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Control of a key transition from prostrate to erect growth
in rice domestication
Lubin Tan1, Xianran Li1, Fengxia Liu1, Xianyou Sun1, Chenggang Li1, Zuofeng Zhu1, Yongcai Fu1,
Hongwei Cai1, Xiangkun Wang1, Daoxin Xie2 & Chuanqing Sun1
The transition from the prostrate growth of ancestral wild rice
(O. ruﬁpogon Griff.) to the erect growth of Oryza sativa
cultivars was one of the most critical events in rice
domestication. This evolutionary step importantly improved
plant architecture and increased grain yield. Here we ﬁnd
that prostrate growth of wild rice from Yuanjiang County
in China is controlled by a semi-dominant gene, PROG1
(PROSTRATE GROWTH 1), on chromosome 7 that encodes a
single Cys2-His2 zinc-ﬁnger protein. prog1 variants identiﬁed
in O. sativa disrupt the prog1 function and inactivate prog1
expression, leading to erect growth, greater grain number and
higher grain yield in cultivated rice. Sequence comparison
shows that 182 varieties of cultivated rice, including 87 indica
and 95 japonica cultivars from 17 countries, carry identical
mutations in the prog1 coding region that may have become
ﬁxed during rice domestication.

to trampling and avoid grazing by animals in natural habitats.
Cultivated rice has an erect growth habit throughout the entire growth
phase (Fig. 1b), which may increase plant density, enhance photosynthesis efﬁciency and improve grain yield. However, the molecular
basis for this key evolutionary step remains to be elucidated.
In an attempt to identify the gene responsible for prostrate growth,
we constructed a set of introgression lines using an accession of
Yuanjiang common wild rice (YJCWR, O. ruﬁpogon) from Yuanjiang
County of Yunnan Province, China, with prostrate growth habit as a
donor, and an elite indica cultivar Teqing (O. sativa) with erect growth
habit as a recipient8. We obtained one introgression line (YIL18;
Fig. 2) displaying prostrate growth (Fig. 2a,b), which harbored two
YJCWR chromosomal segments on the long arm of chromosome 3
and the short arm of chromosome 7 (Supplementary Fig. 1 online).
The tiller angle of YIL18 (Fig. 2d) was larger than that of Teqing
(Fig. 2g). Observing the longitudinal section of the tiller base, we
found that the tiller base in YIL18 showed symmetric development
and that the length of its near-ground border was similar to that of its
far-ground border (Fig. 2e,f). However, the tiller base in Teqing
showed obviously asymmetric growth and the near-ground border
was longer than that of the far-ground border (Fig. 2h,i).

Plant domestication is the genetic modiﬁcation of a wild species to
create a new form of a plant altered to meet human needs1. Asian
cultivated rice (Oryza sativa L.) was one of the earliest domesticated
crop species and is now a primary staple for billions of people
worldwide2. As in the domestication of
other food crops such as maize and wheat,
a
b
marked morphological changes have also
3
occurred during rice domestication . Recently,
evolutionary mechanisms and genetic factors
controlling a few rice domestication-related
traits, such as grain shattering and pericarp
color, have been characterized4–7. The transition from prostrate to erect growth habit was
also a critical domestication event. Typical
common wild rice (O. ruﬁpogon Griff.) tends
to have a prostrate growth habit during the
vegetative phase (Fig. 1a) and develop erect
O. rufipogon
O. sativa
panicle-bearing stalks during the reproductive
phase, which may repress the growth of Figure 1 The transition from prostrate growth to erect growth. (a) Wild rice (O. ruﬁpogon). (b) Cultivated
weeds, occupy more space, be more tolerant rice (O. sativa).
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Dolichol Biosynthesis and Its Effects on the Unfolded Protein
Response and Abiotic Stress Resistance in Arabidopsis
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Dolichols are long-chain unsaturated polyisoprenoids with multiple cellular functions, such as serving as lipid carriers of
sugars used for protein glycosylation, which affects protein trafﬁcking in the endoplasmic reticulum. The biological
functions of dolichols in plants are largely unknown. We isolated an Arabidopsis thaliana mutant, lew1 (for leaf wilting1), that
showed a leaf-wilting phenotype under normal growth conditions. LEW1 encoded a cis-prenyltransferase, which when
expressed in Escherichia coli catalyzed the formation of dolichol with a chain length around C80 in an in vitro assay. The lew1
mutation reduced the total plant content of main dolichols by ;85% and caused protein glycosylation defects. The mutation
also impaired plasma membrane integrity, causing electrolyte leakage, lower turgor, reduced stomatal conductance, and
increased drought resistance. Interestingly, drought stress in the lew1 mutant induced higher expression of the unfolded
protein response pathway genes BINDING PROTEIN and BASIC DOMAIN/LEUCINE ZIPPER60 as well as earlier expression
of the stress-responsive genes RD29A and COR47. The lew1 mutant was more sensitive to dark treatment, but this dark
sensitivity was suppressed by drought treatment. Our data suggest that LEW1 catalyzes dolichol biosynthesis and that
dolichol is important for plant responses to endoplasmic reticulum stress, drought, and dark-induced senescence in
Arabidopsis.

INTRODUCTION
Dolichols are long-chain unsaturated polyisoprenoids present
in all eukaryotic cells; they consist of 15 to 23 isoprenic
units depending on the species (Chojnacki and Dallner, 1988;
Swiezewskaa and Danikiewiczb, 2005). In animals, dolichols are
broadly distributed in different cells. They are localized within
the two halves of the phospholipid bilayer, with high contents in
the plasma membranes, peroxisomes, Golgi vesicles, and lysosomes. Dolichols exist as free alcohols or products derived by
phosphorylation, esteriﬁcation, or glycosylation (Chojnacki and
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Dallner, 1988; Swiezewskaa and Danikiewiczb, 2005). The biosynthesis of dolichols takes place mainly in the endoplasmic
reticulum (ER) and to a lesser extent in peroxisomes (Chojnacki
and Dallner, 1988). This biosynthesis is initiated by the formation
of farnesyl diphosphate (FPP), primarily through the mevalonate
pathway (Chojnacki and Dallner, 1988; Swiezewskaa and
Danikiewiczb, 2005). The formation of longer chain polyprenyl
diphosphate is catalyzed by enzymes called cis-prenyltransferases, which sequentially add isopentenyl diphosphates (IPPs)
onto FPP (Grabinska and Palamarczyk, 2002). The number of
IPPs added is species-dependent. Polyprenyl diphosphate is
further converted to dolichol and dolichyl phosphate by a series
of reactions (Grabinska and Palamarczyk, 2002). Dolichyl phosphate serves as a glycosyl carrier lipid in the biosyntheses of
protein C- and O-mannosylation, in glycosylphosphatidylinositol
anchors, and is one of the rate-limiting factors in N-linked protein
glycosylation in yeast and mammalian cells (Burda and Aebi,
1999; Jones et al., 2005).
The ﬁrst eukaryotic cis-prenyltransferase–encoding gene,
RER2, which is responsible for dolichol synthesis, was cloned
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Plant recognition of pathogens leads to rapid activation of MPK3
and MPK6, two Arabidopsis mitogen-activated protein kinases
(MAPKs), and their orthologs in other species. Here, we report that
synthesis of camalexin, the major phytoalexin in Arabidopsis, is
regulated by the MPK3/MPK6 cascade. Activation of MPK3/MPK6
by expression of active upstream MAPK kinase (MAPKK) or MAPKK
kinase (MAPKKK) was sufﬁcient to induce camalexin synthesis in
the absence of pathogen attack. Induction of camalexin by Botrytis
cinerea was preceded by MPK3/MPK6 activation, and compromised
in mpk3 and mpk6 mutants. Genetic analysis placed the MPK3/
MPK6 cascade upstream of PHYTOALEXIN DEFICIENT 2 (PAD2) and
PAD3, but independent or downstream of PAD1 and PAD4. Camalexin induction after MPK3/MPK6 activation was preceded by rapid
and coordinated up-regulation of multiple genes encoding enzymes in the tryptophan (Trp) biosynthetic pathway, in the conversion of Trp to indole-3-acetaldoxime (IAOx, a branch point
between primary and secondary metabolism), and in the camalexin
biosynthetic pathway downstream of IAOx. These results indicate
that the MPK3/MPK6 cascade regulates camalexin synthesis
through transcriptional regulation of the biosynthetic genes after
pathogen infection.
defense signaling 兩 fungal resistance 兩 camalexin biosynthesis 兩
Botrytis cinerea

P

lant active defense is initiated by host recognition of pathogen
effectors or by the binding of non-host-specific pathogenassociated molecular patterns (PAMPs) to host receptors (1–4).
Mitogen-activated protein kinase (MAPK) cascades are conserved
eukaryotic signaling modules that function downstream of sensors/
receptors (5). Studies from a number of laboratories demonstrated
that the tobacco MAPKs SIPK and WIPK and their orthologs in
other species including Arabidopsis MPK6 and MPK3 are activated
after PAMP treatment or pathogen infection (reviewed in refs.
6–10). In tobacco, SIPK and WIPK share a common upstream
MAPK kinase (MAPKK), NtMEK2 (11). There are two NtMEK2
orthologs in Arabidopsis, MKK4 and MKK5 (10, 12, 13). The
MAPKK kinases (MAPKKKs) upstream of NtMEK2/MKK4/
MKK5 include MEKK1 and MAPKKK␣ (13, 14).
Phytoalexins are defined as low-molecular-weight antimicrobial compounds produced by plants after exposure to pathogens
(15, 16). Phytoalexins are an integral part of induced plant
disease resistance. Disruption of pathogen genes that encode
enzymes known to detoxify phytoalexins can lead to loss of
pathogenicity, and the virulence of a pathogen on a specific host
sometimes coevolves with the generation of enzymes that are
capable of degrading phytoalexins (17). Mutations that cause
reduced phytoalexin can lead to increased susceptibility of plants
to pathogens including Botrytis cinerea (18–20). Engineeringenhanced phytoalexin production can lead to increased disease
resistance (15). Phytoalexin induction is associated with the
activation of genes encoding biosynthetic enzymes (15, 16, 21,
22). However, the signaling pathway(s) leading to activation of
these genes are poorly understood.
5638 –5643 兩 PNAS 兩 April 8, 2008 兩 vol. 105 兩 no. 14

In this article, we demonstrate that a pathogen-responsive
MAPK cascade, MAPKKK␣/MEKK1-MKK4/MKK5-MPK3/
MPK6, plays a positive role in regulating the biosynthesis of
camalexin [3-thiazol-2⬘-yl-indole (23)] in Arabidopsis. Previous mutant screens identified PAD1 (PHYTOALEXIN DEFICIENT 1),
PAD2, PAD3, and PAD4 as components of the biosynthetic or
regulatory pathways that lead to pathogen-induced camalexin
production (24, 25). Genetic analysis placed this MAPK cascade
upstream of PAD2 and PAD3 but independent or downstream of
PAD1 and PAD4. Activation of the MPK3/MPK6 cascade leads to
rapid and coordinated up-regulation of multiple genes encoding
enzymes in the camalexin biosynthetic pathway. Mutations in
MPK3 and MPK6 compromise B. cinerea-induced camalexin accumulation, which is associated with reduced resistance, providing
loss-of-function evidence supporting a positive role of this MAPK
cascade in signaling camalexin biosynthesis in plants challenged by
pathogens.
Results
Plant recognition of pathogens leads to the activation of multiple
signaling pathways. To identify the defense responses regulated
by the MPK3/MPK6 cascade, we used a conditional gain-offunction transgenic system, in which constitutively active mutants of the upstream MAPKKs (tobacco NtMEK2DD and
Arabidopsis MKK4DD or MKK5DD) were expressed under the
control of a steroid-inducible promoter (11, 12, 26). Upon
treatment with the steroid dexamethasone (DEX), induction of
the active MAPKKs activates the endogenous MAPKs, which in
turn induce the responses further downstream. Extracts from
DEX-treated GVG-NtMEK2DD Arabidopsis seedlings, prepared
by using an established camalexin extraction procedure (21, 23,
24), showed excitation and emission spectra characteristic of
camalexin. Comparison of this compound with camalexin standard by using thin-layer chromatography confirmed its identity
[supporting information (SI) Fig. S1]. Induction of camalexin
was detectable in GVG-NtMEK2DD Arabidopsis 6 h after DEX
treatment, preceded by MPK3/MPK6 activation (Fig. 1). DEX
treatment of GVG-MKK4DD or GVG-MKK5DD Arabidopsis
plants also led to camalexin induction (Fig. S2). However, the
levels of camalexin accumulation were lower and variable,
because of transgene silencing in some of the T4 seedlings. For
this reason, we used the GVG-NtMEK2DD Arabidopsis line, which
did not show transgene silencing, for further analyses. ExpresAuthor contributions: D.R. and Y.L. contributed equally to this work; S.Z. designed research;
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Higher plant species differ widely in their growth responses to
ammonium (NH4ⴙ). However, the molecular genetic mechanisms
underlying NH4ⴙ sensitivity in plants remain unknown. Here, we
report that mutations in the Arabidopsis gene encoding GDPmannose pyrophosphorylase (GMPase) essential for synthesizing
GDP-mannose confer hypersensitivity to NH4ⴙ. The in planta activities of WT and mutant GMPases all were inhibited by NH4ⴙ, but the
magnitude of the inhibition was signiﬁcantly larger in the mutant.
Despite the involvement of GDP-mannose in both L-ascorbic acid
(AsA) and N-glycoprotein biosynthesis, defective protein glycosylation in the roots, rather than decreased AsA content, was linked
to the hypersensitivity of GMPase mutants to NH4ⴙ. We conclude
that NH4ⴙ inhibits GMPase activity and that the level of GMPase
activity regulates Arabidopsis sensitivity to NH4ⴙ. Further analysis
showed that defective N-glycosylation of proteins, unfolded protein response, and cell death in the roots are likely important
downstream molecular events involved in the growth inhibition of
Arabidopsis by NH4ⴙ.

genetically controlled. Identification of a genetic determinant
should provide valuable clues for understanding the molecular
mechanisms of NH⫹
4 sensitivity. To this end, we have taken a
forward genetics approach by identifying an Arabidopsis thaliana
mutant showing enhanced NH⫹
4 sensitivity than WT control and
have characterized the hypersensitive response of hsn1 and its
allelic mutant vtc1 to NH⫹
4.
We found that hsn1 was the result of a point mutation in the
gene encoding GDP-mannose pyrophosphorylase (GMPase; EC
2.7.7.22), which has been established to be essential for synthesizing the vital cellular metabolite GDP-mannose in Arabidopsis
(8). We provide molecular genetic and biochemical evidence on
the inhibition of GMPase by NH⫹
4 and describe the consequential downstream molecular events likely to be important for the
inhibition of Arabidopsis growth by NH⫹
4 . The relevance of our
finding on further studies of the mechanisms underlying NH⫹
4
sensitivity in higher plants is discussed.

glycosylation 兩 NH4⫹ toxicity 兩 unfolded protein response 兩 L-ascorbic acid

Morphological and Physiological Characterization of hsn1 Mutant.

