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1.1 Introduction  

Glutamate (Glu), a neurotransmitter in animals, has been found to function as signaling 

molecule in plants, controlling cellular metabolism, seed germination, plant growth, 

development, and long-distance information transmission (Forde 2014; Kong et al. 

2015; Toyota et al. 2018). It is well known that Glu is a protein amino acid, which is a 

precursor of the mixture of proteins and polypeptides. Besides, Glu also is a common 

precursor of many organic compounds like glutamine, proline, arginine and histidine; 

non-protein amino acid like gamma-aminobutyric acid (GABA), antioxidant tripeptide 

(glutathione, GSH), heme, chlorophyll, and so forth (Brosnan and Brosnan 2013; Reiner 

and Levitz 2018). Therefore, Glutamate is a multifunctional (at least metabolite and 

signaling molecule) amino acid (Brosnan and Brosnan 2013; Reiner and Levitz 2018). 

Functioning as a major excitatory neurotransmitter in animals, glutamate activates two 

receptor families: metabotropic glutamate receptor proteins (mGluR), which activate 

biochemical cascades, and ionotropic glutamate receptors (iGluR), which form cation 

selective ion channels that are members of the pore-loop subfamily (Mayer 2006). 

Glutamate Receptors are synaptic and non-synaptic receptors situated primarily on the 

membranes of neuronal and glial cells (Brassai et al. 2015). In plants, Glutamate 

generally plays its physiological functions by its receptors called plant glutamate 

receptor-like proteins or plant glutamate receptors (GLRs) which are multimeric, 

ionotropic, ligand-gated receptors (Lam et al. 1998), located in the plasma membrane 

(Forde and Lea 2007). First discovered in the model plant Arabidopsis thaliana, they 

are homologs of mammalian ionotropic glutamate receptors (iGluRs) which are ligand-

gated ion channels (Singh and Chang 2018). They are non-specific ion channels, with a 

absorbency for calcium (Michard et al. 2011).  

Although many works have focused on highly selective ion-channels in plants, a variety 

of cations are transported via non-selective cation channels (NSCC) (Davenport 2002), 

NSCCs are ion channels that are selectively permeable for cations over anions, but do 

not strongly distinguish between monovalent cations (Demidchik et al. 2002; Davenport 

2002). Several studies suggest that plant GLRs function in Ca2+ and monovalent cation 

transport and may form constitutively active ion channels (Davenport 2002). Plant 
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GLRs have been found to function as non-selective cationic channels (NSCC), allowing 

the flux of calcium as well as sodium and potassium ions (Bortoli et al. 2016). Dedicated 

attempts are currently being invested into elucidating plant iGLRs physiological 

function and ion channel properties (Weiland et al. 2015). Although the ion-selectivity 

of plant GLRs is not very clear (Wudick et al. 2018a), AtGLR1.4, AtGLR 3.4 and the 

moss PpGLR1were shown to have a poor ionic selectivity when heterologously 

expressed in mammalian cells or Xenopus oocytes (Vincill et al. 2012; Tapken et al. 

2013; Ortiz-Ramírez et al. 2017). In Arabidopsis seedlings, AtGLR1.4 has been shown 

to function as a nonselective Ca2+-permeable cation channel and mediate methionine-

induced depolarization (Tapken et al. 2013). GLRs have been shown to signal through 

calcium fluxes connected with male gamete function during fertilization (Michard et al. 

2011; Ortiz-Ramírez et al. 2017; Wudick et al. 2018a).  

Plant GLRs take part in the generation and transmission of electrical signals (Feng et al. 

2021). These are a rapid-response signals generated by the instantaneous change in the 

electric potential gradient on the plasma membrane or alveolar leaf membrane (Sukhova 

et al. 2017). All the plants can produce long-distance electrical signals which play a key 

role in the communication of diverse tissues and organs leading to the integration of 

environmental responses (Garcia-Servin et al. 2021). GLRs are also associated to a wide 

array of processes including carbon and nitrogen metabolism, root development, 

defense response, stomatal aperture regulation, pollen tube growth and stress response 

(Simon et al. 2023); abscisic acid (ABA) biosynthesis and signaling, water loss, seed 

germination (Kong et al. 2015); root gravitropism (Miller et al. 2010), lateral root 

initiation (Vincill et al. 2013), root development (Singh et al. 2016), innate immune 

responses (Forde and Roberts 2014), Stomatal closure (Cho et al. 2009), Pollen 

germination and Pollen tube growth (Wudick et al. 2018b), Self-incompatibility (Iwano 

et al. 2015), wound-induced leaf to leaf electric signaling (Mousavi et al. 2013), sperm 

chemotaxis in Physcomitrella patens (Ortiz-Ramírez et al. 2017), adaptation to abiotic 

stress (Cheng et al. 2018; Li et al. 2019a) and so on. GLR mutants also show defects in 

defense against biotrophic pathogens, suggesting that they may also have a role in the 

salicylic acid (SA) pathway (Forde and Roberts 2014). Therefore, some of the plant's 

rapid responses to environmental and developmental inputs are mediated by GLRs. 
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1.2 Origin and Diversity of Plant Glutamate receptors 

Plant GLRs share common ancestry with iGluRs (Stroebel and Paoletti 2021) but 

diverged very early from animal iGluRs, before the divergence of different classes of 

iGluRs (Chiu et al. 1999; Chiu et al. 2002). Primitive GluR signaling mechanisms 

existed even before the separation of plants and animals, as is indicated by the presence 

of GluRs in the prokaryotes, cyanobacteria Synechocystis (GluR0) and Anabaena (Chiu 

et al. 2002). Thus, this receptor family is not unique to animals and evolved in both 

plants and animals. Price et al. (2012) suggested that separation of plant, eukaryotic, 

and bacterial GLRs probably dates back to perhaps as far as the separation of the last 

universal common ancestor (LUCA). High similarity of functional domains in 

glutamate receptors with other proteins suggests that glutamate receptors originated by 

the fusion of a periplasmic binding protein (PBP) with a potassium ion channel (Wo and 

Oswald 1995). 

The iGluRs have four subunits each containing four main domains: the amino-terminal 

domain (ATD) implicated in receptor assembly, trafficking, and regulation; the ligand-

binding domain (LBD) that harbours binding sites for agonists, antagonists, and 

allosteric modulators; the transmembrane domain (TMD) that forms an ion channel; 

and the cytosolic carboxy-terminal domain (CTD), which is involved in receptor 

localization and regulation (Sobolevsky 2015; Twomey and Sobolevsky 2018). The N-

terminal domain (NTD) i.e. ATD and LTD are both related to periplasmic binding 

proteins (PBPs). While ATD is related to leucine-isoleucine-valine binding protein 

(LIVBP or PBP type I); LBD is related to glutamine-binding protein (QBP or PBP type 

II). Fusion of a PBP (PBP type II) with an inverted potassium channel to form proteins 

like GluR0 of Synechocystis (Chen et al. 1999). Eukaryotic iGluRs evolved from the 

proteins like GluR0 by addition of NTD (corresponding to the fusion of a PBP type I) 

and a supplementary transmembrane segment right after the LBD (Stroebel and Paoletti 

2021). So, the GluR0 has been expanded at both N and C terminal end (Figure 1.1). 

 



Recent Advances in the field of Plant Glutamate Receptors 

 
 

Page -5 
 

 

Figure 1.1: The proposed origin of eukaryotic glutamate receptor. The proposed gene 

fusion events are represented by arrows. Bacterial periplasmic binding protein (PBP) of 

type II and an inverted potassium channel fused to form prokaryotic iGluR homolog 

GluR0. Expansion of GluR0 at both N and C terminal end by fusion of another PBP 

(type I) and a supplementary transmembrane segment formed the eukaryotic Glutamate 

receptor (GluR). LBD: ligand binding domain; NTD: N-terminal domain; M1, M3, M4: 

transmembrane helices; M2: partial re-entry pore loop; N and C represent the amino- 

and carboxy-terminal ends, respectively. See text for details.    

 

GLRs originated during evolution of the plant kingdom, in the genomes of 

gymnosperms and angiosperms and Chlamydomonas, chlorophytes, mosses, ferns, and 

flowering plants (Chiu et al. 1999; Bortoli et al. 2016; Wudick et al. 2018a). However, 

GLRs are thus far not found in yeast, eubacteria, fungi, and archaebacteria (Chiu et al. 

1999; Wudick et al. 2018a). Remarkably, GLRs have also been recognized in the 

nematode Caenorhabditis elegans as well as in marine invertebrates, such as the sea 

anemone Nematostella vectensis, and the ctenophora Pleurobrachia bachei (Wudick et 

al. 2018a). There is a wide-ranging diversity in the GLR superfamily, with the highest 

arrangement variability between the algal sequences, includes diatoms (large 

contributors to the world’s oxygen), brown algae, cryptophytes, and green algae 
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(Bortoli et al. 2016). 16 glutamate receptor-like channels (GLR) fitted to two groups 

were identified in the Brassica rapa genome by bioinformatic investigation (Yang et al. 

2022). 43 GLR genes, including 34 in Saccharum spontaneum and 9 in the Saccharum 

hybrid cultivar R570, were identified and characterized, which could be divided into 

three clades (clade I, II, and III). They had diverse evolutionary mechanisms, the former 

was mainly on the segmental duplication, while the latter mainly on the proximal 

duplication. Those sugarcane GLR proteins in the same clade had a similar gene 

structure and motif circulation (Zhang et al. 2022). It is striking that GLRs have not been 

found from fungi (including yeast), eubacteria, and archaeobacteria (Chiu et al. 1999) 

suggesting kingdom-specific roles for iGLuRs and GLRs in animals and plants, 

respectively (Wudick et al. 2018a). GLRs have been identified in other plant species, 

including mosses, rice and tomato (Li et al. 2006; Aouini et al. 2012; Lu et al. 2014; 

Ortiz-Ramírez et al. 2017). Arabidopsis thaliana possesses 20 glutamate receptor-like 

genes (AtGLRs), which are grouped into three clades based on sequence similarity, with 

clade I and II being sister clades (Chiu et al. 2002). Tomato contains 13 GLRs, which 

are also grouped into three clades. Comparison of tomato and Arabidopsis GLRs shows 

homology between two of the three clades (clade II and III), whereas clade I of tomato 

is distinct from Arabidopsis clade I (Aouini et al. 2012). The rice GLRs also divide into 

three clades, but one of the rice GLR clades does not group with any of the three clades 

in Arabidopsis (Ni et al. 2016). These studies indicated the presence of a distinct clade 

in plants apart from the three clades in Arabidopsis, which was later identified by 

(Bortoli et al. 2016). The fourth clade contains sequences from tomato and rice that did 

not group with the three Arabidopsis clades. Besides these, clade IV also contains 

sequences from Phoenix dactylifera, E. guineensis, Musa acuminata, and Cucumis melo 

(Bortoli et al. 2016). The GLRs in mosses (Physcomitrella patens) and gymnosperms 

(Ginkgo biloba) group with the clade III in Arabidopsis indicating that clade III is the 

most ancient among all the clades (Bortoli et al. 2016). The clade classification of 

mammalian glutamate receptors into NMDA, AMPA/KA and delta receptors conforms 

to their division based on ligand binding and electrophysiological properties. However, 

no such distinctions have been established for plant GLRs. The differentiation of clades 

in plants is independent of specific function or expression patterns (Chiu et al. 2002). 

While clade I and III genes in Arabidopsis are ubiquitously expressed in leaves, siliques, 

roots, and flowers, clade II genes are mostly root specific (Chiu et al. 2002). In plants, 



Recent Advances in the field of Plant Glutamate Receptors 

 
 

Page -7 
 

GLRs are at least classified into three clades; clade-1 (GLRs 1.1-1.4), clade-2 (GLRs 

2.1-2.9) and clade-3 (GLRs 3.1-3.7) (Lam et al. 1998; López-Bucio et al. 2018; Wudick 

et al. 2018a). 

All members of the AtGLR family were most likely gated by amino acid residues, as 

per the homology modeling of their ligand-binding domains, and the broad ligand 

specificity observed in experiments is consistent with the high degree of sequence 

diversity found within the region of the ligand-binding domain that is predicted to bind 

the agonist side chain (Tapken et al. 2013). Even though only a few of the 20 AtGLRs 

have been well characterized, it appears logical to assume that as a whole, the plant GLR 

family is probably gated by many of the 20 proteinogenic amino acids in addition to 

some of their related molecules, such as small peptides like GSH (Forde and Roberts 

2014). In the NMDA (N-methyl D-aspartate) subgroup of mammalian iGluRs (the most 

closely related subgroup to plant GLRs), the ATD possesses sequences related to the 

bacterial periplasmic-binding domain that binds various small molecules and ions 

which are crucial for both negative and positive allosteric regulation of the receptor 

(Kumar and Mayer 2013). Plant GLRs possess a similar conserved sequence in their 

ATD (Turano et al. 2001; Acher and Bertrand 2005), suggesting the potential for 

additional sensory complexity arising from allosteric interactions between this domain 

and as-yet-unknown regulatory molecules (Forde and Roberts 2014). Thus, it now 

appears that if the plant GLR gene family had been identified prior to their mammalian 

iGluR homologues, they would have been referred to be general or non-specific amino 

acid receptors rather than glutamate receptors (Forde and Roberts 2014). 

