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 36 

Abstract 37 

The occurrence of external L-glutamate at the Arabidopsis root tip triggers major changes in 38 

root architecture, but the mechanism of L-Glu sensing is unknown. Members of the family of 39 

GLUTAMATE RECEPTOR-LIKE (GLR) proteins are known to act as amino acid-gated Ca2+-40 

permeable channels and to have signaling roles in diverse plant processes. To investigate the 41 

possible role of GLRs in the root architectural response to L-Glu, we screened a collection of 42 

mutants with T-DNA insertions in each of the 20 AtGLR genes. Reduced sensitivity of root 43 

growth to L-Glu was found in mutants of one gene, GLR2.5. Interestingly, GLR2.5 was found 44 

to apparently produce four transcript variants encoding hypothetical proteins of 169-720 amino 45 

acids. One of these transcripts, GLR2.5c, encodes a truncated GLR protein lacking both the 46 

conserved amino-terminal domain and part of the ligand-binding domain. When a glr2.5 47 

mutant was transformed with a construct constitutively expressing GLR2.5c, both L-Glu 48 

sensitivity of root growth and L-Glu-elicited Ca2+ currents in root tip protoplasts were restored. 49 

These results, along with homology modelling of the truncated ligand-binding domain of 50 

GLR2.5c, suggest that GLR2.5c has a regulatory or scaffolding role in heteromeric GLR 51 

complex(es) that may involve triggering the root architectural response to L-Glu. 52 
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 57 

1 | INTRODUCTION 58 

To explore the soil efficiently, roots have evolved specific mechanisms for sensing and 59 

responding to the external presence of mineral nutrients, as part of an adaptive response to local 60 

heterogeneity in soil nutrient composition (Drew et al., 1973; Drew, 1975; Robinson, 1994). 61 

More recently, it has been reported that root growth in a variety of plant species displays a 62 

distinctive response to an organic form of N, the ubiquitous amino acid L-glutamate (L-Glu) 63 

(Walch-Liu et al., 2006a; Walch-Liu et al., 2006b; Skobeleva et al., 2011; Kan et al., 2017; 64 

Lopez-Bucio et al., 2018). When the primary root tips of these species are exposed to external 65 
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L-Glu, root growth is inhibited and root branching stimulated, a response that may enhance the 66 

precision of root placement when roots encounter an organic N-rich patch of soil (Walch-Liu 67 

et al., 2006b). Detailed studies with Arabidopsis thaliana L. have established that the primary 68 

effect on the root tip is to inhibit meristematic activity, leading to complete loss of the root 69 

meristem after 4 days of L-Glu treatment (Walch-Liu et al., 2006b).  Notably, inhibition of root 70 

elongation can be seen even at low L-Glu concentrations (≥50 µM in some accessions) and is 71 

highly specific to L-Glu, with no other amino acid able to produce the same set of distinctive 72 

effects on root tip morphology and root architecture (Walch-Liu et al., 2006b; Forde, 2014). 73 

These effects on root development were shown to depend on direct exposure of the primary 74 

root tip to L-Glu (Walch-Liu et al., 2006b), implying the existence of an L-Glu sensor in the 75 

outer layers of the root apex and a downstream signal transduction pathway leading to 76 

inhibition of meristematic activity. A component of this L-Glu-specific signalling pathway has 77 

been identified in the form of the MEKK1 MAP kinase kinase kinase, which appeared to act 78 

independently of its kinase activity (Forde et al., 2013). More recently another pair of MAP 79 

kinases, mitogen-activated protein kinase 6 (MPK6) and the dual specificity serine–threonine–80 

tyrosine phosphatase MKP1, have been identified as additional components of the same 81 

pathway (Lopez-Bucio et al., 2018; Ravelo-Ortega et al., 2021). This suggests an analogy with 82 

glutamate signalling in animals where signalling mediated by ionotropic glutamate receptors 83 

(iGluRs) can be transduced via MAP kinase-dependent pathways (Haddad, 2005; Wang et al., 84 

2007; Mao et al., 2009). 85 

Despite progress in identifying downstream components of the L-Glu signalling 86 

pathway, the sensor that triggers the morphological response to external L-Glu has remained 87 

unidentified. Plants possess a family of glutamate receptor-like GLR genes that encode 88 

membrane proteins homologous to the mammalian iGluRs (Chiu et al., 2002; Davenport, 2002; 89 

Price et al., 2012) and these GLR genes have been assigned to three or four plant-specific clades 90 

on the basis of phylogenetic analysis (Chiu et al., 2002; Aounini et al., 2012; Liu et al., 2021). 91 

Plant GLRs share with iGluRs the same modular structure, consisting of an amino-terminal 92 

domain (ATD), a two-lobed S1/S2 ligand-binding domain (LBD), three membrane-spanning 93 

segments (M1-M3), a pore region (P) and a C-terminal segment (Chiu et al., 1999; Price et al., 94 

2012; Wudick et al., 2018). Some of the 20 members of the Arabidopsis GLR gene family 95 

(GLRs) have been characterized in detail, both in planta and in heterologous systems, providing 96 

evidence that they act as amino acid-gated Ca2+-permeable channels (Qi et al., 2006; Stephens 97 

et al., 2008; Michard et al., 2011; Vincill et al., 2012; Tapken et al., 2013; Kong et al., 2015; 98 
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Alfieri et al., 2020；Wu  et al., 2022). However, unlike their largely glutamate-specific iGluR 99 

homologues, Arabidopsis GLRs are collectively activated by a diverse set of ligands (Forde & 100 

Roberts, 2014; Weiland et al., 2016; Simon et al., 2023) and at least some individual GLRs are 101 

apparently gated by multiple amino acids, not necessarily including glutamate. 102 

Recently an important advance was made when it was confirmed experimentally that 103 

the LBD of one member of the AtGLR family, AtGLR3.3, is indeed able to bind several 104 

different amino acids, including L-Glu (Alfieri et al., 2020), and with the determination by the 105 

same authors of the 3D structure of the binding site. The fact that GLR gene family is expressed 106 

throughout the plant (at least at the mRNA level), with multiple GLR genes being expressed in 107 

individual cell types (Chiu et al., 2002; Roy et al., 2008) and their gene products localised to 108 

different cell compartments (Teardo et al., 2011; Vincill et al., 2013; Teardo et al., 2015), taken 109 

together with evidence that plant GLRs can function as heteromers (Price & Okumoto, 2013; 110 

Vincill et al., 2013), suggests the potential for a wide diversity in functionally distinct forms of 111 

the GLR receptor within the plant.  112 

To date, GLRs have been implicated in a wide range of physiological processes, 113 

including aspects of pollen and root development, the response and adaptation to abiotic 114 

stresses and the response to pathogens and wounding (Qiu et al., 2020). Reports that specific 115 

GLR genes in rice (Li et al., 2006) and Arabidopsis (Singh et al., 2016) encode positive 116 

regulators of meristematic activity in the root tip are consistent with the suggestion (Walch-117 

Liu et al., 2006b; Walch-Liu & Forde, 2007) that one or more members of the GLR gene family 118 

could encode the sought-after sensor responsible for triggering the root architectural response 119 

to external L-Glu. Here we describe the results of a reverse genetics approach aimed at testing 120 

this hypothesis by screening a collection of Arabidopsis mutants carrying T-DNA insertions in 121 

members of the GLR gene family.  122 

We report that disruption of one gene, GLR2.5, leads to a significant reduction in the 123 

root’s sensitivity to L-Glu and provide evidence that L-Glu sensitivity is conferred by the 124 

product of one of four alternative transcripts of GLR2.5. This splice variant, GLR2.5c, is 125 

predicted to encode an unusual, truncated version of the GLR protein lacking most of the ATD 126 

and part of the S1 lobe of the LBD. We discuss how our findings fit into and expand our current 127 

understanding of the pathway by which Arabidopsis roots sense and respond to environmental 128 

glutamate. 129 

 130 

2 | MATERIALS AND METHODS 131 
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2.1 | Plant material and growth 132 

T-DNA lines with insertions in GLR genes were either from the Salk collection (Alonso et al., 133 

2003) held at the European Arabidopsis Stock Centre (NASC), or from the GABI-Kat 134 

collection at the University of Bielefeld (Kleinboelting et al., 2012) (see Supporting 135 

information Table S1). For testing the plant’s sensitivity to L-Glu and hormones, Arabidopsis 136 

seedlings (Col 0; CS6000) were germinated and grown aseptically on solid standard nutrient 137 

medium (as previously described in Walch-Liu et al., 2006b) in vertical Petri dishes (90 mm 138 

diameter) at 21°, light intensity 120 µmol/m2 and 16/8 h light-dark. Seedlings were transferred 139 

to fresh medium with and without treatments after 4 d. Note: The growth medium, based on a 140 