⫹
mmonium (NH⫹
4 ) is an essential ion in living cells. NH4 and
⫺
nitrate (NO3 ) form the major sources of nitrogen nutrition
for plants and microorganisms. Furthermore, NH⫹
4 is also an
indispensable intermediate in the biosynthesis of essential cel⫹
lular components. However, NH4 is toxic to cellular organisms
when present in excess amounts (1). In fact, NH⫹
4 sensitivity is
a widespread phenomenon in animals, plants, and fungi, although the levels of sensitivity differ considerably among different species (1). Plants, being unable to escape from harmful
environments, are especially prone to NH⫹
4 -induced growth
inhibition. Owing to the application of large quantities of
nitrogen fertilizers in intensive agriculture, high levels of NH⫹
4
accumulation are becoming more common in many natural and
⫹
agricultural soils (2). Consequently, NH4 toxicity has been
linked to plant species extinction and decline of forest under
certain ecological conditions in recent years (3).
The molecular mechanisms underlying plant sensitivity to this
ion are still unclear. Past studies have revealed important
physiological changes (for example, acidification of external
growth environment, disturbance in the acid/base balance, or
excessive energy consumption in pumping the toxic level of NH⫹
4
out of cells) accompanying NH⫹
4 uptake and toxicity symptoms
⫹
(1, 2). However, the genetic determinant of NH4 sensitivity in
plants remains unknown. Interestingly, recent biochemical investigations in animal cells have shown that NH⫹
4 sensitivity is
linked with reduced efficiencies in protein glycosylation and the
correct processing and secretion of glycoproteins (4–6). But,
again, the genetic trigger for these changes has not been determined. From the fact that different plant families, or different
species in the same plant family, can differ considerably in their
⫹
growth response to NH⫹
4 (7), we deduce that NH4 sensitivity is

A
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Results
Previous studies have shown that Brassicaceae is one of the
NH⫹
4 -sensitive plant families (1) and that the growth of the Col-0
ecotype of Arabidopsis, which is a member of Brassicaceae, is
inhibited by physiological concentrations of NH⫹
4 (9). When
⫹
cultured on defined media with both NO⫺
3 and NH4 as nitrogen
sources, the growth of Arabidopsis, especially the elongation of
its roots, is increasingly inhibited by rising concentrations of
NH⫹
4 (9). Based on these findings, we screened 20,000 ethylmethanesulfonate-mutagenized M2 seedlings on a half-strength
Murashige–Skoog (MS) medium (with 20 mM NO⫺
3 and 10 mM
⫺
⫹
NH⫹
4 as nitrogen sources, hereafter referred as NO3 ⫹ NH4
medium), and isolated a mutant exhibiting hypersensitivity to
⫹
NH⫹
4 (named as hsn1, hypersensitive to NH4 1). The hsn1
mutant showed dramatically reduced growth of both aerial and
root organs in the media containing NH⫹
4 irrespective of the
presence or absence of NO⫺
3 as an additional nitrogen source
(Fig. 1). Moreover, the level of growth retardation of hsn1,
especially that of its root, increased substantially with rising NH⫹
4
concentrations (Fig. 1 A and B), demonstrating that the growth
⫹
of hsn1 (particularly its root) is more sensitive to NH4 than that
of WT Arabidopsis. A typical comparison of WT and hsn1
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and P.W. performed research; P.W. contributed new reagents/analytic tools; C.Q., C.Y., and
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Summary
Four genes of Arabidopsis (At5g20150, At2g26660, At2g45130 and At5g15330) encoding no conservative region
other than an SPX domain (SYG1, Pho81 and XPR1) were named AtSPX1–AtSPX4. The various subcellular
localizations of their GFP fusion proteins implied function variations for the four genes. Phosphate starvation
strongly induced expression of AtSPX1 and AtSPX3 with distinct dynamic patterns, while AtSPX2 was weakly
induced and AtSPX4 was suppressed. Expression of the four AtSPX genes was reduced to different extents in
the Arabidopsis phr1 and siz1 mutants under phosphate starvation, indicating that they are part of the
phosphate-signaling network that involves SIZ1/PHR1. Over-expression of AtSPX1 increased the transcript
levels of ACP5, RNS1 and PAP2 under both phosphate-sufﬁcient and phosphate-deﬁcient conditions,
suggesting a potential transcriptional regulation role of AtSPX1 in response to phosphate starvation. Partial
repression of AtSPX3 by RNA interference led to aggravated phosphate-deﬁciency symptoms, altered P
allocation and enhanced expression of a subset od phosphate-responsive genes including AtSPX1. Our results
indicate that both AtSPX1 and AtSPX3 play positive roles in plant adaptation to phosphate starvation, and
AtSPX3 may have a negative feedback regulatory role in AtSPX1 response to phosphate starvation.
Keywords: Arabidopsis, phosphate starvation, SPX domain gene, gene expression, gene function.

Introduction
The essential macronutrient phosphorus (P) serves as a
structural element for organic compounds, an intermediate
for bio-energetic processes, and a component in signaling
cascades (Poirier and Bucher, 2002). The chemical properties of P determine its low bioavailability in soils. To
cope with low nutritional phosphate (Pi) availability, plants
have evolved sophisticated metabolic and developmental
strategies to facilitate Pi acquisition and remobilization.
Plants may increase Pi uptake by expanding their root
system to achieve a higher absorption surface, and
enhance Pi uptake efﬁciency by organic anion excretion
and elevated expression of transporters and acid phosphatase (Abel et al., 2002). Although knowledge of Pi
uptake and the Pi-signaling system has increased recently
(Bari et al., 2006; Chen et al., 2007; Chiou et al., 2006;
Devaiah et al., 2007a,b; Fujii et al., 2005; Shin et al., 2006),
ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd

the molecular network underlying plant adaptation to Pi
starvation is still to be elucidated.
The hydrophilic and poorly conserved SPX domain
(SYG1/Pho81/XPR1) is found at the N-termini of various
proteins, particularly signal transduction proteins (Barabote
et al., 2006). There are genes harboring the SPX domain in
all major eukaryotic kingdoms. SYG1 inhibits transduction
of the mating pheromone signal in yeast via direct binding to
the G-protein b-subunit (Spain et al., 1995). PHO81, the
putative sensor of Pi levels in yeast, is a cyclin-dependent
kinase (CDK) inhibitor that is induced by Pi starvation,
interacting with cyclin PHO80 to repress the activity of CDK
PHO85, thus promoting the expression of PHO2/PHO4 and
enhancing yeast tolerance to Pi starvation (Lenburg and
O’Shea, 1996). The human protein XPR1 functions as a cellsurface receptor for xenotropic and polytropic retroviruses,
965
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OsPHR2 Is Involved in Phosphate-Starvation Signaling
and Excessive Phosphate Accumulation in Shoots
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Previous research has demonstrated that AtPHR1 plays a central role in phosphate (Pi)-starvation signaling in Arabidopsis
thaliana. In this work, two OsPHR genes from rice (Oryza sativa) were isolated and designated as OsPHR1 and OsPHR2 based
on amino acid sequence homology to AtPHR1. Their functions in Pi signaling in rice were investigated using transgenic plants.
Our results showed that both OsPHR1 and OsPHR2 are involved in Pi-starvation signaling pathway by regulation of the
expression of Pi-starvation-induced genes, whereas only OsPHR2 overexpression results in the excessive accumulation of Pi in
shoots under Pi-sufﬁcient conditions. Under Pi-sufﬁcient conditions, overexpression of OsPHR2 mimics Pi-starvation stress in rice
with enhanced root elongation and proliferated root hair growth, suggesting the involvement of OsPHR2 in Pi-dependent root
architecture alteration by both systematic and local pathways. In OsPHR2-overexpression plants, some Pi transporters were upregulated under Pi-sufﬁcient conditions, which correlates with the strongly increased content of Pi. The mechanism behind the
OsPHR2 regulated Pi accumulation will provide useful approaches to develop smart plants with high Pi efﬁciency.

AtPHR1 plays a key role in the phosphorus (P)
signaling system in Arabidopsis (Arabidopsis thaliana).
AtPHR1 is a transcription factor with an MYB domain
and a predicted coiled-coil (CC) domain deﬁned as a
member of the MYB-CC family. AtPHR1 as a dimer
binds a cis-element with an imperfect palindromic
sequence (GNATATNC; Rubio et al., 2001). The function loss of AtPHR1 reduces expression of several
phosphate (Pi)-starvation-inducible genes, such as
AtIPS1, AtRNS1, and At4, and accumulation of anthocyanins in leaves, which is one of the most conspicuous symptoms of low Pi (LP) stress in Arabidopsis
(Raghothama, 1999). It has been found that many
Pi-starvation-inducible genes contain the cis-element
(Franco-Zorrilla et al., 2004); therefore, AtPHR1 has
been considered a key regulator in the Pi-starvation
signaling pathway.
A regulation system for the Pi-starvation signaling
pathway in Arabidopsis has been proposed (Schachtman
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and Shin, 2007). In this regulation system, PHR1 is
sumoylated by an AtSIZ1-dependent process (Miura
et al., 2005). AtSIZ1 is a plant small ubiquitin-like
modiﬁer (SUMO) E3 ligase that is a focal controller of
Pi-starvation-dependent responses. Downstream of
AtPHR1, miRNA399 as a PHR1 target is speciﬁcally
induced by Pi starvation. miRNA399 reciprocally regulates the gene PHO2 at the transcriptional level
(Miura et al., 2005). PHO2 functions as a ubiquitinconjugating E2 enzyme (UBC24; Aung et al., 2006; Bari
et al., 2006), and loss of function of PHO2/UBC24 will
lead to excessive accumulation of Pi in the shoot tissue
(Fujii et al., 2005; Chiou et al., 2006).
Plants have evolved a wide range of adaptive strategies to adapt to P deﬁciency and improve P mobilization and uptake from the soil (Raghothama, 1999).
Alterations in root architecture are important to enable
the plant to more efﬁciently explore and exploit the
insoluble P in soils. In Arabidopsis, the shortened
primary root, proliferated lateral roots and root hairs
toward the apical root, and accumulation of anthocyanins are the typical traits of a response to Pi starvation
(Williamson et al., 2001; Linkohr et al., 2002). Function
loss of AtSIZ1 causes Arabidopsis to exhibit exaggerated prototypical Pi-starvation responses, including
cessation of primary root growth, extensive lateral root
and root hair development, increased root-shoot mass
ratio, and greater anthocyanin accumulation. AtSIZ1
targets PHR1, whereas the phr1 mutants do not exhibit
these root architectural changes. Therefore, the function of PHR1 as a key regulator in the Pi-signaling
system in the developmental and physiological adaptation in plants to Pi-starvation stress remains to be
elucidated. In addition, AtPHR1 is a member of a large
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Transcriptome Analyses Show Changes in Gene
Expression to Accompany Pollen Germination
and Tube Growth in Arabidopsis1[W][OA]
Yi Wang2, Wen-Zheng Zhang2, Lian-Fen Song, Jun-Jie Zou, Zhen Su, and Wei-Hua Wu*
State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, National Plant
Gene Research Center (Beijing), China Agricultural University, Beijing 100193, China

Pollen germination, along with pollen tube growth, is an essential process for the reproduction of ﬂowering plants. The germinating pollen with tip-growth characteristics provides an ideal model system for the study of cell growth and morphogenesis.
As an essential step toward a detailed understanding of this important process, the objective of this study was to comprehensively
analyze the transcriptome changes during pollen germination and pollen tube growth. Using Affymetrix Arabidopsis (Arabidopsis
thaliana) ATH1 Genome Arrays, this study is, to our knowledge, the ﬁrst to show the changes in the transcriptome from desiccated
mature pollen grains to hydrated pollen grains and then to pollen tubes of Arabidopsis. The number of expressed genes, either for
total expressed genes or for speciﬁcally expressed genes, increased signiﬁcantly from desiccated mature pollen to hydrated pollen
and again to growing pollen tubes, which is consistent with the ﬁnding that pollen germination and tube growth were signiﬁcantly
inhibited in vitro by a transcriptional inhibitor. The results of Gene Ontology analyses showed that expression of genes related to
cell rescue, transcription, signal transduction, and cellular transport was signiﬁcantly changed, especially for up-regulation,
during pollen germination and tube growth. In particular, genes of the calmodulin/calmodulin-like protein, cation/hydrogen
exchanger, and heat shock protein families showed the most signiﬁcant changes during pollen germination and tube growth.
These results demonstrate that the overall transcription of genes, both in the number of expressed genes and in the levels of
transcription, was increased. Furthermore, the appearance of many novel transcripts during pollen germination as well as tube
growth indicates that these newly expressed genes may function in this complex process.

The primary function of pollen and the pollen tube
is to deliver sperms to egg apparatus for double fertilization that is required for sexual reproduction in
ﬂowering plants. Pollen germination (PG) and pollen
tube growth (PTG) are continuous and highly polarized processes with tip-growth characteristics; thus,
they provide an ideal model system for the study of
cell growth and morphogenesis in a broader sense
(Feijó et al., 2001, 2004).
Using biochemical assays and mutant analysis,
there were only a limited number of genes identiﬁed
as being involving in pollen development, PG, and
PTG, as well as in the interaction between pollen and
female tissues (Scott et al., 1991; McCormick, 1993,
2004). In order to move toward a comprehensive
understanding of molecular regulatory mechanisms
1
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for PG and PTG, further analysis has been needed of
the potential functions for a number of genes that are
expressed in pollen as well as in PG and PTG. Several
previous studies have analyzed the transcriptional
proﬁles of Arabidopsis (Arabidopsis thaliana) pollen
on a more global scale by application of either Affymetrix GeneChips or serial analysis of gene expression
(Becker et al., 2003; Honys and Twell, 2003, 2004; Lee
and Lee, 2003; Pina et al., 2005). Affymetrix Arabidopsis 8 K GeneChips (representing about 8,000 genes)
and ATH1 Genome Arrays (representing 22,591 genes)
were used to compare the transcriptome differences
between pollen grains and vegetative tissues (Becker
et al., 2003; Honys and Twell, 2003) and to analyze the
transcriptional changes during microgametogenesis
and reproductive development in Arabidopsis (Hennig
et al., 2004; Honys and Twell, 2004). Lee and Lee (2003)
used the serial analysis of gene expression methods
to proﬁle the transcriptome in pollen under normal
and chilling conditions. These studies revealed a high
proportion of speciﬁcally and differentially expressed
genes in pollen transcriptome (for review, see da CostaNunes and Grossniklaus, 2003).
Honys and Twell (2004) showed that there was a
decline in the number of diverse transcripts accompanied by pollen maturity and an increase in the proportion of male gametophyte-speciﬁc transcripts. Pina
et al. (2005) reported that the transcriptome of pollen
grains was smaller and unique from any other vegetative tissue. Genes in functional categories of signaling,
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Activation of MAPK Kinase 9 Induces Ethylene and Camalexin
Biosynthesis and Enhances Sensitivity to Salt Stress
in Arabidopsis*□
S
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Mitogen-activated protein kinase (MAPK)3 cascades are
highly conserved signaling modules in eukaryotes. MAPK cascades are minimally composed of three kinase modules, MAPKKK, MAPKK, and MAPK (called MKKK, MKK, and MPK in
Arabidopsis, according to systemic nomenclature), which are
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linked in various ways to upstream receptors and downstream
targets. MAPK cascades play important roles in coordinating
stress responses and plant growth and development (1– 4). The
Arabidopsis genome encodes 60 MKKKs, 10 MKKs, and 20
MPKs (5). The relatively few MKKs imply that various signal
transduction pathways converge at the MKK level in MAPK
cascades. The 10 MKK genes are classified into four groups
according to protein sequence alignments. The MKKs of group
A include MKK1, MKK2, and MKK6. MKK1 participates in
defense responses (6), whereas MKK2 mediates the regulation
of cold and salt stress signaling (7). MKK6 is involved in cell
division (8). MKK3, the only member of group B, has roles in
jasmonate-mediated developmental signaling and in pathogen
defense response signaling (9, 10). MKK4 and MKK5 of group C
MKKs mainly function in the stomatal development pathway
(11) and defense response signaling pathway (12,13). Of the
four MKKs in group D, MKK7 functions as an inhibitor of polar
auxin transport (14) and is also involved in generating the
mobile signal of systemic acquired resistance (15). So far, no
transcripts have been identified for MKK8 and MKK10 (5, 16).
MKK9 is a negative regulator of seed germination under stress
(16). Recently, MKK9 was found to activate MPK3/MPK6,
which in turn phosphorylates and positively modulates EIN3
stability, leading to transcription of early ERF (ethylene
response factor) genes (17).
Phytoalexins, small molecules with antimicrobial activity, are
synthesized by plants in response to pathogen attack (18).
Camalexin (3-thiazol-2⬘-yl-indole), the main phytoalexin in
Arabidopsis, is induced by a variety of microorganisms (19, 20)
as well as abiotic factors (21).
Among the phytoalexin-deficient mutants (PAD1–PAD5),
PAD3 is involved in camalexin biosynthesis (22–24). PAD3
encodes a cytochrome P450 monooxygenase 71A15 (CYP71A15)
that catalyzes the conversion of dihydrocamalexic acid to camalexin (25, 26). CYP71A13, another cytochrome P450 monooxygenase, has been reported to catalyze the conversion of indole3-acetaldoxime to indole-3-acetonitrile, the first committed
step in camalexin biosynthesis (27). Although these mutants
highlight the biochemical steps required for camalexin synthesis, much less is known about the signaling components
upstream of the camalexin biosynthesis pathway. Most
recently, we have shown that camalexin biosynthesis is regulated by MPK3/MPK6. That result directly linked MAPK signaling cascades to camalexin biosynthesis. However, the
upstream MKKs responsible for the MPK3/MPK6-mediated
VOLUME 283 • NUMBER 40 • OCTOBER 3, 2008
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Mitogen-activated protein kinase (MAPK) cascades play
important roles in regulating plant growth, development, and
responses to various environmental stimuli. We demonstrate
that MKK9, an MKK, is an upstream activator of the MPKs
MPK3 and MPK6 both in vitro and in planta. Expression of
active MKK9 protein in transgenic plants induces the synthesis
of ethylene and camalexin through the activation of the endogenous MPK3 and MPK6 kinases. As a consequence, transcription of multiple genes responsible for ethylene biosynthesis,
ethylene responses, and camalexin biosynthesis is coordinately
up-regulated. The activation of MKK9 inhibits hypocotyl elongation in the etiolated seedlings. MKK9-mediated effects on
hypocotyl elongation were blocked by the ethylene biosynthesis
inhibitor, aminoethoxyvinylglycine, and ethylene receptor
antagonist, Agⴙ. Expression of active MKK9 protein enhances
the sensitivity of transgenic seedlings to salt stress, whereas loss
of MKK9 activity reduces salt sensitivity indicating a role for
MKK9 in the salt stress response. The results reported here
reveal that the MKK9-MPK3/MPK6 cascade participates in the
regulation of the biosynthesis of ethylene and camalexin and
may be an important axis in the stress responses of Arabidopsis.
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Ethylene signaling is required for the acceleration of cell
death induced by the activation of AtMEK5 in Arabidopsis
1, *