1.3 Subcellular localization of GLRs  

GLRs are articulated throughout the entire Arabidopsis plant, and have been reported in 

petiole tissue, leaves, stem, and roots, with subcellular localization in plastids, vacuolar 

system, endoplasmic reticulum, and like iGluRs, in the plasma membrane (Teardo et al. 

2011; Vincill et al. 2013; Teardo et al. 2015; Nguyen et al. 2018; Wudick et al. 2018a). 

Various localization predition tools suggested that some of the plant iGLRs might have 

chloroplast or mitochondrial targeting sequences (Teardo et al. 2010). The subcellular 

localization of GLRs can be a step towards better understanding their specific role in a 

cell. The analysis of the N terminal domain (NTD) sequence indicates their involvement 

in the secretory pathway. Thus, they are most likely located in the plasma membrane 

(Meyerhoff et al. 2005; Vincill et al. 2012). However, they are also predicted to be 
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targeted to other cellular compartments (http://aramemnon.botanik.uni-koeln.de/). 

AtGLR3.4 is localized in both the plastid and the plasma membranes (Teardo et al. 

2011). Dual targeting to mitochondria and chloroplast was observed for AtGLR3.5 

guided by alternative splicing (Teardo et al. 2015). (Kong et al. 2016) reported 

AtGLR3.5 localization in the plasma membrane as well as chloroplast.  AtGLR2.1 and 

AtGLR3.3 are the two GLRs highly expressed in the pollen. Subcellular localization 

studies with these two GLRs demonstrated AtGLR2.1-GFP localized to the tonoplast, 

whereas AtGLR3.3-GFP is found in the sperm plasma membrane as well as the 

endomembranes (Wudick et al. 2018b). GLRs sense amino acids at the exterior of the 

membrane in which the GLRs are localized (Price et al. 2012). In contrast to iGLRs 

have not only been located in the plasma membrane but also located in the plant 

mitochondria, chloroplast, tonoplast, endoplasmic reticulum and sperm cell (endo) 

membranes (Vincill et al. 2013; Teardo et al. 2015; Wudick et al. 2018a).  

1.4 Role of GLRs in Plant Growth and Development  

a) Seed Growth: In seed plants, seed development is the first and a main step in 

plant life cycle, which is an important basis of fruitful plant cloning and proliferation. 

In general, seed germination is strongly controlled by the synergistic action of 

endogenous (mainly phytohormones such as abscisic acid, ABA; gibberellin, GA; 

ethylene etc.) and exogenous indications (such as light, temperature, water, and oxygen 

etc.). Because seed germination is sensitive & breakable to environmental pressure, 

which has become a significant research mode of plant signaling transduction. This 

signaling method is involved in many signaling molecules (i.e. Calcium; nitricoxide: 

NO; hydrogen sulfide; plant hormones etc.) and their interactions (Duermeyer et al. 

2018; Prakash et al. 2019). In A. thaliana, the gene expression of GLR homolog3.5 

(AtGLR3.5, constituting Ca2+ channels) was significantly up-regulated in developing 

seeds, which in turn increased cytosolic Ca2+ concentration, ultimately stimulating seed 

germination via responding the inhibiting effect of ABA. Unfavorably, inhibiting 

expression of AtGLR3.5 blocked Ca2+ increase in cytosol, followed by postponing 

germination and increasing ABA sensitivity. In addition, the over expression of 

AtGLR3.5 lowered the compassion of seeds to ABA and reduced the time of early 

germination. Also, Ca2+ could inhibit the gene expression of Abscisic Acid 

INSENSITIVE4 (ABI4, a transcription factor), which is involving in ABA response in 

seeds (Kong et al. 2015). These outcomes provide molecular evidence that the Ca2+ 
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influx mediated by AtGLR3.5 indorses seed germination via releasing the inhibitory 

effects of ABA by inhibiting ABI4 action.  

b) Root Architecture & Growth: The plant root organization accounts for 80% 

of the entire plant, which not only anchors the plant into the soil, but also finds, uptakes, 

and carriages nutrient. In general, the root architecture is controlled by a various of 

signaling molecules, such as Ca2+, ROS, NO, H2S, Glutamate, and plant hormones 

(ABA, auxin, cytokinin etc.), as well as their crosstalk (Chen et al. 2012; López-Bucio 

et al. 2018). Recently, (Singh and Chang 2018) reported that, in model plant 

Arabidopsis, iGluR competitive rivals [6-cyano-7- nitroquinoxaline-2,3-dione (CNQX) 

and 6,7-dinitroquinoxali-ne-2,3-dione acted (DNQX)] dramatically inhibited the 

development of primary root and the thickness of lateral root by damaging root 

meristem size. On the contrary, the treatment with iGluR agonist Glutamate recovered 

the growth of Arabidopsis roots. In addition, a low volume of Ca2+ chelator [ethylene 

glycol-bis (b-aminoethylether)-N,N,N΄,N΄-tetraacetic acid, EGTA] radically inhibited 

the root elongation of Arabidopsis, while this inhibition was partially improved by 

Glutamate (Singh and Chang 2018). The further experiments showed that 1-N- 

naphthylphthalamic acid (NPA, a polar auxin transport inhibitor) inhibited the 

development of primary root and reduced the density of lateral roots, whereas this 

adverse effect of NPA was rescued by exogenous Ca2+ and Glu, respectively (Singh and 

Chang 2018), indicating that synergistic action of Ca2+, auxin, and Glutamate signaling 

in the structure of root architecture in Arabidopsis. Equally, Glutamate inhibited the 

growth of primary root and stimulated the outgrowth of lateral roots, forming a shorter 

and more branched root system in Arabidopsis (Walch-Liu and Forde 2007). GLR3.6 

of A. thaliana controls primary and lateral root development through adaptable the cell 

cycle control gene KRP4, a Kip-related protein (Singh et al. 2016), and GLR3.2 and 

GLR3.4 may form a protein complex that regulates adjacent root initiation (Vincill et 

al. 2013). These findings show that GLRs take part in the development of root 

architecture by regulating meristem upkeep in Arabidopsis. The additional 

pharmacological, electro-physiological, and molecular-genetic methods also confirm 

that GLRs participate in the establishment of root architecture in Arabidopsis by 

communication with Ca2+, mitogen activated protein kinase (MAPK), ROS, and auxin 

(Forde 2014; López-Bucio et al. 2018). In Arabidopsis, the knockout mutant plants of 

AtGLR3.2 or AtGLR3.4 genes chief to the robust increase in the number of lateral root 
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primordia, but no important effect on the number of visible lateral roots, suggesting the 

AtGLR3.2 and AtGLR3.4 control the initiation of lateral roots. In addition, the 

AtGLR3.2/AtGLR3.4 receptors may locate on the surface of the phloem cells to control 

the root architecture by arbitrating Ca2+ signaling in response to extra-cellular amino 

acids including Glutamate (Vincill et al. 2013). Similarly, in rice (Oryza sativa), the 

OsGLR3.1 knockout mutant plants also show a short root, and the additional 

experiments indicate that OsGLR3.1 absolutely controls cell propagation and survival 

in the root apical meristem (Li et al. 2006). In Arabidopsis, GLR3.4 and GLR3.2 are 

involved in lateral root initiation (Vincill et al. 2013). Mutations in GLR3.4 and GLR3.2 

produced an increased number and abnormal placement of lateral root primordia as 

compared to wild type. Both GLR3.2 and 3.4 are localized in the phloem, particularly 

in the vicinity of the sieve plates and physically interact with each other. It is proposed 

that apoplastic amino acids act through heteromeric GLR3.2/GLR3.4 channels which 

affect lateral root development via Ca2+ signaling in the phloem (Vincill et al. 2013). Li 

et al. (2006) demonstrated the role of GLR3.1 in regulating cell division in root apical 

meristem of rice. Loss of function mutation in GLR3.1 due to T-DNA insertion inhibits 

root elongation giving rise to a short root phenotype (Li et al. 2006). 

c) Stomatal opening and closure: 

AtGLR3.1 and AtGLR3.5 are two GLRs highly expressed in the guard cells suggesting 

their role in guard cell signaling (Cho et al. 2009; Yoshida et al. 2016). Transgenic plants 

overexpressing AtGLR3.1 show an impaired stomatal closure in response to external 

Ca2+ (Cho et al. 2009). (Yoshida et al. 2016) showed the involvement of GLR3.5 in Glu-

induced stomatal closure in both Arabidopsis and fava bean. 

d) Pollen Tube Growth & Pollen Germination: The higher plants, pollen tube 

Growth & Pollen Germination are basis for attaining dual fertilization, which is a key 

stage in the entire life cycle of plants. The procedure needs to observe and integrate all 

types of signaling molecules, such as Ca2+, ROS, NO, H2S, & plant hormones, 

eventually forming a sophisticated signaling system regulating pollen tube growth and 

pollen germination. In overall view Calcium playing a vital role in Pollen Tube Growth 

& Pollen Germination an increase in cytosolic free calcium concentration is an essential 

signaling transduction. But the formation mechanism of Calcium signaling in pollen 

tube growth & pollen germination is not clear (Michard et al. 2011). The AtGLR1.2 and 

AtGLR3.7 mutants can weaken Ca2+ signaling in pollen tube, the AtGLR1.2 mutants 
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show unusually distorted tips and tubes, while the AtGLR3.7 mutant tubes grow slower 

than wild-type (Michard et al. 2011). These outcomes show a novel signaling 

mechanism in pollen germination and tube growth between male gametophyte and pistil 

tissue, which is comparable to animal nervous systems based on amino acid–mediated 

communication (Qiu et al. 2020). Michard et al. (2011) reported the role of GLRs in 

pollen tube growth. In this study, GLR specific antagonists significantly inhibited the 

pollen tube growth rate in tobacco. Moreover, in Arabidopsis, the knockout mutants of 

Atglr2.1 displayed abnormal pollen tube phenotype with deformed tips. Another mutant 

of Atglr3.7 showed a decrease in the pollen tube growth rate. This study also showed 

that the GLRs present at the apical region of the pollen tubes are activated by D-Serine 

which allow Ca2+ ions to permeate into the cytoplasm. 

e) Light responsiveness: 

Lam et al. (1998) demonstrated the role of AtGLRs in transmitting light signals in 

Arabidopsis. Hypocotyl length is an important indicator of light-driven development in 

plants. Arabidopsis seedlings grown in normal light conditions exhibit short hypocotyls, 

whereas limiting light leads to hypocotyl elongation. Arabidopsis seedlings treated with 

DNQX, an antagonist of animal iGluRs, show an increase in hypocotyl length and 

reduction in light-induced chlorophyll accumulation when grown in light. Dark grown 

plants do not show any effect on either of these traits. The treatment of light-grown 

Arabidopsis plants with BMAA, an agonist of animal iGluRs, also promotes hypocotyl 

elongation and inhibits cotyledon opening (Brenner et al. 2000). Hebda et al. (2022) 

showed that both phytochromes and cryptochromes may be involved in the upregulation 

of AtGLR gene expression. This work indicates that mRNA levels of most AtGLRs in 

leaves increase upon irradiation and that this upsurge is likely to be controlled by 

photoreceptors, chiefly by phytochromes, rather than by reversing signaling from the 

photosynthetic apparatus. One of the highest strengths of this study stems from the use 

of whole mature plants and their irradiation with defined monochromatic light 

commands. This enabled us to look into the mechanism of light parameter of GLR 

transcript levels at the major stage of plant ontogenesis (Hebda et al. 2022). 

1.5 Role of GLRs in Stress response  

In accumulation to seed germination, root architecture, and Pollen Tube Growth & 

Pollen Germination mentioned overhead that Glutamate as a signaling molecule is also 
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involved in the response and adaptation to cold, heat, salt, drought, pathogen, and 

wound stress, which are describe as follows in details: 

a) Cold Stress: In plants, many studies have established that cell membrane is the 

primary site perceiving cold stress. The observation of cold stress by cell membrane can 

activate Ca2+ channels and triggers Ca2+ -centered signaling transduction pathways, 

eventually responding and acclimating to cold stress (Miura and Furumoto 2013; Raju 

et al. 2018; Ding et al. 2019; Friedrich et al. 2019). GLRs are also involved in response 

to cold stress. For example, in Arabidopsis seedlings, AtGLR1.2 and AtGLR1.3 mutants 

were sensitive to cold stress, whereas treatment with jasmonate (JA, a plant hormone) 

assuaged the sensitivity of AtGLR1.2 and AtGLR1.3 mutants to cold stress. The 

overexpression of AtGLR1.2 or AtGLR1.3 could recover the tolerance of mutants to 

cold stress by creating endogenous JA (Zheng et al. 2018). In addition, under cold stress, 

both mutants displayed a lower expression of C-repeat binding factor/dehydration 

responsive component binding1 (CBF/DREB1) compared with the wild-type plants, 

while the expression of AtGLR1.2-OE [AtGLR1.2-GFP (green fluorescence protein)] 

and AtGLR1.3-OE [AtGLR1.2-GFP] was upregulated in transgenic plants (Zheng et al. 