50-fold dilution of Gamborg’s B5 medium (containing following compositions: 5 mM KCl, 1 141 

mM CaCl2·6H2O, 2 mM MgSO4·7H2O, 1.1 mM NaH2PO4 1.1，0.18 mM Fe-EDTA, 45 µM 142 

MnSO4·4H2O, 7μM ZnSO4·7H2O, 1.03 µM Na2MoO4·2H2O, 0.105 µM CoCl2·6H2O, 0.1μM 143 

CuSO4, 4.5 µM KI, 48.5 µM H3BO3. Gamborg et al. 1968), was applied; 1% PhytagelTM was 144 

used and 1 mM each of MgCl2 and CaCl2 was added to aid solidification. Amino acids and 145 

other nitrogen sources used in solution were filter-sterilized and added to the growth medium 146 

after autoclaving.  147 

 148 

2.2 | Molecular verification of T-DNA insertion mutants in GLR genes 149 

The gene-specific primers used to verify the presence and location of an insert in each T-DNA 150 

line are listed in Table S1. Either a ‘reverse’ primer or a ‘forward’ primer was used, depending 151 

on the orientation of the T-DNA insert with respect to the GLR gene, in combination with a 152 

left-border T-DNA primer. The left-border primer for SALK lines was 5’-153 

ATGGTTCACGTAGTGGGCCATCG-3’, the left-border primer for GABI-Kat lines was 5’-154 

CCCATTTGGACGTGAATGTAGACAC-3’. The Extract-N-Amp™ Tissue PCR Kit (Sigma-155 

Aldrich) was used for quick DNA extraction and PCR amplification according to the 156 

manufactory’s protocol (https://www.sigmaaldrich.com/SG/en/technicaldocuments/protocol/ 157 

genomics/pcr/redextract-n-amp), except that the Taq polymerase used was BIOTAQTM 158 

(Bioline). The annealing temperature was 62° and the number of cycles 35-38. The extension 159 

time at 72° was 2 min. 160 

 161 

2.3 | PCR amplification and cloning of GLR2.5 transcripts 162 
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Total root RNA was subjected to RT-PCR using EasypfuTM DNA Polymerase (Transgen, 163 

Beijing) according to the supplier’s instructions. Primers were 5’-164 

ATGGCTTCAAGACAAGGATTG-3’ and 5’-CTAGAGTTTAGGTTTGACTAT-3’, directed 165 

at the 5’ and 3’ ends of the model GLR2.5 coding sequence from the Aramemnon membrane 166 

protein database [https://aramemnon.botanik.uni-koeln.de] (Schwacke et al., 2003). PCR 167 

amplification began with 4 min at 94°, followed by 33 cycles of 30 s at 94°, 30 s at 56°, 190 s 168 

at 72°, and finally 72° for 10 min. RT-PCR of Actin2 (At3g18780) was used as an internal 169 

control for RNA quality. The Actin2 primers were 5’-TCCAAGCTGTTCTCTCCTTG-3’ and 170 

5’-AGGGCTGGAACAAGACTTCT-3’ and the conditions were: 4 min at 95°, followed by 32 171 

cycles of 30 s at 95°, 30 s at 52°, 30 s 72°, followed by 72° for 10 min. The qPCR test (Figure 172 

S8) refers to the same protocol in Wang et al. 2012. For cloning of GLR2.5 transcripts, the RT-173 

PCR products were separated by agarose gel electrophoresis and the four cDNA fragments 174 

excised and cloned into pEasy-Blunt (TransGen) for GLR2.5a or pGEM-T Easy (Promega) for 175 

GLR2.5b, GLR2.5c and GLR2.5d. For the cloning of the RT-PCR transcripts of the individual 176 

AtGLR2.5 splicing variants, at least five clones were sequenced; and the clones derived from 177 

the same splicing variant was verified to possess indeed an identical DNA sequence. 178 

 179 

2.4 | Generation of transgenic plants and histochemical assay  180 

A 5533 bp fragment carrying the promoter and complete coding sequence of the GLR2.5 gene 181 

was PCR-amplified using the primers 5’-AAGGATCCACTATTTAATGGTGTCATTTCC-3’ 182 

and 5’-AAGGATCCACTCAAGAAAAATGAGATTGAG-3’, cloned into the pGEM-T Easy 183 

vector and verified by sequencing. The genomic fragment (GLR2.5g) was transferred to the 184 

pCAMBIA2300 Agrobacterium binary vector (Abcam, Shanghai, China) and used to transform 185 

the glr2.5-1 mutant to generate complemented glr2.5-1/GLR2.5g lines. Kanamycin-resistance 186 

and RT-PCR were applied to select homozygous lines (glr2.5-1/GLR2.5g) into the T3 187 

generation for experimental use.  To generate glr2.5 mutant lines expressing the GLR2.5c 188 

cDNA (glr2.5-1/35S::GLR2.5c lines), the GLR2.5c sequence was introduced downstream of 189 

the enhanced CaMV 35S promoter (Kay et al., 1987) in the pGreen0229 binary vector and used 190 

to transform the glr2.5-1 mutant, and homozygous T3 lines were selected. To generate GLR2.5 191 

reporter lines, its promoter region (GLR2.5pro) was cloned by PCR using Phusion® High-192 

Fidelity DNA polymerase (New England Biolabs) and the primers 5’- 193 

ACTATTTAATGGTGTCATTTCCTTC-3’ and 5’-194 

TATGAGTATTATAAAATTCCGACAGA-3’. Reaction conditions were according to the 195 
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supplier’s instructions and the temperature regime was: 98° 30 s followed by 35 cycles of 98° 196 

10 s, 60° 30 s, 72° 150 s and finally 72° for 10 min. The 1846 bp GLR2.5pro fragment was 197 

cloned into pGEM-T Easy and verified by DNA sequencing before transferring to the 198 

pGreen0229-35S::GUS binary vector (Hellens et al., 2000), replacing the 35S promoter with 199 

GLR2.5pro. Several T2 transgenic lines were obtained based on kanamycin-resistance 200 

segregation analysis. For GUS staining-based histochemical experiments, a detailed method 201 

exactly refers to Zheng et al. (2019). The GUS staining solution contains following chemical 202 

compositions: 25 mM sodium phosphate buffer at pH 7.0, 10 mM EDTA, 0.5 mM ferricyanide, 203 

0.5 mM ferrocyanide, 0.1% Triton X-100, and 2 mM X-Gal (5-bromo-4-choro-3-indolyl-β-d-204 

glucuronide cyclohexylamine salt).  205 

 206 

2.5 | Isolation of Arabidopsis root tip protoplasts 207 

Surface-sterilized seeds of each line (Col-0, the glr2.5-1 mutant and the T3 generation of the 208 

complemented lines, glr2.5-1/GLR2.5g and glr2.5-1/35S::GLR2.5c) were germinated and 209 

grown vertically for 15 d on nutrient agar plates. Protoplasts were prepared from primary root 210 

tips of 15 d-old seedlings. About 150 root tips ~1 mm in length were excised, chopped further 211 

into as shorter pieces as possible and treated with 1 mL of enzyme solution consisting of 0.5% 212 

cellulase R-10 (Yakult, Japan), 0.5% cellulysin (Sigma-Aldrich, USA), 0.2% pectolyase Y-23 213 

(Yakult, Japan), 20 mM CaCl2, 5 mM MES [2-(N-morpholino)-ethanesulphonic acid], pH 5.8. 214 

Samples were gently shaken in the enzyme solution at 28° and 70 rpm for 90 min. The enzyme 215 

solution was filtered using a nylon mesh with 30 µm pores, and then centrifuged for 5 min at 216 

200 g. Protoplasts (~0.2 mL) were collected at the bottom of the centrifuge tube and 217 

resuspended with 1.5 mL fresh solution consisting of 20 mM CaCl2, 5 mM MES, pH 5.8. All 218 

solutions were adjusted to 290-300 mOsm·Kg-1 with D-sorbitol and the isolated protoplasts 219 

were stored on ice for up to several hours before their use in electrophysiological experiments. 220 

 221 

2.6 | Electrophysiology 222 

The bathing solution for patch-clamp experiments consisted of 20 mM CaCl2, 5 mM MES, pH 223 

5.8 (adjusted with Tris). The pipette solution consisted of 0.5 mM CaCl2, 8.5 mM Ca(OH)2, 2 224 

mM Mg·ATP2, 0.5 mM Tris·ATP, 10 mM 1,2-Bis (2-aminophenoxy) ethane-N,N,N′,N′′-225 

tetraacetic acid (BAPTA), 15 mM Hepes, pH 5.8 (adjusted with Tris). All patch-clamp 226 

solutions were adjusted to 290-300 mOsm·Kg-1 with D-sorbitol. Glass pipettes (World 227 

Precision Instruments) were pulled using a vertical puller (Model PC-10, NARISHIGE, Japan). 228 
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The whole-cell voltage clamping configuration was used and an AXON 700B amplifier 229 

(AXON Instruments, USA), controlled by Clampex 10.3 software (AXON Instruments, USA) 230 

recorded the current signal, the data being sampled at 1 kHz and filtered at 200 Hz (Véry & 231 

Davies, 2000). The voltage-clamp protocols consisted of a series of 1.5 s depolarizing and/or 232 

hyperpolarizing steps from a holding potential of 0 to -200 mV. Current-voltage relationships 233 

(I-V curves) were constructed from total whole-cell currents that were measured following the 234 

1.5 s voltage clamp. For slow-ramp voltage clamping, the voltage was changed from -200 to 0 235 

mV in 20 s. The data were analysed and plotted using Microcal Origin 6.0 software.  236 

 237 

2.7 | 3D structural representations and homology modelling 238 

The models of GLR2.5 and GLR2.5c were generated using the online server SWISS-MODEL 239 

