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

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

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

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

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

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

root apical meristem at the early seedling stage.

INTRODUCTION

Animal ionotropic glutamate receptors (iGluRs) function as

Glu-activated ion channels that mediate most excitatory neuro-

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

pharmacologically defined classes of iGluRs were originally

grouped according to their sequence homology and named

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

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

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

the homologues of the iGluRs are also present in nonneuronal

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

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

has been identified and divided into three subgroups in Arabi-

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

The identification of the putative iGluR genes in plants has given

rise to the hypothesis that a primitive signaling mechanism

involving excitatory amino acids or related small molecules

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

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

the participation of those putative receptors in Glu-mediated

calcium signaling was reported (Dennison and Spalding, 2000;

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

ing different iGluR agonists in combinationwith a pH-homeostasis

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

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

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

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

in plant physiology and development, however, remain elusive

because of a shortage of genetic studies. Transgenic plant

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

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

showed that these genes may be involved in calcium homeo-

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

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

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

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

plants have been linked to mutations in the GLRs.

Plant root development is controlled by internal programs and

external factors and proceeds through controlled cell division

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

the development of different root components (van den Berg

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

External signals, including light, temperature, and other nutrient

conditions, can greatly influence plant growth and root develop-

ment. It has been reported that Arabidopsis GLRs may mediate

the transmission of light signals in whole plant assays in which

the plants were treated with iGluR antagonists or agonists (Lam

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

nervous system in animals, cell–cell communication through

Glu receptors plays an important role in regulating the pro-

liferation, migration, and survival of neuronal progenitors and

immature neurons (Dingledine et al., 1999; Ikonomidou et al.,
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1999). However, little is known about whether or not such signal-

ing mechanisms could play a role in the communication between

individual plant cells.

Here, we report the identification and characterization of

a short-root mutant from our T-DNA insertional rice (Oryza sativa)

library. Genetic and molecular analyses of the mutant indicate

that a putative GLR gene was disrupted by the insertion of

T-DNA. Sequence alignment of riceGLR3.1with the 20members

of the Glu receptor–like family in Arabidopsis indicates that the

disrupted riceGLR gene is closely related to clade IIIArabidopsis

GLRs; therefore, it is designated GLR3.1. Our results show that

rice GLR3.1 is involved in cell proliferation and cell survival in the

root apical meristem (RAM).

RESULTS

Isolation and Initial Characterization of a T-DNA Insertion

Mutant of the Rice GLR3.1 Gene

A rice mutant defective in root elongation under a room temper-

ature regime (22 and 288C, night and day) was isolated froma rice

T-DNA insertion library (Chen et al., 2003). Compared with the

wild type, the elongation of the primary, adventitious, and lateral

roots of the mutant was severely inhibited at the early seedling

stage during the first 2 weeks after germination (Figures 1A and

1B), and the diameter of the primary root apex of the mutant

was reduced significantly (Figures 1D and 1E). However, the

length of newly emergent roots of late vegetative plants after

the seedling stage and during the reproductive phase was quite

normal in mutant plants compared with the wild type. Histology

analysis of 3-d-old seedling roots revealed that the number of

cell layers in the lateral root cap was greater in the mutant

compared with the wild type (Figure 1C), whereas the axial and

radial patterns of root cell organization in the RAM were not

affected in the mutant. However, radial expansion of root cells

was inhibited in the mutant (Figures 1D to 1G), which results in

the slender-root phenotype. The cell length in the rootmaturation

zone of the mutant was similar to that of the wild type (Figures 1F

and 1G).