2018). The additional experiments confirmed that AtGLR1.2 and AtGLR1.3 

autonomously exerted similar role in JA-induced cold tolerance (Zheng et al. 2018). 

Recently, in tomato (Solanum lycopersicum), (Li et al. 2019a) reported that cold 

acclimatization at 12°C upregulated the expression of GLR3.3 and GLR3.5, which in 

turn amplified the resistance of tomato plants to a subsequent chilling stress at 4°C. 

These results indicate that plant GLRs (mainly GLR1.2, GLR1.3, GLR3.3, and 

GLR3.5) positively control the cold tolerance of plants. Two-week-old Arabidopsis 

plants exposed to touch or cold show a three to six-fold increase in the expression of 

AtGLR3.4 (Meyerhoff et al. 2005). 

b) Heat stress: In high temperature, above the ideal growth temperature, is a main 

stress factor that impacts on the entire life cycle of plants; Ca2+, crossing membrane into 

the cells via Ca2+ channels, is occupied in the development of heat tolerance in plants 

(Gong et al. 1997; Wahid et al. 2007; Li et al. 2012; Asthir 2015; Li et al. 2019a; Serrano 

et al. 2019; Li et al. 2019b). Recently, the positive effect of Glutamate in heat tolerance 

had been found by (Li et al. 2019b), who first reported that in maize (Zea mays L.) 

seedlings treatment with Glutamate raised the survival percentage of seedlings under 

heat stress. Also, heat tolerance induced by Glutamate was impaired by exogenous 
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CaCl2 (may produce Ca2+ overloading), LaCl3 (plasma membrane Ca2+ channel 

blocker), EGTA (Ca2+ chelator), as well as trifluoperazine and chlorpromazine 

(calmodulin antagonists) (Li et al. 2019b). Similarly, the Glutamate induced heat 

tolerance was debilitated by GLR antagonist (DNQX) and its blocker (MgCl2) (Li et al. 

2019b). This work has for the first time reported that Glutamate is able to increase the 

heat tolerance of maize seedlings by activating GLRs-mediated calcium signaling, but 

the detailed physiological and molecular mechanisms need to be further explored in the 

future aspect (Qiu et al. 2020). Glutamate can also enhance the heat tolerance in maize 

seedlings by GLR mediated calcium signaling (Li et al. 2019b). 

c) Salt stress: The Salt stress normally triggers early (osmotic phase) and late 

(ionic phase) stress phase. The former refers to the hasty production of osmotic stress 

within several minutes due to the quick decline in extra-cellular water potential, while 

the latter is ion and oxidative stress as well as nutrient imbalance as a result of 

accumulation of Na+ and Cl− with time passing by. The symptoms of late stress chapter 

can be detected within several days (Deinlein et al. 2014; Muchate et al. 2016; Saddhe 

et al. 2019). Generally, plant response and adaptation to salt stress is implicated in a 

sophisticated signaling interaction network based on Ca2+ signaling. Therefore, 

Ca2+/calmodulin-centered Ca2+ messenger system plays a vital role in the response and 

version to salt stress in plants (Deinlein et al. 2014; Muchate et al. 2016; Saddhe et al. 

2019). As describe overhead, seed germination is sensitive and fragile to environmental 

stress including NaCl stress, and Ca2+ and ABA control seed germination under NaCl 

stress. In A. thaliana, the results of (Cheng et al. 2018) showed that, compared with the 

wild-type plants, the AtGLR3.4-1 and AtGLR3.4-2 mutant plants were more sensitive 

to NaCl in both seed germination and post-germination seedling growth and 

development. Recently, (Wang et al. 2019) also observed that AtGLR3.7 

communication with 14-3-3 proteins partaken in salt stress response in Arabidopsis by 

affecting calcium signaling pathways. The data suggest that Ca2+ influx mediated by 

AtGLRs (mainly AtGLR3.4 and AtGLR3.7) regulates seed growth and germination 

under salt stress (Qiu et al. 2020). 

d) Drought Stress: Drought stress caused by the deterioration in soil water 

potential hinders with many physiological methods at different levels, such as water 

uptake, transpiration, photosynthesis, seed germination, plant growth, and development 

(Deinlein et al. 2014; Tardieu et al. 2018; Hasanuzzaman et al. 2019; Laxa et al. 2019). 
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Under unadorned conditions, drought stress lead concurrently or consecutively to 

osmotic and oxidative stress. Therefore, the regulation of water balance by regulating 

stomatal movement is one of the major strategies that resist and adapt to drought stress 

in plants (Deinlein et al. 2014; Tardieu et al. 2018; Hasanuzzaman et al. 2019; Laxa et 

al. 2019). In Brassica napus, exogenous glutamate treatment triggered both cytosolic 

Ca2+ levels and salicylic acid levels with the highest expression of calcium dependent 

protein kinase (CPK5) and salicylic acid synthesis-related gene isochorismate synthase 

1 (ICS1), which in turn enhanced proline synthesis by enhancing the proline synthesis-

related genes, thus improving drought tolerance by regulating cellular redox potential 

(La et al. 2020). The results of Yang et al. (2022) suggest that GLRs of B. rapa 

(BraGLRs) play significant role in abiotic stress tolerance and sexual reproduction. The 

expression of two GLRs namely BraGLR5 and BraGLR12 was significantly enlarged 

in drought-sensitive plants after being subjected to drought stress. The investigation of 

promoter rudiments showed that BraGLR5 contained drought inducible and MeJA-

responsive elements, and BraGLR12 contained drought-inducible and ABA-responsive 

elements. The authors suggested that BraGLRs have a role in regulating the growth and 

development of stamens, and BraGLR3 may be involved in the growth and development 

of the pistil (Yang et al. 2022). 

e) Wound and Pathogen Stress: Though the plants, have no nervous system, they 

can swiftly reply to environmental stimulation including wound stress by a erudite 

signaling transduction pathway. In alternative words, plants can intellect local 

stimulation (such as herbivore attack, wound, drought, and high light) and convey this 

information to the whole plant body, thus triggering the defense responses, systemic 

acquired resistance (SAR), or systemic acquired acclimation (SAA) (Choi et al. 2017; 

Sukhov et al. 2019; Takahashi and Shinozaki 2019; Wasternack 2019). (Toyota et al. 

2018) reported that Glutamate, as a wound signaling, could be quickly released from 

phloem cells when Arabidopsis was wound by herbivores or external force. The 

released Glutamate bound to GLRs locating on the surface of the phloem cells, and then 

triggered an increase in [Ca2+]cyt, thus propagating long distance, Ca2+-based defense 

response, and even dispersal over the whole plant body.  

Compared to the abiotic stress, biotic stress reply and resistance also is involved in 

numerous signaling molecules (Ca2+, ROS, NO, H2S, and Glutamate) and their cross 

talks (Seifi et al. 2013). Glutamate pre-treatment enlarged the resistant to Penicillium 
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expansum in pear (Pyrus bretschneideri) fruit under normal or cold environments. In 

the addition of Glutamate also reduced the spore germination of P. expansum equally 

in fruit wounds and in vitro culture (Jin et al. 2019). Also, Glutamate boosted the 

activities of b-1,3-glucanase (GLU), chitinase (CHI), phenylalanine ammonialyase 

(PAL), peroxidase, and polyphenol oxidase, and also the gene expression of 

pathogenesis-related proteins1 (PR1), GLU, CHI3, CHI4, and PAL (Jin et al. 2019). In 

addition to these, Glutamate pre-treatment encourage the metabolism of amino acids, 

specially the accumulation of Glutamate, GABA, and arginine (Jin et al. 2019). Also, 

in tomato fruits, Glutamate pre-treatment could increase the gene expression of nine 

GLRs (GLR1.1, GLR1.2, GLR2.1, GLR2.4, GLR2.5, GLR2.6, GLR3.1, GLR3.2, and 

GLR3.3) and four PRs (PR1a, PR2a, PR3a, and PR3b), and also the accumulation of 

eight amino acids (Glutamate; GABA; methionine: Met; asparagine: Asn; 

phenylalanine: Phe; His; Lys; and Arg). Sequentially, in which induced the resistance 

of tomato fruits to Botrytis cinerea (Sun et al. 2019). These results supported that the 

GLRs (specially AtGLR3.3) are involved in the response and adaptation to pathogen 

stress in whole plants of the World (Qiu et al. 2020). Glutamate receptors play both 

direct and indirect roles in plant defense response. Over-expression of a GLR from small 

radish, Raphanus sativus (RsGLR) in Arabidopsis improves resistance to necrotic 

fungal pathogen Botrytis cinerea (Kang et al. 2006). AtGLR3.3 is involved in mediating 

resistance to downy mildew, caused by the oomycete, Hyaloperonospora arabidopsidis 

(Manzoor et al. 2013). In addition, AtGLR3.3 plays a role in glutathione (GSH) 

mediated defense response against the bacterial pathogen, Pseudomonas syringae (Li 

et al. 2013) as well as in defense response to mechanical wounding (Mousavi et al. 

2013). 

1.6 Role of GLRs In Plant Defense and Immune Response  

In recent years, the function of electrical signals in GLR-mediated plant resistance to 

biotic stress has attracted much attention (Li et al. 2020; Feng et al. 2021). It has been 

shown that one way to inhibit plant pathogen expansion and minimize Mold rot on fruit, 

such as Penicillium growth on pears, is with a topical glutamate treatment (Jin et al. 

2019). Plant GLRs also have a well-documented role in defense downstream of 

jasmonic acid (JA) (Mousavi et al. 2013; Nguyen et al. 2018). In defense, GLRs have 

been concerned in calcium signaling that activates JA-dependent systemic signaling to 
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prepare distant organs for a hypothetically forthcoming attack (Mousavi et al. 2013; 

Nguyen et al. 2018). 

Plants usage calcium signaling for defense, rebirth, and systemic immune replies upon 

wounding (Shanmukhan et al. 2020). The antioxidant glutathione (GSH) has been 

shown to persuade defense response and increase cytosolic calcium concentration, 

[Ca2+]cyt. In Arabidopsis, GSH-modulated defense genes in a GLR-dependent method 

(exactly AtGLR3.3) (Li et al. 2013). An example of one of the many defense genes 

upregulated is Lipoxygenase 4 for jasmonic acid biosynthesis (Li et al. 2013). 

       In rice (Oryza sativa L.), the GLR gene OsGLR3.4, an ortholog to AtGLR3.4, has 

been reported to be essential for plant growth and systemic wound signaling (Yu et al. 

2022). Like most GLRs, OsGLR3.4 has been designated to be a Ca2+ -permeable 

channel. In an agonist outline assay, multiple amino acids have been shown to trigger 

temporary Ca2+ influx in an OsGLR3.4-dependent manner (Yu et al. 2022). Total 20 

amino acids tested, the amino acids that persuaded a Ca2+ flux via OsGLR3.4 were Ala, 

Arg, Asn, Cys, Glu, Gly, Leu, Lys, Pro, Ser, and Thr . (Yu et al. 2022), reported 

OsGLR3.4 mediates long-distance hurtful response and is required for root-to-shoot 

systemic wound signaling in rice. When OsGLR3.4 was lacking, they detected a missing 

downstream response to leaves upon root damage, an breakdown of actin filament 

organization and growth imperfections (Yu et al. 2022). 

1.7 Structural Characteristics of the GLRs   

The vertebrate iGluRs are large tetrameric (homo- or heteromeric) complexes in which 

the four subunits are assembled around a single membrane-embedded ion channel with 

a fourfold or pseudo-fourfold symmetrical arrangement with dimer of dimers 

organization at the extracellular region (Price et al. 2012; Stroebel and Paoletti 2021). 

For some iGLuRs such as AMPA and kainate receptors, initial dimerization is facilitated 

by compatibility and interaction between the NTDs of two subunits. A subsequent 

dimerization takes place through interactions of the ligand-binding domains and 

transmembrane domains (Ayalon and Stern-Bach, 2001; Tichelaar et al. 2004). Functional 

channels are formed by assembling the subunits from within the same iGluR class 

(Hansen et al. 2021). The N-terminal domain and the ligand-binding domains are on the 

extracellular side of the membrane, and the C-terminal domain is intracellular. Between 

these lie the transmembrane domains that form the channel for the cations to pass 

through (Twomey and Sobolevsky 2018). Studies suggest that glutamate receptors form 
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multimeric complexes in plants but the subunits that make up plant GLRs are not well 

known. Roy et al. (2008) proposed the possibility of heteromer formation of GLRs when 

they observed co-expression of an average of five to six AtGLRs in epidermal and 

mesophyll cells obtained from leaves. AtGLRs 3.2 and 3.4 physically interact with each 

other when expressed in mammalian HEK293 cells as well as Nicotiana benthamiana 

(Vincill et al. 2012; Vincill et al. 2013). Homomer formation for AtGLRs 1.1 and 3.4 

has also been reported (Price et al. 2013). In this study, a modified yeast-2-hybrid 

system approach known as “yeast mating-based split ubiquitin system (mbSUS)” 

identified various subunits (1.1, 2.1, 2.9, 3.2, and 3.4) which interact with some other 

subunits. This study also highlighted that in contrasts to the mammalian iGluRs, which 

only interact with subunits within their own clade; the interactions between plant GLRs 

are not clade-specific (Price et al. 2013). Although the plant and animal iGluRs diverged 

very early during evolution (Chiu et al. 1999), they do share a similar structure 

consisting of an N terminal domain (NTD), a ligand-binding domains (LBD), a 

transmembrane domain with three membrane spanning helices (M1, M3 and M4), a 

partial re-entry pore loop (M2) and a Carboxy terminal domain (Simon et al. 2023; 

Wudick et al. 2018a).  