[swissmodel.expasy.org] (Waterhouse et al., 2018) providing as input the structure of GLR3.3 240 

LBD + L-Glu at 2.0-Å resolution (Protein Data Bank ID code 6R85, Alfieri et al., 2020). Final 241 

model quality was assessed by the MolProbity score and QMEAN Z-score included in SWISS-242 

MODEL calculations (Benkert et al., 2011).  243 

 244 

3 | RESULTS 245 

3.1 | Identification of a GLR mutant with reduced sensitivity to L-Glu 246 

We have mined the SALK (Alonso et al., 2003) and GABI-Kat (Rosso et al., 2003) populations 247 

of Arabidopsis T-DNA lines to isolate a set of 27 homozygous mutants with insertions in GLR 248 

genes, at least one for each of the 20 members of the GLR gene family (Table S1). When each 249 

of these 27 mutants was tested by growth on medium with and without L-Glu under our 250 

experimental conditions, insertions in one gene, GLR2.5, were found to affect the root’s 251 

sensitivity to this amino acid (Figure 1. see later in discussion 4.1).  252 
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                     253 
FIGURE 1 Disruption of the GLR2.5 gene in two independent Arabidopsis T-DNA lines leads 254 

to reduced glutamate sensitivity in primary root development. (a) Schematic representation of 255 

two independent T-DNA insertion events in GLR2.5 (At5g11210). The arrangement of exons 256 

(E1-E6) is based on the model in the Aramemnon database [https://aramemnon.botanik.uni-257 

koeln.de]. The T-DNA insertions in the glr2.5-1 and glr2.5-2 lines (NASC accession nos 258 

N578407 and N618122) are located respectively 2431 bp and 2585 bp downstream of the 259 

predicted start of translation. Numbered arrows (P1, P2 for glr2.5-1 and P3, P4 for glr2.5-2) 260 

indicate annealing sites and orientations of PCR primers used to detect T-DNA insertions and 261 

in homozygosity tests (for primer sequences see Table S1); PT indicates the T-DNA primer 262 

annealing site. The numbers indicate the nucleotide positions in the genomic sequence of 263 

AtGLR2.5 predicted by the Aramemnon database [https://aramemnon.botanik.uni-koeln.de]. 264 

The expected DNA fragment size is 790 bp or 1049 bp between primer P1 and P2, or P3 and P4. 265 

L and R, left and right T-DNA borders. (b) Representative image showing seedlings of WT 266 

(Col-0) and the glr2.5-1 and glr2.5-2 mutants that were germinated and grown for 4 d on 267 

vertical agar plates containing “standard medium” (Walch-Liu et al., 2006b) and then 268 

transferred to plates ±1 mM L-Glu for a further 6 d (see Materials and Methods). Horizontal 269 

dotted lines show the positions of the primary root tips at the time of transfer. (c)  Effect of 270 

other amino acids on root growth in the wild-type and the two glr2.5 mutants. The experiment 271 
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was conducted as for the L-Glu treatment in b, except that the respective amino acids were 272 

applied at a concentration of 0.5 mM. Data are means ± SE (n =18 plants); different letters 273 

above bars indicate statistically significant differences (P < 0.05, by one-way ANOVA). (d) 274 

Close-ups of representative primary root tips of each line grown in the absent (Control) or 275 

presence of 1 mM L-Glu. Root materials were derived from the experiment for b. 276 

 277 

           Figure 1a illustrates diagrammatically the location of the T-DNA inserts in two 278 

independent glr2.5 mutants, both of which were within exon 4 and neither of which produced 279 

detectable GLR2.5 transcripts (as detailed below). Figure 1b and Figure S1 demonstrate the 280 

reduced sensitivity of roots of the glr2.5-1 and glr2.5-2 mutants to growth on 1 mM L-Glu 281 

compared to the wild-type. Col-0 seedlings showed the typical response to L-Glu (Walch-Liu 282 

et al., 2006b), which includes a marked inhibition of primary root growth and a stimulation of 283 

root branching, while both traits were strongly diminished in the mutants (e.g. primary root 284 

growth inhibition rate by approximately 35% versus 78% for wild-type. Figure 1b, c). 285 

Sensitivity to other amino acids that inhibit root growth at sub-millimolar concentrations 286 

(methionine and cysteine) was unaffected by the glr2.5 mutation (Figure 1c), demonstrating 287 

that GLR2.5 regulate the growth of the root specifically in response to L-Glu and not to other 288 

amino acids. It was also established that the mutant phenotype was independent of the 289 

background N source used for the L-Glu treatments (Figure S2).   290 

Unlike some GLR mutants that have previously been characterized in Arabidopsis 291 

(Medvedev, 2018) and rice (Li et al., 2006), whose root growth and root tip morphology were 292 

affected by disruption to the primary root meristem, the glr2.5 mutants showed no alteration in 293 

root growth or branching when cultured under standard growth conditions (Figure 1b). Close-294 

up observation of root tips of the glr2.5 mutants also found no significant differences from the 295 

wild-type when grown in the absence of L-Glu (Figure 1d).  296 

Previous evidence has implicated auxin signaling and/or transport in the root response 297 

to L-Glu (Walch-Liu et al., 2006b; Lopez-Bucio et al., 2018; Ravelo-Ortega et al., 2021), and 298 

roles for abscisic acid (Kang et al., 2004; Duan et al., 2015) and gibberellic acid (Ju et al., 2020) 299 

have been indicated in other GLR-mediated signaling pathways. When the glr2.5 mutants were 300 

tested for their response to range of concentrations of indole acetic acid, cytokinin 301 

(benzyladenine), abscisic acid and gibberellic acid, no effects of the mutation on the root’s 302 

sensitivity were found (Figure S3).  303 

 304 
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3.2 | Transformation with a GLR2.5 genomic clone complements the glr2.5 mutation 305 

To confirm that the mutant phenotype was specifically due to the disruption of the GLR2.5 306 

gene, a rescue experiment was carried out in which the glr2.5-1 mutant was transformed with 307 

a genomic fragment carrying the GLR2.5 gene and its flanking sequences. Based on the gene 308 

model of GLR2.5 in the Aramemnon membrane protein database 309 

[https://aramemnon.botanik.uni-koeln.de], a 5533 bp genomic sequence carrying the GLR2.5 310 

gene was PCR-amplified and cloned. This fragment (GLR2.5g) included the promoter region 311 

beginning 1846 bp upstream of the predicted translation initiation codon and extending 363 bp 312 

downstream of the predicted translation stop codon. The genomic sequence was introduced 313 

into the glr2.5-1 mutant by Agrobacterium transformation and two independent complemented 314 

lines (glr2.5/GLR2.5g-1 and glr2.5/GLR2.5g-2) were identified.  315 

 316 
FIGURE 2 Complementation of a glr2.5 mutant by transformation with the GLR2.5 gene. A 317 

construct carrying the GLR2.5 gene as a 5533 bp genomic fragment (GLR2.5g) was used to 318 

transform the glr2.5-1 mutant and two independent transgenic lines (glr2.5/GLR2.5g-1 and 319 

glr2.5/GLR2.5g-2) were analyzed. (a) Detection of GLR2.5 gene transcription. RT-PCR was 320 

performed on total RNA extracted from seedlings of the glr2.5-1 and glr2.5-2 mutants and 321 

from the two complemented lines as well as wide-type Col-0 (see Materials and Mehtods). 322 

PCR products were separated by gel electrophoresis and stained with ethidium bromide. Upper 323 

panel: products obtained using PCR primers designed to amplify the complete GLR2.5 coding 324 

sequence; lower panel: RNA quality control showing products obtained with Actin2 primers. 325 

Fig. 2

5000

2000
3000

1000

500

AtActin2

a

glr2
.5-1

glr
2.5
-2 glr

2.5
-1/

GL
R2
.5g
-1

Co
l-0 glr

2.5
-1/

GL
R2
.5g
-2

M (bp)

AtGLR2.5
750

d a

b

a a a

c c c

b

1
cm 1
m
m

c

glr2
.5-1

glr2
.5-2

glr
2.5
-1/

GL
R2
.5g
-1Col

-0

glr
2.5
-1/

GL
R2
.5g
-2

%
 in

hi
bi

tio
n 

of
 p

rim
ar

y 
ro

ot
 el

on
ga

tio
n

50

40

30

20

10
0

Co
l-0 glr
2.5
-1

glr
2.5
-1/

GL
R2
.5g
-1

glr
2.5
-1/

GL
R2
.5g
-2

Co
l-0 glr
2.5
-1

glr
2.5
-1/

GL
R2
.5g
-1

glr
2.5
-1/

GL
R2
.5g
-2

glr2.5-1Col-0 glr2.5-1/
GLR2.5g-1

glr2.5-1/
GLR2.5g-2

Control 1 mM L-Glu



12 
 

M, DNA marker. (b) Representative images of seedlings of Col-0, the glr2.5-1 mutant and the 326 

complemented lines when 4 d-old seedlings were grown on vertical agar plates and transferred 327 

to plates ± 1 mM L-Glu for a further 6 d (see Materials and Methods). Horizontal lines show 328 

the positions of the primary root tips at the time of transfer. (c) Quantification of primary root 329 

growth. Plant data derived from the same experiments as for b. Primary root elongation over 330 

the following 5 d was measured, and percentage inhibition by L-Glu was calculated for each 331 

genotype by comparison with the control (no L-Glu) plates (± SE; n= 18 plants). Different 332 

letters above bars indicate statistically significant differences (P < 0.05, by one-way ANOVA).  333 

