways diverge further
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Mutation in Nicotianamine Aminotransferase Stimulated
the Fe(II) Acquisition System and Led to Iron
Accumulation in Rice1[C][W][OA]

Longjun Cheng2, Fang Wang2, Huixia Shou2, Fangliang Huang, Luqing Zheng, Fei He, Jinhui Li,
Fang-Jie Zhao, Daisei Ueno, Jian Feng Ma, and Ping Wu*

The State Key Laboratory of Plant Physiology and Biochemistry, College of Life Science, Zhejiang University,
Hangzhou 310058, China (L.C., F.W., H.S., F. Huang, L.Z., F. He, J.L., P.W.); Rothamsted Research, Harpenden,
Hertfordshire AL5 2JQ, United Kingdom (F.-J.Z.); and Research Institute for Bioresources, Okayama
University, Kurashiki 710–0046, Japan (D.U., J.-F.M.)

Higher plants acquire iron (Fe) from the rhizosphere through two strategies. Strategy II, employed by graminaceous plants,
involves secretion of phytosiderophores (e.g. deoxymugineic acid in rice [Oryza sativa]) by roots to solubilize Fe(III) in soil. In
addition to taking up Fe in the form of Fe(III)-phytosiderophore, rice also possesses the strategy I-like system that may absorb
Fe(II) directly. Through mutant screening, we isolated a rice mutant that could not grow with Fe(III)-citrate as the sole Fe
source, but was able to grow when Fe(II)-EDTA was supplied. Surprisingly, the mutant accumulated more Fe and other
divalent metals in roots and shoots than the wild type when both were supplied with EDTA-Fe(II) or grown under water-
logged field conditions. Furthermore, the mutant had a significantly higher concentration of Fe in both unpolished and
polished grains than the wild type. Using the map-based cloning method, we identified a point mutation in a gene encoding
nicotianamine aminotransferase (NAAT1), which was responsible for the mutant phenotype. Because of the loss of function of
NAAT1, the mutant failed to produce deoxymugineic acid and could not absorb Fe(III) efficiently. In contrast, nicotianamine,
the substrate for NAAT1, accumulated markedly in roots and shoots of the mutant. Microarray analysis showed that the
expression of a number of the genes involved in Fe(II) acquisition was greatly stimulated in the naat1 mutant. Our results
demonstrate that disruption of deoxymugineic acid biosynthesis can stimulate Fe(II) acquisition and increase iron accumu-
lation in rice.

Iron (Fe) is an important mineral for both plant
production and human nutrition. Fe deficiency is one
of the most prevalent nutrient deficiencies in the
world, affecting an estimated 2 billion people, espe-
cially in the area where vegetable-based diets are the
primary food source (World Health Organization,
2002). Rice (Oryza sativa), the dominant cereal crop in
many developing countries, particularly contains low

Fe in its polished grains (Barry, 2006). To alleviate the
problem of severe Fe deficiency worldwide, an inter-
national Fe biofortification program has been orga-
nized by the HarvestPlus global initiative (http://
www.harvestplus.org) to develop Fe-rich rice varieties
using both traditional breeding and biotechnological
approaches. Most efforts have been directed toward
screening for high Fe content materials from various
sources of germplasm. To use biotechnological methods
for Fe biofortification requires that the molecular mech-
anisms controlling Fe acquisition in rice be understood.

In aerobic soils, Fe is present mainly as Fe(III)
oxides, which have very low solubility and are not
readily available to plants (Guerinot and Yi, 1994). To
solubilize and absorb Fe efficiently, higher plants have
evolved two distinct strategies to acquire Fe from
the rhizosphere (Marschner et al., 1986). Strategy I is
employed by dicotyledonous and nongraminaceous
monocotyledonous species, whereas strategy II is used
only by graminaceous monocotyledonous species.
Strategy I involves induction of membrane-bound
Fe(III)-chelate reductases, which reduce Fe(III) to the
more soluble form Fe(II), followed by uptake of Fe(II)
via Fe(II) transporters. Genes encoding the Fe(III)-
chelate reductases, FRO1, FRO2, and FRO3, and the
Fe(II) transporters, IRT1 and IRT2, have been isolated
from Arabidopsis (Arabidopsis thaliana; Eide et al.,
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Programmed Cell Death-Involved Aluminum Toxicity
in Yeast Alleviated by Antiapoptotic Members
with Decreased Calcium Signals1

Ke Zheng, Jian-Wei Pan, Lan Ye, Yu Fu, Hua-Zheng Peng2, Bai-Yu Wan, Qing Gu3, Hong-Wu Bian,
Ning Han, Jun-Hui Wang, Bo Kang, Jun-Hang Pan, Hong-Hong Shao, Wen-Zhe Wang,
and Mu-Yuan Zhu*

State Key Lab of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University,
Hangzhou 310058, China

The molecular mechanisms of aluminum (Al) toxicity and tolerance in plants have been the focus of ongoing research in the area
of stress phytophysiology. Recent studies have described Al-induced apoptosis-like cell death in plant and animal cells. In this study,
we show that yeast (Saccharomyces cerevisiae) exposed to low effective concentrations of Al for short times undergoes enhanced cell
division in a manner that is dose and cell density dependent. At higher concentrations of Al or longer exposure times, Al induces
cell death and growth inhibition. Several apoptotic features appear during Al treatment, including cell shrinkage, vacuolation,
chromatin marginalization, nuclear fragmentation, DNA degradation, and DNA strand breaks, as well as concomitant cell
aggregation. Yeast strains expressing Ced-9, Bcl-2, and PpBI-1 (a plant Bax inhibitor-1 isolated from Phyllostachys praecox),
respectively, display more resistance to Al toxicity compared with control cells. Data from flow cytometric studies show these
three antiapoptotic members do not affect reactive oxygen species levels, but decrease calcium ion (Ca21) signals in response to
Al stress, although both intracellular reactive oxygen species and Ca21 levels were increased. The data presented suggest that
manipulation of the negative regulation process of programmed cell death may provide a novel mechanism for conferring Al
tolerance.

Programmed cell death (PCD) comprises a series of
genetically controlled events and plays important
roles in various biological processes, from develop-
ment to stress responses. Apoptosis, a highly regulated
PCD, ismorphologically and biochemically definedwith
some typical characteristics (Lawen, 2003). Although
the precise mechanisms of PCD in many aspects are
still far from clear, PCD is often mediated by two
important molecular signals, reactive oxygen species
(ROS) and calcium ions (Ca21; Brookes et al., 2004).

Bcl-2 family members can regulate PCD negatively
(e.g. Bcl-2, Ced-9, and Bcl-XL) and positively (e.g. Bax
and Bak). Bcl-2 and Ced-9 represent two of the most
important antiapoptotic members in mammals and
nematodes, respectively. Bcl-2 prevents many forms of

PCD in a variety of cell types. The heterogeneous
function of Bcl-2 family members in regulating cell
death is conserved in plants (Mitsuhara et al., 1999;
Dickman et al., 2001; Xu et al., 2004), suggesting that
the PCD machinery of eukaryotic species may share
some common elements. However, in spite of the de-
tection of a Bcl-2-like protein by immunoblots (Dion
et al., 1997), so far no homolog of Bcl-2 family mem-
bers has been identified in plants and lower eukary-
otes, suggesting that other PCD regulators may be
employed in those species. Bax inhibitor-1 (BI-1), as one
of the few endogenous cell death inhibitors in plants,
is potentially a core regulator of PCD (Hückelhoven,
2004). BI-1 is dispensable for normal plant develop-
ment, but plays a protective role against both biotic
(e.g. fungal pathogen and fungal toxin) and abiotic
(e.g. oxidative stress and heat shock) stresses (Chae
et al., 2003; Matsumura et al., 2003; Eichmann et al.,
2004; Kawai-Yamada et al., 2004; Watanabe and Lam,
2006). Interestingly, BI-1 is mainly located in the en-
doplasmic reticulum and associated perinuclear re-
gion, probably serving as a pore or ion channel
downstream of oxidative stress (Xu and Reed, 1998;
Kawai-Yamada et al., 2001; Chae et al., 2004; Kawai-
Yamada et al., 2004).

Aluminum (Al) toxicity is a serious agricultural
problem in the acid soil. The molecular mechanisms
of Al toxicity and tolerance in plants have been the
focus of ongoing research in the area of stress phyto-
physiology, and several possible mechanisms have
been proposed to explain the action of Al toxicity. Due
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Overexpression of a NAC-domain protein promotes shoot 

 

branching in rice
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Summary

 

• For a better understanding of shoot branching in rice (

 

Oryza sativa

 

), a rice
activation-tagging library was screened for mutations in tiller development. Here, an
activation-tagging mutant 

 

Ostil1

 

 (

 

Oryza sativa tillering1

 

) was characterized, which
showed increased tillers, enlarged tiller angle and semidwarf phenotype.
• Flanking sequence was obtained by plasmid rescue. RNA-interfering and overex-
pression transgenic rice plants were produced using Agrobacterium-mediated
transformation.
• The mutant phenotype was cosegregated with the reallocation of Ds element,
and the flanking region of the reallocated Ds element was identified as part of the
OsNAC2 gene. Northern analysis showed that expression of OsNAC2 was greatly
induced in the mutant plants. Transgenic rice overexpressing the OsNAC2 resulted
in recapture of the mutant phenotype, while downregulation of OsNAC2 in the
Ostil1 mutant through RNA interfering (RNAi) complemented the mutant pheno-
type, confirming that the Ostil1 was caused by overexpression of OsNAC2.
• Overexpression of OsNAC2 regulates shoot branching in rice. Overexpression of
OsNAC2 contributes tiller bud outgrowth, but does not affect tiller bud initiation.
This suggests that OsNAC2 has potential utility for improving plant structure for
higher light-use efficiency and higher yield potential in rice.