1, *

1

1
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Hongxia Liu , Ying Wang , Juan Xu , Tongbing Su , Guoqin Liu , Dongtao Ren
1
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Mitogen-activated protein kinases (MAPKs) are involved in the regulation of plant growth, development and responses to a wide variety of stimuli. In a conditional gain-of-function transgenic system, the activation of AtMEK5,
a MAPK kinase, can in turn activate endogenous AtMAPK3 and AtMAPK6, and can lead to a striking increase in
ethylene production and induce hypersensitive response (HR)-like cell death in Arabidopsis. However, the role of the
increased ethylene production in regulating this HR-like cell death remains unknown. Using Arabidopsis transgenic
DD
plants that express AtMEK5 , an active mutant of AtMEK5 that is under the control of a steroid-inducible promoter, we tested the contribution of ethylene to cell death. We found that ethylene biosynthesis occurs before cell death.
Cell death was delayed by inhibiting AtMEK5-induced ethylene production using inhibitors of ACC-synthases, ACCDD
DD
oxidases or ethylene receptors. In the mutants AtMEK5 /etr1-1 and AtMEK5 /ein2-1, both of which showed insenDD
sitivity to ethylene, the expression of AtMEK5 protein, activity of AtMAPK3 and AtMAPK6, and ethylene producDD
tion were the same as those seen in AtMEK5 transgenic plants, but cell death was also delayed. These data suggest
that ethylene signaling perception is required to accelerate cell death that is induced by AtMEK5 activation.
Keywords: cell death, ethylene and ethylene signaling, mitogen-activated protein kinase, AtMEK5, Arabidopsis
Cell Research (2008) 18:422-432. doi: 10.1038/cr.2008.29; published online 12 February 2008

Introduction
Cell death is a fundamental biological process in plant
development and is involved in responses to diverse
stimuli, including biotic and abiotic stresses [1, 2]. To
prevent pathogen invasion, plants have developed a complex array of defense responses that include generation
of reactive oxygen species (ROS), activation of defense
genes, production of phytoalexins, and rapid cell death,
which is also known as the hypersensitive response (HR)
[3-8]. HR-like cell death confines the pathogen by stopping its spread from the site of the attempted infection.
The results obtained from kinase activity assays and
pharmacological studies that use specific inhibitors of
protein kinases and phosphatases have implicated protein
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phosphorylation and dephosphorylation in the induction
of defense responses in plants [9-11]. Mitogen-activated
protein kinase (MAPK) cascades are evolutionarily conserved signaling modules that transduce the extracellular
stimuli into intracellular signals to regulate a wide variety of cellular processes in all eukaryotes [12-14]. Pathogens and pathogen-derived elicitors can activate MAPK
and induce HR-like cell death, while kinase activity
inhibitors block HR-like cell death. Such evidence suggests that the activation of MAPK cascades is involved
in the signaling pathways that lead to HR-like cell death
[15-18].
MAPK cascades are composed of three functional
interlinked protein kinases: MAPKs, MAPK kinases
(MAPKKs or MEKs) and MAPKK kinases (MAPKKKs
or MEKKs). MAPKKKs can be activated by different
mechanisms, such as phosphorylation or interaction with
G-protein or receptors. MAPKKKs activate MAPKK
through the phosphorylation of its two serine/threonine
residues in the S/T-X3-5-S/T motif. MAPKKs are dualspecificity kinases that activate MAPK through the
phosphorylation of threonine and tyrosine residues in
Cell Research | Vol 18 No 3 | March 2008
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Overexpression of the cucumber LEAFY homolog CFL
and hormone treatments alter ﬂower development in gloxinia
(Sinningia speciosa)
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Ke Zheng Æ Hong-Wu Bian Æ Ning Han Æ Jian-Wei Pan Æ Jun-Hui Wang Æ
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Abstract Leafy (LFY) and LFY-like genes control the
initiation of ﬂoral meristems and regulate MADS-box
genes in higher plants. The Cucumber-FLO-LFY (CFL)
gene, a LFY homolog in Cucumis sativus L. is expressed in
the primordia, ﬂoral primordia, and each whirl of ﬂoral
organs during the early stage of ﬂower development. In this
study, functions of CFL in ﬂower development were
investigated by overexpressing the CFL gene in gloxinia
(Sinningia speciosa). Our results show that constitutive
CFL overexpression signiﬁcantly promote early ﬂowering
without gibberellin (GA3) supplement, suggesting that CFL
can serve functionally as a LFY homolog in gloxinia.
Moreover, GA3 and abscisic acid (ABA) treatments could
modulate the expression of MADS-box genes in opposite
directions. GA3 resembles the overexpression of CFL in
the expression of MADS-box genes and the regeneration of
ﬂoral buds, but ABA inhibits the expression of MADS-box
genes and ﬂower development. These results suggest that
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CFL and downstream MADS-box genes involved in ﬂower
development are regulated by GA3 and ABA.
Keywords Flowering  Gloxinia  LFY-like genes 
MADS-box genes  Hormones
Abbreviations
cucumber Cucumis sativus L.
LFY
Leafy
FI
Flower-induced
CFL
Cucumber-FLO-LFY
gloxinia
Sinningia speciosa
Introduction
There are more than 80 genes involved in the control of
ﬂowering time. Several models have been proposed to
explain how these genes govern the establishment and
maintenance of ﬂoral meristem identity (Chou and Yang
1998, 1999; Levy and Dean 1998; Parcy et al. 1998; Pineiro
and Coupland 1998). During ﬂower development in Arabidopsis, Leafy (LFY) has been found to play a pivotal role,
interacting with and coordinating other ﬂowering-related
genes (Weigel and Meyerowitz 1993; Wagner et al. 1999,
2004; Sablowski 2007). LFY can directly target APETALA1
(AP1), AGAMOUS (AG), and APETALA3 (AP3) (Parcy
et al. 1998; Busch et al. 1999; Wagner et al. 1999; Lamb
et al. 2002). All these LFY-targeted genes belong to the
MADS-box gene family of transcription factors, which play
distinct roles in ﬂower development (Wagner et al. 2004).
LFY homologs have also been identiﬁed in other plant species such as apple, orange, morning glory, rice, tobacco,
tomato and cucumber (Liu et al. 1999). Our previous studies showed that, Cucumber-FLO-LFY (CFL), a LFYlike gene from Cucumis sativus L., was strongly expressed
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Case study for identification of potentially indel-caused alternative
expression isoforms in the rice subspecies japonica and indica by
integrative genome analysis ☆
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Abstract
Alternative splicing (AS) is one of the most significant components of the functional complexity of the eukaryote genome, increasing protein
diversity, creating isoforms, and affecting mRNA stability. Recently, whole genome sequences and large microarray data sets have become
available, making data integration feasible and allowing the study of the possible regulatory mechanism of AS in rice (Oryza sativa) by erecting
and testing hypotheses before doing bench studies. We have developed a new strategy and have identified 215 rice genes with alternative
expression isoforms related to insertion and deletion (indel) between subspecies indica and subspecies japonica. We did a case study for
alternative expression isoforms of the rice peroxidase gene LOC_Os06g48030 to investigate possible mechanisms by which indels caused
alternative splicing between the indica and the japonica varieties by mining of array data together with validation by RT-PCR and genome
sequencing analysis. Multiple poly(A) signals were detected in the specific indel region for LOC_Os06g48030. We present a new methodology to
promote more discoveries of potentially indel-caused AS genes in rice, which may serve as the foundation for research into the regulatory
mechanism of alternative expression isoforms between subspecies.
© 2007 Elsevier Inc. All rights reserved.
Keywords: InDel; Alternative splicing; Indica; Japonica; Polyadenylation signal

Alternative splicing (AS) is an important and common feature
in eukaryotic gene expression [1–11]. There are different types
of AS, such as exon skipping, intron retention, alternative donor
site, alternative acceptor site, alternative terminus, etc. Since
Walter Gilbert proposed AS phenomena in eukaryotes in 1978
[12], more and more genes with different expression isoforms
have been reported, especially from high-throughput sequencing
genome and expressed sequence tag (EST) data [13–22], and
microarray technologies, such as exon junction array and tiling
array, have been used to detect alternative isoforms [23]. To date,
on the basis of genome-wide analysis, about 60% of human
☆
Sequence data from this article have been deposited with the GenBank Data
Library under Accession Nos. EF990900 and EF990901.
⁎ Corresponding authors.
E-mail addresses: wyxu@genetics.ac.cn (W. Xu), zhensu@cau.edu.cn (Z. Su).
1
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genes are considered to be AS [3]. In 2006, Wang and Brendel
reported 22% of Arabidopsis genes and 21.2% of rice genes with
AS isoforms identified by comparison between genomic
sequences and EST/cDNA sequences [24].
With the expanding number of alternative isoforms expected
with the increased availability of EST and cDNA data, it is
necessary to investigate populations of AS transcripts and study
the possible mechanisms underlying the generation of AS isoform
diversity. Conventionally, AS is thought to occur within the same
species under different environmental and/or development
conditions. But insertion and deletion (indel) of subspecies may
contribute to the generation of AS isoform diversity during
evolution, leading to expanded populations of AS transcripts in
rice and other organisms. It has been reported that indel of a
genome sequence may lead to AS isoforms. In 1992, Kenneth
R. Luehrsen and Virginia Walbot added a non-intron sequence to

0888-7543/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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OsCYT-INV1 for alkaline/neutral invertase is involved in root cell
development and reproductivity in rice (Oryza sativa L.)
Liqiang Jia · Botao Zhang · Chuanzao Mao ·
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Abstract A short root mutant was isolated from an EMSgenerated rice mutant library. Under normal growth conditions, the mutant exhibited short root, delayed Xowering,
and partial sterility. Some sections of the roots revealed that
the cell length along the longitudinal axis was reduced and
the cell shape in the root elongation zone shrank. Genetic
analysis indicated that the short root phenotype was controlled by a recessive gene. Map-based cloning revealed
that a nucleotide substitution causing an amino acid change
from Gly to Arg occurred in the predicted rice gene
(Os02g0550600). It coded an alkaline/neutral invertase and
was homologous to Arabidopsis gene AtCyt-inv1. This gene
was designated as OsCyt-inv1. The results of carbohydrate
analysis showed an accumulation of sucrose and reduction
of hexose in the Oscyt-inv1 mutant. Exogenously supplying
glucose could rescue the root growth defects of the Oscytinv1 mutant. These results indicated that OsCyt-inv1 played
important roles in root cell development and reproductivity
in rice.
Keywords Map-based cloning · Neutral invertase ·
Oryza · Short root
Abbreviations
CAPS Cleaved ampliWed polymorphic sequence
EMS
Ethylmethane sulfonate
STS
Sequence tagged site
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Introduction
The root is the major organ of plants to absorb nutrients and
water from soils. The root system of rice is composed
mainly of embryonic primary root and post-embryonic
adventitious roots and lateral roots. The root length determines many important traits, such as nutrient absorption,
lodging tolerance, drought tolerance and yield (Lynch
1995).
Root elongation is determined by two successive processes: cell elongation and cell proliferation (Beemster
et al. 2003). At the organ level, the outputs of the cellular
mechanisms that control the rate of cell proliferation and
the extent of cell elongation, are integrated to determine the
overall rate of growth (Mouchel et al. 2004). Several short
root mutants of rice, the monocot model plant, have been
isolated and genetically characterized (Yao et al. 2002;
Jiang et al. 2005; Li et al. 2006). However, our knowledge
of the mechanisms controlling rice root growth is still limited compared with the dicot model plant Arabidopsis.
Sucrose metabolism plays an important role in both providing the substrate for cellular biosynthesis and sugar signal transduction (Koch 1996). In general, hexose favors cell
division and expansion, whereas sucrose favors diVerentiation and maturation (Koch 2004). Sucrose is irreversibly
hydrolyzed to hexoses by invertases for further metabolism
and biosynthesis. Invertases (-fructosidase) are a group of
enzymes that hydrolyze sucrose to glucose and fructose.
According to their pH optima for activity, they can be classiWed into two major groups, the acid and neutral/alkaline
invertases. The acid invertases have an acidic pH optimum
for activity. They are ionically bound to the cell wall (cell
wall invertase) or accumulate as soluble proteins in the vacuole (vacuolar invertase). The neutral invertases have a pH
optimum at neutral or slightly alkaline and reside in the
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BOTANICAL BRIEFING

Abscisic Acid Receptors: Multiple Signal-perception Sites
X IAO -FA N G WAN G and D A - P E N G Z H A N G*
China State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University, Beijing 100094, China
Received: 3 August 2007 Returned for revision: 3 September 2007 Accepted: 8 October 2007 Published electronically: 3 November 2007

Downloaded from aob.oxfordjournals.org at Tsinghua University on January 29, 2011

† Background and Aims The phytohormone abscisic acid (ABA) plays a vital role in various aspects of plant growth
and development and in adaptation of plants to various environmental stresses. Cell response to ABA is initiated by
ABA perception with a cell receptor. Recently, three distinct ABA receptors have been identiﬁed, opening a door to
uncover the initial events of ABA signal transduction. The aim of this Botanical Brieﬁng is to present a perspective
of the ABA receptors identiﬁed.
† Scope This Brieﬁng offers an introduction to the three ABA receptors identiﬁed and an analysis of the complexity
and multiplicity of ABA receptors, and provides some viewpoints on future research.
Key words: Abscisic acid receptors (ABA receptors), abscisic acid signalling, FCA (ﬂowering time control protein A),
ABAR (putative ABA receptor), CHLH (magnesium–protoporphyrin IX chelatase subunit H), GCR2 (G-protein-coupled
receptor 2).