(d) Data showing the effect of L-Glu on meristematic activity in each line as measured by the 334 

mean distance from the root apex to the first root hair (± SE; n= 6-8 seedlings). Different letters 335 

above bars indicate statistically significant differences (P < 0.05, by one-way ANOVA). 336 

 337 

         These were found by RT-PCR to express a multiple set of GLR2.5 transcripts that 338 

matched those seen in the wild-type and that were almost missing in the glr2.5 knock-out 339 

mutants (Figure 2a. In the case of glr2.5-2, a very faint DNA fragment with around 500 bp 340 

could still be observed). The images of seedlings grown on medium with and without L-Glu 341 

(Figure 2b) show how L-Glu sensitivity of primary root elongation in both complemented lines 342 

was restored to wild-type levels. A sensitive measure of the L-Glu phenotype is the appearance 343 

of root hairs and the emergence of lateral roots close to the primary root apex, which are traits 344 

associated with the strong reduction in meristematic activity at the primary root tip after 345 

exposure to L-Glu (Walch-Liu et al., 2006b). The inset images in Figure 2b, and the 346 

quantitative data for proximity of root hairs to the root apex in Figure 2c, illustrate how these 347 

traits are restored in the complemented lines, confirming that disruption of the GLR2.5 gene is 348 

indeed responsible for the mutant phenotype. 349 
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 350 
FIGURE 3 Histochemical analysis of transgenic seedlings carrying the GLR2.5pro::GUS 351 

construct. Seedlings were germinated and grown on vertical agar plates containing standard 352 

nutrient medium and stained in 2 mM 5-bromo-4-chloro-3-indolyl β-d-glucuronide salt (X-353 

Gal) at 37o for 2 h incubation (Zhang et al., 2019). (a) Seedling 2 d after germination. (b) 354 

Seedling 3 d after germination. (c) Primary root of 8 d-old seedling. (d) Lateral root of 8 d-old 355 

seedling. (e-g) Transverse sections of the primary root apex of 8 d-old seedlings in the 356 

meristematic region (e) elongation zone (f) and root hair zone (g).   357 

 358 

3.3 | GLR2.5 is expressed in the outer layers of the primary root apex zone 359 

To investigate the pattern of expression of the GLR2.5 gene in roots, we placed an 1846 bp 360 

fragment containing its promoter region upstream of the β-glucuronidase (GUS) reporter gene 361 

and used this to transform Arabidopsis (Col-0 background). Histochemical analysis of the 362 

GLR2.5pro::GUS lines showed that expression in seedlings was strongest in the root and 363 

particularly in the outer cell layers of the root tip or apex region (Figure 3). 364 

 365 

3.4 | Multiple alternative transcripts specified by GLR2.5  366 

Previous evidence, from electrophoretic analysis of the products of RT-PCR, has indicated that 367 

the GLR2.5 gene is expressed as multiple transcripts (Chiu et al., 2002), an observation 368 
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confirmed above when RT-PCR was used to verify the glr2.5 KO lines (Figure 2a). To 369 

characterize these transcripts in more detail, the four products of the RT-PCR reaction (Figure 370 

4a) were cloned and sequenced, revealing that the amplified cDNAs (GLR2.5a, GLR2.5b, 371 

GLR2.5c and GLR2.5d) were 2605 bp, 1451 bp, 1250 bp and 527 bp in length, respectively 372 

(Figure 4b).  373 

 374 
FIGURE 4 Cloning and characterization of four alternative GLR2.5 transcripts. (a) RT-PCR 375 

was performed on total RNA from Arabidopsis seedlings to amplify the coding region of the 376 

GLR2.5 gene and the products electrophoresed on agarose gels alongside a set of DNA markers 377 

(M) and stained with ethidium bromide. The four PCR products (GLR2.5a, GLR2.5b, GLR2.5c 378 

and GLR2.5d) were cloned and sequenced (Genbank accession nos JF838182, JF838183, 379 

JF838184 and JF838185, respectively). (b) Diagrammatic representation of the predicted 380 

arrangement of exons in GLR2.5 based on the Aramemnon gene model (grey) 381 

[https://aramemnon.botanik.uni-koeln.de] and as seen in the four alternative transcripts (red). 382 

Numbering is from the start of the ATG codon in the GLR2.5 genomic sequence and positions 383 

of the TAG stop codons in each transcript are indicated. Where exon skipping has occurred the 384 

intron is shown as an angled line. (c) Schematic diagram indicating the presence and absence 385 

of the conserved domains common to plant GLRs and animal iGluRs (see text and Figure S5) 386 

in the hypothetical translation products of each of the four alternative transcripts. Sequences 387 

present in each protein sequence are indicated in red, and sequences absent compared to the 388 
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model are in grey. Where a frameshift occurs, this is indicated by a jagged line and the 389 

following ‘nonsense’ sequence by a wavy red line (see GlnH2 (S2) domain of 2.5a and 2.5b). 390 

Note:  Numbering is from the N-terminus of the model GLR2.5 protein sequence (Aramemnon) 391 

and the conserved domains and their spacing are not drawn to scale. The ligand-binding 392 

subdomain GlnH1 (S1) and GlnH2 (S2) are considered to have evolved early from periplasmic 393 

binding proteins of bacteria due to their significant primary sequence similarity (Nakanishi et 394 

al., 1990). 395 

 396 

            Comparison of the four sequences with the model 2490 bp cDNA sequence and the 397 

GLR2.5 genomic sequence (see Figure S4), confirmed that all four transcripts are derived from 398 

the GLR2.5 gene and that their differing lengths are attributable to the use of alternative splice 399 

sites (all of which conform to the GT-AG convention for donor and acceptor sites). As 400 

illustrated schematically in Figure 4b, based on a gene model of GLR2.5 predicted in 401 

Aramemnon, the four alternative transcripts are generated from a combination of three different 402 

types of event: exon skipping (exon 2 skipped in GLR2.5b and GLR2.5c, exons 2, 3 and 4 403 

skipped in GLR2.5d), intron retention (intron 4 is unspliced in GLR2.5b) and use of alternative 404 

splice donor sites (at the 5’ end of intron 4, comparing GLR2.5a and GLR2.5c). Intron 5 405 

predicted in the Aramemnon model is not spliced in any of the alternative transcripts. Although 406 

GLR2.5a is the most similar in length to the model cDNA (2605 bp vs 2490 bp), it diverges 407 

from the model in two additional respects, specifically the acceptor site in intron 1 is three 408 

nucleotides downstream of that predicted (maintaining the reading frame), and the donor site 409 

in intron 4 is 56 bp downstream of that predicted, leading to a change in the reading frame and 410 

an early TAG stop codon.  411 

 The open reading frames in GLR2.5a, GLR2.5b, GLR2.5c and GLR2.5d are predicted 412 

to encode polypeptides of 720, 293, 410 and 169 amino acids, respectively, each of which is 413 

significantly shorter than the 829 amino acids of the Aramemnon-predicted sequence. 414 

According to the analysis in the Aramemnon database [https://aramemnon.botanik.uni-415 

koeln.de], the model GLR2.5 polypeptide is a conventional GLR protein, possessing all the 416 

conserved sequences and functional domains that are common to other plant GLRs and animal 417 

iGluRs (Turano et al., 2001; Wudick et al., 2018). (Note that wherever we refer to the GLR2.5 418 

transcript or its encoded GLR2.5 protein here, the reference is specifically to the model amino 419 

acid sequence as defined in the Aramemnon database and shown in Figure S5). However, each 420 

of the products of the cloned GLR2.5 transcripts, when aligned with the sequence of the 421 

hypothetical GLR2.5 transcript are found to lack one or more of these conserved sequences 422 
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(Figure S5). Figure 4C illustrates schematically how the domain structures of the four 423 

polypeptides differ from the model GLR2.5 sequence. All predicted polypeptides contain at 424 

least one of the conserved segments that characterize members of the GLR family (Acher & 425 

Bertrand, 2005; Wudick et al., 2018), and where a splicing event creates a frameshift relative 426 

to the model sequence (as it does in all four transcripts), only relatively short ‘nonsense’ 427 

sequences are created at the C-terminus (Figure 4C and Figure S5). The GLR2.5a isoform is 428 

truncated in the middle of the S2 segment, due to a frameshift, so lacks the M3 segment and 429 

the subsequent C-terminal region, instead having a novel C-terminal peptide of 20 amino acids. 430 

The GLR2.5b isoform is truncated at the C-terminus in the same way, but additionally lacks 431 

the ATD and the first part of the S1 segment. The GLR2.5c isoform is the only one to have all 432 

three transmembrane regions, the P region and a conventional C-terminal domain, but like 433 

GLR2.5b it lacks the ATD and the first part of the S1 segment. The small GLR2.5d isoform 434 

consists only of the C-terminal end of S1 along with M3 and a C-terminal domain.   435 

 436 

3.5 | The GLR2.5c cDNA can complement the glr2.5 mutant 437 

GLR2.5c represents the only GLR2.5 transcript able to encode a protein having both an intact 438 