Key words: activation-tagging, axillary bud, NAC (NAM, ATAF1, 2, CUC2) family,
rice (Oryza sativa), shoot branching, transcription factor.
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Introduction

 

Tiller is an important agronomic trait for rice production,
and also a model system to study shoot branching in mono-
cotyledonous plants. Shoot branching is regulated by two
distinct steps: the establishment of axillary meristems and
the outgrowth of axillary buds. After formation, axillary buds
often remain dormant and require one or more of a wide
range of cues before outgrowth ensues. Several genes, including
rice

 

 MOC1

 

, tomato 

 

BL

 

 and 

 

LS

 

, and 

 

Arabidopsis

 

 

 

REV

 

, have

been reported to be involved in the initiation of axillary buds
(Talbert 

 

et al

 

., 1995; Schumacher 

 

et al

 

., 1999; Schmitz 

 

et al

 

.,
2002; Li 

 

et al

 

., 2003), while some other genes, such as

 

Arabidopsis

 

 

 

MAX1-4

 

, pea 

 

RMS1

 

 and 

 

Petunia hybrida

 

 

 

DAD1

 

,
were involved in axillary bud outgrowth (Sorefan 

 

et al

 

., 2003;
Booker 

 

et al

 

., 2004, 2005; Snowden 

 

et al

 

., 2005). Despite the
encouraging progress made in the molecular cloning of genes,
knowledge of the molecular mechanism for shoot branching
is still fragmentary, especially in the monocotyledonous plants.

Several genes affecting the shoot-branching process have
been described in rice. MOC1, a GRAS family transcription
factor, was reported to control axillary meristem initiation
and axillary bud outgrowth (Li 

 

et al

 

., 2003). OsTB1, a TCP

 

The GenBank accession number for the 

 

OSTIL1

 

 sequence is DQ520641.
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Abstract
Background: It is always difficult to interpret microarray results. Recently, a handful of tools have
been developed to meet this need, but almost none of them were designed to support agronomical
species.

Description: This paper presents EasyGO, a web server to perform Gene Ontology based
functional interpretation on groups of genes or GeneChip probe sets. EasyGO makes a special
contribution to the agronomical research community by supporting Affymetrix GeneChips of both
crops and farm animals and by providing stronger capabilities for results visualization and user
interaction. Currently it supports 11 agronomical plants, 3 farm animals, and the model plant
Arabidopsis. The authors demonstrated EasyGO's ability to uncover hidden knowledge by analyzing
a group of probe sets with similar expression profiles.

Conclusion: EasyGO is a good tool for helping biologists and agricultural scientists to discover
enriched biological knowledge that can provide solutions or suggestions for original problems. It is
freely available to all users at http://bioinformatics.cau.edu.cn/easygo/.

Background
High-throughput technologies such as microarray tech-
niques can study thousands of biological entities simulta-
neously. Extracting the important biological facts from the
results of such experiments is of crucial importance, but
has proven difficult for experimental biologists. To solve
this problem, a systemized annotation vocabulary
describing biological knowledge and tools to uncover hid-
den knowledge automatically using such a vocabulary are
required. The Gene Ontology (GO) annotation system [1]
can meet this requirement by providing a set of expert-
curated terms describing biological entities in three
aspects (biological process, molecular function, and cellu-
lar component) organized into a hierarchical structure.

Genes and microarray probe sets could be associated with
certain GO terms according to the biological functions
they perform or represent, and enriched terms in a GO-
annotated list of genes or probe sets could be used to char-
acterize biological "theme" in the list. Many software and
web servers have been developed for this purpose and are
summarized in a recent paper [2]. However, from the van-
tage point of the agronomical research community,
almost no tools have been designed to support agronomic
species like crops and farm animals, except for a few
model organisms [3-10]. In addition, many current tools
display analysis results in the form of tables or ranked lists
[5-9,11], which is uninformative to users as Gene Ontol-
ogy is hierarchical in nature.
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Abstract Calcium-dependent protein kinases (CDPKs)

are unique serine/threonine kinases in plants and there are

34 CDPKs in Arabidopsis genome alone. Although several

CDPKs have been demonstrated to be critical calcium

signaling mediators for plant responses to various envi-

ronmental stresses, the biological functions of most CDPKs

in stress signaling remain unclear. In this study, we provide

the evidences to demonstrate that AtCPK23 plays impor-

tant role in Arabidopsis responses to drought and salt

stresses. The cpk23 mutant, a T-DNA insertion mutant for

AtCPK23 gene, showed greatly enhanced tolerance to

drought and salt stresses, while the AtCPK23 overexpres-

sion lines became more sensitive to drought and salt

stresses and the complementary line of the cpk23 mutant

displayed similar phenotype as wild-type plants. The re-

sults of stomatal aperture measurement showed that the

disruption of AtCPK23 expression reduced stomatal aper-

tures, while overexpression of AtCPK23 increased stomatal

apertures. The alteration of stomatal apertures by changes

in AtCPK23 expression may account, at least in partial, for

the modified Arabidopsis response to drought stress. In

consistent with the enhanced salt-tolerance by disruption of

AtCPK23 expression, K+ content in the cpk23 mutant was

not reduced under high NaCl stress compared with wild-

type plants, which indicates that the AtCPK23 may also

regulate plant K+-uptake. The possible mechanisms by

which AtCPK23 mediates drought and salt stresses sig-

naling are discussed.

Keywords Arabidopsis thaliana � CDPK � Mutant �
Drought � Salt stress � Calcium signaling

Introduction

Drought and salinity exert osmotic stress to living terres-

trial plants and cause water deficit in plants, and conse-

quently affects plant growth and development. It is known

that drought and salt stresses are among the most serious

challenges to crop production in the world (Boyer 1982,

1983; Epstein et al. 1980; Ingram and Bartels 1996; Jakab

et al. 2005).

Plants respond and adapt to drought and salt stresses

by a variety of biochemical and physiological mecha-

nisms (see the review by Zhu 2002). Among different

plant stress signaling pathways, Ca2+-mediated signaling

cascades have been demonstrated to play essential roles in

plant responses to abiotic stresses (Sander et al. 1999;

Knight et al. 1997; Knight 2000; Hetherington and

Brownlee 2004). Drought and salt stresses induce cyto-

plasmic Ca2+ eleveation in living plant cells (Sander et al.

1999; Knight et al. 1997; Knight 2000). A number of

potential Ca2+ sensors, such as SOS3-like proteins (see

the review by Zhu 2002) or CBLs (Luan et al. 2002) and

CDPKs (calcium-dependent protein kinases) (Harmon

et al. 2000) may further transduce stress-induced Ca2+

signals.

The calcium-dependent protein kinases (CDPKs) in

higher plant cells are important group of Ca2+ sensors that

decode Ca2+ signals in living plant cells (Harper et al.

1991; Roberts and Harmon 1992; Harmon et al. 2000;

Cheng et al. 2002). As a family of unique serine/threonine

kinases in higher plants, they perform diverse and impor-

tant functions in plants signal transduction (reviewed in
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Abstract NAC proteins are plant-specific transcrip-

tional regulators. ATAF1 was one of the first identified

NAC proteins in Arabidopsis. In present study, we

characterized the ATAF1 expression and biological

function in response to water deficit stress. ATAF1

mRNA expression was strongly induced by dehydra-

tion and abscisic acid (ABA) treatment, but inhibited

by water treatment, suggesting a general role in drought

stress responses. Transient expression analysis in onion

epidermal cells indicated the nuclear localization for

the ATAF1::GFP fusion protein. Yeast transactivation

analysis showed that ATAF1 had ability to activate

reporter gene expression. Furthermore, domain dele-

tion analysis revealed that the ATAF1 transactivation

activity was conferred by its C-terminal domain. When

ATAF1 gene was knocked out by T-DNA insertions,

Arabidopsis ataf1-1 and ataf1-2 mutants displayed a

recovery rate about seven times higher than wild-type

plants in drought response test. This ataf1 phenotype

was coincident with the enhanced expression of stress

responsive marker genes, such as COR47, ERD10,

KIN1, RD22 and RD29A under drought stress. Above

evidences suggest that ATAF1, as a transcriptional

regulator, negatively regulates the expression of stress

responsive genes under drought stress in Arabidopsis.

Keywords ATAF1 � Drought stress � NAC-domain �
Negative regulator � Stress responsive gene

Introduction

Plants grow in a dynamic environment, with factors

including drought, salinity, cold and biotic stresses

frequently imposing constraints on growth and devel-

opment. Together, these stresses constitute the primary

cause of crop loss worldwide (Boyer 1982), capable of

reducing average yields for most major crop plants by

more than 50% (Bray et al. 2000).

Drought is among the most important environmen-

tal factors influencing plant growth, distribution, and

development. Plants have evolved various survival

mechanisms to combat continued exposure to drought

stress, including stress-signal transduction, which leads

to various physiological and metabolic responses such

as stress responsive gene expression. Many genes

whose expressions are induced by drought have been

isolated and characterized at the cellular and molecular

level (Ingram and Bartels 1996; Zhu et al. 1996; Bray

1997; Hasegawa et al. 2000; Xiong et al. 2002; Zhu

2002; Shinozaki et al. 2003). Understanding the

mechanisms by which plants perceive environmental

signals and transmit such signals to the cellular

machinery to activate adaptive responses is a funda-

mental issue in plant biology and is also vital for the

continued development of rational breeding and

transgenic strategies to improve stress tolerance in

crops.

Although a large number of drought-responsive

genes remain to be identified, some transcription fac-

tors and regulatory sequences in plant promoters have

been discovered. In the model plant Arabidopsis

thaliana, cis-elements and corresponding binding

proteins, each containing a distinct type of DNA

binding domain, such as AP2/ERF, basic leucine
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Expression of a grape calcium-dependent protein kinase ACPK1
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Abstract Calcium is an important second messenger

involved in abscisic acid (ABA) signal transduction.