A BLAST analysis of the flanking sequences, amplified by

thermal asymmetric interlaced (TAIL) PCR (Liu et al., 1995), of the

T-DNA insertion site in the mutant revealed that a Glu receptor–

like gene, designatedGLR3.1, was disrupted by a T-DNA insertion

on chromosome 4. Comparison of the flanking sequences with

the genomic DNA and two EST sequences of GLR3.1 (D47824

and AU032687; http://www.ncbi.nlm.mih.gov) revealed that a

T-DNA fragment of ;5.7 kb was inserted into the first intron of

the 59 untranslated region of GLR3.1 (Figure 2A). DNA gel blot

analysis using a DNA probe spanning the inserted site indicates

that GLR3.1 is a single-copy gene in rice (Figure 2B). The probe

hybridized with two DNA fragments in the mutant with the ex-

pected molecular weight, but with only one fragment in the wild

type (Figure 2B). The cosegregation of the T-DNA insert and the

short-root phenotype was confirmed by DNA gel blot analysis of

EcoRI-digestedDNAof 38 T2plants derived fromaheterozygous

mutant line (Figure 2C). All mutant phenotype defects were re-

stored by transforming a 7.6-kb segment of genomic DNA,

including the GLR3.1 coding region, ;1.6 kb of upstream se-

quence, and 1.4 kb of downstream sequence, further confirming

that the short-root phenotype is caused by a loss of function in

GLR3.1 (Figure 2D). The restoration of GLR3.1 expression in the

transgenic lines was verified by RT-PCR, and an ;105-kD pro-

tein corresponding to the expected size for GLR3.1 was revealed

by protein gel blot analysis (Figure 2E).

Rice GLR3.1 Encodes a Typical Glu Receptor–Like Protein

The riceGLR3.1 cDNA includes an open reading frame encoding

a membrane protein of 938 amino acid residues with a predicted

molecular mass of 103 kD. The GLR3.1 protein contains all of the

Figure 1. Root Phenotype of the Short-Root Mutant.

(A) Phenotypes of wild-type (Zhonghua 11; left) and mutant (right) rice in

7-d-old seedlings grown with a 22/288C (night/day) regime.

(B) Lateral root lengths of the wild type (left) and mutant (right) of the

same seedlings shown in (A).

(C) Longitudinal sections of wild-type (left) and mutant (right) root tips of

3-d-old seedlings. More cell layers in the lateral root cap were found in

themutant. To keep the root cap intact, we fixed and embedded samples

using Steedman’s wax under soft conditions.

(D) and (E) Transverse sections of the wild type (D) and the mutant (E)

in 3-d-old seedlings. The images were taken at 100 mm away from the

root tips.

(F) and (G) Longitudinal sections of wild-type (F) and mutant (G)

maturation zones.

Bars ¼ 2 cm (A), 2 mm (B), and 40 mm ([C] to [G]).
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signature domains of animal ionotropic GluRs, including three

transmembrane domains (M1, M3, and M4), one reentrant

membrane domain (M2) (Figures 3A and 3B), and the putative

ligand binding domains (GlnH1 and GlnH2). A distinctive exon–

intron structure was found in the region encoding the pore-

forming domain (M2) characteristic of kainite subtypes of animal

iGluRs (Figure 3A). A similar result has been reported in all

members of the clade III genes of the Arabidopsis GLR family

(Davenport, 2002). Alignment analysis showed a high similarity

between rice GLR3.1 and 20 members of the Arabidopsis GLR

family, especially in the M3 transmembrane domain (Figure 3C).

In the rice GLR3.1 protein sequence, we have identified all of the

37 invariant amino acid residues that are absolutely conserved in

the Arabidopsis GLR family (Chiu et al., 2002) (data not shown).

Phylogenetic analysis of rice GLR3.1 with the entire GLR family

from Arabidopsis and the entire iGluR family from rat indicates

that GLR3.1 is evolutionarily close to the clade III Arabidopsis

GLRs (Figure 4).

The RT-PCR mRNA expression data established that tran-

scription of all 20 members of the Arabidopsis GLR gene family

Figure 2. Cloning of the Rice GLR3.1 Gene.

(A) T-DNA insertional sites and genomic structure of rice GLR3.1.

(B) DNA gel blot analysis of genomic DNA using a DNA fragment

spanning the T-DNA insertional site as a probe. The genomic DNA from

the wild type and the GLR3.1 mutant were digested with EcoRI (CE, TE)

and HindIII (CH, TH), respectively.

(C) Cosegregation analysis of T-DNA insertion and root phenotype.

Genomic DNA of progeny from a heterozygous line was digested by

EcoRI and hybridized to the same probe as in (A). Top, progeny with the

wild-type phenotype. Bottom, progeny with the short-root phenotype.

The EcoRI bands corresponding to the T-DNA insertion allele (T) and the

wild-type allele (W) are marked at right.

(D) Rice seedlings of the wild type (a), the GLR3.1 mutant (b), and the

complemented GLR3.1 mutant (c).

(E) Protein gel blot using GLR3.1 monoclonal antibody to detect the

protein in cells from whole seedlings of the wild type, theGLR3.1mutant,

and the complemented GLR3.1 mutant (top; WB), and RT-PCR analysis

of the wild type, the GLR3.1 mutant, and the complemented GLR3.1

mutant (middle; RT). The mRNA level of the actin gene (AT) is shown at

bottom as a control.

Figure 3. Characterization of Rice GLR3.1.