P region and all three transmembrane segments, and so was judged to be the only one likely to 439 

be both correctly incorporated into the membrane and able to form a functional channel. This 440 

cDNA was therefore selected to investigate whether on its own, in the absence of the other 441 

major three transcripts, it was able to rescue the glr2.5 mutant.  The GLR2.5c sequence was 442 

placed under the control of the enhanced CaMV 35S promoter (Kay et al., 1987) and used to 443 

transform the glr2.5-1 mutant. When two independent transformants were grown alongside the 444 

wild-type and the two glr2.5 mutants on plates containing 1 mM L-Glu, the mutant lines 445 

expressing the 35S::GLR2.5c construct were found to have regained wild-type levels of 446 

sensitivity to L-Glu (Figure 5a,b). These results suggest that it is loss of the GLR2.5c transcript 447 

and its encoded polypeptide in glr2.5 mutants that is solely responsible for the reduction in 448 

sensitivity of their primary root tips to external L-Glu. No complementation was obtained when 449 

the same analysis was performed with GLR2.5a, GLR2.5b and GLR2.5d (Figure S6).  450 



17 
 

 451 
FIGURE 5 Complementation of a glr2.5 mutant by transformation with the 35S∷GLR2.5c 452 

construct. A construct carrying the enhanced CaMV 35S promoter fused to the GLR2.5c cDNA 453 

sequence (35S::GLR2.5c) was used to transform the glr2.5-1 mutant and two independent 454 

transgenic lines (glr2.5/35S::GLR2.5c-1 and glr2.5/35S::GLR2.5c-2) were analysed. (a, b) 455 

Representative images of seedlings of Col-0, the glr2.5-1 mutant and the complemented lines 456 

4 d-old seedlings were grown on vertical agar plates and transferred to plates ± 1 mM L-Glu 457 

for a further 6 d.  Horizontal lines show the positions of the primary root tips at the time of 458 

transfer. Plant growth test was conducted as did for Figure 2 (c) Detection of GLR2.5c 459 

expression in different lines. RT-PCR was performed on total RNA extracted from seedlings 460 

of the glr2.5 mutants, the GLR2.5c-transformed complementation lines and their wide-type 461 

Col-0. Two primers (5’-ATGGCTTCAAGACAAGGATTG-3’, 5’-462 

CTAGTGGAAATGCAAAGCCA-3’) designed specifically for the detection of GLR2.5c-463 

derived fragment (808 bp predicted) were used. PCR products were separated by gel 464 

electrophoresis and stained with ethidium bromide. Upper panel: products obtained using PCR 465 

primers to amplify the GLR2.5c-derived sequence; and amplicons were isolated from gel and 466 

sequenced to verify their sequence correctness (808 bp indeed as the predicted). Lower panel: 467 

RNA quality control showing products obtained with Actin2 primers (see Materials and 468 

Methods). (d) Quantification of the primary root elongation. Quantitative data from the same 469 

experiment as did for b. Primary root elongation over the following 6 d was measured, and 470 
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percentage inhibition by L-Glu was calculated for each line by comparison with the control (no 471 

L-Glu) plates (± SE; n=18 plants). Different letters above bars show statistically significant 472 

differences (P < 0.05, by one-way ANOVA).   473 

 474 

3.6 | Electrophysiological evidence of a role for the GLR2.5 gene product in glutamate-475 

gated Ca2+ channel activity at the root tip 476 

Patch-clamping has been used to demonstrate glutamate-activated Ca2+ currents across the 477 

plasma membrane of root protoplasts (Demidchik et al., 2004) and to provide direct in planta 478 

evidence that proteins encoded by the GLR3.1 and GLR3.5 genes form L-Met-activated Ca2+-479 

permeable channels in protoplasts from stomatal guard cells (Kong et al., 2016). Here we have 480 

used this technique to investigate the effect of disruption of the GLR2.5 gene on glutamate-481 

activated Ca2+ channel activity in root tip protoplasts and to assess the ability of the GLR2.5g 482 

genomic clone and the constitutively expressed GLR2.5c cDNA to rescue the glr2.5 mutant. 483 

Protoplasts from Col-0, the glr2.5-1 mutant and the complemented lines were subjected to 484 

voltage-clamping to construct current-voltage relationships (I-V curves) from whole-cell 485 

currents after L-Glu treatment (Figure 6). The results show that inactivation of the GLR2.5 486 

gene in the glr2.5-1 mutant was sufficient to eliminate glutamate-activated Ca2+ channel 487 

activity in the root tip protoplasts (Figure 6a). Furthermore, this channel activity was fully 488 

restored in glr2.5-1 lines complemented with either the GLR2.5g genomic clone or the 489 

constitutively expressed GLR2.5c cDNA.  These results indicate that the GLR2.5 gene product, 490 

specifically the unusual product of the third largest of its four transcripts (GLR2.5c), either 491 

operates as a glutamate-activated Ca2+-permeable channel in the root tip (independently of the 492 

products of the other three transcripts) or is required for such a channel to be functional.    493 
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 494 

FIGURE 6 Glutamate-activation of inward Ca2+ currents in the plasma membrane of root 495 

protoplasts from Col-0, the glr2.5-1 mutant and two complemented lines. Protoplasts from 496 

primary root tips of 15 d-old seedlings of Col-0, the glr2.5-1 mutant and the glr2.5-1/GLR2.5g 497 

and glr2.5-1/35S::GLR2.5c lines were isolated and patch-clamped in whole-cell configuration 498 

as described in Methods. (a) Typical time course of changes in Ca2+-related currents in 499 

protoplasts from each line after treatment with 1 mM L-Glu or untreated (control). (b) 500 

Standardized current-voltage curves from a voltage-step experiment using protoplasts in the 501 

presence or absence of 1 mM L-Glu (+/- SE; n = 6-8, the number of protoplasts that showed 502 

the response to external L-Glu; and ten to fifteen protoplasts from each tested line were 503 

analysed). 504 

 505 

3.7 | Homology modelling of the ligand-binding domains of GLR2.5 and GLR2.5c 506 

Considering the evidence that GLR2.5c has a role in L-Glu sensing at the root tip, we wished 507 

to assess the likely effect that its truncated LBD would have on its ability to be activated by L-508 

Glu. Homology modelling of the LBDs of plant GLRs has been greatly facilitated by the recent 509 

determination of the crystal structures of the LBDs of GLR3.3 (Alfieri et al., 2020) and GLR3.2 510 

(Gangwar et al., 2021) together with the high degree of sequence conservation within the GLR 511 
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family, which allows domain boundaries to be reliably defined by sequence alignment (Alfieri 512 

et al., 2020; Grenzi et al., 2021).  513 

        The crystal structure of the GLR3.3 LBD was determined using a fusion protein made up 514 

of its S1 and S2 segments joined by a Gly-Gly-Thr linker (Alfieri et al., 2020) and the 515 

equivalent (hypothetical) fusion proteins based on the S1 and S2 segments of GLR2.5 and 516 

GLR2.5c (see Figure S7) were therefore used here to model the 3D structures of their LBDs. 517 

Full details of the sequences used for homology modelling are given in Figure S7. The LBDs 518 

of GLR2.5 and GLR3.3 have only a 38% sequence identity, but Figure 7a shows how the 519 

predicted 3D structure of the GLR2.5 LBD closely aligns with the experimentally determined 520 

structure of the GLR3.3 LBD. Figure 7B shows the GLR2.5 LBD on its own, with the N-521 

terminal portion of the S1 segment that is missing in GLR2.5c being indicated in yellow. Other 522 

than this missing part of S1, the GLR2.5 and GLR2.5c models are identical. The reliability 523 

scores for both GLR2.5 models in Figure 7b are high, with a GMQE (Global Model Quality 524 

Estimation) of ca 0.75 and a QMEAN (Qualitative Model Energy Analysis) Z-score of ca -2.0 525 

(Waterhouse et al., 2018). Notably, the structure of our GLR2.5 model is highly similar (root 526 

mean square deviation of 2.0 Å in the LBD region) to the structure of GLR2.5 predicted by the 527 

recently released neural network-based AlphaFold program (Jumper et al., 2021). By careful 528 

inspection of the L-Glu binding site in the models, the specific GLR3.3 residues involved in L-529 

Glu binding (Phe133, Arg88, Ala83, Asp81, Glu177, Tyr180, Gln129, Arg11, Asn60, Tyr63; 530 

Alfieri et al., 2020) have unambiguously corresponding residues in GLR2.5 (Phe138, Arg93, 531 

Thr88, Asp86, Glu181, Tyr184, Gln134, Lys11, Arg65, Tyr68, respectively), that are either 532 

identical or conservatively changed (Figure 7c). Three of these residues (Lys11, Arg65, Tyr68) 533 

are missing in GLR2.5c and are responsible for coordinating the L-Glu side chain; however, 534 

the six residues coordinating the invariant part of the ligand are retained in GLR2.5c. The 535 

model supports the absence of major steric hindrances in the binding site, suggesting that an 536 

intact GLR2.5 LBD would be likely to bind and be gated by L-Glu and that the truncated 537 

GLR2.5c LBD might retain the same property to some degree but has its binding site fully 538 

exposed to solvent (Figure 7d). 539 
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 540 

FIGURE 7 Homology modelling of the LBDs of the complete GLR2.5 protein and the 541 

truncated GLR2.5c protein. Homology modelling was based on the 3D structure of the GLR3.3 542 