Calcium-dependent protein kinases (CDPKs) are the best

characterized calcium sensor in plants and are believed to

be important components in plant hormone signaling.

However, in planta genetic evidence has been lacking to

link CDPK with ABA-regulated biological functions. We

previously identified an ABA-stimulated CDPK from grape

berry, which is potentially involved in ABA signaling.

Here we report that heterologous overexpression of ACPK1

in Arabidopsis promotes significantly plant growth and

enhances ABA-sensitivity in seed germination, early

seedling growth and stomatal movement, providing evi-

dence that ACPK1 is involved in ABA signal transduction

as a positive regulator, and suggesting that the ACPK1

gene may be potentially used for elevating plant biomass

production.

Keywords Calcium-dependent protein kinase � ACPK1 �
Abscisic acid signaling � Germination � Postgermination

growth � Stomatal aperture

Introduction

The phytohormone abscisic acid (ABA) regulates many

aspects of plant growth and development including seed

maturation and germination, seedling growth, flowering,

and stomatal movement, and plays a central role in plant

adaptation to environmental stresses (reviewed in Koorn-

neef et al. 1998; Leung and Giraudat 1998; Finkelstein and

Rock 2002). Numerous cellular components involved in

ABA signal transduction have been identified, leading to

considerable progress in understanding the ABA signaling

pathway (reviewed in Finkelstein et al. 2002; Himmelbach

et al. 2003; Fan et al. 2004).

Calcium is a central regulator of plant cell signaling

(Hepler 2005), which has been shown to be an important

second messenger involved in ABA signal transduction

(reviewed in Finkelstein et al. 2002; Himmelbach et al.

2003; Fan et al. 2004). Specific calcium signatures are

recognized by different calcium sensors to transduce spe-

cific calcium-mediating signal into downstream events

(Sanders et al. 1999; Harmon et al. 2000; Rudd and

Franklin-Tong 2001). Plants have several classes of cal-

cium sensory proteins, including calmodulin (CaM) and

CaM-related proteins (Zielinski 1998; Snedden and Fromm

2001; Luan et al. 2002), calcineurin B-like (CBL) proteins

(Luan et al. 2002), and calcium-dependent protein kinases

(CDPKs) (Harmon et al. 2001; Cheng et al. 2002). A CBL

protein kinase CIPK15 and a CBL Ca++-binding protein

ScaBP5 interact with the calcium-modulated protein

phosphatases (PPs) 2C ABI1 and ABI2 (Guo et al. 2002)

that are two most characterized negative regulators of ABA

signaling (Leung et al. 1994; Meyer et al. 1994; Leung

et al. 1997; Sheen 1998; Gosti et al. 1999; Merlot et al.

2001). CIPK15 and one of its homologs CIPK3 and

ScaBP5 are all involved in ABA signaling as negative
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AtCYT-INV1, a neutral invertase, is involved in osmotic
stress-induced inhibition on lateral root growth in Arabidopsis
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Abstract Neutral/Alkaline invertases are unique to plant

and photosynthetic bacteria. The function of Neutral/

Alkaline invertases in plant development is not clear so far.

In this study, we isolated an Arabidopsis (Col-0) mutant

insensitive to osmotic stress-induced inhibition on lateral

root growth. Map-based cloning reveals that a neutral

invertase gene (AtCYT-INV1) was point-mutated. The

mutant Atcyt-inv1 showed short primary root, smaller size

of leaves and siliques, and promotion of the reproductive

compared to the wild type (WT). Carbohydrate measure-

ment showed that sucrose is accumulated and glucose is

reduced in the mutant Atcyt-inv1 under normal and 3%

mannitol treatments. Taken together, AtCYT-INV1 plays

multiple roles in plant development and is involved in

osmotic stress-induced inhibition on lateral root growth by

controlling the concentration of hexose in cells.

Keywords ABA � AtCYT-INV1 � Lateral root �
Neutral invertase � Osmotic stress

Introduction

Sugar is not only as a substrate of carbon and energy

metabolism, but also acts as a signal molecule in plant

development (Rolland et al. 2002). As a major transported

form of sugar, sucrose is transported from source tissues to

sink tissues through phloem and cleaved for utilization in

sink tissues (Kühn et al. 1999). Sucrose cleavage is cata-

lyzed by sucrose synthases or invertases, which regulate

the entry of sucrose into distinct biochemical pathways

(Koch 2004). Most plant species contain acid invertase

with optimum pH 4.5–5.5 to cleave sucrose on cell wall

and vacuole, and neutral/alkaline invertases with optimum

pH from 6.8 to 8.0 (Lee and Sturm 1996). The sequences of

neutral/alkaline invertases are different from acid invert-

ase, and have been found only in photosynthetic bacteria

and plants. Neutral/alkaline invertases were mostly accu-

mulated in the cytoplasm. In rice, they also were found to

localize in plant organelles, mitochondria and plastids

(Murayama and Handa 2007). Unlike acid invertase, neu-

tral/alkaline invertases appear to be sucrose-specific

(Gallagher and Pollock 1998; Vargas et al. 2003).

Acid invertases are also calledb-fructofuranosidases
because they can hydrolyze sucrose and other b-Fru-con-
taining oligosaccharides (Sturm 1999). Transgenic plants

expressing yeast-derived invertases showed necrotic re-

gions in leaves (Sonnewald et al. 1991). Antisense

repression of acid invertase alters soluble sugar composi-

tion, sucrose partitioning, fruit size, early plant develop-

ment and flowering (Weber et al. 1998; Tang et al. 1999;

Heyer et al. 2004). Function-loss of the vacuolar invertase

gene and cytosolic invertase gene both can reduce primary

root length in Arabidopsis (Sergeeva et al. 2006; Lou et al.

2007). But the knowledge about function of neutral/alka-

line invertases is still largely unknown.

Sugar, as a signal molecule, regulates gene expression

and developmental processes in plants including germina-

tion, seedling growth, root and leaf differentiation, floral

transition, fruit ripening, embryogenesis, and senescence
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Abstract

In this report we define the genes of two-component regulatory systems in rice through a comprehensive computational analysis of rice (Oryza
sativa L.) genome sequence databases. Thirty-seven genes were identified, including 5 HKs (cytokinin-response histidine protein kinase)
(OsHK1–4, OsHKL1), 5 HPs (histidine phosphotransfer proteins) (OsHP1–5), 15 type-A RRs (response regulators) (OsRR1–15), 7 type B RR
genes (OsRR16–22), and 5 predicted pseudo-response regulators (OsPRR1–5). Protein motif organization, gene structure, phylogenetic analysis,
chromosomal location, and comparative analysis between rice, maize, and Arabidopsis are described. Full-length cDNA clones of each gene were
isolated from rice. Heterologous expression of each of the OsHKs in yeast mutants conferred histidine kinase function in a cytokinin-dependent
manner. Nonconserved regions of individual cDNAs were used as probes in expression profiling experiments. This work provides a foundation for
future functional dissection of the rice cytokinin two-component signaling pathway.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Cytokinin two-component system; Rice; Histidine kinase; Histidine phosphotransfer proteins; Response regulator; Genomic analysis; Phylogenetic
analysis; Yeast experiment; RT-PCR

Cytokinins have been implicated in many different develop-
mental and physiological processes of plants [1–5]. The histidyl–
aspartyl (His–Asp) phosphorelay systems, also known as
two-component regulatory systems and which are involved in
cytokinin signal transduction, have been studied extensively in
bacteria, Arabidopsis, and maize, which use these systems to
sense and respond to diverse environmental stimuli [6–10]. The
signaling cascade typically consists of three functional modules:
a sensory histidine kinase (HK), a histidine phosphotransfer
protein (HP), and a response regulator (RR) [11]. In these
systems, signals are transmitted by a phosphoryl group transfer
between His and Asp residues. Cytokinins are sensed by
membrane-located HK receptors that transmit signals via HPs
to nuclear RRs that activate or repress transcription [12,13].

Three Arabidopsis HK genes (AHK4/CRE1/WOL, AHK2,
and AHK3) and three maize HK genes (ZmHK1, ZmHK2, and
ZmHK3a) have been identified [10,14–17]. Plant HKs typically
contain a conserved transmitter domain and a C-terminal
receiver domain. The transmitter domain includes characteristic
sequence motifs and a conserved His residue that is the site of
autophosphorylation [18]. All HKs share a domain in the
predicted extracytoplasmic region, designated CHASE (cyclase/
histidine kinase-associated sensory extracellular), which is the
putative recognition site for cytokinins [17,19,20]. Cytokinin
receptors have functions in shoot growth, leaf senescence, seed
size, germination, root development, and cytokinin metabolism
[21]. In rice, five genes encoding putative sensory histidine
kinases (CRL-1a, CRL-1b, CRL2, CRL3, CRL4), now renamed
OsHK1–4 and OsHKL1, have been identified [22].
In Arabidopsis, the downstream signaling components of the

cytokinin signal-transduction pathway consist of five HPs
(AHPs) [23] and 22 RRs (ARRs) [13,24–27]. Three ZmHP
genes and 10 ZmRR genes have been found in maize
[5,9,10,28]. The HP genes contain the highly conserved
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The AtMAP65-1 Cross-Bridge Between Microtubules is Formed by One Dimer
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The microtubule-associated protein AtMAP65-1 from

Arabidopsis thaliana dimerizes and forms 25 nm cross-bridges

between microtubules, but the exact mechanism is unknown.

Here, we used the predicted three-dimensional structure of

AtMAP65-1 as a basis for analyzing the actual cross-bridging

in detail. Fold-recognition predicts that AtMAP65-1 contains

four coiled-coil domains and a flexible extended loop. The

length of these coiled-coil domains is about 25 nm, suggesting

that one molecule could span the gap, hence forming an

antiparallel overlapping dimer instead of an end-to-end dimer.

We then tested this model by using truncations of AtMAP65-1.