IN TROD UCT IO N
The phytohormone abscisic acid (ABA) plays a vital role
in various aspects of plant growth and development,
including embryo maturation, seed dormancy, germination, post-germinative growth, and the transition from
vegetative to reproductive growth. ABA is also a central,
hormonal, signal to regulate adaptation of plants to stressful environments, such as drought, cold and salt stresses,
by regulating stomatal aperture and the expression of
stress-responsive genes (Leung and Giraudat, 1998;
Finkelstein et al., 2002; Himmelbach et al., 2003). ABA
functions through a complex network of signalling
pathways where the cell response is initiated by ABA
perception which triggers downstream signalling cascades
to induce the ﬁnal physiological effects. Numerous downstream components involved in ABA signal transduction
have been identiﬁed by genetic approaches (for reviews,
see Leung and Giraudat, 1998; Finkelstein et al., 2002;
Himmelbach et al., 2003), leading to considerable
progress in understanding ABA signalling pathways.
Recently, however, signiﬁcant progress has been made in
the search for receptors that perceive ABA. Three distinct
loci have been found to encode ABA receptors: FCA,
controlling ﬂowering time (Razem et al., 2006); and
ABAR/CHLH and GCR2, regulating the best-characterized
ABA-responses including seed germination, seedling
growth and stomatal movement (Shen et al., 2006; Liu
et al., 2007). This progress in ABA receptor identiﬁcation
will allow us to uncover the initial events of ABA
signalling in plant cells and to establish the relationship
between the receptors and the currently known regulatory
framework or to explore novel pathways of ABA signal
transduction.
* For correspondence. E-mail zhangdp@sohu.net

F CA I S A N U C L E A R R E C E P TO R FO R A B A
CON T RO L L I N G F LOW E R I N G
ABA has long been known to inhibit ﬂowering, and several
components involved in the signalling pathway have been
suggested (for a review, see Finkelstein and Rock, 2002),
but a ﬂowering-related receptor perceiving ABA had
remained elusive until FLOWERING TIME CONTROL
PROTEIN A (FCA), an important regulator of ﬂoral transition, was identiﬁed as an ABA receptor that controls
ABA-dependent ﬂowering (Razem et al., 2006).
There are four major ﬂoral promotion pathways identiﬁed
in Arabidopsis thaliana for mediating the timing of ﬂoral
transition (Mouradov et al., 2002; Boss et al., 2004). The
photoperiod pathway controls ﬂowering by induction of
ﬂoral initiation in response to the long days of spring or
early summer, while the vernalization pathway promotes
ﬂowering in response to extended exposure to low temperatures that mimic winter conditions. The photoperiod and
vernalization responses are mediated by pathways that
speciﬁcally control response to these environmental cues,
whereas the third, autonomous pathway, and the fourth,
gibberellin (GA) pathway, appear to function independently
of these environmental signals (Mouradov et al., 2002;
Boss et al., 2004). These multiple pathways, however,
converge to regulate the transcription of a set of integrator
genes to control ﬂowering. FLOWERING LOCUS C
(FLC), a MADS box transcription factor (Michaels and
Amasino, 1999), is a central repressor of ﬂoral transition
for integrating the vernalization and autonomous pathways
(Sheldon et al., 2000; Mouradov et al., 2002; Boss et al.,
2004; Isabel and Dean, 2006). FCA, an important positive
regulator of ﬂowering involved in the autonomous
pathway, is a nuclear RNA-binding protein (Macknight
et al., 1997) that regulates 3’-end processing and has a
tryptophan –tryptophan (WW) protein interaction domain

# The Author 2007. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org
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Coronatine alleviates salinity stress in cotton by
improving the antioxidative defense system and
radical-scavenging activity
Zhixia Xie, Liusheng Duan, Xiaoli Tian, Baomin Wang,
A. Egrinya Eneji, Zhaohu Li
State Key Lab of Plant Physiology and Biochemistry, College of Agronomy and Biotechnology, Centre of Crop Chemical
Control, Department of Agronomy, China Agricultural University, 2#, Yuanmingyuan Xilu, Haidian District,
Beijing 100094, P. R. China
Received 15 October 2006; received in revised form 1 June 2007; accepted 2 June 2007

KEYWORDS
Antioxidant enzymes;
Coronatine;
Free radicals
scavenging;
Gossypium hirsutum;
Salt stress

Summary
Coronatine (COR) is a chlorosis-inducing phytotoxin that mimics some biological
activities of methyl jasmonate. This study investigated whether COR confers salinity
tolerance to cotton and whether such tolerance is correlated with changes in the
activity of antioxidant enzymes. COR at 0.01 mM was applied hydroponically to
cotton seedlings at the two-leaf stage for 24 h. A salinity stress of 150 mM NaCl was
imposed after completion of COR treatment for 15 d. Salinity stress reduced biomass
of seedlings and increased leaf superoxide radicals, hydrogen peroxide, lipid
peroxidation, and electrolyte leakage. Activities of the antioxidant enzymes
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione
reductase (GR), and of the stable free radical, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
scavenging activity were altered by salinity to varying degrees. Pretreatment with
COR increased the activities of CAT, POD, GR, and DPPH scavenging activity in leaf
tissues of salinity-stressed seedlings. Thus, COR might reduce the production of
reactive oxygen species by activating antioxidant enzymes and DPPH-radical
scavenging, thereby preventing membrane peroxidation and denaturation of biomolecules.
& 2007 Elsevier GmbH. All rights reserved.

Abbreviations: APX, ascorbate peroxidase; CAT, catalase; COR, coronatine; DAB, 3, 3-diaminobenzidine; DPPH, 1, 1-diphenyl-2picrylhydrazyl; GR, glutathione reductase; JAs, jasmonates; MDA, malondialdehyde; POD, peroxidase; ROS, reactive oxygen species;
SOD, superoxide dismutase
Corresponding author. Tel.: +86 10 62732567, 86 10 62731301; fax: +86 10 62733404.
E-mail address: duanlsh@cau.edu.cn (L. Duan).
0176-1617/$ - see front matter & 2007 Elsevier GmbH. All rights reserved.
doi:10.1016/j.jplph.2007.06.001
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Verticillium dahliae toxins-induced nitric oxide production in
Arabidopsis is major dependent on nitrate reductase
Fu-Mei Shi & Ying-Zhang Li*
State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing 100094,
China

The source of nitric oxide (NO) in plants is unclear and it has
been reported NO can be produced by nitric oxide synthase
(NOS) like enzymes and by nitrate reductase (NR). Here we
used wild-type, Atnos1 mutant and nia1, nia2 NR-deficient
mutant plants of Arabidopsis thaliana to investigate the potential source of NO production in response to Verticillium dahliae toxins (VD-toxins). The results revealed that NO production is much higher in wild-type and Atnos1 mutant than
in nia1, nia2 NR-deficient mutants. The NR inhibitor had a significant effect on VD-toxins-induced NO production; whereas
NOS inhibitor had a slight effect. NR activity was significantly
implicated in NO production. The results indicated that as NO
was induced in response to VD-toxins in Arabidopsis, the major source was the NR pathway. The production of NOS-system
appeared to be secondary. [BMB reports 2008; 41(1): 79-85]

INTRODUCTION
Nitric oxide (NO) has been identified as an essential molecule
that mediates defense gene activation in plants (1-8). It has been
demonstrated that NO generation was one of the earliest responses in incompatible plant-pathogen interactions and suppression of NO production led to increased susceptibility to attack (9, 10). NO functions as a messenger are involved in several patho-physiological processes.
Although increasing evidence suggests that NO plays an important physiological role in plants, the mechanisms responsible for the synthesis of NO in plants remain controversial.
Previous studies have reported that NO can be produced by
nitric oxide synthase (NOS) like enzymes and by nitrate reductase (NR) in plants (9, 11-22). But it is still unclear whether and
under what conditions NO is produced by NR or by NOS. The
source of NO production has yet to be fully demonstrated, particularly during plant-pathogen interaction.
*Corresponding Author. Tel: 086-010-62732678;
Fax: 086-010-62733491; E-mail: liyingzhang@cau.edu.cn
Received 26 February 2007, Accepted 29 August 2007
Keywords: Arabidopsis, Nitric oxide, Nitric oxide synthase, Nitrate
reductase, Verticillium dahliae toxins
http://bmbreports.org

In previous study, we observed that NO responded to
VD-toxins (toxins derived by Verticillium dahliae Kleb., which
can induce Verticillium wilt and cause serious damage to
plants) inducted rapidly in wild-type Arabidopsis and cotton.
VD-toxins triggered stronger NO burst in cotton resistant cultivars than in susceptible cultivar and NO played an important
role in the induction of resistance to VD-toxins (23, 24).
In order to further understand the molecular mechanisms responsible for NO production and its function in the defensive
responses against Verticillium dahliae or VD-toxins in Arabidopsis, in the present study, we used wild-type, Atnos1 mutant
and nia1, nia2 NR-deficient mutant plants of Arabidopsis thaliana to investigate the potential source of NO production in response to VD-toxins. Our results suggested that NO production is regulated primarily by the nitrate reductase (NR). NR
appeared to be a much stronger factor than NOS for the production of NO in response to VD-toxins in Arabidopsis leaves.

RESULTS
VD-toxins induces nitric oxide production in Arabidopsis
leaves

In order to characterize the source and kinetics of NO burst in
the responses induced by VD-toxins, NO production induced
by VD-toxins in leaves of wild-type, Atnos1 mutant and nia1,
nia2 NR-deficient mutants of Arabidopsis were examined.
Leaves from Arabidopsis were loaded with DAF-2DA and analyzed with confocal laser scanning microscopy by monitoring
the changes in NO-induced fluorescence. NO production could
be observed about 30 min after VD-toxins treatment and maximum fluorescence intensity was recorded after 50-60 min in
wild-type Arabidopsis leaves (Fig. 1A, a-e and 1B). After reaching the maximum, the fluorescence intensity deceased slowly,
reaching the basal fluorescence level 80 min after VD-toxins
treatment.
Similarly, the kinetics of NO burst was measured over time
in Atnos1 mutant leaves. Treatment with VD-toxins induced
larger accumulation of NO. A sustained burst peak appeared
at 30 min post treatment and the maximum fluorescence intensity was recorded after 80 min and maintained at the level
for 50-60 min before decreasing rapidly (Fig. 1 A, f-j and 1B).
However, the increasing of NO burst in nia1, nia2 NR-defiBMB reports
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GENETICS AND GENOMICS

Construction of the physical map of the gpa7 locus reveals
that a large segment was deleted during rice domestication
Xianran Li Æ Feng Tian Æ Haiyan Huang Æ Lubin Tan Æ
Zuofeng Zhu Æ Songnian Hu Æ Chuanqing Sun

Received: 23 November 2007 / Revised: 6 February 2008 / Accepted: 20 February 2008 / Published online: 4 March 2008
 Springer-Verlag 2008

Abstract To facilitate cloning gene(s) underlying gpa7, a
deep-coverage BAC library was constructed for an isolate
of common wild rice (Oryza ruﬁpogon Griff.) collected
from Dongxiang, Jiangxi Province, China (DXCWR).
gpa7, a quantitative trait locus corresponding to grain
number per panicle, is positioned in the short arm of
chromosome 7. The BAC library containing 96,768 clones
represents approximate 18 haploid genome equivalents.
The contig spanning DXCWR gpa7 was constructed with a
series of ordered markers. The putative physical map near
the gpa7 locus of another accession of O. ruﬁpogon
(Accession: IRGC 105491) was also isolated in silico.
Analysis of the physical maps of gpa7 indicated that a
segment of about 150 kb was deleted during domestication
of common wild rice.
Communicated by P. Puigdomenech.
X. Li  F. Tian  L. Tan  Z. Zhu  C. Sun (&)
Department of Plant Genetics and Breeding and State Key
Laboratory of Plant Physiology and Biochemistry,
China Agricultural University, 100094 Beijing, China
e-mail: suncq@cau.edu.cn
X. Li  F. Tian  L. Tan  Z. Zhu  C. Sun
Laboratory of Crop Heterosis and Utilization,
Ministry of Education, 100094 Beijing, China
X. Li  F. Tian  L. Tan  Z. Zhu  C. Sun
Beijing Key Laboratory of Crop Genetic Improvement,
100094 Beijing, China
X. Li  F. Tian  L. Tan  Z. Zhu  C. Sun
Key Laboratory of Crop Genetic Improvement and Genome,
Ministry of Agriculture, 100094 Beijing, China
H. Huang  S. Hu
Beijing Institute of Genomics, Chinese Academy of Sciences,
101300 Beijing, China

Keywords Physical map  Common wild rice 
gpa7 locus  Domestication

Introduction
Rice is the staple food in Asia and increased production is
required to feed the rapidly growing population. Rice yield
is typically determined by three major components; number of panicles per plant, number of grains per panicle and
grain weight. Among these three factors, grain number is
the major objective of yield improvement, as it displays the
greatest variation (Brondani et al. 2002; Li et al. 1997).
However, yield improvement is very challenging, given the
narrow genetic basis of modern rice cultivars. Utilization of
favorable alleles from wild progenitors may be helpful (He
et al. 2006; Tanksley and McCouch 1997; Xiao et al.
1996). Domesticated rice has evolved from low-yield wild
rice through natural and (or) artiﬁcial selection against
undesirable traits, such as grain shattering, fewer grains,
smaller panicles etc. Identiﬁcation of the genes underlying
these unfavorable traits may provide helpful information
for yield improvement. For example, isolation of shattering
4 (sh4) (Li et al. 2006b) and SHA1 (Lin et al. 2007) from
wild rice disclosed a single nucleotide substitution essential
for nonshattering grains, and this mutation has been ﬁxed
rapidly in domestic cultivars.
One quantitative trait locus (QTL) corresponding to the
variation of the number of grains per panicle (gpa7) has
been ﬁne-mapped between markers 3617 and ID52 on
chromosome 7 by genetic analysis of SIL 40, an introgression line (IL) carrying chromosomal segments of an
accession of common wild rice (Oryza ruﬁpogon Griff.),
collected from Dongxiang, Jiangxi Province, China
(DXCWR) (Tian et al. 2006). The gpa7 allele of DXCWR,
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Quantitative trait loci underlying domesticationand yield-related traits in an Oryza sativa  Oryza
rufipogon advanced backcross population
Lubin Tan, Peijiang Zhang, Fengxia Liu, Guijuan Wang, Sheng Ye, Zuofeng Zhu,
Yongcai Fu, Hongwei Cai, and Chuanqing Sun