(A) Deduced amino acid sequence of GLR3.1. The signal peptide is

indicated in italic type; transmembrane domains (M1, M2, M3, and M4)

are shaded; and the underlined region is the pore-forming domain (M2).

The arrowheads indicate the positions of the exon–intron junctions

identified in the genomic clone compared with the cDNA sequence.

A distinctive exon–intron structure exists in the M2 domain.

(B) Hydropathy plot analysis of GLR3.1 with the program TMpred (http://

www.ch.embnet.org/software/TMPRED_form.html).

(C) Alignment of the M2 and M3 domains in rice GLR3.1 with Arabidopsis

GLRs. Rice GLR3.1 is shown at bottom, and the absolutely conserved

residues are marked with asterisks.

(D) RT-PCR analysis of rice GLR3.1 expression at different develop-

mental stages of rice seedlings.

342 The Plant Cell



could be detected in roots, although expression profiles differed

(Chiu et al., 2002). The expression of rice GLR3.1 remained at

a very low level and was not detected by in situ, RNA gel blot,

or promoter–b-glucuronidase assays. The b-glucuronidase ac-

tivity of transgenic lines could be detected only under abiotic

stresses or other severe treatments (J. Li and P.Wu, unpublished

data), which supports the conclusion that rice GLR3.1 is ex-

pressed in vivo, although at low abundance. The expression of

GLR3.1 was demonstrated in both root and shoot via an RT-PCR

assay (Figure 3D), although there is no obvious mutant pheno-

type in the aerial part.

Rice GLR3.1 Could Form a Homomultimeric Complex but

Was Retained in the Endoplasmic Reticulum in HEK Cells

In animals, communication between neurons occurs at highly

specialized sites of cell–cell contact formed between a presyn-

aptic nerve terminal and a postsynaptic neuron, termed syn-

apses (Kittler andMoss, 2001). Ionotropic GluRs are concentrated

at the postsynaptic density of excitatory synapses and mediate

most excitatory neurotransmission (Dingledine et al., 1999). The

intracellular trafficking and surface delivery of Glu receptors

play an essential role in the regulation of synaptic activity and

Figure 4. Phylogenetic Tree Generated from Parsimony Analysis of Amino Acid Sequences of Rat iGluRs, Arabidopsis GLRs, and Rice GLR3.1 with

synGluR0 as the Outgroup.

Rice GLR3.1 marked by the asterisk. The numbers at the nodes are bootstrap values. Rice GLR3.1 was most similar to clade III of the GLRs. AMPA,

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; KA, kainate; NMDA, N-methyl-D-aspartate.
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development (Kittler and Moss, 2001), which are likely to be

tightly controlled processes requiring the proper folding and

assembly of constituent subunits. Only fully assembled, func-

tional receptors can be localized to the plasma membrane (Ren

et al., 2003a).

Understanding the cell trafficking and localization of GLRs is

important to characterizing their physiological function in plants.

Most GLRs are predicted by computer-based programs to be

targeted to the secretory pathway. However, less is known about

plant GLR processing in the secretory pathway and subcellular

localization, because most efforts to express the green fluores-

cent protein (GFP)–GLR fusions in plant cells have been un-

successful (Davenport, 2002). In our case, an N-terminal signal

peptide was found in GLR3.1 by PSORT analysis (Nakai and

Kanehisa, 1992) (Figure 3A). Repeated attempts to test whether

GLR3.1 is indeed involved in the secretory pathway by examining

the trafficking of GFP fusions with GLR3.1 in plant cells were

unsuccessful. We then fused enhanced GFP (EGFP) to the C

terminus of GLR3.1 and expressed this construct in human

HEK293 cells. TheGLR3.1-EGFP fusion protein did not reach the

plasma membrane (data not shown) and was instead retained in

the endoplasmic reticulum (ER), where it colocalized with an ER

marker, protein disulfide isomerase (Figures 5A to 5C).