EDC {[3-(dimethylamino) propyl] carbodiimide} cross-linking

analysis indicated that the N-terminus of the rod domain of

AtMAP65-1 (amino acids 1–339) binds to the C-terminus of

the rod domain (amino acids 340–494) and also participates in

connecting the two antiparallel proteins in the cross-bridge.

Nevertheless, microtubules can still form bundles in the

presence of AtMAP65-1 340–587 (amino acids 340–587) or

AtMAP65-1 1–494 (amino acids 1–494). Comparing the cold

stability of microtubule bundles induced by full-length

AtMAP65-1 with that of AtMAP65-1 340–587 or

AtMAP65-1 1–494, we conclude that AtMAP65-1 495–587

acts as a flexible extended loop, playing a crucial role in

binding to and stabilizing microtubules in the AtMAP65-1

cross-bridge.

Keywords: Arabidopsis thaliana — AtMAP65-1 — Bundles

— Cross-bridge — Microtubules.

Abbreviations: EDC, [3-(dimethylamino) propyl] carbodii-
mide; EGTA, ethylene glycol-bis-(b-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid; GFP, green fluorescent protein;
GST, glutathione S-transferase; MAP, microtubule-associated
protein; NORS, non-regular secondary structure; PIPES,
piperazine-N,N0-bis (2-ethanesulfonic acid; 1,4-piperazine-
diethanesulfonic acid.

Introduction

Microtubule-associated proteins (MAPs) help to reg-

ulate the organizations of plant microtubules (Lloyd et al.

2001, Sedbrook 2004, Hamada 2007). One of the

best-studied is MAP65/anaphase spindle elongation 1

(Ase1)/PROTEIN REGULATING CYTOKINESIS 1

(PRC1), which forms a family of evolutionarily conserved

MAPs found in probably all groups of eukaryotes (Hussey

et al. 2002). MAP65 was first purified from tobacco

suspension cells as a 65 kDa MAP that binds to and

bundles microtubules (Chang-Jie and Sonobe 1993).

Further studies then showed that many proteins from this

family, such as NtMAP65-1b in tobacco, AtMAP65-1 and

AtMAP65-6 in Arabidopsis, PRC1 in humans and Ase1 in

yeast, exhibit this ability to bundle microtubules in vitro

(Mollinari et al. 2002, Schuyler et al. 2003, Smertenko et al.

2004, Wicker-Planquart et al. 2004, Mao et al. 2005).

According to electron microscopic observation, carrot

MAP65s and Arabidopsis MAP65-1 form 25–30 nm cross-

bridges between microtubules (Chan et al. 1999, Smertenko

et al. 2004, Mao et al. 2005). This is a relatively large gap to

span. Recent work suggests that it can be bridged by

homodimers (Smertenko et al. 2004). However, it is not

known how this kind of cross-bridge is formed. A useful

model is provided by a-actinin, which cross-links actin

filaments in muscle and non-muscle cells (Ott 1994).

The linker region of a-actinin is composed of four

spectrin repeats and constitutes a rod domain. The crystal

structure of this rod domain reveals that in order to

cross-link actin filaments, a-actinin forms a twisted

antiparallel dimer such that the N-terminus of the rod

domain binds to the C-terminus of the rod domain

(Ylanne et al. 2001).

Nine members of the MAP65 protein family have been

identified in Arabidopsis, which share an amino acid identity

between 22 and 82% (Hussey et al. 2002). One family

member, AtMAP65-1, was found to decorate interphase

microtubules. It is also found at the midzone of the

anaphase spindle and the midline of the cytokinetic

phragmoplast (Smertenko et al. 2004). Such localizations

suggest that AtMAP65-1 probably cross-links antiparallel

microtubules in vivo. The function of bundling microtu-

bules is therefore crucial for the parallel and antiparallel

organization of microtubules in plant cells (Smertenko et al.

2004, Sasabe and Machida 2006). However, another family

member, AtMAP65-4, preferentially localizes to the spindle

poles, which is not indicative of microtubule-bundling
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Salt Tolerance Requires Cortical Microtubule Reorganization in Arabidopsis
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Although the results of some studies indicate that salt

stress affects the organization of microtubules, it remains an

open question whether microtubules play an active role in the

plant’s ability to withstand salt stress. In the present study,

we showed that salt stress-induced wild-type Arabidopsis

seedling roots display right-handed skewed growth and

depolymerization of the cortical microtubules. The results of

a long-term observational study showed that cortical micro-

tubules depolymerized then reorganized themselves under salt

stress. Stabilization of microtubules with paclitaxel resulted

in more seedling death under salt stress, while disruption of

microtubules with oryzalin or propyzamide rescued seedlings

from death. Seedlings in which the cortical microtubules were

reorganized did not succumb to salt stress. These results

suggest that both depolymerization and reorganization of the

cortical microtubules are important for the plant’s ability to

withstand salt stress. Depolymerizing microtubules by drugs

rescues seedlings from death under salt stress. This rescue

effect was abolished by removing calcium from the medium or

treatment with a calcium channel inhibitor. Depolymerization

of the microtubules is followed by an increase in the free

cytoplasmic calcium concentration. The addition of calcium to

the growth medium increased the number of seedlings in which

recovery of the cortical microtubules occurred, whereas the

removal of calcium decreased the number of seedlings in which

recovery occurred. Therefore, depolymerization of the cortical

microtubules raises intracellular calcium concentrations, while

reorganization of the cortical microtubules and seedling

survival may be mediated by calcium influx in salt stress.

Keywords: Arabidopsis — Calcium — Cortical microtubules

— Salt tolerance.

Abbreviations: ABA, abscisic acid; CFP, cyan fluorescent
protein; GFP, green fluorescent protein; hpt, hours post-transfer;
PLD, phospholipase D; PPM, propyzamide; ROS, reactive oxygen
species; SOS, salt overly sensitive; YFP, yellow fluorescent protein.

Introduction

Salt stress has serious consequences for plant growth

and crop production. As a result, a great deal of research

effort has been devoted to understanding the mechanism(s)

of salt tolerance in plants. In saline environments, plants

need to sense and transduce the stress signal(s) in order to

activate response mechanism(s) to enable them to adapt to

the abiotic stress. In recent years, the results of molecular

biological and genetic studies have been valuable for

identifying the signal transduction pathways and genes

involved in the plant’s response to salt stress (Serrano and

Rodriguez-Navarro 2001, Zhu 2003). Zhu (2002) has

proposed that plants have three adaptive responses to salt

stress: (i) ion homeostasis; (ii) damage control and repair, or

detoxification; and (iii) growth control.

Using molecular biological and biochemical analyses,

the salt overly sensitive (SOS) signal transduction pathway,

which is important for ion homeostasis in plants, has been

elucidated. When plants are salt stressed, the activity of

SOS1, the plasma membrane Naþ/Hþ antiporter, is induced

(Shi et al. 2000, Shi et al. 2002, Qiu et al. 2003). SOS3,

a calcineurin B-like calcium-binding protein, and SOS2,

a serine/threonine protein kinase, control the activity of

SOS1 (Qiu et al. 2002, Quintero et al. 2002). Salt stress

elicits an intracellular calcium signal that is detected by

SOS3. SOS3 then relays the signal to SOS2, which is

probably responsible for phosphorylating SOS1 (Qiu et al.

2002). Interestingly, Shoji and colleagues reported recently

that mutations in SOS1 and SOS2 suppressed both cortical

microtubule disruption and helical growth of the spiral1

mutant of Arabidopsis thaliana. They also reported that sos1

and sos2 mutants displayed abnormal responses to low

doses of microtubule-interacting drugs. On the basis of

these two findings, Shoji et al. (2006) concluded that

cytoplasmic sodium imbalance may compromise cortical

microtubule functions.

Controlling cell growth is another important mechan-

ism that plants have developed to tolerate salt stress. For

instance, DELLA proteins of Arabidopsis, which restrain

cell proliferation and expansion, have been shown to

promote survival in response to salt stress (Achard et al.

2006). Cortical microtubules play a vital role in the growth

of plant cells (Smith and Oppenheimer 2005). Therefore,

it is likely that cortical microtubules are involved in the

plant’s ability to tolerate salt stress by controlling cell

growth.

*Corresponding author: E-mail, mingyuan@cau.edu.cn; Fax, þ8610-62733491.
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AtMTM1, a novel mitochondrial protein, may be involved 
in activation of the manganese-containing superoxide 
dismutase in Arabidopsis

Zhao Su · Mao-Feng Chai · Ping-Li Lu · Rui An · 
Jia Chen · Xue-Chen Wang 

Received: 26 March 2007 / Accepted: 5 May 2007 / Published online: 24 May 2007
© Springer-Verlag 2007

Abstract Mtm1p is essential for the posttranslational
activation of manganese-containing superoxide dismutase
(SOD2) in Saccharomyces cerevisiae; however, whether
the same holds true for Arabidopsis thaliana is unknown.
In this study, by using the yeast mtm1 mutant complemen-
tation method, we identiWed a putative MTM gene
(AtMTM1, At4g27940) that is necessary for SOD2 activa-
tion. Further, analysis of SOD activity revealed that an
SOD2 defect is rescued in the yeast mutant Y07288 harbor-
ing the AtMTM1 gene. Related mRNA-level analysis
showed the AtMTM1 gene is induced by paraquat but not
by hydrogen peroxide, which indicates that this gene is
related to the superoxide scavenger SOD. In addition, an
AtMTM1::GFP fusion construct was transiently expressed
in the protoplasts, and it was localized to the mitochondria.
Furthermore, sequence deletion analysis of AtMTM1
revealed that the code region (amino acid (aa) 60–198) of
Mtm1p plays an important role in localization of the protein
to the mitochondria. Regulation of AtMTM1 gene expres-
sion was analyzed using a fusion construct of the 1,766 bp
AtMTM1 promoter and the GUS (�-glucuronidase) reporter
gene. The screen identiWed GUS reporter gene expression
in the developing cotyledons, leaves, roots, stems, and
Xowers but not in the siliques. Our results suggest that
AtMTM1 encodes a mitochondrial protein that may be
playing an important role in activation of MnSOD1 in
Arabidopsis.