Abstract: To understand the genetic characteristics of the traits related to differentiation between cultivated rice and its
wild progenitor, genetic factors controlling domestication- and yield-related traits were identified using a BC3F2 population
derived from an accession of common wild rice (donor, Oryza rufipogon Griff.) collected from Yuanjiang, Yunnan province, China, and an indica cultivar, Teqing (recipient, Oryza sativa L.). A genetic linkage map consisting of 125 simple sequence repeat (SSR) markers was constructed. Based on the phenotypes of the 383 BC3F2 families evaluated in two
environments, two domestication-related morphological traits, panicle shape and growth habit, were found to be controlled
by single Mendelian factors. This implies that the recessive mutations of single genes controlling some morphological
traits could have been easily selected during early domestication. By single-point analysis and interval mapping, 59 putative quantitative trait loci (QTLs) that influence 11 quantitative traits were detected at two sites, and 37.5% of the QTL alleles originating from O. rufipogon had a beneficial effect for yield-related traits in the Teqing background. Regions with
significant QTLs for domestication- and yield-related traits were detected on chromosomes 1, 4, 5, 7, 8, and 12. Fine mapping and cloning of these domestication-related genes and QTLs will be useful in elucidating the origin and differentiation
of Asian cultivated rice in the future.
Key words: common wild rice, cultivated rice, domestication, advanced backcross QTL analysis, SSR marker.
Résumé : Afin de mieux comprendre les propriétés génétiques des caractères liés à la différenciation entre le riz cultivé et
son ancêtre sauvage, les facteurs génétiques contrôlant les caractères liés à la domestication et au rendement ont été identifiés au sein d’une population BC3F2 dérivée du croisement entre une accession du riz sauvage commun (Oryza rufipogon
Griff., parent mâle) provenant de Yuanjiang (province du Yunnan en Chine) et le cultivar Teqing de type indica (Oryza
sativa L., parent femelle). Une carte génétique comprenant 125 marqueurs microsatellites (SSR) a été produite. Sur la base
des phénotypes observés chez 383 familles BC3F2 évaluées dans deux environnements, il a été trouvé que deux caractères
morphologiques liés à la domestication, la forme de la panicule et le port de la plante, étaient contrôlés par des facteurs
mendéliens uniques. Ceci implique qu’il aurait été facile de sélectionner les mutations récessives pour certains caractères
morphologiques contrôlés par des gènes uniques lors de la domestication. En employant des analyses ponctuelles et par intervalles, 59 QTL putatifs contrôlant 11 caractères quantitatifs ont été détectés sur les deux sites. Dans ces cas, 37,5 % des
allèles de l’O. rufipogon avaient des effets positifs sur des composantes du rendement dans un fond génétique Teqing. Des
régions portant des QTL significatifs pour les caractères liés à la domestication ou au rendement ont été détectées sur les
chromosomes 1, 4, 5, 7, 8 et 12. La cartographie fine et le clonage de ces gènes et QTL liés à la domestication seront utiles dans le futur pour élucider l’origine et la différenciation du riz cultivé asiatique.
Mots-clés : riz sauvage commun, riz cultivé, domestication, analyse QTL sur rétrocroisements avancés, marqueur SSR.
[Traduit par la Rédaction]
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TfPLC1, a gene encoding phosphoinositide-speciﬁc phospholipase
C, is predominantly expressed in reproductive organs
in Torenia fournieri
Meifang Song Æ Shijie Liu Æ Zhen Zhou Æ
Yuzhen Han

Received: 28 May 2008 / Accepted: 1 September 2008 / Published online: 16 September 2008
 Springer-Verlag 2008

Abstract Phosphoinositide-speciﬁc phospholipase C (PIPLC) is an important enzyme, which is a key player
involved in eukaryotic signal transduction pathways. In
plants, it plays a key role in growth and development as
well as environmental stress. However, little is known
about its roles in signal transduction during sexual reproduction process. In this study, we cloned and characterized
a gene of full-length PI-PLC from ovules of Torenia
fournieri, designated as TfPLC1. It was 2,171 bp in length,
including an open reading frame encoding a polypeptide of
583 amino acids with molecular mass of 66.02 kDa. The
amino acid sequence deduced from the cDNA sequence
shows 40–76% similarity to other plant PI-PLCs and
contains the characteristic X, Y and C2 domains. Northern
blot analysis demonstrated it was predominantly expressed
in ovules and ﬂowers. Furthermore, TfPLC1 promoter::GUS transgenic analysis indicated it speciﬁcally
expressed in ovule, stigma and mature pollen grain.
Immunohistochemical staining showed that, in mature
stigma, TfPLC1 protein was principally localized in the
cells of stigmatic receptive surface. Together, our data
suggest that TfPLC1 may play an important role in plant
sexual reproduction.

Communicated by Scott Russell.

Electronic supplementary material The online version of this
article (doi:10.1007/s00497-008-0081-0) contains supplementary
material, which is available to authorized users.
M. Song  S. Liu  Z. Zhou  Y. Han (&)
State Key Laboratory of Plant Physiology and Biochemistry,
College of Biological Science, China Agricultural University,
100193 Beijing, China
e-mail: hanyuzhen@cau.edu.cn
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Introduction
Phosphoinositide-speciﬁc phospholipase C (PI-PLC) is an
important enzyme, which catalyzes the hydrolysis of
phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2)
to yield two-second messengers, diacyl glycerol (DAG)
and inositol 1,4,5-triphosphate (IP3). DAG and IP3 mediate
the activation of protein kinase C and intracellular Ca2?
release respectively. In mammals, many PI-PLC isoforms
have been identiﬁed and they were proposed to be involved
in cell signal and development (Rhee 2001). Some of the
PI-PLC isoforms are speciﬁcally expressed in the sperm or
egg, which play an important role in fertilization and early
embryonic development (Fukami et al. 2001, 2003; Saunders et al. 2002; Kurokawa et al. 2004). In plants, cDNA
encoding functional PI-PLC has been cloned, ﬁrst in Arabidopsis thaliana (Hirayama et al. 1995), later in Nicotiana
rustica (Pical et al. 1997), rice (Song and Goodman 2002),
Solanum tuberosum (Hunt et al. 2003), Lilium davidii (Pan
et al. 2005), Petunia inﬂata (Dowd et al. 2006). Plant PIPLCs have been demonstrated to be involved in signal
transduction in a variety of physiological processes
including environmental stress (Chapman 1998), pathogen
attack (Song and Goodman 2002), ABA signal pathway
(Sanchez and Chua 2001; Hunt et al. 2003), gravity and
cytokinin (Repp et al. 2004), pollen tube growth in vitro
(Malho 1998; Dowd et al. 2006). In spite of the above
extensive studies, compared to animal counterparts, relatively little is known the role of PI-PLCs in signal
transduction during sexual reproduction.
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Construction of a bacterial artiﬁcial chromosome (BAC)
library of common wild rice (Oryza ruﬁpogon Griff.)
for map-based cloning of genes selected during
the domestication of rice
Xianran Li Æ LuBin Tan Æ Haiyan Huang Æ Zuofeng Zhu Æ Chenji Li Æ
Songnian Hu Æ Chuanqing Sun
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Abstract As a prerequisite for the map-based
cloning of genes from common wild rice (Oryza
ruﬁpogon Griff.), which plays an important role in the
domestication of cultivated rice (O. sativa L.), we
constructed a median-insert size bacterial artiﬁcial
chromosome (BAC) library of the common wild rice
isolate, YJCWR, collected from Yuanjiang, Yunnan
Province, China. The library consists of 52,992
clones, with an average insert size of 50 kb, and all
clones were pooled into 46 three-dimensional superpools to facilitate library screening through the PCR
method. Seventeen candidate clones were isolated by

X. Li  L. Tan  Z. Zhu  C. Sun (&)
Department of Plant Genetics and Breeding and State Key
Laboratory of Plant Physiology and Biochemistry, China
Agricultural University, Beijing 100094, China
e-mail: suncq@cau.edu.cn
X. Li  L. Tan  Z. Zhu  C. Sun
Laboratory of Crop Heterosis and Utilization, Ministry of
Education, Beijing 100094, China
X. Li  L. Tan  Z. Zhu  C. Sun
Beijing Key Laboratory of Crop Genetic Improvement,
Beijing 100094, China
X. Li  L. Tan  Z. Zhu  C. Sun
Key Laboratory of Crop Genetic Improvement and
Genome, Ministry of Agriculture, Beijing 100094, China
H. Huang  C. Li  S. Hu
Beijing Genomics Institute, Chinese Academy of
Sciences, Beijing 101300, China

ﬁve markers and some clones containing putative
target regions were sequenced. Furthermore, in
analyzing the sequences of YJCWR, a retrotransposon, SZ-55, that might contribute to the evolution of
Oryza was found.
Keywords BAC library  Common wild rice 
Domestication  Retrotransposon 
Selected genes

Introduction
As the progenitor of cultivated rice (O. sativa L.), the
common wild rice (Oryza ruﬁpogon Griff.), constitutes the primary gene pool for the genetic
improvement of rice. During the course of domestication from common wild rice to cultivated rice,
profound changes in morphology and molecular
genetic proﬁle occurred via natural and artiﬁcial
selection. Over the years, more research has focused
on determining the mechanisms involved in the
domestication of cultivated rice and, recently, some
major quantitative trait loci (QTLs) involved in the
morphological differences between wild and cultivated rice have been identiﬁed (Tian et al. 2006).
Nevertheless, further research on the dissection of
genes underlying these QTLs is still needed in order
to enhance our understanding of the molecular basis
of the key events that occurred during the domestication transition of rice.
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Isolation and Characterization of the Trichome-specific
AtTSG1 Promoter from Arabidopsis thaliana
Shiming Ni & Lingjun Meng & Ji Zhao &
Xuechen Wang & Jia Chen

Published online: 14 May 2008
# Springer-Verlag 2008

Abstract Trichomes are specialized epidermal cells that are commonly present
on leaves, stems, and sepals of plants. They are suggested to provide a first line
of defense against invading pests and pathogens. By differential display reverse
transcription (DDRT)-polymerase chain reaction (PCR) and reverse Northern
analysis, an Arabidopsis thaliana gene, AtTSG1, has been identified from
epidermal cells of leaves, and found to be specifically expressed in the epidermis.
Following BLAST analysis, it is found that this gene encodes a putative
translational activator protein, At1G64790, with similarity to HsGCN1. A 1.3-kb
promoter sequence of the AtTSG1 gene has been cloned. This promoter is shown to
direct the specific expression of the reporter uidA gene, β-glucuronidase (GUS), in
trichomes of leaves and stems of Arabidopsis plants. Promoter deletion analysis
has revealed that the region from ×300 bp to ×1 bp is sufficient to direct trichomespecific expression, and that a novel cis-acting element to direct trichome-specific
expression is involved in the region from ×250 bp to ×200 bp. The AtTSG1
promoter sequence from ×100 to ×1 bp likely contains an initiator (Inr) sequence as
a core promoter element to mediate the same function as that of a TATA element.
As this AtTSG1 promoter is associated with trichomes, it may provide an efficient
bioengineering element for enhancing pest and pathogen resistance in transgenic
plants.
Keywords Trichome-specific promoter . cis-acting element . Deletion analysis .
β-glucuronidase
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DROUGHT STRESS
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Abstract
Chemical regulation using plant growth regulators has proved to be potentially
beneﬁcial in water-saving agriculture. This experiment was conducted with
winter wheat (Triticum aestivum L. cv. ‘Jingdong 6’) to study the effect of
chemical regulation on alleviation of water deﬁcit stress during the grain ﬁlling
stage. Uniconazole, a plant growth regulator, was foliar sprayed at 85 % (adequate irrigation) and 60 % (deﬁcit irrigation) ﬁeld capacity. Results showed
that the distribution of 3H-H2O in roots and ﬂag leaf, characteristics of vascular bundle in primary roots and internode below spike, roots activity, transpiration rate and stomatal conductance of ﬂag leaf were negatively affected by
deﬁcit irrigation after ﬂowering. Foliar spraying at the early jointing stage with
13.5 gha)1 uniconazole was able to relieve and compensate for the harmful
effects of deﬁcit irrigation. Both the area of vascular bundle in primary roots
and internode below the ear were increased by uniconazole, while root viability
and their ability to absorb and transport water were increased. In the ﬂag leaf,
stomatal conductance was reduced to maintain the transpiration rate and water
use efﬁciency (WUE) measured for a single wheat plant was higher. Uniconazole increased WUE by 25.0 % under adequate and 22 % under deﬁcit irrigations. Under adequate irrigations, the 14C-assimilates export rate from ﬂag leaf
in 12 h (E12h) was increased by 65 % and 36 % in early and late ﬁlling stages,
while under deﬁcit irrigations, the E12h of uniconazole-treated plants exceeded
that of control plants by 5 % and 34 % respectively. Physiological damages
caused by water deﬁciency during the grain ﬁlling stage of wheat was alleviated
by foliar spraying with uniconazole.

Introduction
The grain ﬁlling stage is vital for the formation and development of wheat grains. Hence, water stress during this
stage will decrease its yield and quality (Mogenson et al.
1985, Shi et al. 1999, Ahmadi and Baker 2001, Angus and
Vanherwaarden 2001). With decreasing availability of limnetic water resources, new approaches and techniques to
improve the water use efﬁciency (WUE) and enhance the
tolerance or resistance of plants to drought and deﬁcit
irrigation have attracted the attention of crop scientists
(English and Raja 1996, Kang et al. 2002, Li et al. 2005).
ª 2008 The Authors
Journal compilation ª 2008 Blackwell Verlag, 194 (2008) 9–14

Under water deﬁciency, wheat shows a kind of self-adapting mechanism such as changes in form, structure and
physiology like stomatal closing, leaf crisping, decreased
transpiration, slowing of growth, early ageing and abscising (Zhang et al. 1998). Signal substances like plant hormones have been shown to be involved in the above
adaptations to water stress. Therefore, the application of
plant growth regulators which can change the levels and
functions of plant hormones have the potential to regulate plant growth, development and related physiological
processes, including water metabolism and to induce
or enhance the resistance of plants to water deﬁciency
9
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FLOODING STRESS
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Stress in Two Rice (Oryza sativa L.) Cultivars
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Abstract
We studied the effects of coronatine (COR), a structural and functional analogue of jasmonates, on the drought tolerance of two rice cultivars, Handao
297 (a drought-tolerant upland rice) and Yuefu (a drought-sensitive lowland
rice). Seedlings were treated with COR at the three-leaved stage at 0.01 and
0.1 lm for 24 h, followed by imposition of water deﬁcit induced with 20 %
polyethylene glycol (PEG). Water stress reduced the biomass of both cultivars
and increased leaf lipid peroxidation and solute leakage. Pre-treatment with
COR signiﬁcantly increased the activities of superoxide dismutase, catalase,
ascorbate peroxidase and glutathione reductase in leaf tissues of water-stressed
Handao 297 (0.01 lm) and Yuefu (0.1 lm) seedlings. COR supplement also
increased the accumulation of 44 and 32 kDa polypeptides in water-stressed
Handao 297 (0.01 and 0.1 lm) and Yuefu (0.1 lm) and signiﬁcantly induced
the expression of 29 kDa polypeptide in Handao 297. The results suggest that
COR might alleviate drought stress by activating antioxidant enzymes and
inducing proteins, thereby preventing membrane peroxidation and denaturation of bio-molecules. Thus, membrane permeability decreased substantially
by 24–27 % in Handao 297, and 22–29 % in Yuefu. The optimal concentrations conferring drought resistance were 0.01 for the upland rice and 0.1 lm
for the lowland cultivar.