An important property of the animal Glu receptors is that they

function asmultimeric transmembraneproteins (Dingledine et al.,

1999). To determine whether GLR3.1 is also capable of multi-

merization, a fluorescence resonance energy transfer (FRET)

analysis was performed fusing GLR3.1 with enhanced yellow

fluorescent protein (EYFP) and enhanced cyan fluorescent pro-

tein (ECFP). After the acceptor (EYFP fusion) was photo-

bleached, significant increases in the fluorescence of the donor

(ECFP fusion) was observed in HEK293 cells cotransfected with

PCMV:GLR3.1-ECFP and PCMV:GLR3.1-EYFP (Figure 5D). This

effect was similar to that seen in positive control cells transfected

with PCMV:ECFP-EYFP (Figure 5E). In the negative control with

cells cotransfected with PCMV:ECFP and PCMV:EYFP, there was

no difference in the observed fluorescence of the donor CFP after

photobleaching of the acceptor YFP (Figure 5F). Quantitatively,

the FRET efficiency was 11.366 1.37 (n ¼ 16) for the cells coex-

pressing GLR3.1 fusion constructs. The values of the positive

and negative controls were 15.936 0.84 (n¼ 21) and 1.286 0.89

(n ¼ 22), respectively.

Our results clearly indicate that rice GLR3.1 fusion proteins

enter the secretory pathway and form homomultimers, but the

homomultimeric GLR3.1 receptors are retained in the ER in this

heterologous expression system.

Rice GLR3.1 Is Critical for the Mitotic Activity of the

RAM and Root Cell Survival

To further characterize the cells in the RAM of the mutant,

bromodeoxyuridine (BrdU) incorporation was used to monitor

the mitotic activity of cells in the root tip. The immunofluores-

cence signals mark the cells that are in the active S-phase of the

cell cycle during the labeling period (Kerk et al., 2000). In maize

(Zeamays) and rice, the quiescent center (QC), a central region of

the root tip with reduced mitotic activity, consists of 800 to 1200

cells and is surrounded by meristematic cells, which initiate the

growth of the emerging root and the root cap. Such a patternwas

observed in the wild type (Figure 6C), but an overall lower level

of incorporated BrdUwas observed in the RAM of themutants of

3-d-old seedlings (Figures 6A and 6B). However, we noted a

significant immunofluorescence signal in the cells of the QC

region and the initial cells of the lateral root cap of the mutant

lines (Figures 6C and 6D). The enhanced cell division in the QC

region correlates with a diminution in QC size in the mutant

(Figures 6C and 6D). In addition, premature cell differentiation

coupled with reduced mitotic activity in the RAM of the mutant

occurred (Figures 1C, 6A, and 6B). It is well known that the QC

maintains stem cells by suppressing the differentiation of initial

stem cells and defines the stem cell niche (Aida et al., 2004). The

laser ablation of QC cells can lead to an arrest of cell division and

increased differentiation of the initial cells (van den Berg et al.,

1997). This diminution in QC size observed in theGLR3.1mutant

could lead to a general reduction of cell division and a distortion

of cell differentiation in the mutant meristem.

The enhanced BrdU incorporation (Figures 6A to 6D) could

account for the fact that a greater number of cell layers exist in the

lateral root capof theGLR3.1mutant comparedwith thewild type

(Figure 1C). By contrast, a similar division pattern of columella

was found in the wild type and themutant (Figures 5C and 5D). In

Arabidopsis, the primary root cap is composed of cells derived

from two different origins. The lateral root cap is generated from

the same set of initial cells as the epidermis, and the columella

Figure 5. Rice GLR3.1 Is Retained in the ER and Forms a Homomulti-

meric Complex in HEK293 Cells.

(A) to (C) GLR3.1-EGFP colocalizes with protein disulfide isomerase

(PDI), a marker for ER compartments. Bar ¼ 10 mm.

(D) Acceptor photobleaching of cells cotransfected with PCMV:GLR3.

1-ECFP and PCMV:GLR3.1-EYFP.

(E) Acceptor photobleaching of cells transfected with PCMV:ECFP-EYFP.

(F) Acceptor photobleaching of cells cotransfected with PCMV:ECFP and

PCMV:EYFP.

In (D) to (F), black squares show the bleached zones. The left panels

show the ECFP (donor) channel before bleaching, and the right panels

show the same channel after bleaching. Bars ¼ 10 mm.
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has its own initial cells (Benfey and Scheres, 2000; Sievers et al.,

2002). Our results indicate that GLR3.1 has disparate effects on

cells of differing origins in root cap development.