Keywords AtMTM1 · Mitochondria · 
Superoxide dismutase · Activation · Manganese

Abbreviations
CCS Copper chaperone for superoxide dismutase
GFP Green Xuorescence protein
GUS �-Glucuronidase
MTM Manganese traYcking factor for mitochondrial

SOD2
NBT Nitroblue tetrazolium
NRAMP Natural resistance associated macrophage

protein
ROS Reactive oxygen species
SOD Superoxide dismutase
YPGal Yeast extract and peptone-based medium with

2% galactose

Introduction

Stress conditions such as intense light, drought, high tem-
perature, and salt can cause oxidative damage to aerobic
organisms. Oxidative stress is directly related to an increase
in reactive oxygen species (ROS) at the cellular level (Gra-
tao et al. 2005). Superoxide dismutase (SOD) is the princi-
pal ROS-scavenging agent in the cell, it dismutates
superoxide radicals to molecular oxygen and hydrogen per-
oxide (H2O2) (Gratao et al. 2005). In living organisms,
SOD proteins are classiWed under the following categories
based on diVerences in metal cofactors present at the active
site: copper/zinc-containing SOD (SOD1), which is found
in the cytosol and chloroplasts of many eukaryotes
(McCord and Fridovich 1969; Okado-Matsumoto and
Fridovich 2001); manganese-containing SOD (SOD2), which
is present in many prokaryotes and in the mitochondrial

Z. Su · M.-F. Chai · P.-L. Lu · R. An · J. Chen · X.-C. Wang (&)
State Key Laboratory of Plant Physiology and Biochemistry, 
College of Biological Sciences, 
China Agricultural University, 
Beijing 100094, China
e-mail: xcwang@cau.edu.cn
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Summary Most cultured bamboos are perennial woody ev-
ergreens that reproduce from rhizomes. It is unclear why some
rhizome buds develop into aerial bamboo shoots instead of new
rhizomes. REVOLUTA (REV)-like Class III homeodomain
leucine-zipper (HD-Zip) proteins and TEOSINTE BRAN-
CHED1 (TB1)-like transcription factors have been shown to
play regulatory roles in meristem initiation and outgrowth. We
cloned and analyzed the bamboo (Phyllostachys praecox
C.D. Chu & C.S. Chao.) REV- (PpHB1) and TB1-like (PpTB1)
gene. Gene expression was mainly detected by in situ hybrid-
ization. PpHB1 expression was detected in the tips of lateral
buds, on the adaxial portion of the leaf and within the develop-
ing procambium, indicating its close correlation to rhizome
bud formation and procambial development. PpTB1 expres-
sion was mainly detected on the top of buds at later develop-
mental stages, suggesting it was more likely involved in bud
outgrowth. Meristem genes might therefore serve as specific
molecular markers of rhizome bud development and could be
useful in studies designed to elucidate the mechanisms under-
lying bamboo shoot development. In addition, meristem genes
such as TB1-like sequences may be useful in phylogenetic
analyses of bamboo species.

Keywords: bamboo evolution, meristem development, Phyllo-
stachys praecox.

Introduction

Bamboo (Bambusoideae) is the largest member of the grass
family Poaceae, which includes more than 1000 species dis-
tributed throughout the world. Most cultured bamboos, which
are vital to the economy of many countries in the tropics and
subtropics, are perennial woody evergreens that reproduce
from rhizomes. Compared with ordinary grasses, rhizome de-
velopment in bamboo is complex. A rhizome bud can develop
into either a new rhizome or an aerial bamboo shoot, which
generally grows to its full height in a single season, making
bamboo the fastest growing plant in the world. Depending on

species, rhizomes in bamboos may develop monopodially or
sympodially (Li et al. 2003).

Previous studies have revealed some of the physiological
mechanisms underlying rhizome bud development. High con-
centrations of gibberellin, cytokinin and auxin are detected in
rhizome buds that develop as aerial shoots in Phyllostachys
praecox C.D. Chu & C.S. Chao (Hu et al. 1996). In Phyllo-
stachys pubescens Mazel ex J. Houzeau, high concentrations
of auxin and gibberellin are found in the apical tip of growing
bamboo shoots (Ding 1997). Detection of hormones in
P. praecox by enzyme-linked immunosorbent assay (ELISA)
shows high auxin concentration is correlated to the outgrowth
of the rhizome bud whether as a new rhizome or an aerial
shoot, whereas a high cytokinin concentration is present only
in rhizome buds that develop as aerial shoots (Huang et al.
2002). However, little is known about the function of phyto-
hormones during rhizome bud development. It is also unclear
why some rhizome buds develop into aerial shoots instead of
new rhizomes. Molecular markers of meristem development
would be of value in studies of the mechanisms underlying rhi-
zome bud development.

Rhizome bud development in bamboo is mainly a process of
shoot branching and is similar to the tillering in some species
of gramineous plants, including the caespitose bamboos.
Some shoot-branching-related genes have been described in
model plants such as Arabidopsis and rice. These genes are di-
vided into three classes based on whether they affect meristem
initiation, meristem outgrowth or both (Ward and Leyser
2004). REVOLUTA/INTERFASCICULAR FIBERLESS1
(REV/IFL1) is one of five Arabidopsis HD-Zip III proteins
that belong to a large family of transcription factors apparently
unique to plants (Zhong and Ye 1999). REV homologous
genes have been studied in Zea mays L. (maize; Juarez et al.
2004), Zinnia elegans L. (Ohashi-Ito et al. 2005) and Populus
tremula L. × P. alba L. (Ko et al. 2005) and are involved in
meristem initiation, auxin polar flow, adaxial–abaxial pattern-
ing and vascular development. TEOSINTE BRANCHED1
(TB1) is a member of the TCP family of DNA-binding

Tree Physiology 27, 1273–1281
© 2007 Heron Publishing—Victoria, Canada

Molecular cloning, expression analyses and primary evolution studies
of REV- and TB1-like genes in bamboo
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Some photosynthetic responses to salinity resistance are
transferred into the somatic hybrid descendants from the
wild soybean Glycine cyrtoloba ACC547
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The somatic hybrid descendants between a cultivated soybean Glycine max

Melrose and a wild species Glycine cyrtoloba ACC547 were found to possess

some salinity-resistant traits of the wild soybean. Under salt stress, two of the

descendants as well as their wild parent grew better than their cultivated

parent. In addition, salinity-induced decline in the net photosynthetic rate and

the maximum photochemical efficiency was much less in the wild species and

the descendants than in Melrose when stressed for more than 5 days. Analysis

of the postillumination transient increase in chlorophyll fluorescence and the
dark rereduction of the oxidized primary electron donor in photosystem I (PSI)

(P7001) indicated that salinity induced a significant upregulation of the cyclic

electron flow around PSI (CEF1) in the wild species and the hybrid descend-

ants. Similar to their wild parent, the descendants maintained higher non-

photochemical dissipation of excess excitation energy than their cultivated

parent under salt stress. As a consequence, there were lower levels of super-

oxide radical and membrane lipid peroxidation in the plants of the descend-

ants and the wild species. Based on these results, we proposed that the high
salinity resistance of the descendants might be because of, at least partially,

the trait inherited from the wild species of the enhanced CEF1 which contribu-

ted to the sufficient dissipation of excess excitation energy to protect photo-

synthetic apparatus from the damage of reactive oxygen species.

Introduction

Salinity is amajor abiotic stress that drastically limits crop

production worldwide. It causes both hyperionic and

hyperosmotic stress, and the subsequent secondary

stresses such as metabolic toxicity, attenuated nutrient

acquisition, membrane disorganization, reactive oxygen

species (ROS) and inhibition of photosynthesis (Hasegawa

et al. 2000). These effects perturb physiological and

Abbreviations – AL, white actinic light; ATP, adenosine 5#-triphosphate; CAT, catalase; CEF1, cyclic electron flow around PSI;

Chl, chlorophyll; DW, dry weight; Fm, maximal Chl fluorescence yield; Fo, minimum fluorescence yield; FR, far-red light; Fs, stable

fluorescence yield during actinic illumination; Fv, variable Chl fluorescence; Fv/Fm,maximal photochemical efficiency;MB,measuring

beam; MDA, malonyldialdehyde; NAD(P)H, nicotinamide adenine dinucleotide phosphate (reduced); NDH, NAD(P)H dehydrogenase;

NPQ, non-photochemical quenching of Chl fluorescence; PN, net photosynthetic rate; POD, peroxidase; PPFD, photosynthetic

photon flux density; PQ, plastoquinone; PRG5, proton gradient regulation protein; PS, photosystem; qE, high-energy state

non-photochemical quenching; ROS, reactive oxygen species; SF, saturating light; SOD, superoxide dismutase.

†These authors contributed equally to this work.
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Over-expression of a vacuolar Na+/H+ antiporter gene
improves salt tolerance in an upland rice

Hui Chen Æ Rui An Æ Jiang-Hua Tang Æ
Xiang-Huan Cui Æ Fu-Shun Hao Æ Jia Chen Æ
Xue-Chen Wang
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Abstract To develop a salt-tolerant upland rice

cultivar (Oryza sativa L.), OsNHX1, a vacuolar-

type Na+/H+ antiporter gene from rice was

transferred into the genome of an upland rice

cultivar (IRAT109), using an Agrobacterium-

mediated method. Seven independent transgenic

calli lines were identified by polymerase chain

reaction (PCR) analysis. These 35S::OsNHX1

transgenic plants displayed a little accelerated

growth during seedling stage but showed delayed

flowering time and a slight growth retardation

phenotype during late vegetative stage, suggest-

ing that the OsNHX1 has a novel function in

plant development. Northern and western blot

analyses showed that the expression levels of

OsNHX1 mRNA and protein in the leaves of

three independent transgenic plant lines were

significantly higher than in the leaves of wild type

(WT) plants. T2 generation plants exhibited

increased salt tolerance, showing delayed appear-

ance and development of damage or death caused

by salt stress, as well as improved recovery upon

removal from this condition. Several physiologi-

cal traits, such as increased Na+ content, and

decreased osmotic potential in transgenic plants

grown in high saline concentrations, further

indicated that the transgenic plants had enhanced

salt tolerance. Our results suggest the potential

use of these transgenic plants for further agricul-

tural applications in saline soil.