Introduction
Shortage of water limits plant growth and crop productivity more than any other single environmental factor
(Todorov et al. 1998). Numerous physiological and biochemical changes have been noted in various plant species
exposed to drought stress. It is universally acknowledged
that oxygen toxicity is an inherent feature of aerobic life
as 1 % of the oxygen consumed by plants is diverted to
produce activated oxygen (Asada and Takahashi 1987).
Drought stress may particularly trigger the formation of
superoxide radical and hydrogen peroxide (H2O2), which
can directly attack membrane lipids and inactivate
SH-containing enzymes (Sairam and Srivastava 2001). On
the other hand, plants accumulate an array of antioxidant
enzymes such as superoxide dismutase (SOD), catalase
(CAT), and various peroxidases such as ascorbate peroxidase (APX) to cope with free radicals, and this defence
mechanism may be induced during water-deﬁcit stress.
360
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Cell membrane stability has been widely used to estimate
stress tolerance, and higher membrane stability was correlated with drought stress tolerance (Gigon et al. 2004).
The increased production of superoxide radicals and
H2O2 was paralleled by malondialdehyde (MDA) accumulation under drought stress in rice (Ushimaru et al.
1994), soybean (Porcel and Ruiz-Lozano 2004) and wheat
(Niedzwiedz-Siegien et al. 2004). MDA, is a decomposition product of polyunsaturated fatty acids of biomembranes which is an important indicator of membrane
damage (Jiang and Zhang 2001).
Under drought, the alteration in protein composition
(synthesis or degradation) is a basic response mechanism
that may inﬂuence drought tolerance (Ouvrard et al.
1996). Quantitative and qualitative changes in proteins
have been investigated widely in many plant species (Riccardi et al. 1998, Yokota et al. 2002, Lian et al. 2004).
Many genes in rice were induced by exposing seedlings to
0.5 m mannitol for 30 min or more (Takahashi et al.
ª 2008 The Authors
Journal compilation ª 2008 Blackwell Verlag, 194 (2008) 360–368
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The fate of Cry1Ac Bt toxin during
oyster mushroom (Pleurotus ostreatus)
cultivation on transgenic Bt cottonseed hulls
Linjian Jiang, Xiaoli Tian,∗ Liusheng Duan and Zhaohu Li
State Key Lab of Plant Physiology and Biochemistry, Centre of Crop Chemical Control, Department of Agronomy, China Agricultural
University, Beijing 100094, P.R. China

Abstract
BACKGROUND: In China, mushrooms are often cultivated on cottonseed hulls, and spent substrates from their
cultivation are used as cattle feed. As the area planted to Bacillus thuringiensis (Bt) cotton in China increases,
hulls from transgenic Bt cottonseed are being increasingly used as a substrate for edible mushroom cultivation.
The objective of this research was to determine whether Bt toxin was transmitted to mushrooms cultivated on
transgenic Bt cottonseed hulls or retained in the spent substrate.
RESULTS: Bt toxin was still present in transgenic Bt cottonseed hulls after chemical (carbendazol) treatment
but not after heat (100 ◦ C) treatment before mushroom fungus inoculation. When mushroom was cultivated on
carbendazol-treated substrates, Bt toxin level in the substrates fell below the detection limit (1.5 ng Cry1Ac per g
fresh weight) in 15 days.
CONCLUSION: Bt toxin was not transmitted to mushrooms during cultivation on transgenic Bt cottonseed hulls.
© 2007 Society of Chemical Industry

Keywords: Cry1Ac; mushroom; spent substrate; transgenic Bt cotton

INTRODUCTION
Transgenic Bacillus thuringiensis (Bt) cotton varieties
carrying the cry1Ac gene were commercialised in China
in 19971 and are now cultivated on more than 90% of
the total area planted to cotton except in Xinjiang
Province.2 Cottonseed hulls have been used as a
substrate for mushroom cultivation since ancient times
and hulls from Bt cotton are also being gradually used
for mushroom cultivation. Spent Bt cotton substrates
from the cultivation are often used as cattle feed.3
The fate of Bt toxin produced by transgenic Bt plants
has been a source of concern worldwide. For example,
one concern is the persistence of Bt toxin produced by
transgenic Bt plants in soil ecosystem. The toxin can
persist in soil for as long as 28–240 days.4 – 6 Another
concern is the potential effects of Bt toxin on other
non-target organisms. Saxena and Stotzky7 reported
that Bt toxin released to soil from Bt corn biomass or
root exudates had no signiﬁcant effects on earthworms,
nematodes, and the number of culturable protozoa,
fungi and bacteria. When Cry1Ac Bt toxin was released
from cotton, it did not affect the population of bacteria
in the rhizosphere.8 No signiﬁcant differences were
observed between rats fed transgenic Cry1Ab rice and
control.9 However, Zwahlen et al.10 showed that Bt

corn litter signiﬁcantly decreased earthworm weight
when fed for more than 200 days.
Harwood et al.11 reported that Bt toxin could
pass through the food chain consisting of ‘plant tissues’ – ‘non-target herbivores’ – ‘higher order arthropods’. However, to the best of our knowledge, there
are no studies on the fate of Cry1Ac Bt toxin in the
following mushroom-related food chain: ‘Bt cottonseed hulls’ – ‘Mushroom’ – ‘People’ or ‘Bt cottonseed
hulls’ – ‘Spent substrates’ – ‘Cattle’.
Research has shown that non-Bt plants did not
take up Bt toxin from the soil;12 however, it is not
known whether mushroom will take up Bt toxin or
not. Mushrooms inoculated on Bt cottonseed hulls
may have a higher possibility of taking up Bt toxin
than plants growing in soil, because (1) Bt cottonseed
hulls have higher concentrations of Bt toxin than soil
and (2) mushrooms grow quicker and receive all of
their nutrition from the substrate as compared to
plants growing in the soil.
Cottonseed hulls are usually pre-treated before
being used for mushroom cultivation in either of
the following two ways: (1) heat (100 ◦ C) treatment
for 2–4 h.13 or (2) chemical treatments, of which
carbendazol (methyl benzimidazol-2-ylcarbamate) is
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Brassinolide alleviated the adverse effect of water deﬁcits
on photosynthesis and the antioxidant of soybean
(Glycine max L.)
Mingcai Zhang Æ Zhixi Zhai Æ Xiaoli Tian Æ
Liusheng Duan Æ Zhaohu Li
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Abstract Brassinolide (BR) is a relatively new
plant growth regulator. To test whether BR could be
used to increase tolerance to water deﬁcits in
soybean, the effects of BR application on photosynthesis, assimilate distribution, antioxidant enzymes
and seed yield were studied. BR at 0.1 mg l-1 was
foliar applied at the beginning of bloom. Two levels
of soil moisture (80% ﬁeld capacity for well-watered
control and 35% for drought-stressed treatment) were
applied at pod initiation. BR treatment increased
biomass accumulation and seed yield for both
treatments. Drought stress inhibited translocation of
assimilated 14C from the labeled leaf, but BR
increased the translocation for both treatments.
Drought stress depressed chlorophyll content and
assimilation rate (A), while chlorophyll content and A
of BR-treated plants were greater than that of
drought-stressed plants. BR treatment increased maximum quantum yield of PS II, the activity of ribulose1,5-bisphosphate carboxylase, and the leaf water
potential of drought-stressed plants. Treatment with
BR also increased the concentration of soluble sugars
and proline, and the activities of peroxidase and
superoxide dismutase of soybean leaves when
M. Zhang  Z. Zhai  X. Tian  L. Duan  Z. Li (&)
State Key Laboratory of Plant Physiology and
Biochemistry, Centre of Crop Chemical Control, College
of Agronomy and Biotechnology, China Agricultural
University, 2#, Yuanmingyuan Xilu, Haidian District,
Beijing 100094, People’s Republic of China
e-mail: lizhaohu@cau.edu.cn

drought-stressed. However, it decreased the malondialdehyde concentration and electrical conductivity of
leaves under drought stress. This study show that BR
can be used as a plant growth regulator to enhance
drought tolerance and minimize the yield loss of
soybean caused by water deﬁcits.
Keywords Antioxidant enzymes 
Brassinolide  Drought  Photosynthesis 
Soybean
Abbreviations
ABA
Abscisic acid
BR
Brassinolide
Fv/Fm
Maximum quantum yield of
photosystem II
GA
Gibberellic acid
IAA
Indole-3-acetic acid
MDA
Malondialdehyde
A
Assimilation rate
POD
Peroxidase
RuBPCase Ribulose-1,5-bisphosphate
carboxylase/oxygenas
SOD
Superoxide dismutase
Wleaf
Leaf water potential

Introduction
Soybean is considered sensitive to drought stress,
especially during critical periods of plant development
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Induction of cyclic electron flow around photosystem 1 and state transition
are correlated with salt tolerance in soybean
K.X. LU*,**, Y. YANG*, Y. HE*, and D.A. JIANG*,***
State Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University,
310058 Hangzhou, China*
Faculty of Life Science and Biotechnology, Ningbo University, 315211 Ningbo, China**

Abstract
We investigated the role of cyclic electron flow around photosystem 1 (CEF1) and state transition (ST) in two soybean
cultivars that differed in salt tolerance. The CEF1 and maximum photochemical efficiency (Fv/Fm) were determined
under control and NaCl (50 mM) stress and the NaCl-induced light-harvesting complex 2 (LHC2) phosphorylation
in vitro was analysed in light and dark. NaCl induced the increase of CEF1 more greatly in wild soybean Glycine cyrtoloba (cv. ACC547) than in cultivated soybean Glycine max (cv. Melrose). The Fv/Fm was reduced less in G. cyrtoloba
than in G. max after 10-d NaCl stress. In G. cyrtoloba, the increase of CEF1 was associated with enhancement of LHC2
phosphorylation in thylakoid membrane under both dark and light. However, in G. max the NaCl treatment decreased
the LHC2 phosphorylation. Treatment with photosynthetic electron flow inhibitors (DCMU, DBMIB) inhibited LHC2
phosphorylation more in G. max than in G. cyrtoloba. Thus the NaCl-induced up-regulation in CEF1 and ST might
contribute to salt resistance of G. cyrtoloba.
Additional key words: chlorophyll fluorescence induction; DBMIB; DCMU; electron flow inhibitors; light-harvesting complex;
maximum photochemical efficiency; NaCl; phosphorylation; species differences; Western blot.

Introduction
Soil salinity is one of the most severe factors impairing
plant growth and productivity globally (Hasegawa and
Bressan 2000, Pitman and Läuchli 2002), which causes
both hyperionic and hyperosmotic effects in plants, e.g.
membrane disorganization, metabolic disorder, and genesis of reactive oxygen species (Chaparzadeh et al. 2004,
Amor et al. 2006), etc. leading to the inhibition of CO2
fixation (Hernández et al. 1999). To alleviate the damage
initiated by salt stress, plants have developed a complex
defence system including ion homeostasis, osmolyte
biosynthesis, compartmentation of toxic ions, and
reactive oxygen species scavenging system (Hasegawa
and Bressan 2000, Mittova et al. 2004). So far, accumulating evidence demonstrated that over-expression of one
single salt tolerance gene may only confer a partially
improved salinity tolerance (Maggio et al. 2002).
Therefore, it is necessary to identify novel salt tolerance
determinants and functionally analyse cause-effect

relationships between physiological responses and their
potential benefits in stress adaptation (Munns 2002).
Our recent research (Yang et al. 2007) using Glycine
cyrtoloba and G. max has revealed that salt-induced upregulation of cyclic electron flow around photosystem
(PS) 1 (CEF1) in G. cyrtoloba was closely related to its
high salinity resistance. One of the mechanisms involved
in stimulating CEF1 was the phosphorylation of lightharvesting complex 2 (LHC2) (Joliot and Joliot 2002,
Sharkey 2005), which is considered as a basis for state
transitions (ST) (Bellafiore et al. 2005). Then what is the
relationship between LHC2 phosphorylation (ST2) and
salt tolerance in soybean? Some reports suggest that ST
represent a flexible regulation mechanism to balance
excitation energy between two photosystems (Allen 1992,
Liu and Shen 2004) and the key LHC2 phosphorylation
enzyme (LHC2 kinase) can sense the unbalance between
the light reactions and the carbon metabolism (Hou et al.
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Acknowledgements: This work was supported by the National Natural Science Foundation (30471051), and Natural Science
Foundation of Zhejiang Province (Y306213). We also acknowledge Dr J.L. Yang for critical reading of the manuscript.

10

139

植物生理学与生物化学国家重点实验室 2008年报
PHOTOSYNTHETICA 46 (4): 506-510, 2008

Up-regulation of cyclic electron flow and down-regulation
of linear electron flow in antisense-rca mutant rice
S.-H. JIN*,**, D. WANG*, F.-Y. ZHU*, X.-Q. LI**, J.-W. SUN*, and D.A. JIANG*,***
State Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University,
Hangzhou 310058, China*
School of Forestry and Biotechnology, Zhejiang Forestry University, Linan, 311300, China**

Abstract
To investigate how excess excitation energy is dissipated in a ribulose-1,5-bisphospate carboxylase/oxygenase activase
antisense transgenic rice with net photosynthetic rate (PN) half of that of wild type parent, we measured the response
curve of PN to intercellular CO2 concentration (Ci), electron transport rate (ETR), quantum yield of open photosystem 2
(PS2) reaction centres under irradiation (Fv′/Fm′), efficiency of total PS2 centres (ΦPS2), photochemical (qP) and nonphotochemical quenching (NPQ), post-irradiation transient increase in chlorophyll (Chl) fluorescence (PITICF), and
P700+ re-reduction. Carboxylation efficiency dependence on Ci, ETR at saturation irradiance, and Fv′/Fm′, ΦPS2, and qP
under the irradiation were significantly lower in the mutant. However, NPQ, energy-dependent quenching (qE), PITICF,
and P700+ re-reduction were significantly higher in the mutant. Hence the mutant down-regulates linear ETR and
stimulates cyclic electron flow around PS1, which may generate the ΔpH to support NPQ and qE for dissipation of
excess excitation energy.
Additional key words: chlorophyll fluorescence; CO2 assimilation rate; intercellular CO2 concentration; post-irradiation transient
increase in chlorophyll fluorescence; P700+ re-reduction.

Introduction
Ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBPCO; EC 4.1.1.39) is a key enzyme catalyzing
photosynthetic and photorespiratory carbon metabolism.
RuBPCO activase (RCA) is necessary to activate
RuBPCO in vivo by removing the inhibitors from
RuBPCO catalytic sites (Spreitzer and Salvucci 2002,
Portis 2003). To investigate the potential importance of
the amount of RCA to regulate the Calvin cycle, some
transgenic plants with reduced RCA contents have been
produced in different plants (Mate et al. 1993, 1996,
Jiang et al. 1994, Eckardt et al. 1997, Hammond et al.
1998, Zhang et al. 2002). We also reported that in rice net
photosynthetic rate (PN) did not significantly decline if
RCA contents were higher than 35 % of the wild type

(Jin et al. 2004), which could be partially attributed to
the larger proportion of RCA located to stroma of
chloroplast (Jin et al. 2006). However, it remains unclear
how the PN-reduced antisense mutants regulate the
dissipation of excess excitation energy if low PN results
in lesser requirement for photon energy to match CO2
assimilation. Therefore we investigated the responses of
PN to intercellular CO2 concentration (Ci) and of fluorescence parameters of photosystem (PS) 2 to irradiance,
the post-irradiation transient increase in chlorophyll
(Chl) fluorescence, and the kinetics of oxidized PS1
re-reduction to explore how the reduced RCA plant
dissipates excessive photon energy.

———
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Low concentration of bisulfite enhances photosynthesis in tea tree
by promoting carboxylation efficiency in leaves
W.-J. YANG, H.-F. CHEN, F.-Y. ZHU, M.-Q. HU, and D.-A. JIANG*
State Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University,
310058 Hangzhou, China

Abstract
Tea tree (Melaleuca alternifolia) canopy was sprayed with low concentration of NaHSO3 or mixture of NaHSO3+
KH2PO4. The treatments significantly enhanced net photosynthetic rate (PN), carboxylation efficiency (CE), and the
maximum response of PN to intercellular CO2 concentration. The enhancement of PN by foliar application of low concentrations of bisulfite was due to increasing CE relevant to ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase
activity and regeneration rate of RuBP depending on ATP formation.
Additional key words: chlorophyll fluorescence; intercellular CO2 concentration; Melaleuca; photorespiration; photosystem 2;
regeneration of ribulose-1,5-bisphosphate; stomatal conductance.

——
Low concentration of bisulfite has often been used for
enhancing photosynthesis to promote field crop yield
(Wang et al. 2003, Chen et al. 2005, Guo et al. 2006).
However, it is still unknown how it directly enhances
carbon assimilation. Zelitch (1957) first reported that bisulfite could compose acetaldehyde acid to form α-hydroxysulfonates as inhibitors of the enzymatic oxidation of
glycolate. Later on, researchers considered bisulfite as an
inhibitor of photorespiration to enhance net photosynthetic rate, PN (Zhou and Wang 2000, Chen et al.
2005), while the researches by Takemoto and Noble
(1982) and Tan and Shen (1987) showed that bisulfite did
not inhibit photorespiration. Although Wang and Shen
(2002) stressed the increase relevant to enhancement of
cyclic photophosphorylation, it is still a question whether
or not bisulfite addition results in change in carboxylation
efficiency (CE).
Tea is a traditional drink both in China and other
countries. In spring the price of tea leaves depends on the
date of picking. The earlier it is picked, the higher benefit
the farmers get. Therefore, how to make tea bud in the
spring sprout out earlier has become the key for increasing tea leaf yield. Chen et al. (2005) reported that
low concentration of NaHSO3 significantly enhanced bud
growth and PN of tea trees in the field, however, neither

the photosystem 2 (PS2) activity nor the excitation
energy distribution between photochemical and nonphotochemical quenchings were changed.
To explore how bisulfite enhances photosynthesis
directly, tea trees (Melaleuca alternifolia cv. Wuniuzao)
grown outdoors in pots were moved to the sun-irradiated
growth chamber at temperature of 20–25 ºC, relative
humidity of 55–70 %, photosynthetic photon flux density
(PPFD, 400–700 nm) of 800–1 000 μmol(photon) m–2 s–1
1-d ago. The canopy was sprayed with distilled water
(control, C), with 2 mM NaHSO3, or with the mixture
(2 mM NaHSO3+7 mM KH2PO4). PN and chlorophyll
(Chl) fluorescence parameters, irradiance and CO2
response curves, ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBPCO) activity as well as photorespiration
rate (RP) were measured on the 4–5th top leaves on the
next day after the treatment.
The steady gas exchange, Chl fluorescence parameters, the photosynthetic photon flux density (PPFD)
and CO2 concentration responses of PN were determined
with a portable photosynthesis system (LiCor-6400;
LiCor, Lincoln, NE, USA) following the method of
Huang et al. (2004) at PPFD of 1 000 μmol(photon)
m–2 s–1, leaf temperature of 25 ºC, and CO2 concentration
of 461±13 μmol mol–1 in the sample chamber.