LBD and alignments with the predicted sequences of GLR2.5 (Aramemnon) and GLR2.5c 543 

(Figure S7). The models shown were prepared with PyMOL (The PyMOL Molecular Graphics 544 

System, Version 1.3 Schrödinger, LLC). (a) Superimposition of the experimentally determined 545 

structure of the LBD of GLR3.3 (green) and the model of the complete LBD of GLR2.5 546 

(orange), in cartoon form. The L-Glu ligand bound to GLR3.3 is shown as light blue sticks. (b) 547 

Model of the GLR2.5 LBD with the yellow colour indicating the segment that is absent in 548 

GLR2.5c. (c) Close-up view of the binding site in the LBD of GLR3.3 (green) onto which the 549 

model of the complete LBD of GLR2.5 has been superimposed (orange/yellow). The main 550 

residues of GLR3.3 involved in binding the L-Glu ligand are indicated in green and the 551 

corresponding residues in GLR2.5 as orange or yellow. The residues of the GLR2.5 model 552 

indicated in yellow are those that are missing in GLR2.5c (Lys11, Arg65, Tyr68). Dotted black 553 

lines indicate bonds that are likely to coordinate an L-Glu ligand in GLR2.5. (d) (Left) Space-554 

filling representation of a full GLR heterotetramer with each subunit in a different colour, based 555 

on the cryo-EM structure of the homotetrameric receptor GLR3.4 (Protein Data Bank ID 556 

7LZH, (Green et al., 2021). Each subunit contributes one amino-terminal domain (ATD), one 557 
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ligand-binding domain (LBD) and one transmembrane domain (TMD). (Right) Space-filling 558 

representation, derived from the one above, of a hypothetical GLR heterotetramer where the 559 

red subunit is GLR2.5c, therefore lacking all the ATD and a portion of the LBD (the L-Glu 560 

ligand is white), but retaining the expected inter-subunit contact regions of the LBD and all the 561 

transmembrane helices.  562 

 563 

4 | DISCUSSION 564 

4.1 | GLR2.5 is involved in the root response to exogenous L-Glu 565 

Previous physiological studies led to the conclusion that the Arabidopsis primary root tip is 566 

equipped with the ability to sense the external presence of L-Glu and to convert that signal into 567 

changes in root apical meristem activity, root tip morphology and lateral root outgrowth 568 

(Walch-Liu et al., 2006b). The specificity of the response implied the presence at the root tip 569 

of some form of L-Glu sensing mechanism, with the most promising candidate for the role of 570 

L-Glu sensor being the glutamate receptor-like proteins encoded by the family of 20 GLR 571 

genes, most of which are expressed in roots (Chiu et al., 2002). In the process of screening a 572 

collection of lines with T-DNA insertions in each of the 20 GLR genes we identified one gene, 573 

GLR2.5, whose disruption in two independent insertion mutants led to a significant decrease in 574 

the sensitivity of root growth to L-Glu (Figure 1). Disruption of GLR2.5 almost eliminated the 575 

morphological changes at the root tip that are characteristic of Glu-treated roots (Figure 1d), 576 

yet the mutation had no effect on the root’s sensitivity to a range of plant hormone treatments 577 

that inhibit root growth (Figure S3) or on its sensitivity to other amino acids (Figure 1c). That 578 

this reduction in sensitivity to L-Glu was due to the disruption of the GLR2.5 gene itself was 579 

confirmed by the ability of a genomic fragment carrying the GLR2.5 gene (GLR2.5g) to fully 580 

restore the wild-type phenotype when used to transform the glr2.5 mutant (Figure 2). A 581 

previous study of natural variation in the sensitivity of Arabidopsis roots to L-Glu identified a 582 

number of QTLs, one of which mapped to the region of chromosome 5 containing the closely 583 

linked GLR2.5 and GLR2.6 genes (Walch-Liu et al., 2017), so that the present results are 584 

consistent with the possibility that natural variants of the GLR2.5 gene are responsible for this 585 

QTL. 586 

It should be noted that although we found no evidence that T-DNA insertions in any of 587 

the other 19 GLR genes affected the sensitivity of root growth to L-Glu, the remarkable 588 

sensitivity of this trait to genotype x environment interactions  (Walch-Liu et al., 2017) means 589 
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that we cannot eliminate the possibility that effects of mutations in other GLR genes might be 590 

uncovered under different environmental conditions or in different genetic backgrounds. 591 

GLR2.5, like most clade 2 genes, is preferentially expressed in roots (Chiu et al., 2002) 592 

and belongs to a set of genes positively regulated by G-Box Binding Factor 3 (GBF3), a 593 

transcription factor involved in the plant’s responses to multiple biotic and abiotic stresses 594 

(Dixit et al., 2019). This is consistent with transcriptomics data (http://bar.utoronto.ca/eplant) 595 

showing that GLR2.5 expression in roots is strongly induced by both cold and salt treatments 596 

as well as by a variety of pathogen-related signals such as the immunity elicitor flg22. In this 597 

context it is noteworthy that three genes established as downstream components in the root tip 598 

response to L-Glu (MEKK1, MPK6 and MKP1)  (Forde et al., 2013; Lopez-Bucio et al., 2018) 599 

encode components of MAP kinase signalling pathways involved in the innate immune 600 

response (Asai et al., 2002). Given other evidence that exogenous glutamate applied to roots 601 

can trigger defence responses in Arabidopsis (Goto et al., 2020) and other plant species 602 

(Kadotani et al., 2016; Kan et al., 2017; Sun et al., 2019), it would not be surprising if GLR2.5 603 

had a wider role in L-Glu signalling, beyond its role in the root architectural response. Recently 604 

the tandemly arranged GLR2.7/2.8/2.9 genes have been shown to have a role in pattern-605 

triggered immunity (Bjornson et al., 2021). 606 

 607 

4.2 | Significance of the spatial localization of GLR2.5 expression 608 

We used a GLR2.5pro::GUS reporter gene to investigate the pattern of GLR2.5 expression in 609 

Arabidopsis roots, finding that its expression was strongest in the outer layers of the primary 610 

root tip (Figure 3). This is consistent with earlier cell type-specific microarray data that showed 611 

GLR2.5 expression to be strongest in cells of the stage 1 lateral root cap (LRC), the section of 612 

the LRC closest to the primary root apex, where it was also one of the most highly expressed 613 

of the 19 Arabidopsis GLR genes for which data was presented (Brady et al., 2007). This pattern 614 

of localization of GLR2.5 expression is also in line with experimental data showing that 615 

external L-Glu is sensed specifically at the root apex (Walch-Liu et al., 2006b).  616 

There is accumulating evidence that the LRC has a key role to play in regulating root 617 

meristematic activity through hormone-mediated pathways (Di Mambro et al., 2019; Pierdonati 618 

et al., 2019). In this study, since the introduction of a construct of GLR2.5g (containing a native 619 

promoter sequence) or 35S∷GLR2.5c into the glr2.5-1 mutant line leads to a full recovery of 620 

the root system growth sensitivity of mutant plants to external L-Glu (Figure 2, Figure 5), and 621 

since GLR2.5 promoter activity apparently occurs also in the lateral root apex (Figure 3c), one 622 
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may argue that the expression of GLR2.5 in the LRC would place it in the prime location for 623 

regulating meristematic activity in response to changes in external L-Glu concentration at the 624 

root tip. However, this speculation is awaiting experimental elucidation in a future work. 625 

 626 

4.3 | Four alternative splice variants of GLR2.5 in Arabidopsis roots 627 

Cloning and sequence analysis of four splice variants of the GLR2.5 gene (GLR2.5a-d; Figure 628 

4a) revealed that none correspond to the 2490 bp mRNA predicted from the gene model in the 629 

Aramemnon database [https://aramemnon.botanik.uni-koeln.de] and that they arise from a 630 

combination of exon skipping, intron retention and use of alternative splice donor sites (Figure 631 

4B and Figure S4). In the case of the GLR2.5c and GLR2.5d transcripts, more than one type of 632 

event was responsible for the final transcript. Surprisingly, although two of the alternative 633 

splicing events (in GLR2.5a and GLR2.5b) produce frameshifts and termination of translation 634 

>400 nucleotides upstream of the predicted stop codon, these transcripts are apparently not 635 

targeted for nonsense-mediated decay (Kalyna et al., 2012).  636 

 There is increasing recognition of the importance of alternative splicing in plant 637 

development and in the plant’s response to environmental signals (Shang et al., 2017; Martin 638 

et al., 2021). Alternative splicing of the GLR3.5 gene transcript has been found to produce two 639 

variant proteins, one of which is targeted to the mitochondria and the other to the chloroplast 640 

(Teardo et al., 2015). Alternative splicing in mammalian iGluRs is frequently used to generate 641 

isoforms with different properties (Traynelis et al., 2010).  For example, a truncated isoform 642 

of a mammalian AMPA receptor acts in a dominant negative fashion to produce non-functional 643 

heteromeric receptors (Gomes et al., 2008) and an isoform of a rat NMDA receptor with a 644 

modified version of the ATD alters its allosteric regulation (Traynelis et al., 1995). In the case 645 

of GLR2.5, only one of the four predicted proteins (GLR2.5c) possesses all the conserved 646 

regions that are characteristic of both plant GLRs and animal iGluRs (Figure 4). With all 647 

membrane-spanning regions present, as well as an intact P region, GLR2.5c is the isoform with 648 

the greatest potential to act as a functional Ca2+-permeable channel, although the absence of 649 

almost the entire ATD and the first part of the S2 segment raises questions about its properties. 650 