In 2021, the structure of Arabidopsis thaliana GLR 3.4 has been revealed by X-ray 

crystallography and single-particle cryo-electron microscopy (Green et al. 2021). The 

structure is Y-shaped and resembles the shape of non-NMDA subtype of iGluR 

structures (Green et al. 2021). The structure, like all iGluRs, has a three-layer 

architecture, including the ATD at the top, LBD at the middle and TMD at the base of 

the ‘Y’-shape. The ATDs and LBDs of the four subunits form dimers showing two-fold 

rotational symmetry. Unlike major iGluR subtypes, GLR3.4 did not show domain 

swapping between the ATD and LBD dimers. ATD and LBD layers maintain a dimer-

of-dimers organization but the TMD layer shows a pseudo-four-fold symmetrical 

organization. However, unlike all major iGluR subtypes (except orphan delta receptors), 

the AtGLR3.4 showed lack of domain swapping between the ATD and LBD dimers 

(Green et al. 2021).  

The ATD of AtGLR3.4 possess a clamshell architecture as found in other similar 

proteins including iGluRs, bacterial periplasmic amino acid binding proteins, GABAB 

receptors, the extracellular domain of the natriuretic peptide receptor and LBDs of 
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family C G protein-coupled receptors (Green et al. 2021). The ATDs of AtGLR3.4 have 

been found to be bound to glutathione (GSH) through S-glutathionylation of cysteine 

C205. This explains the observation of Qi et al. (2006) who reported GSH as an 

activator of GLRs. It is suggested that GSH cause conformational changes is the GLR 

resulting in gating of its ion channel (Green et al. 2021). 

The LBDs of different A. thaliana GLRs have been studied in detail. The LBDs of A. 

thaliana GLR3.2 and GLR3.3 provided the first glimpse of the fragment of GLR 

structure responsible for ligand binding (Alfieri et al. 2020; Gangwar et al. 2021). They 

displayed the predicted bilobed structure resembling prokaryotic and eukaryotic LBDs 

(Mayer 2006; Alfieri et al. 2020; Gangwar et al. 2021). GLR3.2 and GLR3.3 LBD 

structures identified similar overall folds to iGluRs LBD structures, with the distinct 

features in the ligand-binding pocket that are responsible for the promiscuous GLR 

activation by various amino acids. Later, the GLR3.4 of A. thaliana has been studied 

and found to be structurally similar to the GLR3.2 and GLR3.3 (Green et al. 2021). All 

of them have a clamshell architecture like iGluRs. All these structures showed that the 

ligand-binding pocket has evolved to bind different-sized amino acids and also explains 

the ligand-binding promiscuity of GLRs. 

The structure of the ion channel has been studied in detail in GLR3.4 of A. thaliana 

(Green et al. 2021). Here, the ion-channel is assembled of the TMDs of all the subunits. 

Each TMD contributes the transmembrane helices M1, M3 and M4 as well as a re-

entrant intracellular loop M2. The intracellular part is responsible for the ion selectivity 

and is lined up by the non-helical part of M2. The extracellular parts of the M3 helices 

are responsible for the formation of the narrow constriction of the pore. This M3 is the 

most highly conserved domain of GLRs and contains the consensus sequence 

SYTAxLxxx (Chiu et al. 1999; Simon et al. 2023). This motif is represented by 

SYTANLAAF in Homo sapiens and essential for iGluR gating (Traynelis et al. 2010). 

The Activation of the channel requires the binding of a specific ligand(s) to the ligand-

binding domains, which leads to conformational changes causing the channel to open. 

L-glutamate is the primary ligand that binds to the GluR channels in mammals. Some 

of the other amino acids, like glycine, aspartate, and D-serine, have also been reported 

to bind to these channels.The similarity of the GLR structure in animals and plants led 

to the belief that plants GLRs might be gated by the same amino acids as their 
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mammalian counterparts. However, studies indicate that plant GLRs have a broader 

ligand specificity than animal iGluRs  (Vincill et al. 2012; Tapken et al. 2013; Forde 

and Roberts 2014). Glutamate is still the most common ligand that activates the channel. 

However,  membrane  depolarizations and Ca2+ influxes have also been observed with 

glycine, asparagine, serine, alanine, cysteine, methionine and even glutathione 

(Michard et al. 2011; Vincill et al. 2012; Tapken et al. 2013; Forde and Roberts 2014). 

From the above discussions, it is clear that GLRs play some crucial roles in plants, and 

majority of work regarding plant GLRs has been reported from the model plant 

Arabidopsis thaliana as this is the first plant species from which GLR homologs have 

been identified (Lam et al. 1998). Although gene specific data is available for some 

GLRs of this species, a genome-wide analysis of GLRs from this model plant is required 

to get a wholistic picture of gene structure, expression and structural features of this 

gene family in A. thaliana. Thus, in this study, GLRs of A. thaliana has been studied in 

detail with the help of several computational tools. We have also studied GLRs from 

different crop species of Brassica as this genus belongs to the plant family Brassicaceae 

which also contains A. thaliana. As this family has undergone a series of whole genome 

duplications, study of GLR gene family from the model plant A. thaliana and species of 

the genus Brassica should highlight the evolution of this gene family in the light of gene 

and genome evolution. For a better understanding of the above facts, taxonomic and 

economic importance of the family Brassicaceae along with the role of whole genome 

duplication in its genome evolution is briefly discussed below. 

 

1.8 The plant family Brassicaceae  

The family Brassicaceae (Cruciferae) is among the fifth largest angiospermic 

monophyletic families belonging to the order Brassicales. It contains 12–15 tribes with 

338–360 genera and about 3709 species distributed all around the earth in all 

landmasses excluding Antarctica (Al-Shehbaz 1973; Appel and Al-Shehbaz 2003; 

Warwick et al. 2006). Besides diverse geographic distribution of the family from the 

northern to the southern hemisphere, its distribution has been informed to be sparse on 

mountainous and alpine regions in the tropics. Most of the morphological characters in 

the family are efficacious from an agricultural point of view (Davis et al. 1998). This 

family is highly blessed with plants that have an extensive range of economic 
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importance from food to fodder, medicines to use, as research model plants, to high 

yielding crops to ornamental plants. Thus, it infers and concealments all possible 

sources that a plant can be of a benefit to humankind. The Brassicaceae family 

comprises numerous edible species such as fodder, oilseed, vegetables, and condiments. 

This family is crucial for vitamins, A, B1–2, B6, C, E, K, and minerals such as 

magnesium, iron, and calcium (Wink and Van Wyk 2008). The most common vegetable 

crops are turnip, broccoli, cauliflower, kohlrabi, and cabbage supplemented with 

nutritional fibers (Shankar et al. 2019). Brassicaceae members like cabbage, kale, 

green-mustard, cauliflower and broccoli decrease the risk of several types of cancer 

(Wang et al. 2004). A significant constituent of Brassicaceae vegetables known as 

indole- 3-carbinol acts as an anticarcinogenic compound through dissimilar hormonal 

and metabolic changes (Hanf and Gonder 2005), and also decreases the tumour 

specifically in reproductive organs (Staub et al. 2002). The family consists of numerous 

important genera have diverse economic as well as agronomic use in discovering the 

world of knowledge using them as model plants. The plants, which revolutionized 

modern biology i.e. Arabidopsis and Brassica. Therefore, it is discussed that there 

would be no life for model plants, or we would deficiency many more crop plants 

without this particular, Brassicaceae family (Franzke et al. 2011). Brassicaceae is 

considered to be a model plant family as this family consists of many economically 

important crop plants including many species and cultivars of the genus Brassica, model 

plant Arabidopsis thaliana and also a perfect family to study plant evolution and 

domestication (Hasanuzzaman 2020; Huang et al. 2020). 

1.  Arabidopsis thaliana (L.) Heynh 

 

Arabidopsis is one of the most important genera in the Brassicaceae family, and various 

aspects of its taxonomic history have been explored and reported on the basis of its 

morphology and molecular phylogeny (Al-Shehbaz et al. 1999). There are 

approximately 9 species and 8 subspecies of Arabidopsis (Koch et al. 2008).  

Arabidopsis has no well-documented economic importance, but its small genome and 

short life cycle covered the way to better study, understand, and discover the 

development, physiology, and gene function of plants through genetic approaches, thus 

making it a highly valued and reared model plant. Arabidopsis thaliana was the first 
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plant genome to be sequenced, selected partly for its phylogenetic relation to 

agriculturally significant Brassica species, thus importantly inspiring proportionate 

genomics and evolutionary research in this family. It has a small genome that has been 

completely sequenced (The Arabidopsis Genome Initiative 2000). Thus, Arabidopsis 

thaliana contributes to the exploration of various aspects of plant biology and provides 

insights into growing crop production through various molecular and biotechnological 

approaches (Buell and Last 2010). 

2.  Brassicas 

Brassica is the important genera of this family, consisting of 37 species (Gomez-Campo 

1980). Most of the crop plants are of this genus which has edible buds, flowers, leaves, 

roots, seeds, and stems. Most of the wild species are applied for hybrid seed 

development. These hybrid seeds and modified species are therefore of major 

importance in developing resistant varieties against various pests (Rakow 2004). 

Brassica plants included many amino acids such as L-glutamine, L-histidine, L-alanine, 

L-aspartic acid, L-valine, L-tryptophan, L-threonine, L-phenylalanine, and L-

methionine; moreover, different phytochemicals such as indole phytoalexins (N-

Methoxyspirobrassinol methyl ether, 1-methoxyspirobrassinol, 1-

methoxyspirobrassinin, camalexin, brassilexin, spirobrassinin, brassinin, glucosinolates 

(neoglucobrassicin, gluconapin, glucobrassicin, gluconasturtiin, glucoBrassicanapin, 

glucoalyssin, glucoraphanin, and glucoiberin), and phenolics (kamepferol, 

anthocyanins, p-coumaric, quercetin, sinapic acid, ferulic, caffeic, chlorogenic, 

neochlorogenic, hydroxybenzoic, isoferuloylcholine, and feruloyl) have antioxidant, 

cardiovascular protective, and anticarcinogenic properties (Jahangir et al. 2009). 

Brassica is widely used as a biocontrol agent (Ahuja et al. 2011). 

 a. Brassica rapa L. 

Brassica rapa contains turnip, turnip rape, fast plants, field mustard, and turnip mustard; 

largely cultivated as root and leaf vegetable, as well as an oilseed. Brassica vegetables 

afford soluble fibers, vitamin C, and many compounds having anticancer properties, 

which controls innate immune system response by anticancer, antibacterial, and 

antiviral activity. Brassica rapa has 10 chromosomes. B. rapa has been reported to be 

of Mediterranean source excluding the coastal areas. These areas are mountainous and 
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have a very cold temperature; therefore, the species show preferred fast growth to low-

temperature conditions. It is spread all over Germany, Eastern Europe, while announced 

in the Western Asian countries. In south Asian countries, such as India, it is also 

cultivated (OECD 2016). It is cultivated as an oilseed crop in China, India, Canada, and 

Finland (Rakow 2004). 

b.  Brassica oleracea L. 

Brassica oleracea is the most significant agronomically and diploid crop species 

covering different crop; i.e., cauliflower, Brussels sprout, kale, cabbage, kohlrabi, and 

cabbage. Brassica crops are grown because of their inflorescence, stems, leaves, and 

axillary buds, also present unbelievable morphological diversity (Golicz et al. 2016). 

Besides their morphological inconsistency, these cultivars along with their interrelated 

wild species have a collection of secondary metabolites, which have been involved in 

supporting human health like different compounds functions as antioxidant and anti-

carcinogens (Parkin et al. 2014). Brassica oleracea shows a very differentiated 

phenotype with 9 chromosomes. It is broadly distributed in Asia, Turkey, and Southern 

Greece. It has corpulent leaves. The plant has a woody outlook and is perennial (Rakow 

2004). It is mainly used as vegetables, oil, and as a fodder crop (Rakow 2004). 

c.  Brassica napus L. 