———
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VERTICILLIUM DAHLIAE TOXINS INDUCE CHANGES IN EXPRESSION
OF A PUTATIVE HISTONE H2B AND A PUMILIO/PUF RNA-BINDING
PROTEIN IN ARABIDOPSIS THALIANA
Y-Y. Hou, F-M. Shi and Y-Z. Li
State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University, Beijing 100094, China

SUMMARY

To gain insight into the molecular mechanisms of
plant defence response to Verticillium dahliae, we identified the genes whose expression patterns were altered
during early response to V. dahliae toxins (VD-toxins)
in Arabidopsis seedlings using the mRNA differential
display approach. Four true positive bands (DD1, DD2,
DD3 and DD4) were confirmed from the 30 differentially displayed bands. The deduced nucleotide sequence of the DD1 and DD2 clones showed strong homology with genes encoding a putative histone H2B
and a pumilio /Puf RNA-binding protein, respectively.
Quantitative real-time RT-PCR assays suggested that the
expression pattern of genes of DD1 and DD2 in two
ecotypes of Arabidopsis were clearly different. The results indicate that the putative histone H2B and pumilio
/Puf RNA-binding protein encoded by DD1 and DD2
genes may be involved in regulation of the defence responses against VD-toxins in Arabidopsis and the
pumilio/Puf RNA-binding protein plays a more important role in the defence responses.
Key words: Arabidopsis, Verticillium dahliae toxins,
mRNA differential display, histone H2B, pumilio /Puf
RNA-binding protein, quantitative real-time RT-PCR.
Verticillium dahliae is a soilborne pathogen that causes Verticillium wilt in important plant species worldwide (Bhat and Subbarao, 1999). Although the physiology of plant defence against Verticillium infection is well
established, comprising the production of the pathogenesis-related (PR) proteins, phytoalexins and phenolic
compounds (Williams et al., 2002; Zhen and Li, 2004)
and active expression of some plant disease response
genes (Fradin and Thomma, 2006), the molecular
mechanisms involved in plant defence responses to Verticillium remain largely unknown.
Interactions between plant and pathogens induce a
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series of plant defence responses. Changes in gene expression are important for activation of defence mechanisms and transcriptional activation or repression of
genes, which has been reported in several plantpathogen systems (Kazan et al., 2001). Identification of
genes whose expression is changed in response to
pathogens, in turn, will suggest functional involvement.
It had been reported that Arabidopsis thaliana was
susceptible to V. dahliae (Veronese et al. 2003). Recently, we showed that the symptoms induced by V. dahliae
toxins (VD-toxins) were similar to those induced by the
fungus itself. We partially purified the VD-toxins and
found that they include a glycoprotein of 35.8-83.2 kDa.
The phytotoxic activity of VD-toxins remained after
treatment with high temperature, conA, and proteinase
(Jia and Li, unpublished). We also showed that VD-toxins altered the cytoskeletons and nucleoli in suspensions
of Arabidopsis cells (Yuan et al., 2006), VD-toxins induced NO and H2O2 production in Arabidopsis and
cotton (Jia et al., 2007; Shi and Li, 2008). These data
provide a very useful experimental access to research
molecular mechanisms that control the Arabidopsis defence response against V. dahliae. In this report, we
used an Arabidopsis-VD-toxins system to investigate the
changes in genes expression in the early response to
VD-toxins.
Two A. thaliana ecotypes, Columbia (Col-0, relatively
susceptible to V. dahliae) and C24 (relatively tolerant to
V. dahliae) were used. Seeds were sterilized and grown
on MS medium at 25ºC with 12 h light (100 mmol·m-2·s1) and 12 h dark. After culture for 8 days, the seedlings
were transferred to MS medium supplemented with 150
μg ml-1 VD-toxins and grown on for 7 more days.
A highly infectious and non-defoliating strain of V.
dahliae Kleb (V229) was used to extract VD-toxins. The
Verticillium culture filtrate was purified as described
previously (Jia et al., 2007; Shi and Li, 2008).
Total RNA preparations from seedlings treated with
VD-toxins for 1 day were obtained using the Trizol regent and used as PCR template. PCR amplification of
the synthesized first strand cDNA was carried out in
duplicate with 1.2 μl (10 mmol l-1) dNTP and 0.7 μl Taq
DNA polymerase (Tiangen, Beijing, China) in a typical
50 μl reaction, and with the following parameters: 94ºC
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Effects of Coronatine on Growth, Gas Exchange Traits, Chlorophyll
Content, Antioxidant Enzymes and Lipid Peroxidation in Maize
(Zea mays L.) Seedlings under Simulated Drought Stress
Baoqing Wang, Zhaohu Li, A. Egrinya Eneji, Xiaoli Tian, Zhixi Zhai, Jianmin Li and Liusheng Duan*
(State key Laboratory of Plant Physiology and Biochemistry and College of Agronomy and Biotechnology,
China Agricultural University, Beijing 100094, P.R. China)
Abstract : Coronatine is a phytotoxin that affects the accumulation of defence-related metabolites in plants but
information on how its effects may be mediated by environmental stress is scanty. An experiment was carried out
to determine the changes in growth, gas exchange, relative water content, chlorophyll (Chl) content, antioxidant
enzymes and lipid peroxidation in maize (Zea mays L., var. ‘Nongda 3138’) seedlings treated with coronatine under
simulated drought stress. Seedlings raised hydroponically in a growth chamber with simulated drought for 8d (longperiod drought) or 3d (short-period drought) were treated with or without coronatine at the three-leaf stage. Under
the drought condition, treated with coronatine signiﬁcantly increased the fresh weight and relative water content
in leaves of seedling leaves. The increase was accompanied by increased rates of photosynthesis and transpiration,
and the maintenance of Chl pigments. Coronatine had no effects on catalase (CAT), guaiacol peroxidase (POD)
and glutathione reductase (GR) under normal condition, but it signiﬁcantly enhanced activities of CAT, POD and
GR in stressed seedlings under the long-period drought treatment. Under the short-period drought treatment,
the POD and GR activity in the seedlings treated with coronatine were much higher than in those not treated.
Malondialdehyde (MDA) increased sharply under drought condition, but treatment with coronatine signiﬁcantly
reduced it by 15%. The total Chl content of leaves under the drought condition was markedly increased by the
treatment with coronatine. Seedlings subjected to a short-period drought had reduced water content, but recovered
fairly well by the treatment with coronatine with negligible effects on most physiological and biochemical processes.
The application of coronatine alleviated the drought stress in maize seedlings and enhanced their tolerance of
water stress through changes in physiological and anti-oxidant enzyme activities.
Key words : Antioxidant enzymes, Coronatine, Drought, Gas exchange, Maize seedlings.

Coronatine is a phytotoxin produced by several
pathovars of Pseudomonas syringae including pv.
atropurpurea, glycinea, maculicola, morsprunorum and
tomato (Bender et al., 1999). The most prominent
effect of coronatine is an intense spreading of chlorosis
in leaf tissues of plants.
Previous research results indicated that coronatine
mimics a precursor of jasmonic acid (JA) which is
involved in the biological processes of plant growth
and development (Sakai, 1980, 1981; Sakai et al.,
1984; Ferguson and Mitchell, 1985; Mino et al., 1987;
Kenyon and Turner, 1990; Weiler et al., 1993, 1994).
Coronatine affects the accumulation of defenserelated secondary metabolites such as pterocarpantype glyceollin, sakuranetin, momilactone A, alkaloid,
volatile materials and taxol (Ichihara and Toshima,
1998; Tamogami and Kodama, 2000; Fliegmann et al.,
2003; Lauchli and Boland, 2003). It can also induce

the accumulation of proteinase inhibitors associated
with herbivory (Ryan, 1992) and the expression
of a special gene JIP (JA-induced protein gene)
under osmotic stress in barley (Hause et al., 1996).
Investigations have revealed that coronatine showed
different physiological effects on different tissues
(Kenyon and Turner, 1990), and it is plausible that
it acts differently in monocotyledon and dicotyledon
plants (Uppalàpati et al., 2005). Many reports have
shown that coronatine mediates the stress response
associated with pathogens and herbivory (Lauchli
and Boland, 2003; Schüler et al., 2004), and it was
suggested to mediate plant responses to environment
stresses. Our previous study showed that coronatine
alleviated salinity stress in cotton by improving the
antioxidative defense system and DPPH-radical
scavenging activity (Xie et al., 2008), but its effects on
drought and osmotic stress is still unknown.

Received 5 July 2007. Accepted 25 January 2008. Corresponding author: L.S. Duan (duanlsh@cau.edu.cn, fax + 86-10-62731301). This
research was supported by grants from the National Science & Technology Development Program of China(No.2006BAD02A15),
the National High Technology Research and Development Program of China (No.2006AA10A213), and the Teaching and Research
Award Program for Outstanding Young Teachers in Higher Educational Institutions of MOE, P.R.China.
Abbreviations: ABA, abscisic acid; AOS, active oxygen species; APX, ascorbate peroxidase; CAT, catalase; Chl, chlorophyll; DW: dry
weight; FW, fresh weight; GR, glutathione reductase; JA, jasmonic acid; MDA, malondialdehyde; POD, guaiacol peroxidase; RWC,
relative water content; SOD, superoxide dismutase; TW, turgid weight.
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AtGRIP protein locates to the secretory vesicles of
trans Golgi-network in Arabidopsis root cap cells
CHEN Ying1,2, ZHANG Wei1, ZHAO Lei1 & LI Yan1†
1

State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing
100094, China;
2
College of Bioscience and Bioengineering, Hebei University of Economic and Business, Shijiazhuang 050061, China

GRIP domain proteins, locating to the trans-Golgi network, are thought to play an essential role in Golgi
apparatus trafficking in yeast and animal cells. In the present study, AtGRIP cDNA was amplified by
reverse transcriptase PCR from RNA isolated from Arabidopsis seedling. The GST fusion protein of
AtGRIP was affinity-purified and its rabbit polyclonal antibody was obtained. Immuno-blotting with the
purified anti-AtGRIP polyclonal antibody demonstrated that the molecular mass of AtGRIP protein is
about 92 kD, and its expression is not tissue-specific in Arabidopsis. Immunoflourescent labeling and
confocal microscopy revealed that the AtGRIP protein was co-localized with Golgi stacks in Arabidopsis root cells. Immuno-gold labeling and electron microscopy observation showed that AtGRIP protein
was mainly located to the membrane of the secretory vesicles of trans-Golgi network in Arabidopsis
root cap cells. Taken together, these results indicate that the localization of GRIP domain proteins between plants and animal cells are conserved. These results also suggest that the AtGRIP may be involved in regulating the formation or sorting of Golgi-associated vesicles in plant cells.

Golgi apparatus is an important organelle and plays a
key role in glycoprotein modification and process as
well as in vesicles classification and secretion in eukaryotic cells. The trans-Golgi network (TGN) is a
highly dynamic and complicated sub-compartment of
the Golgi apparatus, which has an extensive membrane
network on the trans face of the Golgi apparatus and is
able to form numerous tubules[1,2]. Many binding proteins of Golgi apparatus are associated with the TGN[3,4].
Although Golgi apparatus in animals and plant cells
share some structural and functional similarities, many
obvious differences have been reported [5].
Recently, a family of Golgi coiled-coil peripheral
membrane proteins has been identified in animal and
yeast cells, which contain a conserved 45-amino acid
ü
sequence at the C-terminus named GRIP domain[6 9].
These proteins are mainly localized in the Golgi apparatus[10]. The GRIP domain proteins contain coiled-coil
www.scichina.com | csb.scichina.com | www.springerlink.com
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regions, forming a rod-like shape and having the potential of mediating protein-protein interaction. Functional
assays have demonstrated that a number of different
GRIP sequences can specifically locate to the TGN of
Golgi apparatus in yeast and animal cells[11]. Analysis
using green fluorescent proteins (GFP) labeling demonstrated that GRIP domain is required for Golgi targeting
in animal and yeast cells[12]. The change of GRIP protein
expression level can result in the Golgi TGN aberration
and membrane translation blockage[13,14]. These results
have shown how GRIP domain proteins play a key role
in the structure and function of the TGN of Golgi apparatus in animal and yeast systems.
There is only one GRIP domain protein gene
Received March 12, 2008; accepted May 30, 2008
doi: 10.1007/s11434-008-0420-4
Corresponding author (email: liyan@cau.edu.cn)
Supported by the National Natural Science Foundation of China (Grant Nos.
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Excessive Copper Induces the Production of Reactive
Oxygen Species, which is Mediated by Phospholipase D,
Nicotinamide Adenine Dinucleotide Phosphate Oxidase
and Antioxidant Systems
Zhong-Lian Yu, Jin-Guang Zhang, Xue-Chen Wang and Jia Chen∗
(State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing 100094, China)

Abstract
Tobacco BY-2 suspension cells were used to study the chemical damage and its associated mechanisms caused by Cu2+ .
Treatment with 100 μmol/L Cu2+ generated a large amount of H 2 O 2 and thiobarbituric acid-reactive substances (TBARS)
in cells. Using phospholipase D (PLD) speciﬁc inhibitor (1-butanol) or phosphatidic acid (PA), we demonstrated that PLD
plays an important role in the generation of H 2 O 2 and TBARS. Semi-quantitative reverse-transcriptase polymerase chain
reaction and enzyme activity assays with wild type and nicotinamide adenine dinucleotide phosphate (NADPH) oxidaseoverexpressing BY-2 cells revealed that PLD and PA are the key factors leading to NADPH oxidase activation, which is
responsible for H 2 O 2 and TBARS production induced by Cu2+ . Moreover, the content of ascorbic acid (AsA), an effective
antioxidant, was sharply reduced in BY-2 cells exposed to excessive Cu2+ . Furthermore, a signiﬁcant downregulation of the
enzymes of AsA biosynthesis and the antioxidant system was found. This evidence suggests that excessive Cu2+ -elevated
reactive oxygen species (ROS) production is caused by upregulated PLD that elevates the activity of NADPH oxidase and
its collapsed antioxidant systems that scavenges ROS.
Key words: ascorbic acid; Cu2+ ; nicotinamide adenine dinucleotide phosphate oxidase; phospholipase D; reactive oxygen species.
Yu ZL, Zhang JG, Wang XC, Chen J (2008). Excessive copper induces the production of reactive oxygen species, which is mediated by ohospholipase
D, nicotinamide adenine dinucleotide phosphate oxidase and antioxidant systems. J. Integr. Plant Biol. 50(2), 157–167.
Available online at www.jipb.net