Notably, in none of the four predicted proteins are the complete S1 and S2 segments of the 651 

LBD both intact.  652 

 653 

4.4 | Evidence of a specific role for the GLR2.5c transcript in the root response to L-Glu 654 
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We were able to demonstrate that expressing the GLR2.5c transcript under the control of the 655 

constitutive 35S promoter can fully restore L-Glu sensitivity of root growth in a glr2.5 mutant 656 

background (Figure 5). Because the primary root apex is the only part responsible for root 657 

growth sensitivity to L-Glu (Walch-Liu et al., 2006), and GLR2.5 promoter activity is 658 

apparently detected in the root tip zone (Figure 3), a constitutive GLR2.5c expression triggered 659 

by the 35S promoter might not ectopically affect GLR2.5c function within the root tip in 660 

response to external L-Glu. Furthermore, when the glr2.5-1 mutant was complemented with 661 

either the 35S::GLR2.5c construct or the GLR2.5 genomic fragment (GLR2.5g), patch-662 

clamping at the single channel level in root tip protoplasts showed that L-Glu-elicited Ca2+ 663 

currents that were lost in the mutant had been restored (Figure 6). The existence in Arabidopsis 664 

roots of L-Glu-elicited Ca2+ currents that are accompanied by rapid changes in membrane 665 

potential is well-established (Dennison & Spalding, 2000; Demidchik et al., 2004) and 666 

knockout mutants in both GLR3.3 (Qi et al., 2006) and GLR3.6 (Singh et al., 2016) have been 667 

found to be defective in these electrophysiological responses at the root tip. There is 668 

experimental evidence that plant GLRs, like their mammalian iGluR counterparts (Glasgow et 669 

al., 2015), operate as heterotetramers containing at least two types of subunit (Vincill et al., 670 

2012; Price & Okumoto, 2013; Vincill et al., 2013). Since both GLR3.3 and GLR3.6 appear to 671 

be involved in conducting L-Glu-elicited Ca2+ currents at the root tip, the finding here that L-672 

Glu-elicited channel activity is lost in the glr2.5-1 mutant suggests that GLR2.5c may be a 673 

necessary component of heterotetrameric complexes with GLR3.3 and GLR3.6. 674 

We were able to show by homology modelling that the predicted 3D structure of the 675 

LBD of GLR2.5 is very similar to that of GLR3.3 (Figure 7a), which has an LBD that is not 676 

only able to bind L-Glu but also a number of other amino acids (Alfieri et al., 2020). However, 677 

modelling of the truncated LBD of GLR2.5c (Figure 7b, c) suggests that its ability to bind L-678 

Glu is likely to be significantly weaker, owing to the absence of over half the S1 segment, 679 

within which occur 3 of the 10 residues expected to coordinate binding of the L-Glu molecule. 680 

Indeed, the absence of that portion of sequence in GLR2.5c might prevent the LBD operating 681 

as a ‘Venus flytrap’ upon ligand binding, as seen in mammalian glutamate receptors (Acher & 682 

Bertrand, 2005). Nevertheless, GLR2.5c is the only one of the four detected GLR2.5 transcripts 683 

that encodes the complete set of transmembrane helices and the P domain (Figure 4). In 684 

addition, GLR2.5c apparently retains all the secondary structures mediating inter-subunit 685 

contacts in the context of a tetramer (Figure 7d), based on the recently published structure of a 686 

complete homotetramer of GLR3.4 obtained by cryo-electron microscopy (Green et al., 2021). 687 

Thus, it is reasonable to expect that GLR2.5c could be assembled into heterotetramers (for 688 
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example with GLR3.3 and/or GLR3.6 subunits), but that any role for GLR2.5c in such a 689 

tetrameric complex is likely to be a regulatory or scaffolding one.  690 

A previous study found that disruption of the GLR3.3 gene led to a decrease in Glu-691 

elicited membrane depolarization at the root tip and blocked the associated increase in cytosolic 692 

Ca2+ (Qi et al., 2006), so our finding that two independent glr3.3 mutants were still sensitive 693 

to L-Glu (Figure S8) indicates that the Glu-elicited Ca2+ fluxes that are GLR3.3-dependent are 694 

not essential for L-Glu inhibition of root growth. That disruption of a single GLR2.5 gene has 695 

such a significant effect on L-Glu sensitivity indicates that other GLR genes are unable to 696 

compensate for its absence, despite evidence that each of the other 19 GLR genes are expressed 697 

to varying levels in roots (Chiu et al., 2002). However, it is important to note that a distinction 698 

needs to be made between responses to short-term exposure to external L-Glu (such as seen 699 

when measuring Ca2+ fluxes, electrical responses or rapid changes in gene expression) and the 700 

effects of L-Glu on root development, which follow several days of exposure to the amino acid 701 

(Walch-Liu et al., 2006b). For example, it is a characteristic of ligand-gated channels that 702 

prolonged or repetitive stimulation by an agonist leads to desensitization of the receptor and a 703 

consequent reduction in the downstream response (Traynelis et al., 2010). Thus, long-term 704 

exposure to L-Glu may result in partial or complete desensitization of some of the GLR 705 

receptor isoforms present at the root apex.  Additionally, over a period of hours and days, the 706 

sustained presence of external L-Glu is likely to result in metabolic, transcriptional or post-707 

transcriptional changes that, in turn, lead to changes in the structure, subunit composition 708 

and/or relative abundance of different isoforms of the GLR receptors at the root tip.  709 

Previous studies have shown that L-Glu is the only amino acid able to elicit the 710 

characteristic changes in root architecture (Walch-Liu et al., 2006b; Forde, 2014), yet it is 711 

known that the GLR family as a group is gated by a wide range of amino acids (Forde & 712 

Roberts, 2014). To explain this apparent paradox in the light of the new findings reported here, 713 

we suggest that the architectural response to L-Glu is either dependent on a very specific class 714 

of GLR2.5c-dependent heteromeric GLR channel that is only gated by L-Glu, or that gating of 715 

a GLR2.5c-dependent heteromeric channel by L-Glu produces a highly specific Ca2+ signature 716 

that is decoded to produce the appropriate phenotypic response (McAinsh & Pittman, 2009). 717 
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 969 

FIGURE 1 Disruption of the GLR2.5 gene in two independent Arabidopsis T-DNA lines leads 970 

to reduced glutamate sensitivity in primary root development. (a) Schematic representation of 971 

two independent T-DNA insertion events in GLR2.5 (At5g11210). The arrangement of exons 972 

(E1-E6) is based on the model in the Aramemnon database [https://aramemnon.botanik.uni-973 

koeln.de]. The T-DNA insertions in the glr2.5-1 and glr2.5-2 lines (NASC accession nos 974 

N578407 and N618122) are located respectively 2431 bp and 2585 bp downstream of the 975 

predicted start of translation. Numbered arrows (P1, P2 for glr2.5-1 and P3, P4 for glr2.5-2) 976 

indicate annealing sites and orientations of PCR primers used to detect T-DNA insertions and 977 

in homozygosity tests (for primer sequences see Table S1); PT indicates the T-DNA primer 978 

annealing site. The numbers indicate the nucleotide positions in the genomic sequence of 979 

AtGLR2.5 predicted in the Aramemnon. The expected DNA fragment size is 790 bp or 1049 980 

bp between primer P1 and P2, or P3 and P4. L and R, left and right T-DNA borders. (b) 981 

Representative image showing seedlings of Col-0 and the glr2.5-1 and glr2.5-2 mutants that 982 

were germinated and grown for 4 d on vertical agar plates containing “standard medium” 983 

(Walch-Liu et al., 2006b) and then transferred to plates ±1 mM L-Glu for a further 6 d (see 984 

Materials and Methods). Horizontal dotted lines show the positions of the primary root tips at 985 

the time of transfer. (c)  Effect of other amino acids on root growth in the wild-type and the 986 

two glr2.5 mutants. The experiment was conducted as for the L-Glu treatment in b, except that 987 

the respective amino acids were applied at a concentration of 0.5 mM. Data are means ± SE (n 988 
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=18 plants); different letters above bars indicate statistically significant differences (P < 0.05, 989 

by one-way ANOVA). (d) Close-ups of representative primary root tips of each line grown in 990 

the absent (Control) or presence of 1 mM L-Glu. Root materials were derived from the 991 

experiment for b. 992 

 993 

FIGURE 2 Complementation of a glr2.5 mutant by transformation with the GLR2.5 gene. A 994 

construct carrying the GLR2.5 gene as a 5533 bp genomic fragment (GLR2.5g) was used to 995 

transform the glr2.5-1 mutant and two independent transgenic lines (glr2.5/GLR2.5g-1 and 996 

glr2.5/GLR2.5g-2) were analyzed. (a) Detection of GLR2.5 gene transcription. RT-PCR was 997 

performed on total RNA extracted from seedlings of the glr2.5-1 and glr2.5-2 mutants and 998 

from the two complemented lines as well as wide-type Col-0 (see Materials and Mehtods). 999 