B. napus (oilseed rape) growing all over the earth, has the diverse variety of 

consumptions comprising animal feed, plant oil as well as fuel substitute (Abdallah et 

al. 2010). It is an amphidiploid species and consists of 19 chromosomes, which has been 

found as a result of an interspecific cross between B. rapa (n = 9) and B. oleracea (n = 

9) (Parkin et al. 1995; Rakow 2004). Wild species other than the cultivated forms of B. 

napus could be obtained on beaches, coastal areas of Britain, Gotland, Netherlands, and 

Sweden (Rakow 2004). In some countries, B. napus is the most productive plant grown 

as an oilseed. The probable of yield is much high as the photosynthetic activity is high 

concerning per unit of the leaf which is further positive and proportional to numerous 

chloroplasts present per unit area of a leaf (Liu et al. 2009). 

1.9 Genome Evolution and Polyploidy in Brassicaceae  

Polyploidy or whole-genome duplication plays an important role in innovation, and it 

is broadly distributed across the plant’s life, although its long-term evolutionary 
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importance is still arguable. While polyploidy expanded much slower than diploidy, 

polyploidy has very fast extinction and biological evolution rate. It is also demonstrated, 

that polyploidy has played a crucial part in the shaping of the current-day differences 

among species’ richness with-in the Brassicaceae family, along with the forthcoming 

intimations in explaining the pattern of genetic diversity beyond the plant’s life (Van de 

Peer et al. 2017; Román-Palacios et al. 2020). Although the potential role of whole 

genome duplication in plant evolution remains debatable, there are some evidences that 

the long-term establishment of polyploidy might be associated with environmental 

changes, stress conditions, or periods of extinction (Yao et al. 2019). The two diploid 

sub-genomes, i.e., B. oleracea and B. rapa, known for historical polyploids, still have 

ancestry of triplicated genome structure, connected form B. napus (oilseed rape). 

However, no evidence of wild canola varieties has been found; its genome evolution 

has only been artificially manipulated by human needs and agricultural systems 

(Chalhoub et al. 2014). Arabidopsis as a model plant, the genomic evolution of the 

genus Brassica (particularly B. napus) has been genome-wide explored via polyploidy, 

A comparative study of Arabidopsis and Brassicas was highly appreciable for some 

significant traits, i.e., flowering stage and susceptibility against stress (Lagercrantz et 

al. 1996; Osborn et al. 1997; Robert et al. 1998; Sillito et al. 2000; Tadege et al. 2001; 

Mun et al. 2009) to detect candidate genes by sequencing data considering Arabidopsis 

as a reference genome (The Arabidopsis Genome Initiative 2000). The positive and 

close genomic relationships between Brassica and Arabidopsis anticipates comparing 

similarities or differences by their sequences (Parkin et al. 2005), and genetic 

explanation (Wang et al. 2011). 

Considering the importance of GLRs as well as the family Brassicaceae, this study aims 

to characterise the glutamate receptors of A. thaliana (a model plant) and some species 

of Brassicaceae (B. napus, B. oleracea and B. rapa) keeping in mind that whole genome 

sequences are available for these plants. 
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1.10 The specific objective of the present research work are as follows: 

1. To Study the physiochemical characterization, motif and domain analysis of the 

AtGLR genes. 

2. The Chromosomal distribution, duplication, gene structure and phylogeny of AtGLR 

genes. 

3. To Expression analysis and functional annotation of AtGLR genes. 

4. The Three-dimensional structure of AtGLRs. 

5.To Identify GLR genes in B. napus, B. oleracea and B. rapa and their phylogenetic 

analysis. 

6. The Chromosomal localization of Brassica GLR genes. 

7. To Analysis of GLR gene expression in Brassica. 

8. To study the microRNAs which controls the expression of GLR genes in Brassica.  

9. Homology modeling and structural features of Glutamate receptors of the three 

species of Brassica. 
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2.1 Introduction 

Membranes of plant cells possess a variety of ion channels which play vital role in 

transport of ions used as signaling molecules, nutrients, metabolites and osmotica 

(Davenport 2002). Membrane proteins at the surface of the cell serve as the 

communication interface between the cell’s internal and external environments 

(Venkatakrishnan et al. 2013). Although many works have focused on highly selective 

ion channels in plants, a variety of cations is transported via non-selective cation 

channels (NSCC) (Davenport 2002). NSCCs are ion channels that are selectively 

permeable for cations over anions, but do not strongly distinguish between 

monovalent cations (Demidchik et al. 2002). Some of these putative NSCC genes of 

plant origin are related to animal glutamate receptors (Demidchik et al. 2002). Using 

the genome sequence and expressed sequence tag (EST) database of the model plant 

Arabidopsis thaliana (L.) Heynh., (Lam et al. 1998) identified two complementary 

DNA clones known as GLR1 and GLR2 as well as two genomic sequences known as 

GLR3 and GLR4. In addition to primary sequence similarity, the Arabidopsis GLR 

(AtGLR) genes are also predicted to be similar to animal iGluRs (Lam et al. 1998). 

To date, 20 GLRs have been identified in the Arabidopsis genome (Davenport 2002). 

Study of glutamate-like receptor homologs from sequenced genomes of A. thaliana, 

lycophytes and bryophytes revealed that these plant genes share homology with 

mammalian ionotropic glutamate receptors (iGluRs), which are involved in 

neurotransmission (Price et al. 2012). iGluRs are non-selective cation channels that 

function predominantly as glutamate-gated Na+ and Ca2+ influx pathways at neuronal 

(in vertebrates) or neuromuscular (in invertebrates) junctions (Dingledine et al. 1999). 

GLR-like genes have also been identified in other dicotyledonous and 

monocotyledonous species as well as in gymnosperms indicating that these genes are 

of general importance in plant physiology (Davenport 2002). 

Following the discovery of the Arabidopsis AtGLR family, (Dennison and Spalding  

2000) demonstrated that addition of glutamate (1mM) to the medium around 

Arabidopsis seedlings stimulated a rapid increase in cytosolic Ca2+ and caused 

membrane depolarization of root tip cells. These effects were attributed to activation 

of plasma membrane Ca2+ permeable channels, even though the possibility of 

secondary activation of Ca2+ influx by glutamate uptake was not excluded (Davenport  

2002). To date, GLRs are found to be involved in many biological processes in plants 

(Price et al. 2012). These include Carbon/Nitrogen balance (J. Kang and Turano 
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2003), photosynthesis (Teardo et al. 2010, 2011), abiotic stress response (J. Kang et 

al. 2004; Meyerhoff et al. 2005), growth of pollen tube (Michard et al. 2011), 

morphogenesis of root (J. Li et al. 2006; Miller et al. 2010), plant-pathogen interaction 

(S. Kang et al. 2006; Kwaaitaal et al. 2011) and regulation of cellular Ca2+ kinetics 

(Cho et al. 2009; Dubos et al. 2003; S. Kang et al. 2006; Kim et al. 2001; Qi et al. 

2006; Vincill et al. 2012). 

Similar to the animal GluRs, plant GLRs are predicted to have a long N-terminal 

domain of unidentified function, with homology to the ligand-binding domain of 

mGluRs (metabotropic glutamate receptors), GABAB receptors (receptors of gamma-

aminobutyric acid) and extracellular calcium sensors (Davenport 2002). This domain 

can be deleted from vertebrate iGluRs without loss of function, although it has been 

implicated in desensitization membrane targeting and allosteric modulation by Zn2+ 

(F. Zheng et al. 2001). Moreover, plant GLRs preserve the predicted channel structure 

of animal iGluRs and show high amino acid sequence identity in the ligand binding 

domains and in the M1 and M2 transmembrane domains (J. Chiu et al. 1999). 

In spite of several studies concerning AtGLRs, there are several areas to explore. For 

example, analysis of cis-acting elements can throw light on the expression and 

possible role of these proteins in response to different environmental conditions. 

Moreover, evolutionary history and functional divergence can be inferred from the 

study of gene structure, chromosomal location and evolutionary rates along with 

expression analysis. Additionally, studies of three-dimensional (3D) structures are 

crucial for deciphering the actual process of their functioning. 

In the post genomic era, several areas of Arabidopsis research are easy to perform 

because of the enormous information and databases associated with Arabidopsis (D. 

Li et al. 2014). Because of the lack of experimental three-dimensional structural data 

for AtGLR proteins, it is necessary to use comparative modeling and structural 

prediction to study their molecular properties. The utility of such approaches in 

designing experiments and interpreting experimental results is now widely recognized 

(Petrey and Honig 2005; Zhang 2009). Therefore, in the present study, we have carried 

out detailed in silico analysis of the AtGLR proteins to gain insights into their 

structural and functional attributes. We have analyzed physico-chemical properties, 

gene structure and gene ontology of AtGLRs. Three-dimensional structures were 

predicted with homology modeling, which would facilitate deciphering the molecular 

function of these proteins. These results may be helpful in designing of experiments 
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concerning GLR proteins of A. thaliana for their further characterization. 

Subsequently, we analysed their expression profiles in different tissues and 

developmental stages, which will further help future studies for elucidating the precise 

roles of AtGLRs in growth, development and environmental interactions. 

 

2.2 Materials and methods 

2.2.1 Identification, sequence retrieval and phylogenetic analysis 

The previously reported (J. C. Chiu et al. 2002) AtGLR genes have been retrieved 

using the BioMart tool (Kinsella et al. 2011) of EnsemblPlants database (Kersey et al. 

2014). Additionally, the Arabidopsis thaliana genes dataset of EnsemblPlants 

database was searched for the Pfam (Finn et al. 2016) domain PF00060 (Ligand-gated 

ion channel) which is characteristic of ionotropic glutamate receptors to find any new 

member. However, no new member could be found and thus, the final dataset was 

comprised of the previously reported 20 AtGLR genes. The gene and protein 

sequences were retrieved using the BioMart tool of EnsemblPlants database. Some 

genes showed more than one protein products and they were also studied. Multiple 

sequence alignment was carried out with MUSCLE (Edgar 2004). The resulting 

multiple alignment was converted into nexus format with ALTER (Glez-Peña et al. 

2010). Phylogeny reconstruction using the Bayesian inference was conducted with 

MrBayes 3.2.6 (Ronquist et al. 2012). 

2.2.2 Physicochemical characterization, motif and domain analysis of the AtGLR 

proteins 

Different physico-chemical parameters viz. amino acid composition, theoretical pI 

(isoelectric point) and grand average of hydropathicity (GRAVY) were measured 

using ProtParam (Gasteiger et al. 2005) server (http://web.expasy.org/protparam/). 

Different phosphorylation, Asn-glycosylation and myristoilation sites have been 

predicted using motifscan tool of MyHits (Pagni et al. 2007). Protein domains were 

identified with Pfam (Finn et al. 2016). Protein disorder content have been studied 

using IUPred (Dosztányi et al. 2005a, 2005b). The different cis-elements of promoter 

regions of the AtGLR genes and corresponding transcription factors (TFs) of these 

binding sites have been predicted from AGRIS, the Arabidopsis gene regulatory 

information server (Yilmaz et al. 2011). 
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2.2.3 Chromosomal distribution and gene structure prediction 

Using the BioMart tool (Kinsella et al. 2011) of EnsemblPlants database (Kersey et 

al. 2014), the chromosomal locations of each gene were retrieved. Subsequently, the 

genes were displayed onto the five chromosomes of Arabidopsis thaliana according 

to their ascending order of physical position (Mbp) using MapChart (Voorrips 2002). 

Tandem duplications were characterized on the basis of the criteria that tandem 

duplicated genes are placed within 10 predicted open reading frames or within 30 kb 

of each other as described previously (Shiu and Bleecker 2003). The exon-intron 

structures of the genes were determined using Gene structure display server 

(http://gsds.cbi.pku.edu.cn/) (Guo et al. 2007) by comparing the full-length CDSs 

(predicted coding sequence) of AtGLRs with their corresponding genomic sequences.  

2.2.4 Estimation of Synonymous and Non-synonymous Substitution Rates and 

Divergence Time 

For the calculation of the synonymous (dN) and non-synonymous (dS) substitution 

rates between the tandemly duplicated genes, ClustalW-based (Larkin et al. 2007) 

multiple sequence alignment was performed using their amino acid sequences. The 

aligned amino acid sequences and their corresponding original cDNA sequences were 

analysed using PAL2NAL (Suyama et al. 2006), which used the CODEML program 

of PAML (Yang 2007), to estimate dN and dS. The orthologous gene pairs (with 1:1 

orthology) among A. thaliana, A. lyrata (L.) O'Kane & Al-Shehbaz and Brassica rapa 

L. as well as their corresponding dN and dS values have been retrieved using the 

BioMart tool (Kinsella et al. 2011) of EnsemblPlants database (Kersey et al. 2014). 

Time (million years ago, Mya) of duplication and divergence of each gene were 

calculated using a synonymous mutation rate of λ substitutions per synonymous site 

per year as T = Ks/2λ (Puranik et al. 2013) where λ = 6.1×10−9 (Lynch and Conery 

2000).  

2.2.5 Expression analysis and functional annotation 

The normalized expression values of the 20 AtGLR genes has been obtained from 

PLEXdb (Dash et al. 2012). For obtaining the expression profiles of these genes in 

different plant parts and developmental stages, normalized expression data of 

“Expression Atlas of Arabidopsis Development (AtGenExpress)” (accession No. 