Keywords Over-expression � OsNHX1 �
Vacuolar Na+/H+ antiporter � Salt tolerance �
Transgenic upland rice plants

Introduction

Na+/H+ antiporters, which catalyze the exchange

of Na+ for H+ across membranes, are ubiquitous

membrane proteins that play important roles in

cellular pH and Na+ homeostasis throughout the

biological kingdom. In plants, Na+/H+ antiporters

are located in both plasma (Shi et al. 2002) and

vacuolar (Apse et al. 1999) membranes, removing

Na+ from the cytosol or compartmentalizing it in

vacuoles for maintenance of a low Na+ concen-

tration. In particular, the vacuolar Na+/H+ anti-

porter has been investigated and proposed to play

an important role in salt tolerance (Blumwald

2000). Recently, with the molecular identification

and biochemical characterization of the genes

encoding these vacuolar membrane Na+/H+
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Preparation of polyclonal antibody speciWc for AtPLC4, an 
Arabidopsis phosphatidylinositol-speciWc phospholipase C in rabbits
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Abstract

Phosphoinositide-speciWc phospholipase Cs (PI-PLCs) are important enzymes in eukaryotes, which catalyze the hydrolysis of phos-
phatidylinositol 4,5-bisphosphate into the two second messengers inositol 1,4,5-trisphosphate and diacylglycerol. The Arabidopsis genome
contains nine putative PI-PLC genes. AtPLC4, an abiotic stress induced gene, has been reported to encode an active PI-PLC isoform.
However, the exact roles of putative AtPLC4 in plant remain to be elicited. The Wrst 108 amino acid residues of the N-terminal of
AtPLC4, referred to as AtPLC4 N, was expressed as a recombinant protein in Escherichia coli and used as antigen in generating antibody.
PuriWed recombinant proteins including AtPLC1 to AtPLC5, AtPLC8, AtPLC9 and AtPLC4 N were transferred onto the same blot to
test speciWcity of the prepared antibody. Western blot result shows that only AtPLC4 and AtPLC4 N can be recognized by the antibody.
The antibody recognized a protein of approximately 68 kDa in the plasma membrane fraction and cytosolic fractions prepared from Ara-
bidopsis thaliana plants. This corresponds very well with the calculated molecular weight of AtPLC4. The results suggest that AtPLC4
may encode a plasma membrane-associated protein.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Arabidopsis thaliana; Phosphatidylinositol-speciWc phospholipase C; AtPLC4; Polyclonal antibody

Phosphatidylinositol-speciWc phospholipase C (PI-
PLC)2 is a critical enzyme in various signal- transduction
pathways in eukaryotic cells. It hydrolyzes phosphatidyl-
inositol 4,5-bisphosphate (PIP2) into two second messengers,
inositol 1,4,5-trisphosphate (IP3) and 1,2-diacyl-glycerol
(DAG). IP3 induces the release of Ca2+ from internal
stores, thereby regulating Ca2+ and Ca2+/calmodulin-
dependent enzymes and channels. In mammals, DAG acti-
vates protein kinase C (PKC), which in turn regulates

enzymes, receptors, transport and contractile proteins, and
cytoskeletal components via phosphorylation [1].

The PI-PLCs have been classiWed into Wve subfamilies: �,
�, � [2], � [3,4] and � (zeta) [5]. Animal PLC �, �, �, � and
yeast PLCs are comprised of core sequence including a
pleckstrin homology (PH) domain, EF-hand motifs, an X
and a Y domain, and a C2 domain [6–8]. This core sequence
constitutes the overall structure of �-isoenzymes, while the
�-, �-, �-isoenzymes contain speciWc insertions in the core
sequence (see Fig. 1). X and Y domains constitute the cata-
lytic domain of enzyme [6,9]; the PH domain is required for
interaction with the plasma membrane, involved in the
binding of lipid substrates and in possessive catalysis [7];
the C2 domain is involved in calcium-triggered phospho-
lipid binding; and the EF-hand domain is required for acti-
vation of the enzyme [8]. Animal PLC � isoforms [5] and all
plant PI-PLCs sequences are structurally identical and

* Corresponding authors. Fax: +86 10 62731332.
E-mail addresses: swxyky@cau.edu.cn (H. Yang), ren@cau.edu.cn (D. Ren).

1 These authors contributed equally to this work.
2 Abbreviations used: PI-PLC, phosphoinositide-speciWc phospholipase

C; DAG, 1,2-diacyl-glycerol; PKC, activates protein kinase C; PH, pleck-
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Zinc finger protein 1 (ThZF1) from salt cress (Thellungiella
halophila) is a Cys-2/His-2-type transcription factor involved
in drought and salt stress
ShouMing Xu · XueChen Wang · Jia Chen
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Abstract Zinc finger proteins (ZFPs) play important roles
in growth and development in both animals and plants. Re-
cently, some Arabidopsis genes encoding distinct ZFPs have
been identified. However, the physiological role of their ho-
mologues with putative zinc finger motif remains unclear.
In the present study, a novel gene, ThZF1, was character-
ized from salt stressed cress (Thellungiella halophila, Shan
Dong), encoding a functional transcription factor. ThZF1
contains two conserved C2H2 regions and shares conserved
domains, including DNA-binding motif, with Arabidopsis
thaliana ZFP family members. The transcript of the ThZF1
gene was induced by salinity and drought. Transient expres-
sion analysis of ThZF1–GFP fusion protein revealed that
ThZF1 was localized preferentially in nucleus. A gel-shift
assay showed that ThZF1 specially bind to the wild-type
(WT) EP2 element, a cis-element present in the promoter
regions of several target genes regulated by ZFPs. Further-
more, a functional analysis demonstrated that ThZF1 was
able to activate HIS marker gene in yeast. Finally, ectopic
expression of ThZF1 in Arabidopsis mutant azf2 suggested
that ThZF1 may have similar roles as Arabidopsis AZF2
in plant development as well as regulation of downstream
gene.

Keywords Drought stress . Nucleic localization . Salt
stress . Thellungiella halophila . Transcription factor . Zinc
finger
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Introduction

Salt cress (Thellungiella halophila), a close relative of Ara-
bidopsis, shares important morphological and phonological
attributes with the latter that is model system for rapid
efficient genetic analysis (Bressan and Zhang 2001; Zhu
2001). Because of its characteristics typical for halophytes,
T. halophila not only represents an outstanding case of a trait-
specific genetic system but also provides powerful molecular
genetic tools developed for the Arabidopsis system.

In the past decade, hundreds of transcription factors that
are involved in the regulation of many biological processes
have been identified in plants and are classified according to
their DNA-binding domains (Riechmann et al. 2000; Montiel
et al. 2004). Some of transcription factors have been found in
both animals and plants, such as MADS-box, homeodomain,
zinc finger, basic Leu-zipper, as well as basic helix–loop–
helix (bHLH), MYB and MYC proteins, while others are
exclusive in plant, including APETALA2/EREBP, WRKY,
NAC, Dof, ARF and Aux/IAA proteins (Liu et al. 1999;
Riechmann et al. 2000; Chen et al. 2002; Seki et al. 2002;
Shinozaki et al. 2003).

The zinc finger proteins (ZFPs), shared a conserved zinc-
binding amino acid sequence, are among a number of tran-
scription factor families and play critical regulatory roles by
interacting with the cis-elements of specific target gene pro-
moters (Takatsuji 1998, 1999). The Cys-2/His-2-type zinc
finger, also named as the classical or TFIIIA-type finger,
is a protein signature of CX2–4CX3FX5LX2HX3–5H in a

Springer
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UV-B radiation increases paraquat tolerance of two
broad-leaved and two grass weeds in relation to
changes in herbicide absorption and photosynthesis
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University, Beijing, China
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Summary

Depletion of the protective ozone layer in the atmosphere

leads to increasing UV-B radiation on the earth’s surface

with potential effects on the response of plants to

different stresses. Abutilon theophrasti, Amaranthus ret-

roflexus, Digitaria sanguinalis and Chloris virgata are

common weeds encountered in most arable fields in

China. The effectiveness of herbicides used in controlling

these weeds needs to be evaluated with increased UV-B

radiation. Seedlings of these four weeds were therefore

grown under ambient and elevated UV-B radiation to

compare the efficacy of paraquat, a commonly used

contact herbicide. Irrespective of species sensitivity to

radiation, the elevated UV-B radiation decreased the

effectiveness of paraquat. Net photosynthesis rate

was adversely affected except for D. sanguinalis, while

the chlorophyll content was significantly reduced in

A. retroflexus and C. virgata. UV-B treatment increased

the leaf surface wax and decreased the absorption of 14C-

paraquat in A. theophrasti, D. sanguinalis and C. virgata.

These results suggest that the response of weeds to

paraquat or the use of the herbicide may be affected by

increased UV-B radiation, to the extent that larger doses

may be required to achieve desired effects. This may have

damaging consequences for the environment.

Keywords: Abutilon theophrasti, Amaranthus retroflexus,

Digitaria sanguinalis, Chloris virgata, paraquat efficacy,

light radiation.

WANG S, DUAN L, LI J, TIAN X & LI Z (2007) UV-B radiation increases paraquat tolerance of two broad-leaved and

two grass weeds in relation to changes in herbicide absorption and photosynthesis. Weed Research 47, 122–128.