In animals, Glu receptors are believed to be involved in

neuronal cell death for pathological conditions or central nervous

system development (Dingledine et al., 1999). Either too much or

too little Glu receptor activity is harmful and can result in neuronal

cell death (Hardingham and Bading, 2003). In addition to dis-

orders of cell proliferation and differentiation, obvious cell death

was also observed, along with an excess number of cells coming

off at the root tip of 7-d-old seedlings of the GLR3.1 mutant

(Figure 6E). By staining the 3-d-old seedling roots with Evans

blue,whichpreferentially enters andstains deadcellswith acom-

pletely permeable plasma membrane (Gaff and Okong’O-Ogola,

1971), cell death was observed in the root cap of both wild-type

and mutant plants. However, there was comparatively greater

cell death in the elongation zone of the mutant seedlings (Figure

6F). To determine whether the cell death resulted from pro-

grammed cell death, we performed a TUNEL assay in root tips of

1-d-old seedlings. Nuclear DNA fragmentation was detected in

situ throughout the RAM in the mutant, whereas it was restricted

to the root cap cells in the wild type (Figures 6G to 6J). The cel-

lular features of programmed cell death were also noted, such as

nuclear DNA fragmentation, nuclear shrinkage, chromatin con-

densation, and callose deposition in the RAM of the mutant lines

of 3-d-old seedlings by transmission electron microscopy (Fig-

ures 6K to 6N). Together, these results demonstrate that the rice

GLR3.1 gene mutation results in excessive programmed cell

death accompanied by disordered cell proliferation in root de-

velopment. They suggest that rice GLR3.1 could be a key factor

in maintaining the normal function of the RAM and preserving the

balance between cellular proliferation and cell death during the

early development of the plant root.

DISCUSSION

Characteristics of Rice GLR3.1

We have shown that rice GLR3.1, a Glu receptor–like gene,

serves an important function in maintaining normal cell division

activity and cell survival during rice seedling root development.

The deduced amino acid sequence indicates that the GLR3.1

gene encodes a typical Glu receptor–like protein with close se-

quence and structural similarities to animal iGluRs. The extra-

cellular and cytoplasmic segments of iGluRs are thought to

be available for ligand recognition, cytoplasmic modification, or

interactions between the receptor and cytoplasmic proteins. The

channel pore, which is formed by three membrane-spanning

domains and one reentrant membrane loop, defines channel

properties such as ion selectivity, permeability, and conduc-

tance. In the channel pore, the M2 loop is the structural basis for

the ion selectivity filter (Dingledine et al., 1999). The identification

of a distinctive exon–intron structure, which was found in the

kainite subgroup of iGluRs and in clade III plant GLRs, indicates

that the structure of the M2 loop might have emerged before the

divergence of animals and plants.

Although plant GLRs are significantly similar to animal iGluRs,

their ability to function as channels has not been demonstrated

Figure 6. Cell Division and Programmed Cell Death Were Investigated in

the RAM of the GLR3.1 Mutant.

Cell division activity is shown in longitudinal sections of the root apex of

3-d-old seedlings supplied with 10 mM BrdU for 24 h. Immunofluores-

cence identifies nuclei in which BrdU was incorporated during DNA

synthesis.

(A) Root apex of the wild type.

(B) Root apex of the mutant.

(C) Enlargement of (A). Col, columella; LRC, lateral root cap; QC,

quiescent center.

(D) Enlargement of (B).

(E) Longitudinal sections of wild-type (left) and mutant (right) root tips of

7-d-old seedlings.

(F) Evans blue staining of the roots of wild-type and GLR3.1 3-d-old

seedlings. Blue spots show the dead cells. rc, root cap.

(G) to (J) Root tips stained using the terminal deoxynucleotidyl trans-

ferase–mediated dUTP nick-end labeling (TUNEL) method.

(G) Fluorescence (stained by TUNEL) image of a wild-type root tip.

(H) Overlap of fluorescence and photo images of a wild-type root tip.

(I) Fluorescence (stained by TUNEL) image of a mutant root tip.

(J) Overlap of fluorescence and photo images of a mutant root tip.

(K) Electron micrograph of cells in the meristem of a wild-type root. n,

nucleus.

(L) to (N) Electron micrographs of cells undergoing programmed cell

death in mutants.

(L) Callose deposition and chromatin condensation (arrows) at the early

stages of programmed cell death. cal, callose.

(M) Chromatin condensation in the later stages of programmed cell

death. A nuclear membrane (arrow) has become fragmented and

discontinuous. cw, cell wall.

(N) Formation of apoptosis-like bodies (arrows).

Bars ¼ 100 mm ([A], [B], and [G] to [J]), 50 mm ([C] and [D]), 200 mm (E),

500 mm (F), 1 mm ([K] and [L]), and 200 nm ([M] and [N]).
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successfully in eitherXenopus oocytes or HEK293 cells, themost

commonly used heterologous expression systems for iGluRs.