AT40) (Schmid et al. 2005) has been downloaded from PLEXdb. To examine the 

expression pattern of AtGLRs under different biotic stresses, we have downloaded the 

data regarding “Transcriptome changes of Arabidopsis during pathogen and insect 
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attack” (accession No. AT49) (De Vos et al. 2005) and “Response to Botrytis cinerea 

infection” (accession No. AT51). In AT49, effect of gene expression of A. thaliana 

has been studied in response to different pathogens and insects namely Pseudomonas 

syringae pv. tomato (a pathogenic leaf bacterium), Alternaria brassicicola (a 

pathogenic leaf fungus), Pieris rapae (a tissue-chewing caterpillar), Frankliniella 

occidentalis (a cell-content-feeding thrip) and Myzus persicae (a phloem-feeding 

aphid). To examine the light dependent expression pattern, we have downloaded 

expression data of “Gene expression from Arabidopsis under high light conditions” 

(accession No. AT123) (González-Pérez et al. 2011). In this experiment, Arabidopsis 

cell suspension cultures were treated under control light (50microE/m2/s), high light 

(1800microE/m2/s) and dark conditions.  

The tissue specificity index τ of the AtGLR genes was calculated following Yanai et 

al. (2005) as follows: 

𝜏 =
∑ (1−𝑥𝑖)𝑁

𝑖=1

𝑁−1
, 

where N is the number of tissues and xi is the expression profile component normalized 

by the maximal component value. The index τ ranges from 0 to1, with a higher value 

suggesting higher tissue specificity (Mukherjee et al. 2016). ENc (effective number of 

codons) (Wright 1990) and GC3 (Guanine and Cytosine content of the third codon 

position) were calculated from the coding sequences of the corresponding transcripts 

of the 20 AtGLR genes using CodonW (Peden 1999) obtained from 

http://codonw.sourceforge.net/. 

The functional annotation of AtGLR gene sequences and subsequent analyses were 

performed using Blast2GO (Conesa et al. 2005; Conesa and Götz 2008). The gene 

sequences of AtGLRs were submitted into Blast2GO program to perform three 

subsequent steps namely (i) BLASTx search (Altschul et al. 1990) against the 

nucleotide database of NCBI, (ii) mapping of GO (Gene Ontology Consortium, 2004) 

terms associated with the BLAST results and (iii) annotation of GO terms associated 

with each query to relate the sequences to known function. Three categories of GO 

classification namely biological processes, molecular functions and cellular 

components were then analysed and graphically represented. 

2.2.6 Homology modeling and structure validation 

Secondary structure prediction was carried out with SOPMA (Geourjon and Deleage 

1995). Three dimensional structures of AtGLR proteins were predicted by homology 
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modeling. To identify templates for homology modeling, the amino acid sequence of 

each protein was submitted to HHpred (Söding et al. 2005) with default parameters 

against the pdb70 database which is based on the protein data bank (PDB) (Berman et 

al. 2000) (http://www.rcsb.org/) which contains all publicly available 3D structures of 

proteins. On the basis of the results obtained from HHpred, the crystal structure of the 

AMPA subtype ionotropic glutamate receptor from Rattus norvegicus (PDB ID: 

3KG2 chain A) at a resolution of 3.60Å (Sobolevsky et al. 2009) was used as the 

template for generating the 3D models of AtGLR proteins. The models were built 

using MODELLER version 9.10 auto-model program (Šali and Blundell 1993) within 

Chimera (Pettersen et al. 2004). Loop refinement of the modeled proteins was done 

with loop modeling protocol of MODELLER within Chimera with default parameters. 

Energy minimization was carried out with Gromos force field (van Gunsteren et al. 

1996) in Swiss-PdbViewer (Guex and Peitsch 1997). 

Superposition and calculation of the root mean square deviation (RMSD) of the 

modeled protein and template was performed using with Chimera (Pettersen et al. 

2004) by fitting carbon backbones of both of the proteins. Model validation was 

carried out with PROCHECK (Laskowski et al. 1993). Using PROCHECK, 

computationally calculated phi/psi values and allowed and disallowed regions of the 

model were made using Ramachandran plot, which is mainly performed for predicting 

range of helices, strands and coils of furnished model. To estimate the evolutionary 

conservation of amino acid positions in the AtGLR proteins, we have generated a 

multiple sequence alignment of the 25 AtGLR proteins using ClustalW (Larkin et al. 

2007). Then, we have provided this multiple sequence alignment file and the three-

dimensional structure of AT1G05200.1 for the ConSurf analysis using the ConSurf 

server (Ashkenazy et al. 2010; Celniker et al. 2013; Glaser et al. 2003; Landau et al. 

2005) (http://consurf.tau.ac.il/). 

2.2.7 Surface-property analysis: hydrophobicity and electrostatics 

Surface hydrophobicity was obtained using PLATINUM (Pyrkov et al. 2009) 

(http://model.nmr.ru/platinum/), which has been designed to calculate match or 

mismatch in receptor-ligand complexes (Efremov et al. 2007; Pyrkov et al. 2009). The 

program allows the calculation and visualization of the molecular 

hydrophobic/hydrophilic surface properties using the concept of molecular 

hydrophobicity potential (MHP) (Efremov et al. 2007; Legrand et al. 2011; Pyrkov et 

al. 2009). However, the total hydrophobic and hydrophilic surfaces for a molecule can 
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also be obtained with this tool (Legrand et al. 2011). Three dimensional structures of 

AtGLRs were submitted, and the PLATINUM website provided the calculated surface 

hydrophobicity. 

Electrostatic potentials of the proteins were compared with the web-based version of 

PIPSA (Protein Interaction Property Similarity Analysis) (Blomberg, Gabdoulline et 

al. 1999; Gabdoulline et al. 2007; Richter et al. 2008; R. C. Wade et al. 2001). The 

models were superposed with Chimera and submitted to the PIPSA web server and 

Adaptive Poisson-Boltzmann Solver (APBS) software (Baker et al. 2001) was chosen 

to calculate the electrostatic potentials. For pair-wise comparisons of electrostatic 

potentials of two proteins, Hodgkin (Good et al. 1992; Hodgkin and Richards 1987) 

similarity index (SI) for two proteins (labeled 1 and 2) was used as follows: 

SI12 =
2(𝐩1, 𝐩2)

(𝐩1, 𝐩1) + (𝐩2, 𝐩2)
 , 

where (p1, p1), (p1, p2) and (p2, p2) are the scalar products of the electrostatic 

potentials over the region where the potentials are compared (Blomberg et al. 1999). 

If the electrostatic potentials (ϕ) are computed on a three-dimensional grid over the 

two superimposed molecules, the scalar product is 

(p1, p2) =∑ ϕ1(i, j, k)ϕ2(i, j, k)i,j,k , 

Where summation is carried out over the grid points (i,j,k) that are within the region 

of interest (Blomberg et al. 1999). The resulting similarity indices have been converted 

by PIPSA into distances as follows: 

Da,b = √2 − 2SIa,b 

where Da,b and SIa,b are the respective distance and similarity index of two proteins 

(labeled a and b) (Richter et al. 2008). Finally, a cluster analysis has been performed 

with PIPSA. Electrostatic surface of the proteins were calculated using APBS using 

PDB2PQR (Dolinsky et al. 2004) with default parameters. Visualization of the 

electrostatic potentials on the molecular surfaces of the proteins was produced using 

PyMOL (Schrödinger, LLC, 2010). 

Statistical analysis 

Wilcoxon Rank Sum test (Wilcoxon 1945) which is equivalent to Mann-Whitney U 

test (Mann and Whitney 1947) was used for pair-wise comparisons of different 

variables since the values were not normally distributed in our dataset. For correlation 

analysis, we performed the Spearman’s rank correlation coefficient ρ (Spearman 
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1904), where the significant correlations were denoted by P < 0.05. All these statistical 

analyses were performed with R package (R Core Team 2013). 

2.3 Results and discussion 

2.3.1 Physico-chemical properties and domain organization of AtGLR family 

The gene length of the AtGLRs ranged from 3002 bp (AT5G48400) to 4603 bp 

(AT2G29120) with an average (± SE) of 3686.75 (± 105.48) bp. The length of the 

coding sequence ranged from 2253 bp (AT5G48400.1) to 2880 bp (both variants of 

AT1G05200) with an average (± SE) of 2694.36 (± 30.2) bp. The length of the proteins 

ranged from 750 amino acids (AT5G48400.1) to 959 amino acids (both variants of 

AT1G05200) with an average (± SE) of 897.12 (± 10.07) amino acids (Table  2.1). 

Table 2.1: Details of the AtGLR genes and proteins used in this study 

Gene 

name 

Gene stable 

ID 

Gene start 

(bp) 

Gene end 

(bp) 

Gene 

length 

(bp) 

Transcript 

stable ID 

Coding 

sequence 

length 

(bp) 

Protein stable 

ID 

Amino 

acid 

length 

ATGLR3.4 AT1G05200 1,504,960 1,509,152 4,192 
AT1G05200.1 2,880 AT1G05200.1 959 

AT1G05200.2 2,880 AT1G05200.2 959 

ATGLR3.3 AT1G42540 15,973,054 15,976,703 3,649 AT1G42540.1 2,802 AT1G42540.1 933 

ATGLR3.1 AT2G17260 7,504,756 7,508,394 3,638 AT2G17260.1 2,856 AT2G17260.1 951 

ATGLR2.3 AT2G24710 10,516,880 10,520,549 3,669 AT2G24710.1 2,688 AT2G24710.1 895 

ATGLR2.2 AT2G24720 10,522,783 10,525,840 3,057 AT2G24720.1 2,763 AT2G24720.1 920 

ATGLR2.9 AT2G29100 12,501,092 12,504,912 3,820 AT2G29100.1 2,823 AT2G29100.1 940 

ATGLR2.8 AT2G29110 12,506,880 12,510,552 3,672 AT2G29110.1 2,844 AT2G29110.1 947 

ATGLR2.7 AT2G29120 12,511,292 12,515,895 4,603 AT2G29120.1 2,859 AT2G29120.1 952 

ATGLR3.5 AT2G32390 13,748,441 13,751,933 3,492 

AT2G32390.1 2,688 AT2G32390.1 895 

AT2G32390.2 2,556 AT2G32390.2 851 

AT2G32390.3 2,697 AT2G32390.3 898 

ATGLR3.7 AT2G32400 13,752,584 13,756,853 4,269 AT2G32400.1 2,766 AT2G32400.1 921 

ATGLR1.1 AT3G04110 1,077,328 1,080,405 3,077 AT3G04110.1 2,427 AT3G04110.1 808 

ATGLR1.4 AT3G07520 2,394,891 2,398,291 3,400 AT3G07520.1 2,586 AT3G07520.1 861 

ATGLR3.6 AT3G51480 19,100,676 19,104,825 4,149 AT3G51480.1 2,712 AT3G51480.1 903 

ATGLR2.4 AT4G31710 15,349,121 15,352,962 3,841 AT4G31710.1 2,697 AT4G31710.1 898 

ATGLR3.2 AT4G35290 16,789,549 16,793,685 4,136 
AT4G35290.1 2,739 AT4G35290.1 912 

AT4G35290.2 2,739 AT4G35290.2 912 

ATGLR2.6 AT5G11180 3,557,261 3,561,575 4,314 AT5G11180.1 2,721 AT5G11180.1 906 

ATGLR2.5 AT5G11210 3,571,214 3,574,537 3,323 AT5G11210.1 2,490 AT5G11210.1 829 

ATGLR2.1 AT5G27100 9,535,059 9,538,333 3,274 AT5G27100.1 2,706 AT5G27100.1 901 

ATGLR1.2 AT5G48400 19,616,244 19,619,246 3,002 
AT5G48400.1 2,253 AT5G48400.1 750 

AT5G48400.2 2,604 AT5G48400.2 867 

ATGLR1.3 AT5G48410 19,620,267 19,623,425 3,158 AT5G48410.1 2,583 AT5G48410.1 860 

 

The molecular weight of the proteins ranged from 84.29 kDa (AT5G48400.1) to 

107.41 kDa (AT2G29120.1) with an average (± SE) of 100.71 (1.11) kDa. To further 
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understand the nature of ATGLRs proteins, their physicochemical properties were 

analyzed (Table 2.2).  