Introduction

The stratospheric ozone layers are the key factor in

reducing solar UV-B radiation reaching the Earth’s

surface. The depletion of these layers will therefore be

accompanied by an increase in the terrestrial UV-B

radiation, especially that at wavelengths between 280

and 320 nm (Kerr & McElroy, 1993; McKenzie et al.,

1999; Pienitz & Vincent, 2000). It has been reported that

UV-B radiation at the earth’s surface has increased by

6–14% since the early 1980s (Anonymous, 2002).

There are several studies on effects of increased UV-B

radiation on plant physiology, morphology, growth and

development in a wide range of species (Caldwell et al.,

1980; Teramura et al., 1990; Jansen et al., 1998; Kakani

et al., 2003). Increased UV-B radiation reduces the

genome stability in plants (Ries et al., 2000) and could

damage the D1 reaction centre protein of PSII (Fuerst &

Vaughn, 1990), decrease leaf chlorophyll contents (Strid

& Porra, 1992; Smith et al., 2000), photosynthesis and

productivity (Kakani et al., 2003) and crop yield (Cor-

reia et al., 1999).

Besides the direct injury to plants caused by increased

UV-B radiation, there are other potential adverse effects

(Caldwell et al., 1998; Paul & Gwynn-Jones, 2003).

Several studies on the interaction of stress factors with

an enhanced UV-B radiation have shown that, in some

instances, cross tolerancewas evident (Conner&Zangori,

1998). For example, increased UV-B radiation can

improve the plant’s tolerance of drought stress (Teramura
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Uniconazole-induced tolerance of soybean to
water deficit stress in relation to changes in
photosynthesis, hormones and antioxidant system
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Summary
This study investigated whether uniconazole confers drought tolerance to soybean
and if such tolerance is correlated with changes in photosynthesis, hormones and
antioxidant system of leaves. Soybean plants were foliar treated with uniconazole at
50mg L�1 at the beginning of bloom and then exposed to water deficit stress at pod
initiation for 7 d. Uniconazole promoted biomass accumulation and seed yield under
both water conditions. Plants treated with uniconazole showed higher leaf water
potential only in water-stressed condition. Water stress decreased the chlorophyll
content and photosynthetic rate, but those of uniconazole-treated plants were
higher than the stressed control. Uniconazole increased the maximum quantum yield
of photosystemand ribulose-1,5-bisphosphate carboxylase/oxygenase activity of
water-stressed plants. Water stress decreased partitioning of assimilated 14C from
labeled leaf to the other parts of the plant. In contrast, uniconazole enhanced
translocation of assimilated 14C from labeled leaves to the other parts, except
stems, regardless of water treatment. Uniconazole-treated plants contained less
GA3, GA4 and ABA under well-watered condition than untreated plants, while the IAA
and zeatin levels were increased substantially under both water conditions, and ABA
concentration was also increased under water stressed condition. Under water-
stressed conditions, uniconazole increased the content of proline and soluble sugars,
and the activities of superoxide dismutase and peroxidase in soybean leaves but not
the malondialdehyde content or electrical conductivity. These results suggest that
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Molecular cloning, expression and biochemical  
property analysis of AtKP1, a kinesin gene from 
Arabidopsis thaliana 

LI XuYan1*, WANG HaiQing1,2*, XU Tao1, CAO QinHong1, REN DongTao1 & LIU GuoQin1†

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

2 Northwest Plateau Institute of Biology, the Chinese Academy of Sciences, Xining 810001, China 

Kinesins are common in a variety of eukaryotic cells with diverse functions. A cDNA encoding a mem-
ber of the Kinesin-14B subfamily is obtained using 3 -RACE technology and named AtKP1 (for Arabi-
dopsis kinesin protein 1). This cDNA has a maximum open reading frame of 3.3 kb encoding a poly-
peptide of 1087 aa. Protein domain analysis shows that AtKP1 contains the motor domain and the 
calponin homology domain in the central and amino-terminal regions, respectively. The car-
boxyl-terminal region with 202 aa residues is diverse from other known kinesins. Northern blot analysis 
shows that AtKP1 is widely expressed at a higher level in seedlings than in mature plants. 2808 bp of 
the AtKP1 promoter region is cloned and fused to GUS. GUS expression driven by the AtKP1 promoter 
region shows that AtKP1 is mainly expressed in vasculature of young organs and young leaf trichomes, 
indicating that AtKP1 may participate in the differentiation or development of Arabidopsis thaliana 
vascular bundles and trichomes. A truncated AtKP1 protein containing the putative motor domain is 
expressed in E. coli and affinity-purified. In vitro characterizations indicate that the polypeptide has 
nucleotide-dependent microtubule-binding ability and microtubule-stimulated ATPase activity.

kinesin, cDNA cloning, expression pattern, microtubule-binding, ATPase activity 

Kinesins are microtubule-based motor proteins that are 
ubiquitously expressed in all eukaryotic organisms[1]. 
The members of the kinesin superfamily share a highly 
conserved motor domain of about 350 aa residues. The 
motor domain contains binding sites for ATP and 
microtubules and generates driving force to move along 
microtubules[2]. Outside the motor domain, members of 
the kinesin superfamily show great diversity in amino 
acid sequences that is thought to contribute to their 
functional diversity[3]. Phylogenetic analysis of the mo-
tor domains has grouped kinesins into more than a dozen 
subfamilies[4,5].  

Plant kinesin was first immunobiochemically identi-
fied in tobacco cells[6]. Since then, many plant kinesin 
genes have been cloned and characterized, and their 
functional varieties have been gradually annotated. 

Some kinesins are involved in cytokinesis, such as the 
Arabidopsis kat gene family members (KatA, KatB and 
KatC)[7 9], NACK1 and NACK2[10], HINKEL[11], TET-     
RASPORE[12], POK1 and POK2[13]. Some kinesins are 
involved in morphogenesis[14,15] and oriented deposition 
of cellulose myofibrils[16]. AtMKRP1 and AtMKRP2, 
with mitochondrial targeting signals, are likely to func-
tion in mitochondria organelles[17]. A kinesin that inter-
acts with a geminivirus replication protein has also been 
reported in Arabidopsis[18]. GhKCH1, a kinesin with the 
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NO and H2O2 induced by Verticillium dahliae toxins and 
its influence on the expression of GST gene in cotton 
suspension cells 

JIA ZhiQi, YUAN HaiYong & Li YingZhang† 
State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing 
100094, China 

Nitric oxide (NO) and hydrogen peroxide (H2O2) have been shown to be important signaling molecules 
that participate in the regulation of several physiological processes. In particular, they have significant 
role in plant resistance to pathogens by contributing to induction defense genes. Here, whether NO and 
H2O2 participate in the resistance responses against Verticillium dahliae toxins (VD-toxins) and their 
effects on the expression of GST gene are studied. The results reveal that NO and H2O2 are produced as 
part of a complex network of signals that respond to VD-toxins and may converge to function both 
synergistically and independently by inducing resistant responses. GST gene is potentially involved in 
the resistance mechanism in the cotton suspension cells. NO induces the expression of GST gene in- 
dependently of H2O2. H2O2 may be a more potent signal in the resistance responses against VD-toxins.  

cotton suspension cells, hydrogen peroxide, GST gene, nitric oxide, Verticillium dahliae toxins 

Verticillium dahliae Kleb. is a fungal pathogen that can 
induce Verticillium wilt and cause serious damage to 
cotton. The infection of the pathogen can induce many 
reactions in the cotton cells, including the production of 
antibiotic terpenoid phytoalexins, and structural de- 
fences such as vascular occlusion[1]. The pathogen or 
pathogen-derived elicitors/toxins infection can also in- 
duce active expression of some disease response 
genes[2 6] and production of the antifungal compounds, 
such as pathogenesis-related (PR) proteins and lig- 
nin[7 10]. Our recent research data demonstrated that the 
pathogen-derived toxins induced alteration of cyto- 
skeletons and nucleoli in Arabidopsis suspension cells[11]. 
However, little is known of the molecular basis of the 
defense response of the cotton cell and the genetic de-
terminants of resistance remain elusive.  

It has been reported that the interaction of plant cells 
with pathogens or pathogen-derived elicitors does result 
in the generation of hydrogen peroxide (H2O2), which is 
one of the earliest cellular responses to potential patho- 

gen or elicitor molecules. H2O2 appears to be a signaling 
intermediate, resulting in gene expression and pro- 
grammed cell death in plant defense[12 17]. Desikan et 
al.[18] showed that H2O2 regulates at least 175 genes in 
Arabidopsis, some of which are up-regulated and others 
are down-regulated, implying that H2O2 does have mul- 
tiple roles in plant responses to stress. 

Nitric oxide (NO) has also been identified as an es- 
sential molecule that mediates defense gene activation in 
plants[19 26]. It has been demonstrated that NO cooper- 
ates with reactive oxygen species (ROS) to promote host 
cell death[23,27,28] and activates hypersensitive reaction 
(HR)[29,30]. NO generation might be important in the ini- 
tiation and development of HR, and suppression of NO 
production increases susceptibility to attacks[31]. It was 
shown that NO and H2O2 could act either individually or 
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Involvement of a cytoplasmic glyceraldehyde-3- 
phosphate dehydrogenase GapC-2 in low-phosphate- 
induced anthocyanin accumulation in Arabidopsis

WANG XiYao, CHEN YiFang, ZOU JunJie & WU WeiHua†

State Key Laboratory of Plant Physiology and Biochemistry (SKLPPB), College of Biological Sciences, National Plant Gene Re-
search Centre (Beijing), China Agricultural University, Beijing 100094, China 

Phosphorous is one of the essential mineral elements for plant growth and development. Typically, the 
shoots of plant seedlings usually turn a dark-brown or purple colour under low-Pi stress. Using protein 
2-D gel and peptide mass fingerprinting mapping (PMF) methods, a cytoplasmic glyceralde-
hyde-3-phosphate dehydrogenase GapC-2 was identified as a low-Pi responsive protein in Arabidopsis
plants. Expression of AtGapC-2 protein was significantly decreased after 4 d of low-Pi stress. Two in-
dependent T-DNA insertion lines of GapC-2 gene (At1g13440) showed a hypersensitive phenotype in 
response to low-Pi stress compared with wild type plants, while the transgenic complementation lines 
of the mutants showed a similar phenotype to the wild type. These results indicate that AtGapC-2 may 
play an important role in Arabidopsis responses to low-Pi stress, possibly by regulation of glycoly-
sis-associated “Pi-pool” and accumulation of anthocyanin pigments in plants. 