Our efforts also encountered difficulties in recording the current

by patch clamp in HEK293 cells (data not shown). However, we

found that rice GLR3.1 fusion proteins clearly enter the secretory

pathway and form homomultimers, but in our experiments the

homomultimeric GLR3.1 receptors were retained in the ER in

HEK293 cells. The failure of GLR3.1 in HEK293 cells to reach

their proper surface destination could explain the absence of

recorded membrane current activity. Our study of rice GLR3.1

suggests that successful plasma membrane targeting of the

protein is a critical prerequisite for the future characterization of

the channel properties of plant GLR in a heterologous expression

system.

In most cases, the functional iGluRs are composed of hetero-

meric multimers and do not appear to function in the homomulti-

meric forms (Dingledine et al., 1999). It is well known that the ER

is the primary checkpoint in animals to prevent the improperly

assembled Glu receptor complexes from reaching the cell

surface at synapses (Ren et al., 2003a, 2003b). The ER retention

of GLR3.1 could result from assembly deficiency attributable to

the absence of a native cofactor in HEK293 cells. To screen for

such a cofactor, coexpression of GLR3.1with other riceGLR-like

proteins using a heterologous expression systemmay reveal the

critical missing link. In addition to the sequence signal for

multimer assembly in the ER, other protein trafficking signals

exist in the C terminus of iGluRs to regulate their surface

expression (Ren et al., 2003a, 2003b; Yan et al., 2004). It would

be interesting to test for the presence of any such motif in rice

GLR3.1 that mediates trafficking and surface expression. Con-

sidering the evolutionary distance between higher plants and

mammals, the utility of a heterologous mammalian expression

system for plant ion channels may not be a viable option.

Therefore, developing a plant cell expression system to analyze

plant GLR function may be the best alternative.

Rice GLR3.1 Plays a Role in the Maintenance of Cell

Proliferation and Cell Death in Root Development

Plant root development is a well-coordinated and highly ordered

process. As one of the most tractable systems for the study

of plant organogenesis, the plant root has been valuable for

studying the control of radial patterning, specification of epider-

mal cell types, placement of the root organizing center, and other

fundamental processes (Benfey and Scheres, 2000). As one of

themost important organs for sensing environmental signals, the

root may have a set of rapid reaction systems to coordinate its

development with the environment. The GLR-type candidate

channels may be a logical participant in plants’ ability to detect

environmental cues. Our results indicate that rice GLR3.1, a Glu

receptor–like gene, is involved in root development as a regulator

of cell proliferation and cell death in the root apex.

In the BrdU incorporation test, rice GLR3.1 has differential

effects on root cap cells with distinct origins. The root cap plays

an important role in protecting the RAM as well as in sensing

variations in environmental and development cues (Sievers et al.,

2002). For example, aluminum toxicity was known to significantly

interfere with border cell development by inhibiting mitosis in the

root cap meristem (Pan et al., 2004). It was implied that the

response of root cap cells to aluminum toxicity is initiated by

efflux of a Glu-like ligand and subsequent activation of some

plant GLRs (Sivaguru et al., 2003). In the BrdU incorporation test,

the disruption of GLR3.1 correlated with enhanced cell division

in the outer portion of the lateral root cap but not the columella

in the central portion, which leads tomore cell layers in the lateral

root cap and more cell shedding in the root cap of the mutant.

The observation that both aluminum and Glu could stimulate

radial expansion (Sivaguru et al., 2003) is also consistent with the

slender-root phenotype observed in rice GLR3.1 T-DNA mutant

seedlings.

In addition to affecting lateral root cap development and root

radial expansion, root elongation was inhibited in the mutant, in

contrast with the reported inhibitory effect of Glu and aluminum

treatments (Sivaguru et al., 2003). It is possible that in mutant

roots, defects in the root tip (such as active division in the QC

region, enhanced cell differentiation, and enhanced cell death)

somehow affect the elongation of the root as a result of a co-

ordinated regulation mechanism. Indeed, more recent evidence

indicates that the root cap plays a very important role in other

parts of root development. Plants with root caps genetically

ablated by toxin protein have normal aerial parts but short, pre-

maturely differentiated roots with enhanced division activity of

QC cells compared with wild-type plants (Tsugeki and Fedoroff,

1999). In the rice GLR3.1 mutant, disorder of root cap develop-

ment, diminution of QC size, and reduction in root meristematic

activity were observed. These results suggest that root devel-

opment is a highly coordinated process involving the QC, root

cap, and meristem. Although it is not clear which one of those

effects is the primary manifestation of the GLR3.1 defect, it ap-

pears most likely that the loss of GLR3.1 function disrupts the

cell–cell signaling that plays an essential role in maintaining

and coordinating the normal function of the RAM in rice root

development.