Table 2.2: Physico-chemical properties of AtGLR proteins 

Protein name 
Molecular weight 

(kD) 
Theoretical  pI GRAVY Percent disorder 

AT1G05200.1 107.21 8.45 -0.07 7.090719499 

AT1G05200.2 107.21 8.45 -0.07 7.090719499 

AT1G42540.1 104.69 8.92 -0.037 4.608788853 

AT2G17260.1 106.18 7.97 0.066 4.100946372 

AT2G24710.1 100.81 7.81 0.077 2.122905028 

AT2G24720.1 102.85 7.51 0.033 0.652173913 

AT2G29100.1 106.27 6.63 -0.107 5.319148936 

AT2G29110.1 107.19 6.45 -0.094 1.583949314 

AT2G29120.1 107.41 6.98 -0.051 4.831932773 

AT2G32390.1 100.93 7.99 -0.119 4.581005587 

AT2G32390.2 95.9 7.17 -0.141 4.81786134 

AT2G32390.3 99.95 6.44 -0.143 4.565701559 

AT2G32400.1 103.51 7.66 0.02 2.823018458 

AT3G04110.1 90.51 8.69 0.014 1.608910891 

AT3G07520.1 97.76 8.9 -0.075 2.322880372 

AT3G51480.1 100.53 7.64 0.112 0.996677741 

AT4G31710.1 99.93 8.36 0.058 1.113585746 

AT4G35290.1 101.66 8.03 0.028 2.302631579 

AT4G35290.2 101.66 8.03 0.028 2.302631579 

AT5G11180.1 101.71 6.64 -0.137 9.602649007 

AT5G11210.1 93.47 5.67 -0.052 3.860072376 

AT5G27100.1 100.9 5.87 0.066 3.218645949 

AT5G48400.1 84.29 6.17 0.051 0.533333333 

AT5G48400.2 98.15 6.78 -0.018 0.92272203 

AT5G48410.1 97.02 6.89 0.022 1.279069767 

Average 100.71 7.44 -0.022 3.37010726 

SE 1.11 0.19 0.015 0.461 

The GRAVY value for a peptide is the sum of hydropathy values (Kyte and Doolittle 

1982). Maximum and minimum GRAVY score were recorded as 0.112 

(AT3G51480.1) and -0.143 (AT2G32390.3) with an average (± SE) value of -0.022 

(± 0.015). Twelve of these proteins showed positive GRAVY scores while the rest 

showed negative values. Kyte and Doolittle (1982) proposed that GRAVY score of 

membrane bound proteins are higher than the mean value of sequenced soluble 

proteins (-0.4). Marmagne et al. (2004) reported that The GRAVY score of the 

Arabidopsis plasma membrane proteins analyzed ranged from –1.6 to +1. Our results, 

thus, confirmed the membrane-protein nature of AtGLRs. The value of pI ranged 

from 5.67 (AT5G11210.1) and 8.92 (AT1G42540.1) with an average (± SE) of 7.44 

(± 0.19). The amino acid composition of the AtGLR proteins showed the abundance 

of leucine, valine and serine while scarcity of cysteine (Figure 2.1).  
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Figure 2.1: Boxplot showing percentages of different amino acids in AtGLR proteins. 

The disorder content ranged from 0.53% (AT5G48400.1) to 9.6% (AT5G11180.1) 

with an average (± SE) of 3.37% (± 0.461). The disorder content showed significant 

nagaitive correlation with GRAVY (Spearman’s ρ = -0.626, P = 8.1×10−4). This is 

probably due to the tight packing of transmembrane part of the AtGLRs with the 

membrane which makes them more structured. Moreover, this also indicates that the 

ligand binding domains are also structured. Naturally, the thermostability is also 

negatively associated with disorder. 

Several phosphorylation, myristoylation and Asn-glycoylation sites have also been 

found (Table 2.3). 

 

 



Computational analysis of the GLR Gene family of Arabidopsis thaliana 

Page-36 
 

Table 2.3: List and position of different phosphorylation, myristoylation and Asn-

glycoylation sites found in 25 AtGLR proteins. 

Protein name Type of site Start Stop 

A
T1

G
0

5
2

0
0

.1
 

Asn-glycosylation 38 41 

Asn-glycosylation 42 45 

Asn-glycosylation 108 111 

Asn-glycosylation 365 368 

Asn-glycosylation 378 381 

Asn-glycosylation 404 407 

Asn-glycosylation 443 446 

Asn-glycosylation 461 464 

Asn-glycosylation 576 579 

Asn-glycosylation 689 692 

cAMP- and cGMP-dependent protein kinase phosphorylation 219 222 

CK2 (Caesin kinase II) phosphorylation 174 177 

CK2 (Caesin kinase II) phosphorylation 238 241 

CK2 (Caesin kinase II) phosphorylation 290 293 

CK2 (Caesin kinase II) phosphorylation 503 506 

CK2 (Caesin kinase II) phosphorylation 664 667 

CK2 (Caesin kinase II) phosphorylation 707 710 

CK2 (Caesin kinase II) phosphorylation 717 720 

CK2 (Caesin kinase II) phosphorylation 846 849 

CK2 (Caesin kinase II) phosphorylation 891 894 

CK2 (Caesin kinase II) phosphorylation 914 917 

Myristoylation 64 69 

Myristoylation 97 102 

Myristoylation 114 119 

Myristoylation 233 238 

Myristoylation 274 279 

Myristoylation 402 407 

Myristoylation 723 728 

Myristoylation 765 770 

Myristoylation 792 797 

Myristoylation 949 954 

Protein kinase C phosphorylation  50 52 

Protein kinase C phosphorylation  225 227 

Protein kinase C phosphorylation  238 240 

Protein kinase C phosphorylation  320 322 

Protein kinase C phosphorylation  416 418 

Protein kinase C phosphorylation  575 577 

Protein kinase C phosphorylation  664 666 

Protein kinase C phosphorylation  701 703 

Protein kinase C phosphorylation  706 708 

Protein kinase C phosphorylation  854 856 

Protein kinase C phosphorylation  906 908 

Protein kinase C phosphorylation  914 916 

Protein kinase C phosphorylation  937 939 
Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T1

G
0

5
2

0
0

.2
 

Asn-glycosylation 38 41 

Asn-glycosylation 42 45 

Asn-glycosylation 108 111 

Asn-glycosylation 365 368 

Asn-glycosylation 378 381 

Asn-glycosylation 404 407 

Asn-glycosylation 443 446 

Asn-glycosylation 461 464 

Asn-glycosylation 576 579 

Asn-glycosylation 689 692 

cAMP- and cGMP-dependent protein kinase phosphorylation 219 222 

CK2 (Caesin kinase II) phosphorylation 174 177 

CK2 (Caesin kinase II) phosphorylation 238 241 

CK2 (Caesin kinase II) phosphorylation 290 293 

CK2 (Caesin kinase II) phosphorylation 503 506 

CK2 (Caesin kinase II) phosphorylation 664 667 

CK2 (Caesin kinase II) phosphorylation 707 710 

CK2 (Caesin kinase II) phosphorylation 717 720 

CK2 (Caesin kinase II) phosphorylation 846 849 

CK2 (Caesin kinase II) phosphorylation 891 894 

CK2 (Caesin kinase II) phosphorylation 914 917 

Myristoylation 64 69 

Myristoylation 97 102 

Myristoylation 114 119 

Myristoylation 233 238 

Myristoylation 274 279 

Myristoylation 402 407 

Myristoylation 723 728 

Myristoylation 765 770 

Myristoylation 792 797 

Myristoylation 949 954 

Protein kinase C phosphorylation  50 52 

Protein kinase C phosphorylation  225 227 

Protein kinase C phosphorylation  238 240 

Protein kinase C phosphorylation  320 322 

Protein kinase C phosphorylation  416 418 

Protein kinase C phosphorylation  575 577 

Protein kinase C phosphorylation  664 666 

Protein kinase C phosphorylation  701 703 

Protein kinase C phosphorylation  706 708 

Protein kinase C phosphorylation  854 856 

Protein kinase C phosphorylation  906 908 

Protein kinase C phosphorylation  914 916 

Protein kinase C phosphorylation  937 939 

Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T1

G
4

2
5

4
0

.1
 

Asn-glycosylation 76 79 

Asn-glycosylation 336 339 

Asn-glycosylation 341 344 

Asn-glycosylation 415 418 

Asn-glycosylation 434 437 

Asn-glycosylation 549 552 

Asn-glycosylation 662 665 

Asn-glycosylation 712 715 

Asn-glycosylation 909 912 

cAMP- and cGMP-dependent protein kinase phosphorylation 300 303 

cAMP- and cGMP-dependent protein kinase phosphorylation 857 860 

CK2 (Caesin kinase II) phosphorylation 21 24 

CK2 (Caesin kinase II) phosphorylation 58 61 

CK2 (Caesin kinase II) phosphorylation 142 145 

CK2 (Caesin kinase II) phosphorylation 154 157 

CK2 (Caesin kinase II) phosphorylation 260 263 

CK2 (Caesin kinase II) phosphorylation 360 363 

CK2 (Caesin kinase II) phosphorylation 475 478 

CK2 (Caesin kinase II) phosphorylation 611 614 

CK2 (Caesin kinase II) phosphorylation 687 690 

CK2 (Caesin kinase II) phosphorylation 701 704 

CK2 (Caesin kinase II) phosphorylation 887 890 

CK2 (Caesin kinase II) phosphorylation 895 898 

CK2 (Caesin kinase II) phosphorylation 907 910 

Myristoylation 32 37 

Myristoylation 65 70 

Myristoylation 82 87 

Myristoylation 244 249 

Myristoylation 304 309 

Myristoylation 334 339 

Myristoylation 535 540 

Myristoylation 722 727 

Myristoylation 738 743 

Myristoylation 764 769 

Myristoylation 913 918 

Protein kinase C phosphorylation  23 25 

Protein kinase C phosphorylation  187 189 

Protein kinase C phosphorylation  193 195 

Protein kinase C phosphorylation  438 440 

Protein kinase C phosphorylation  475 477 

Protein kinase C phosphorylation  548 550 

Protein kinase C phosphorylation  687 689 

Protein kinase C phosphorylation  821 823 

Protein kinase C phosphorylation  876 878 

Protein kinase C phosphorylation  879 881 

Protein kinase C phosphorylation  899 901 

Protein kinase C phosphorylation  914 916 

Tyrosine kinase phosphorylation 689 697 

  Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T2

G
1

7
2

6
0

.1
 

Asn-glycosylation 335 338 

Asn-glycosylation 367 370 

Asn-glycosylation 385 388 

Asn-glycosylation 445 448 

Asn-glycosylation 463 466 

Asn-glycosylation 514 517 

Asn-glycosylation 764 767 

Asn-glycosylation 838 841 

CK2 (Caesin kinase II) phosphorylation 155 158 

CK2 (Caesin kinase II) phosphorylation 237 240 

CK2 (Caesin kinase II) phosphorylation 292 295 

CK2 (Caesin kinase II) phosphorylation 360 363 

CK2 (Caesin kinase II) phosphorylation 390 393 

CK2 (Caesin kinase II) phosphorylation 505 508 

CK2 (Caesin kinase II) phosphorylation 564 567 

CK2 (Caesin kinase II) phosphorylation 668 671 

CK2 (Caesin kinase II) phosphorylation 732 735 

CK2 (Caesin kinase II) phosphorylation 754 757 

Myristoylation 45 50 

Myristoylation 51 56 

Myristoylation 63 68 

Myristoylation 365 370 

Myristoylation 377 382 

Myristoylation 765 770 

Myristoylation 791 796 

Myristoylation 819 824 

Myristoylation 844 849 

Protein kinase C phosphorylation  54 56 

Protein kinase C phosphorylation  224 226 

Protein kinase C phosphorylation  264 266 

Protein kinase C phosphorylation  310 312 

Protein kinase C phosphorylation  318 320 

Protein kinase C phosphorylation  378 380 

Protein kinase C phosphorylation  483 485 

Protein kinase C phosphorylation  505 507 

Protein kinase C phosphorylation  517 519 

Protein kinase C phosphorylation  579 581 

Protein kinase C phosphorylation  668 670 

Protein kinase C phosphorylation  723 725 

Protein kinase C phosphorylation  746 748 

Protein kinase C phosphorylation  899 901 

Protein kinase C phosphorylation  902 904 

Protein kinase C phosphorylation  922 924 

Protein kinase C phosphorylation  947 949 

Tyrosine kinase phosphorylation 181 189 

Table  continued - 

Table  continued - 
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Protein 
name 

Type of site 
Star

t 
Sto
p 

A
T2

G
2

4
7

1
0

.1
 

Asn-glycosylation 52 55 

Asn-glycosylation 203 206 

Asn-glycosylation 266 269 

Asn-glycosylation 330 333 

Asn-glycosylation 342 345 

Asn-glycosylation 477 480 

Asn-glycosylation 542 545 

Asn-glycosylation 848 851 

Asn-glycosylation 885 888 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 879 882 