PCR products were separated by gel electrophoresis and stained with ethidium bromide. Upper 1000 

panel: products obtained using PCR primers designed to amplify the complete GLR2.5 coding 1001 

sequence; lower panel: RNA quality control showing products obtained with Actin 2 primers. 1002 

M, DNA marker. (b) Representative images of seedlings of Col-0, the glr2.5-1 mutant and the 1003 

complemented lines when 4 d-old seedlings were grown on vertical agar plates and transferred 1004 

to plates ± 1 mM L-Glu for a further 6 d (see Materials and Methods). Horizontal lines show 1005 

the positions of the primary root tips at the time of transfer. (c) Quantification of primary root 1006 

growth. Plant data derived from the same experiments as for b. Primary root elongation over 1007 

the following 5 d was measured, and percentage inhibition by L-Glu was calculated for each 1008 

genotype by comparison with the control (no L-Glu) plates (± SE; n= 18 plants). Different 1009 

letters above bars indicate statistically significant differences (P < 0.05, by one-way ANOVA).  1010 

(d) Data showing the effect of L-Glu on meristematic activity in each line as measured by the 1011 

mean distance from the root apex to the first root hair (± SE; n= 6-8 seedlings). Different letters 1012 

above bars indicate statistically significant differences (P < 0.05, by one-way ANOVA). 1013 

 1014 

FIGURE 3 Histochemical analysis of transgenic seedlings carrying the GLR2.5pro::GUS 1015 

construct. Seedlings were germinated and grown on vertical agar plates containing standard 1016 

nutrient medium and stained in 2 mM 5-bromo-4-chloro-3-indolyl β-d-glucuronide salt (X-1017 

Gal) at 37o for 2 h incubation (Zhang et al., 2019). (a) Seedling 2 d after germination. (b) 1018 

Seedling 3 d after germination. (c) Primary root of 8 d-old seedling. (d) Lateral root of 8 d-old 1019 

seedling. (e-g) Transverse sections of the primary root apex of 8 d-old seedlings in the 1020 

meristematic region (e) elongation zone (f) and root hair zone (g).   1021 

 1022 
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FIGURE 4 Cloning and characterization of four alternative GLR2.5 transcripts. (a) RT-PCR 1023 

was performed on total RNA from Arabidopsis seedlings to amplify the coding region of the 1024 

GLR2.5 gene and the products electrophoresed on agarose gels alongside a set of DNA markers 1025 

(M) and stained with ethidium bromide. The four PCR products (GLR2.5a, GLR2.5b, GLR2.5c 1026 

and GLR2.5d) were cloned and sequenced (Genbank accession nos JF838182, JF838183, 1027 

JF838184 and JF838185, respectively). (b) Diagrammatic representation of the predicted 1028 

arrangement of exons in GLR2.5 based on the Aramemnon gene model (grey) 1029 

[https://aramemnon.botanik.uni-koeln.de] and as seen in the four alternative transcripts (red). 1030 

Numbering is from the start of the ATG codon in the GLR2.5 genomic sequence and positions 1031 

of the TAG stop codons in each transcript are indicated. Where exon skipping has occurred the 1032 

intron is shown as an angled line. (c) Schematic diagram indicating the presence and absence 1033 

of the conserved domains common to plant GLRs and animal iGluRs (see text and Figure S5) 1034 

in the hypothetical translation products of each of the four alternative transcripts. Sequences 1035 

present in each protein sequence are indicated in red, and sequences absent compared to the 1036 

model are in grey. Where a frameshift occurs, this is indicated by a jagged line and the 1037 

following ‘nonsense’ sequence by a wavy red line (see GlnH2 (S2) domain of 2.5a and 2.5b). 1038 

Note:  Numbering is from the N-terminus of the model GLR2.5 protein sequence (Aramemnon) 1039 

and the conserved domains and their spacing are not drawn to scale. The ligand-binding 1040 

subdomain GlnH1 (S1) and GlnH2 (S2) are early considered to have evolved from periplasmic 1041 

binding proteins of bacteria due to their significant primary sequence similarity (Nakanishi et 1042 

al., 1990). 1043 

 1044 

FIGURE 5 Complementation of a glr2.5 mutant by transformation with the 35S∷GLR2.5c 1045 

construct. A construct carrying the enhanced CaMV 35S promoter fused to the GLR2.5c cDNA 1046 

sequence (35S::GLR2.5c) was used to transform the glr2.5-1 mutant and two independent 1047 

transgenic lines (glr2.5/35S::GLR2.5c-1 and glr2.5/35S::GLR2.5c-2) were analysed. (a, b) 1048 

Representative images of seedlings of Col-0, the glr2.5-1 mutant and the complemented lines 1049 

4 d-old seedlings were grown on vertical agar plates and transferred to plates ± 1 mM L-Glu 1050 

for a further 6 d.  Horizontal lines show the positions of the primary root tips at the time of 1051 

transfer. Plant growth test was conducted as did for Figure 2 (c) Detection of GLR2.5c 1052 

expression in different lines. RT-PCR was performed on total RNA extracted from seedlings 1053 

of the glr2.5 mutants, the GLR2.5c-transformed complementation lines and their wide-type 1054 

Col-0. Two primers (5’-ATGGCTTCAAGACAAGGATTG-3’, 5’-1055 

CTAGTGGAAATGCAAAGCCA-3’) designed specifically for the detection of GLR2.5c-1056 



37 
 

derived fragment (808 bp predicted) were used. PCR products were separated by gel 1057 

electrophoresis and stained with ethidium bromide. Upper panel: products obtained using PCR 1058 

primers to amplify the GLR2.5c-derived sequence; and amplicons were isolated from gel and 1059 

sequenced to verify their sequence correctness (808 bp indeed as the predicted). Lower panel: 1060 

RNA quality control showing products obtained with Actin2 primers (see Materials and 1061 

Methods). (d) Quantification of the primary root elongation. Quantitative data from the same 1062 

experiment as did for b. Primary root elongation over the following 6 d was measured, and 1063 

percentage inhibition by L-Glu was calculated for each line by comparison with the control (no 1064 

L-Glu) plates (± SE; n=18 plants). Different letters above bars show statistically significant 1065 

differences (P < 0.05, by one-way ANOVA).   1066 

 1067 

FIGURE 6 Glutamate-activation of inward Ca2+ currents in the plasma membrane of root 1068 

protoplasts from Col-0, the glr2.5-1 mutant and two complemented lines. Protoplasts from 1069 

primary root tips of 15 d-old seedlings of Col-0, the glr2.5-1 mutant and the glr2.5-1/GLR2.5g 1070 

and glr2.5-1/35S::GLR2.5c lines were isolated and patch-clamped in whole-cell configuration 1071 

as described in Methods. (a) Typical time course of changes in Ca2+-related currents in 1072 

protoplasts from each line after treatment with 1 mM L-Glu or untreated (control). (b) 1073 

Standardized current-voltage curves from a voltage-step experiment using protoplasts in the 1074 

presence or absence of 1 mM L-Glu (+/- SE; n = 6-8, the number of protoplasts that showed 1075 

the response to external L-Glu). 1076 

 1077 

FIGURE 7 Homology modelling of the LBDs of the complete GLR2.5 protein and the 1078 

truncated GLR2.5c protein. Homology modelling was based on the 3D structure of the GLR3.3 1079 

LBD and alignments with the predicted sequences of GLR2.5 (Aramemnon) and GLR2.5c 1080 

(Figure S7). The models shown were prepared with PyMOL (The PyMOL Molecular Graphics 1081 

System, Version 1.3 Schrödinger, LLC). (a) Superimposition of the experimentally determined 1082 

structure of the LBD of GLR3.3 (green) and the model of the complete LBD of GLR2.5 1083 

(orange), in cartoon form. The L-Glu ligand bound to GLR3.3 is shown as light blue sticks. (b) 1084 

Model of the GLR2.5 LBD with the yellow color indicating the segment that is absent in 1085 

GLR2.5c. (c) Close-up view of the binding site in the LBD of GLR3.3 (green) onto which the 1086 

model of the complete LBD of GLR2.5 has been superimposed (orange/yellow). The main 1087 

residues of GLR3.3 involved in binding the L-Glu ligand are indicated in green and the 1088 

corresponding residues in GLR2.5 as orange or yellow. The residues of the GLR2.5 model 1089 
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indicated in yellow are those that are missing in GLR2.5c (Lys11, Arg65, Tyr68). Dotted black 1090 

lines indicate bonds that are likely to coordinate an L-Glu ligand in GLR2.5. (d) (Left) Space-1091 

filling representation of a full GLR heterotetramer with each subunit in a different colour, based 1092 

on the cryo-EM structure of the homotetrameric receptor GLR3.4 (Protein Data Bank ID 1093 

7LZH, (Green et al., 2021). Each subunit contributes one amino-terminal domain (ATD), one 1094 

ligand-binding domain (LBD) and one transmembrane domain (TMD). (Right) Space-filling 1095 

representation, derived from the one above, of a hypothetical GLR heterotetramer where the 1096 

red subunit is GLR2.5c, therefore lacking all the ATD and a portion of the LBD (the L-Glu 1097 

ligand is white), but retaining the expected inter-subunit contact regions of the LBD and all the 1098 

transmembrane helices.  1099 
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