It has long been recognized that the balance between cell

proliferation and cell death plays a key role in the early de-

velopment of the central nervous system (Ross, 1996), and

recent studies have implicated Glu andGlu receptor involvement

in those processes (Ghiani et al., 1999; Copani et al., 2001).

During plant root development, programmed cell death has been

observed in many morphogenetic processes, such as aeren-

chyma formation, root cap cell production, and shedding pro-

cesses (Levine et al., 1996; Samuilov et al., 2000). Similar to its

role in the central nervous system, programmed cell death is

a necessary process in the normal development and functioning

of plant roots. The disruption ofGLR3.1 results in disordered cell

division and differentiation coupled with enhanced programmed

cell death in rice root development, suggesting that plant GLRs

may have functions similar to those of their animal homologues.

METHODS

Plant Material, Growth Conditions, and Mutant Screening

A japonica rice (Oryza sativa) variety, Zhonghua 11, was used in our

experiments. All plants were grown in half-strength rice culture solution

(Yoshida et al., 1971) in growth chambers (MC1000 system; Snijders) at
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temperature regimes of 28/228C (day/night) and 70% humidity under a

12-h photoperiod (15,000 lux).

Microscopic Analysis

For microscopic analysis, root tips were fixed and embedded in Spurr

resin. Semithin sections were stained in methylene blue. The samples

were rinsed with distilled water and visualized with a Zeiss Axiovert 200

microscope with a color charge-coupled device camera (Zeiss). For

electron microscopic analysis, root tips of 3-d-old seedlings were fixed

and embedded in Spurr resin. Ultrathin sections were stained with uranyl

acetate and observed with a JEM-1230 electron microscope (JEOL).

Gene Cloning and Complementation Test

The flanking sequences of the insertional T-DNA fragment in the mutant

were determined using TAIL-PCR as described (Liu et al., 1995). The

products of TAIL-PCR were cloned into T vector and then sequenced

(MegaBACE; Amersham Pharmacia). The sequences obtained were

analyzed using the BLAST Web server (http://www.ncbi.nlm.nih.gov/

blast/). Then we amplified the full-length cDNA of rice GLR3.1 using

primers 59-TTCACACGGGCTGCTAGTTCTTC-39 and 59-ATATAAGC-

TTGGCATGAAGCGGTGGTGCTG-39 (the original TTA corresponding to

a stop codon was replaced by TTG) using high-fidelity Platinum Pfx DNA

polymerase (Invitrogen). The products were cloned into T vector and

confirmed by sequencing. For complementation assays of the GLR3.1

mutant, a 7.6-kb genomic DNA fragment containing GLR3.1 flanked by

1.6 kb of upstream sequence and 1.4 kb of downstream sequence was

amplified and inserted into pCambia2300. The construct was confirmed

by sequencing and used to transform homozygous GLR3.1 mutants

using a biolistics (particle gun) method (Bio-Rad).

Antibody Production and Protein Blot

The primer pairs (59-ATTACATATGTACCAGTACTCCCGCC-39 and

59-ATTTCTCGAGGCATGAAGCGGTGGT-39) were used to amplify the

C-terminal 81–amino acid polypeptide coding sequence of GLR1. The

PCR products were cloned into the NdeI and XhoI sites of pET29b

(Novagen). The resulting plasmid was transformed into Escherichia coli

BL21 (DE3) (Novagen), and recombinant 81–amino acid polypeptide

fused with the 63His tag was purified by nickel-nitrilotriacetic acid

agarose resin (Qiagen) according to the manufacturer’s instruction. The

purified polypeptide was used to produce mouse monoclonal antibodies

as described (Harlow and Lane, 1988).

Crude membrane proteins were prepared from 7-d-old seedlings of

wild-type, mutant, and complementedmutant lines as described (Rogers

et al., 1991). The extracted proteins were separated by SDS-PAGE and

transferred to a polyvinylidene difluoride membrane (Amresco). The

membrane was first probed with the anti-GLR1 monoclonal antibody

(1:4000 dilution) and then with an anti-mouse alkaline phosphatase–

conjugated secondary antibody (1:3000). The antibody conjugates were

detected in the reaction buffer (100 mM NaCl, 5 mMMgCl2, and 100 mM

Tris-Cl, pH 9.5) containing 1 mg/mL nitroblue tetrazolium and 0.5 mg/mL

5-bromo-4-chloro-3-indolyl phosphate, and the reaction was stopped

with 1 mM EDTA.