Arabidopsis thaliana, glyceraldehyde-3-phosphate dehydrogenase, low-phosphorous stress, 2-D gel electrophoresis, T-DNA insertion mutant 

Phosphorous (Pi), one of the major essential mineral 
nutrients for plant growth and development, is often a 
limiting mineral nutrient for crop production because of 
its low availability and mobility in soils[1]. Plant Pi 
utilization efficiency is known to be genetically con-
trolled, for example, the Brachiaria Hybrid (cultivar 
Mulato) was reported to be more tolerant to low-Pi 
stress because of its higher Pi utilization efficiency[2]. 

A number of previous studies indicate that plant re-
sponse to low-Pi stress is a very complicated system and 
may be associated with many different cellular, physio-
logical and biochemical processes. By analysis of the 
ESTs differentially expressed in phosphorous-deficient 
proteoid roots of white lupin (Lupinus albus), Uhde- 
Stone et al.[3] showed that more than 2000 genes associ-
ated with carbon metabolism, secondary metabolism, 
phosphorous scavenging and remobilization, plant hor-
mone metabolism and signal transduction may all be 
involved in plant responses to low-Pi stress. A microar- 

ray analysis revealed that transcription of approximately 
1800 genes out of the 6172 genes present in the array 
were regulated by phosphorous starvation treatment and 
that these genes belong to wide range of functional 
categories in the rice genome[4]. Many phosphorous- 
responsive genes were revealed by using the Arabidop-
sis whole genome Affymetrix gene chip (ATH1)[5] and 
these may involve in various metabolic pathways, ion 
transport, signal transduction, transcriptional regulation, 
and other processes related to growth and development. 
The genes which were influenced by phosphorous defi-
ciency included some transcription factors[6 8] and sev- 
eral common cis-regulatory elements have been identi-
fied in the promoters of these genes[7]. Pi transporters 
are also important components in plant responses to 
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A Putative Calcium-Permeable Cyclic Nucleotide-Gated
Channel, CNGC18, Regulates Polarized Pollen Tube

Growth

Fang Chang1−3, An Yan1−3, Li-Na Zhao1,2, Wei-Hua Wu1,2 and Zhenbiao Yang2,3∗

(1National Key Laboratory of Plant Physiology and Biochemistry;
2CAU-UCR Joint Center for Biological Sciences, China Agricultural University, Beijing 100094, China;

3Center for Plant Cell Biology and Department of Botany and Plant Sciences, University of California, Riverside, CA 92521, USA)

Abstract

A tip-focused Ca2+ gradient is tightly coupled to polarized pollen tube growth, and tip-localized influxes of extracellular Ca2+

are required for this process. However the molecular identity and regulation of the potential Ca2+ channels remains elusive.

The present study has implicated CNGC18 (cyclic nucleotide-gated channel 18) in polarized pollen tube growth, because

its overexpression induced wider and shorter pollen tubes. Moreover, CNGC18 overexpression induced depolarization of

pollen tube growth was suppressed by lower extracellular calcium ([Ca2+]ex). CNGC18-yellow fluorescence protein (YFP)

was preferentially localized to the apparent post-Golgi vesicles and the plasma membrane (PM) in the apex of pollen tubes.

The PM localization was affected by tip-localized ROP1 signaling. Expression of wild type ROP1 or an active form of ROP1

enhanced CNGC18-YFP localization to the apical region of the PM, whereas expression of RopGAP1 (a ROP1 deactivator)

blocked the PM localization. These results support a role for PM-localized CNGC18 in the regulation of polarized pollen

tube growth through its potential function in the modulation of calcium influxes.

Key words: tip growth; ROP GTPase; R1C3; R1C4; calcium channel.

Chang F, Yan A, Zhao LN, Wu WH, Yang Z (2007). A putative calcium-permeable cyclic nucleotide-gated channel, CNGC18, regulates polarized
pollen tube growth. J. Integr. Plant Biol. 49(8), 1261–1270.

Available online at www.blackwell-synergy.com/link/toc/jipb, www.jipb.net

Polarized tip growth of pollen tubes is critical for plant fer-
tilization and sexual reproduction. Ca2+ is a key element in
the regulation of pollen germination and oscillating polarized
tube elongation. A tip-focused Ca2+ gradient and a tip-localized
Ca2+ influx are tightly coupled to pollen tube growth (Rathore
et al. 1991; Pierson et al. 1994, 1996; Malho and Trewavas
1996; Holdaway-Clarke et al. 1997; Messerli and Robinson
1997; Holdaway-Clarke and Hepler 2003). Disruption of the tip-
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focused Ca2+ gradient resulted in growth cessation (Rathore
et al. 1991; Pierson et al. 1994; Li et al. 1999). Furthermore,
spatial modification of cytosolic levels ([Ca2+]cyt) at the tube
apex led to reorientation of growth axis to the zone with the
highest [Ca2+]cyt (Malho and Trewavas 1996). Elevation of
[Ca2+]cyt significantly inhibits cytoplasmic streaming, and this
inhibition is recovered when the concentration is lowered to the
basal level (Yokota et al. 1999). The mechanism by which Ca2+

modulates polarized pollen tube growth is not clear. [Ca2+]cyt

has been suggested to promote F-actin disassembly (Yokota
et al. 1998, 2000; Gu et al. 2005) and may also participate in
the regulation of exocytosis in pollen tubes (Roy et al. 1999;
Malho et al. 2000; Camacho and Malho 2003).

The mechanism underlying the formation of the tip-focused
[Ca2+]cyt gradient in pollen tubes is also poorly understood.
Several studies support the idea that the influx of extracellular
Ca2+ is the primary source of [Ca2+]cyt during pollen tube growth
(Etter et al. 1994; Malho and Trewavas 1995; Holdaway-Clarke
et al. 1997; Dutta and Robinson 2004; Wang et al. 2004; Gu et al.
2005). However, the mobilization of internal stores from endo-
plasmic reticulum may also play an important role. Studies using
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Variations in Growth, Photosynthesis and Defense
System Among Four Weed Species Under

Increased UV-B Radiation

Shiwen Wang, Liusheng Duan, Anthony Egrinya Eneji and Zhaohu Li*

(State Key Laboratory of Plant Physiology and Biochemistry, Centre of Crop Chemical Control, Department of Agronomy,
China Agricultural University, Beijing 100094, China)

Abstract

Weed tolerance of UV-B radiation varies with species, and the radiation could affect weed ecology and management.
Variations in growth, photosynthesis and defense system among four important agronomic weeds, Abutilon
theophrasti Medik, Amaranthus retroflexus L., Digitaria sanguinalis (L.) Scop and Chloris virgata Swartz, under
increased UV-B radiation (ambient and increased radiation at 2.7, 5.4 and 10.8 kJ.m–2.d–1) were studied in the green-
house experiment. After 2 weeks of radiation, the shoots’ dry mass decreased with increasing UV-B radiation
except for D. sanguinalis. The reduction in biomass was the result of changes in morphology and physiology.
Higher levels of UV-B treatment decreased the leaf area, plant height, net photosynthetic rate and chlorophyll
contents, while it increased the contents of wax and UV-B absorbing compound in all species, except for A. retroflexus,
which did not increase significantly. The activity of superoxide dismutase, catalase, ascorbate peroxide and the
content of ascorbic acid changed differently among the weed species as UV-B radiation increased. D. sanguinalis
was the most tolerant and A. retroflexus the most sensitive to increased UV-B radiation. The results also show that
the two grass species (D. sanguinalis and C. virgata) were more tolerant to UV-B radiation than the two broad-
leafed species (A. theophrasti and A. retroflexus). The UV-B absorbing compound and leaf wax played important
roles against UV-B damages in the two grass weeds. The overall results suggest that weed community, competi-
tion and management will be altered by continuous ozone depletion.

Key words: crabgrass; fingergrass; leaf wax; redroot; UV-B absorbing compounds; UV-B radiation; velvetleaf.
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The stratospheric ozone layer is the key factor in reducing
solar UV-B radiation reaching the Earth’s surface (Kerr 1993;
McKenzie et al. 1999). The continuous   depletion of the ozone
layer will, therefore, be companied by an increase in the ter-
restrial UV-B radiation (Kerr and McElroy 1993; Madronich et al.

1998; Pienitz and Vincent 2000). It was estimated that ozone
depletion will peak in 2010–2019 and then slowly recover to
pre 1960s levels by about 2050 (Shindell et al. 1998; Taalas et
al. 2000).

The resulting increase in UV-B radiation at the Earth’s sur-
face has potentially deleterious consequences for agricultural
production and natural plant ecosystem (Caldwell et al. 1989;
Correia et al. 1999a, 1999b). Increased UV-B radiation reduces
genome stability in plants (Ries et al. 2000), decreases leaf
chlorophyll contents (Vu et al. 1981; Strid and Porra 1992;
Smith et al. 2000), leads to low photosynthesis and productiv-
ity (Kakani et al. 2003), and decreases crop yield (Correia et al.
1999a). Plants have several protective mechanisms against
UV-B stress, including increased free-radical-scavenging en-
zymes (Takeuchi et al 1996) leaf wax contents (Steinmuller
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