Copper (Cu), an essential trace element for all higher plants,
has several roles in plant metabolic processes (Maksymiec
1997). However, excessive Cu2+ , like many other heavy metals,
is a potential hazard for plants due to its ability to catalyze the
formation of harmful free radicals or lipid peroxidation (Halliwell
and Gutteridge 1989; Murphy and Taiz 1995). Production of
reactive oxygen species (ROS) by autoxidation and Fenton
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reaction accelerated by copper (Schützendübel and Polle 2002)
is the main resource of harmful free radicals. These ROS
possibly result in lipid peroxidation. It has been found that
three different mechanisms are involved in lipid peroxidation:
autoxidation, photooxidation, and enzyme catalysis via lipo- or
cyclo-oxygenases (Halliwell and Gutteridge 1989; Aro et al.
1993; Feussner and Wasternack 2002). However, Quartacci
et al. (2001) found that membrane-bound lipoxygenase is not
activated in wheat root after Cu2+ treatment and has a minor
role in the observed peroxidation of plasma membrane (PM)
fatty acids. Thus, Cu2+ -induced lipid peroxidation quite possibly
results from ROS-caused damage.
Phosphatidic acid (PA), a catalytic product of phospholipase
D (PLD) is involved in ROS productions (Zhang et al. 2003).
Existing data shows that the level of PA is regulated by
Cu2+ in plant chloroplast (Quartacci et al. 2000) and plasma
membrane (Quartacci et al. 2001). Furthermore, Zhang et al.
(2003) observed that PLD and its derived PA play critical roles
in plant responses to H 2 O 2 induced oxidative stresses. PLD
is regulated by pH changes, membrane perturbation, Ca2+ ,
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Membrane Transporters for Nitrogen, Phosphate
and Potassium Uptake in Plants
Yi-Fang Chen, Yi Wang and Wei-Hua Wu

∗

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

Abstract
Nitrogen, phosphorous and potassium are essential nutrients for plant growth and development. However, their contents
in soils are limited so that crop production needs to invest a lot for fertilizer supply. To explore the genetic potentialities
of crops (or plants) for their nutrient utilization efﬁciency has been an important research task for many years. In fact, a
number of evidences have revealed that plants, during their evolution, have developed many morphological, physiological,
biochemical and molecular adaptation mechanisms for acquiring nitrate, phosphate and potassium under stress conditions.
Recent discoveries of many transporters and channels for nitrate, phosphate and potassium uptake have opened up
opportunities to study the molecular regulatory mechanisms for acquisition of these nutrients. This review aims to brieﬂy
discuss the genes and gene families for these transporters and channels. In addition, the functions and regulation of some
important transporters and channels are particularly emphasized.
Key words: Arabidopsis; channel; nitrate; potassium; phosphate; transporter.
Chen YF, Wang Y, Wu WH (2008). Membrane transporters for nitrogen, phosphate and potassium uptake in plants. J. Integr. Plant Biol. 50(7),
835–848.
Available online at www.jipb.net

Nitrogen, phosphorous and potassium are the essential nutrient elements of plants, and the major forms uptaken by
plants are nitrate (NO 3 − ), phosphate (H 2 PO 4 − ) and potassium
(K+ ) ions. Among many inorganic nutrients required by plants,
these three nutrients are much more important because of
their signiﬁcant effects on plant growth and development. Low
availability of these three elements is a major constraint for crop
production in many low-input agricultural systems worldwide.
Thus, many crop breeders and plant biologists have made great
efforts to explore the genetic potentialities of crops for their
nitrate, phosphate and potassium utilization efﬁciency since the
middle of the last century. Upon the great achievements of the
genomic, genetic and molecular biology studies of the model
plants in last two decades, particularly Arabidopsis and rice, a
number of genes encoding the transporters and channels for
nutrient acquisition have been cloned and functionally charac-
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terized (Raghothama 2000; Gierth and Mäser 2007; Lebaudy
et al. 2007). In addition, an increasing number of genes whose
expression are signiﬁcantly induced in response to nutrient
stresses have been identiﬁed (Gierth and Mäser 2007), and
some of them serve as molecular determinants of nitrate,
phosphate and potassium uptake as well as its regulation.

Potassium Transporters and Channels
in Plants
Potassium (K+ ) is the most abundant cation in living plant cells.
K+ content in living plant cells could reach up to 10% of the
plant dry weight (Leigh and Wyn Jones 1984). As an essential
macronutrient in plant cells, K+ plays a crucial role in many
fundamental metabolic processes, such as osmoregulation,
turgor driven movements, control of membrane polarization
and protein biosynthesis (Clarkson and Hanson 1980). The
K+ absorption from soil to the living plant cells and K+ transport inside plants are mediated by plant K+ transporters and
channels. A large number of genes encoding K+ transporters
and channels have been cloned and identiﬁed in many species
of plants (Gambale and Uozumi 2006; Lebaudy et al. 2007;
Gierth and Mäser 2007). These transporters and channels
with different properties compose the complicated K+ transport

SKLPPB ANNUAL REPORT 2008

Available online at www.sciencedirect.com

Progress in Natural Science 18 (2008) 267–271

Involvement of NADPH oxidase NtrbohD in the rapid production
of H2O2 induced by ABA in cultured tobacco cell line BY-2
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Abstract
The mechanisms for the production of hydrogen peroxide (H2O2) induced by abscisic acid (ABA) were investigated in suspension
culture cells of tobacco BY-2 cells. The results showed that the immediate generation of H2O2, which was mainly derived from superoxide dismutase-catalyzed dismutation of superoxide radical, was signiﬁcantly induced by ABA. Furthermore, treatment of the cultured
tobacco cells with ABA resulted in a time-dependent quick increase in plasma membrane (PM) NADPH oxidase activity, which coincided on time and magnitude with the elevation in ABA-induced accumulation of H2O2. Moreover, these enhanced eﬀects were pronouncedly inhibited by two NADPH oxidase inhibitors, diphenylene iodonium and imidazole, suggesting that PM NADPH oxidase
is involved in the rapid accumulation of H2O2 in cultured tobacco cells. In addition, analysis of the expression level of NtrbohD, a
PM NADPH oxidase gene in tobacco, by RT-PCR and protein gel blot revealed that the gene at both mRNA and protein levels was
upregulated by ABA, indicating that NtrbohD participates in the ABA-stimulated rapid production of H2O2 in tobacco culture cells.
Taken together, these ﬁndings suggest that ABA induces the rapid accumulation of reactive oxygen species via NADPH oxidase in suspension culture cells of tobacco, and that NADPH oxidase and H2O2 appear to be important components in ABA signal transduction
pathway in plants.
 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
Keywords: ABA; Cultured tobacco cells; H2O2; NADPH oxidase; NtrbohD

1. Introduction
Reactive oxygen species (ROS) such as superoxide ðO
2Þ
and hydrogen peroxide (H2O2) are highly toxic to plant
cells. However, they play important roles as signaling molecules in controlling and regulating many plant biological
processes including pathogen defense, programmed cell
death, stomatal closure, photosynthesis, gene expression,
and growth and development [1–3]. Rapid generation of
ROS, named oxidative burst, is one of early major
responses of plants to biotic stress. The sources of H2O2
in the oxidative burst have been extensively studied and
*

Corresponding author. Tel.: +86 10 62733457; fax: +86 10 62733491.
E-mail address: chenja@public.bta.net.cn (J. Chen).

plasma membrane (PM) NADPH oxidase, a homologue
of the mammal gp91phox in neutrophils, has been demonstrated to be the main producer in plants and suspension
culture cells challenged with pathogens or elicitors.
NADPH oxidase transfers electrons from NADPH to O2

to form O
2 , followed by dismutation of O2 to H2O2 [1,4].
Abscisic acid (ABA) plays key roles in plant response to
many abiotic stresses including drought, salinity and cold
as well as in regulation of plant development such as vegetative growth, seed dormancy and maturation [5,6]. It has
been addressed that ABA induces the rapid synthesis of
H2O2 in guard cells via PM NADPH oxidase and H2O2
mediates ABA-induced stomatal closure in Arabidopsis
thaliana, Vicia faba and Pisum sativum [7–10]. It is well
known that ABA exists not only in guard cells, but also

1002-0071/$ - see front matter  2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited
and Science in China Press. All rights reserved.
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Overexpression of SOS (Salt Overly Sensitive)
Genes Increases Salt Tolerance in Transgenic
Arabidopsis
Qing Yanga,b,c, Zhi-Zhong Chena,b,c, Xiao-Feng Zhoua,b,c, Hai-Bo Yina,b,c, Xia Lia,b,c, Xiu-Fang Xina,b,c,
Xu-Hui Honga,b,c, Jian-Kang Zhuc,d and Zhizhong Gonga,b,c,1
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ABSTRACT Soil salinity is a major abiotic stress that decreases plant growth and productivity. Recently, it was reported
that plants overexpressing AtNHX1 or SOS1 have signiﬁcantly increased salt tolerance. To test whether overexpression of
multiple genes can improve plant salt tolerance even more, we produced six different transgenic Arabidopsis plants that
overexpress AtNHX1, SOS3, AtNHX1 1 SOS3, SOS1, SOS2 1 SOS3, or SOS1 1 SOS2 1 SOS3. Northern blot analyses conﬁrmed the presence of high levels of the relevant gene transcripts in transgenic plants. Transgenic Arabidopsis plants
overexpressing AtNHX1 alone did not present any signiﬁcant increase in salt tolerance, contrary to earlier reports. We
found that transgenic plants overexpressing SOS3 exhibit increased salt tolerance similar to plants overexpressing
SOS1. Moreover, salt tolerance of transgenic plants overexpressing AtNHX1 1 SOS3, SOS2 1 SOS3, or SOS1 1 SOS2 1
SOS3, respectively, appeared similar to the tolerance of transgenic plants overexpressing either SOS1 or SOS3 alone.
Key words:

abiotic/environmental stress; salinity; signal transduction.

INTRODUCTION
Soil salinity is a major factor that limits the yield of agricultural
crops. Plants require several mineral nutrients for their growth
and development. However, excessive soluble ions including
sodium and chloride are harmful to most plants, including
all major crops (Hasegawa et al., 2000; Zhu, 2001; Chinnusamy
et al., 2006). High concentrations of salt cause both ionic stress
and osmotic stress that, in turn, lead to secondary stresses
such as oxidative stress and nutritional disorders (Hasegawa
et al., 2000; Zhu, 2001; Chinnusamy et al., 2006). One of the
main strategies for improving plant salt tolerance is through
the overexpression of genes that are either induced by stress
and/or have been shown to be required for normal levels of
tolerance.
Overexpression of genes encoding Late Embryogenesis
Abundant (LEA) proteins, which accumulate to high levels during seed development, such as the barley HVA1 (Xu et al., 1996)
and wheat dehydrin DHN-5 (Brini et al., 2007), can enhance
plant salt tolerance, although their function is obscure. Osmotic stress also induces the accumulation of osmolytes, which
serve as osmoprotectants and function for osmotic adjustment. Transgenic plants overexpressing the genes participat-
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ing in the synthesis or accumulation of these osmolytes,
such as mannitol (Tarczynski et al., 1992), proline (Kishor
et al., 1995), ononitol (Sheveleva et al., 1997), glycinebetaine
(Holmstrom et al., 2000), trehalose (Garg et al., 2002; Jang
et al., 2003), fructan (Pilon-Smits et al., 1995), ectoine
(Nakayama et al., 2000), or sorbitol (Gao et al., 2001), show increased salt tolerance. Overexpression of regulatory genes
in signalling pathways, such as transcription factors (DREB/
CBF) (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Kasuga
et al., 1999), and protein kinases (MAPK, CDPK) (Kovtun
et al., 2000; Saijo et al., 2000; Moon et al., 2003; Teige et al.,
2004), also increases plant salt tolerance. Other genes that encode enzymes that are involved in oxidative protection, such as
glutathione S-transferase, peroxidase, superoxide dismutase,
ascorbate peroxidases, and glutathione reductases, can also
1
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Actin dynamics mediates the changes of calcium level during the pulvinus
movement of Mimosa pudica
Heng Yao, Qiangyi Xu and Ming Yuan*
State Key Laboratory of Plant Physiology and Biochemistry; Department of Plant Sciences; College of Biological Sciences; China Agricultural University; Beijing China

Key words: actin, calcium, pulvinus movement, the tannin vacuole, Mimosa pudica

The bending movement of the pulvinus of Mimosa pudica is
caused by a rapid change in volume of the abaxial motor cells, in
response to various environmental stimuli. We investigated the
relationship between the actin cytoskeleton and changes in the
level of calcium during rapid contractile movement of the motor
cells that was induced by electrical stimulation. The bending of the
pulvinus was retarded by treatments with actin-affecting reagents
and calcium channel inhibitors. The actin filaments in the motor
cells were fragmented in response to electrical stimulation. Further
investigations were performed using protoplasts from the motor
cells of M. pudica pulvini. Calcium-channel inhibitors and EGTA
had an inhibitory effect on contractile movement of the protoplasts. The level of calcium increased and became concentrated
in the tannin vacuole after electrical stimulation. Ruthenium
Red inhibited the increase in the level of calcium in the tannin
vacuole and the contractile movement of the protoplasts. However,
treatment with latrunculin A abolished the inhibitory effect of
Ruthenium Red. Phalloidin inhibited the contractile movement
and the increase in the level of calcium in the protoplasts. Our
study demonstrates that depolymerization of the actin cytoskeleton
in pulvinus motor cells in response to electrical signals results in
increased levels of calcium.

Introduction
Mimosa pudica is a model for the study of plant nyctinastic movements. M. pudica is very sensitive to environmental stimuli, such as
wounding, touching, vibration, temperature stimulus, and change
of illumination. In response to these stimuli, M. pudica rapidly
bends its petioles downward and closes the leaflets of its doubly
compound leaves. The bending of M. pudica petioles is due to the
bending movement of the pulvinus, while the bending movement of
the pulvinus is caused by the rapid change in volume of the abaxial
motor cells of the pulvinus. This rapid change can be accounted for
by the shrinkage of tannin and colloidal vacuoles in the motor cells,
*Correspondence to: Ming Yuan; State Key Laboratory of Plant Physiology and
Biochemistry; Department of Plant Sciences; College of Biological Sciences;
China Agricultural University; Beijing 100193 China; Tel.: 8610.62733436; Fax:
8610.62733491; Email: mingyuan@cau.edu.cn

which is caused by rapid loss of turgor pressure due to the efflux of
K+ and translocation of water.1-5
The actin cytoskeleton is reported to be involved in the bending
movement of Mimosa petioles. Treatment of the Mimosa motor
organ with cytochalasin B (CB) and phalloidin, to interfere with the
actin cytoskeleton, alters the ability of the main pulvinus to bend,
which suggests that the rearrangement of actin is important for seismonastic movement.6 Further observations of the actin cytoskeleton
before and after petiole bending have shown that actin filaments
undergo fragmentation during bending.6,7 In addition, actin in the
Mimosa pulvinus is heavily tyrosine-phosphorylated. The extent of
phosphorylation correlates with the degree of petiole bending.7,8
However, the role of actin during Mimosa petiole bending remains
to be established.
Besides the involvement of the actin cytoskeleton, Ca2+ may
also play an important role in Mimosa nyctinastic movements.5,9,10
The calcium level in motor cells increases during Mimosa petiole
bending.11 Pharmacological experiments have indicated that the
calcium channels in the tannin vacuole membrane are responsible
for the release of calcium from the vacuole, and that calcium pumps
are involved in calcium scavenging by the tannin vacuole during
recovery of the petiole to its original position.12 Comparison of the
bending movement and the responses to calcium-related reagents
upon mechanical perturbation or darkness between plants with or
without tannin vacuoles has suggested that the tannin vacuoles are an
important calcium resource for bending movements.13 In addition,
the calcium-sensitive potassium current has been studied by using
pulvinar protoplasts from M. pudica.14
Although it has been shown that the actin cytoskeleton and
calcium are both involved in the bending movement of M. pudica
petioles, further study is needed to determine whether and if so
how these two components are related. In the study reported
herein, we (i) induced bending of M. pudica petioles by electrical
stimulation and (ii) investigated the dynamic changes of the actin
cytoskeleton and changes in Ca2+ level during movement by using
various reagents that are know to interfere with the actin cytoskeleton and Ca2+ changes. Our study provides evidence that actin
dynamics mediate the changes in Ca2+ level during pulvinus movement of M. pudica.
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