Sequence Alignment and Phylogenetic Analysis

The amino acid sequences of rice GLR3.1, the Arabidopsis thaliana GLR

gene family, and the Rat iGluR family were aligned byClustalX (Thompson

et al., 1997) using three separate sets of alignment parameters that

produced preferable alignments (gap opening cost ¼ 10, 15, 20; gap

extension cost¼ 1.0; amino acid substitutionmatrix¼Blosum 30). These

alignments were examined for alignment-ambiguous regions, and the

regions of alignment instability were culled from the matrix to ensure

validity of the analysis as described (Chiu et al., 2002). Phylogenetic

analysis was conducted using PAUP 4.0* (Swofford, 2002). The phylo-

genetic tree was constructed using the neighbor-joining method (Saitou

and Nei, 1987) with Synechocystis PCC6803 GluR0 (accession number

BAA17851) as the outgroup. Bootstrap analysis (bootstrap method NJ,

100 replicates) (Felsenstein, 1985) was performed to measure the

robustness of all nodes. All other sequences (except rice GLR3.1) were

obtained from the Ligand-Gated Ion Channel database (http://www.

ebi.ac.uk/compneur-srv/LGICdb/) (Le Novere and Changeux, 2001). See

Supplemental Table 1 online for the full sequence alignment.

BrdU Incorporation

To observe the cell division activity of the root, germinated seeds were

cultured for 3 d, then 10 mM BrdU (Sigma-Aldrich) was added and the

plants were incubated for a further 24 h. The root tips of the plants were

then excised, fixed, and embedded using Steedman’swax and sectioned

as described (Vitha et al., 2000).

Immunofluorescence Staining

A modification of the procedure described by Kerk et al. (2000) was used

to detect incorporated BrdU. The sections were hydrolyzed in 1 N HCl for

1.5 h at 378C, then neutralized by immersion in 0.1 M borate buffer, pH

8.5, washed with PBS, and incubated with anti-BrdU antibody (Sigma-

Aldrich) for 2 h. Then the slides were labeled with rabbit anti-mouse

IgG(HþL)–Alexa Fluor 488 (Molecular Probes) and observedwith the laser

scanning system LSM 510 (Zeiss).

Cell Death Assay

Cell death was examined using Evans blue, a compound that enters dead

cells easily as a result of their freely permeable plasma membranes (Gaff

and Okong’O-Ogola, 1971). The root tips of 3-d-old seedlings were

submerged in 20 mL of 1% (w/v) Evans blue water solution for 10 min,

washed with distilled water for 2 h, and photographed. For in situ

detection of DNA fragmentation, the Steedman’s wax sections of the

root tips of 1-d-old seedlings were analyzed using a TUNEL assay as

described by Wang et al. (1996). In this assay, the 1 nM digoxigenin-

11-dUTPwas replacedby1nMBrdU. The labeled sectionsweredetected

as described above.

Construction of Fusion Vectors and Detection of FRET via

Acceptor Photobleaching

To generate an in-frame fusion of GLR3.1 and EGFP, the BglII restriction

sites were introduced at both ends of the coding sequences for GLR3.1.

The resulting DNA fragment was placed upstream of EGFP in the

mammalian expression vector pEGFP-N1 (Clontech). The BglII fragment

was then excised from PCMV:GLR3.1-GFP and cloned into pECFP-N1

and pEYFP-N1 (Clontech) to transfect HEK293 cells for FRET analysis.

The detection of FRET via acceptor photobleaching of overnight cell

cultures was performed as described (Karpova et al., 2003). Fluores-

cence signals were collected with an LSM 510 confocal microscope

(Zeiss). Photobleaching in selective regions was performed at 514 nm,

with a mean reduction in YFP emissions to <15% using the software-

controlled LSM 510 confocal microscope. Images were acquired before

and after photobleaching. Effective FRET efficiency (EF) between CFP

(donor) and YFP (acceptor) was quantified with acceptor photobleaching

methods using the formula EF ¼ (A1 � A0) 3 100/A0, where A0 and A1

represent CFP emission with 458-nm excitation in the photobleached

region before and after photobleaching with 514-nm excitation, respec-

tively.
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Accession Number

RiceGLR3.1 sequence data from this article can be found in theGenBank

data library under accession number DQ305408.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Table 1. Full Alignment of GLRs.
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