CK2 (Caesin kinase II) phosphorylation 29 32 

CK2 (Caesin kinase II) phosphorylation 37 40 

CK2 (Caesin kinase II) phosphorylation 54 57 

CK2 (Caesin kinase II) phosphorylation 76 79 

CK2 (Caesin kinase II) phosphorylation 144 147 

CK2 (Caesin kinase II) phosphorylation 174 177 

CK2 (Caesin kinase II) phosphorylation 205 208 

CK2 (Caesin kinase II) phosphorylation 268 271 

CK2 (Caesin kinase II) phosphorylation 344 347 

CK2 (Caesin kinase II) phosphorylation 384 387 

CK2 (Caesin kinase II) phosphorylation 424 427 

CK2 (Caesin kinase II) phosphorylation 545 548 

CK2 (Caesin kinase II) phosphorylation 681 684 

CK2 (Caesin kinase II) phosphorylation 716 719 

CK2 (Caesin kinase II) phosphorylation 807 810 

CK2 (Caesin kinase II) phosphorylation 813 816 

CK2 (Caesin kinase II) phosphorylation 860 863 

Myristoylation 23 28 

Myristoylation 82 87 

Myristoylation 731 736 

Myristoylation 748 753 

Protein kinase C phosphorylation  3 5 

Protein kinase C phosphorylation  134 136 

Protein kinase C phosphorylation  339 341 

Protein kinase C phosphorylation  424 426 

Protein kinase C phosphorylation  580 582 

Protein kinase C phosphorylation  669 671 

Protein kinase C phosphorylation  753 755 

Protein kinase C phosphorylation  790 792 

Protein kinase C phosphorylation  822 824 

Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T2

G
2

4
7

2
0

.1
 

Asn-glycosylation 53 56 

Asn-glycosylation 204 207 

Asn-glycosylation 267 270 

Asn-glycosylation 331 334 

Asn-glycosylation 342 345 

Asn-glycosylation 477 480 

Asn-glycosylation 542 545 

Asn-glycosylation 702 705 

Asn-glycosylation 896 899 

Asn-glycosylation 913 916 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 868 871 

CK2 (Caesin kinase II) phosphorylation 43 46 

CK2 (Caesin kinase II) phosphorylation 55 58 

CK2 (Caesin kinase II) phosphorylation 77 80 

CK2 (Caesin kinase II) phosphorylation 145 148 

CK2 (Caesin kinase II) phosphorylation 175 178 

CK2 (Caesin kinase II) phosphorylation 187 190 

CK2 (Caesin kinase II) phosphorylation 206 209 

CK2 (Caesin kinase II) phosphorylation 265 268 

CK2 (Caesin kinase II) phosphorylation 269 272 

CK2 (Caesin kinase II) phosphorylation 335 338 

CK2 (Caesin kinase II) phosphorylation 344 347 

CK2 (Caesin kinase II) phosphorylation 384 387 

CK2 (Caesin kinase II) phosphorylation 424 427 

CK2 (Caesin kinase II) phosphorylation 545 548 

CK2 (Caesin kinase II) phosphorylation 716 719 

CK2 (Caesin kinase II) phosphorylation 807 810 

CK2 (Caesin kinase II) phosphorylation 813 816 

CK2 (Caesin kinase II) phosphorylation 915 918 

Myristoylation 24 29 

Myristoylation 83 88 

Myristoylation 258 263 

Myristoylation 348 353 

Myristoylation 420 425 

Myristoylation 528 533 

Myristoylation 731 736 

Myristoylation 748 753 

Protein kinase C phosphorylation  21 23 

Protein kinase C phosphorylation  61 63 

Protein kinase C phosphorylation  135 137 

Protein kinase C phosphorylation  292 294 

Protein kinase C phosphorylation  339 341 

Protein kinase C phosphorylation  753 755 

Protein kinase C phosphorylation  790 792 

Protein kinase C phosphorylation  891 893 

Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T2

G
2

9
1

0
0

.1
 

Asn-glycosylation 4 7 

Asn-glycosylation 25 28 

Asn-glycosylation 39 42 

Asn-glycosylation 115 118 

Asn-glycosylation 338 341 

Asn-glycosylation 345 348 

Asn-glycosylation 528 531 

Asn-glycosylation 771 774 

Asn-glycosylation 776 779 

Asn-glycosylation 805 808 

Asn-glycosylation 875 878 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 908 911 

CK2 (Caesin kinase II) phosphorylation 75 78 

CK2 (Caesin kinase II) phosphorylation 143 146 

CK2 (Caesin kinase II) phosphorylation 303 306 

CK2 (Caesin kinase II) phosphorylation 406 409 

CK2 (Caesin kinase II) phosphorylation 702 705 

CK2 (Caesin kinase II) phosphorylation 838 841 

CK2 (Caesin kinase II) phosphorylation 913 916 

CK2 (Caesin kinase II) phosphorylation 932 935 

Myristoylation 19 24 

Myristoylation 339 344 

Myristoylation 410 415 

Myristoylation 717 722 

Myristoylation 817 822 

Protein kinase C phosphorylation  49 51 

Protein kinase C phosphorylation  133 135 

Protein kinase C phosphorylation  303 305 

Protein kinase C phosphorylation  386 388 

Protein kinase C phosphorylation  406 408 

Protein kinase C phosphorylation  417 419 

Protein kinase C phosphorylation  467 469 

Protein kinase C phosphorylation  702 704 

Protein kinase C phosphorylation  745 747 

Protein kinase C phosphorylation  801 803 

Protein kinase C phosphorylation  867 869 

Protein kinase C phosphorylation  881 883 

Tyrosine kinase phosphorylation 670 677 
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Asn-glycosylation 7 10 

Asn-glycosylation 42 45 

Asn-glycosylation 118 121 

Asn-glycosylation 333 336 

Asn-glycosylation 341 344 

Asn-glycosylation 348 351 

Asn-glycosylation 420 423 

Asn-glycosylation 478 481 

Asn-glycosylation 524 527 

Asn-glycosylation 659 662 

Asn-glycosylation 704 707 

Asn-glycosylation 723 726 

Asn-glycosylation 779 782 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 857 860 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 916 919 

CK2 (Caesin kinase II) phosphorylation 78 81 

CK2 (Caesin kinase II) phosphorylation 146 149 

CK2 (Caesin kinase II) phosphorylation 363 366 

CK2 (Caesin kinase II) phosphorylation 510 513 

CK2 (Caesin kinase II) phosphorylation 713 716 

CK2 (Caesin kinase II) phosphorylation 781 784 

CK2 (Caesin kinase II) phosphorylation 846 849 

CK2 (Caesin kinase II) phosphorylation 921 924 

CK2 (Caesin kinase II) phosphorylation 939 942 

Myristoylation 24 29 

Myristoylation 344 349 

Myristoylation 525 530 

Myristoylation 724 729 

Protein kinase C phosphorylation  78 80 

Protein kinase C phosphorylation  136 138 

Protein kinase C phosphorylation  389 391 

Protein kinase C phosphorylation  419 421 

Protein kinase C phosphorylation  481 483 

Protein kinase C phosphorylation  753 755 

Protein kinase C phosphorylation  809 811 

Protein kinase C phosphorylation  813 815 

Protein kinase C phosphorylation  875 877 

Tyrosine kinase phosphorylation 144 151 

Tyrosine kinase phosphorylation 681 688 
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Asn-glycosylation 10 13 

Asn-glycosylation 34 37 

Asn-glycosylation 60 63 

Asn-glycosylation 355 358 

Asn-glycosylation 428 431 

Asn-glycosylation 546 549 

Asn-glycosylation 664 667 

Asn-glycosylation 728 731 

Asn-glycosylation 748 751 

Asn-glycosylation 784 787 

Asn-glycosylation 809 812 

Asn-glycosylation 888 891 

cAMP- and cGMP-dependent protein kinase phosphorylation 921 924 

CK2 (Caesin kinase II) phosphorylation 62 65 

CK2 (Caesin kinase II) phosphorylation 84 87 

CK2 (Caesin kinase II) phosphorylation 152 155 

CK2 (Caesin kinase II) phosphorylation 277 280 

CK2 (Caesin kinase II) phosphorylation 397 400 

CK2 (Caesin kinase II) phosphorylation 517 520 

CK2 (Caesin kinase II) phosphorylation 718 721 

CK2 (Caesin kinase II) phosphorylation 734 737 

CK2 (Caesin kinase II) phosphorylation 753 756 

CK2 (Caesin kinase II) phosphorylation 786 789 

CK2 (Caesin kinase II) phosphorylation 851 854 

CK2 (Caesin kinase II) phosphorylation 927 930 

CK2 (Caesin kinase II) phosphorylation 934 937 

Myristoylation 32 37 

Myristoylation 353 358 

Myristoylation 392 397 

Myristoylation 420 425 

Myristoylation 532 537 

Myristoylation 729 734 

Protein kinase C phosphorylation  74 76 

Protein kinase C phosphorylation  295 297 

Protein kinase C phosphorylation  343 345 

Protein kinase C phosphorylation  670 672 

Protein kinase C phosphorylation  749 751 

Protein kinase C phosphorylation  758 760 

Protein kinase C phosphorylation  859 861 
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Asn-glycosylation 165 168 

Asn-glycosylation 313 316 

Asn-glycosylation 339 342 

Asn-glycosylation 378 381 

Asn-glycosylation 396 399 

Asn-glycosylation 511 514 

Asn-glycosylation 624 627 

CK2 (Caesin kinase II) phosphorylation 4 7 

CK2 (Caesin kinase II) phosphorylation 103 106 

CK2 (Caesin kinase II) phosphorylation 167 170 

CK2 (Caesin kinase II) phosphorylation 219 222 

CK2 (Caesin kinase II) phosphorylation 398 401 

CK2 (Caesin kinase II) phosphorylation 599 602 

CK2 (Caesin kinase II) phosphorylation 642 645 

CK2 (Caesin kinase II) phosphorylation 781 784 

CK2 (Caesin kinase II) phosphorylation 849 852 

CK2 (Caesin kinase II) phosphorylation 881 884 

Myristoylation 162 167 

Myristoylation 203 208 

Myristoylation 298 303 

Myristoylation 316 321 

Myristoylation 658 663 

Myristoylation 699 704 

Myristoylation 727 732 

Myristoylation 838 843 

Myristoylation 879 884 

Protein kinase C phosphorylation  35 37 

Protein kinase C phosphorylation  154 156 

Protein kinase C phosphorylation  266 268 

Protein kinase C phosphorylation  308 310 

Protein kinase C phosphorylation  351 353 

Protein kinase C phosphorylation  398 400 

Protein kinase C phosphorylation  438 440 

Protein kinase C phosphorylation  510 512 

Protein kinase C phosphorylation  599 601 

Protein kinase C phosphorylation  641 643 

Protein kinase C phosphorylation  839 841 

Protein kinase C phosphorylation  844 846 

Protein kinase C phosphorylation  849 851 

Protein kinase C phosphorylation  872 874 
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Asn-glycosylation 121 124 

Asn-glycosylation 269 272 

Asn-glycosylation 295 298 

Asn-glycosylation 334 337 

Asn-glycosylation 352 355 

Asn-glycosylation 467 470 

Asn-glycosylation 580 583 

CK2 (Caesin kinase II) phosphorylation 59 62 

CK2 (Caesin kinase II) phosphorylation 123 126 

CK2 (Caesin kinase II) phosphorylation 175 178 

CK2 (Caesin kinase II) phosphorylation 354 357 

CK2 (Caesin kinase II) phosphorylation 555 558 

CK2 (Caesin kinase II) phosphorylation 598 601 

CK2 (Caesin kinase II) phosphorylation 737 740 

CK2 (Caesin kinase II) phosphorylation 805 808 

CK2 (Caesin kinase II) phosphorylation 837 840 

Myristoylation 118 123 

Myristoylation 159 164 

Myristoylation 254 259 

Myristoylation 272 277 

Myristoylation 614 619 

Myristoylation 655 660 

Myristoylation 683 688 

Myristoylation 794 799 

Myristoylation 835 840 

Protein kinase C phosphorylation  110 112 

Protein kinase C phosphorylation  222 224 

Protein kinase C phosphorylation  264 266 

Protein kinase C phosphorylation  307 309 

Protein kinase C phosphorylation  354 356 

Protein kinase C phosphorylation  394 396 

Protein kinase C phosphorylation  466 468 

Protein kinase C phosphorylation  555 557 

Protein kinase C phosphorylation  597 599 

Protein kinase C phosphorylation  795 797 

Protein kinase C phosphorylation  800 802 

Protein kinase C phosphorylation  805 807 

Protein kinase C phosphorylation  828 830 
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Asn-glycosylation 33 36 

Asn-glycosylation 90 93 

Asn-glycosylation 218 221 

Asn-glycosylation 366 369 

Asn-glycosylation 392 395 

Asn-glycosylation 431 434 

Asn-glycosylation 449 452 

Asn-glycosylation 564 567 

CK2 (Caesin kinase II) phosphorylation 156 159 

CK2 (Caesin kinase II) phosphorylation 220 223 

CK2 (Caesin kinase II) phosphorylation 272 275 

CK2 (Caesin kinase II) phosphorylation 451 454 

CK2 (Caesin kinase II) phosphorylation 645 648 

CK2 (Caesin kinase II) phosphorylation 784 787 

CK2 (Caesin kinase II) phosphorylation 852 855 

CK2 (Caesin kinase II) phosphorylation 884 887 

Myristoylation 46 51 

Myristoylation 79 84 

Myristoylation 96 101 

Myristoylation 215 220 

Myristoylation 256 261 

Myristoylation 351 356 

Myristoylation 369 374 

Myristoylation 661 666 

Myristoylation 702 707 

Myristoylation 730 735 

Myristoylation 841 846 

Myristoylation 882 887 

Protein kinase C phosphorylation  207 209 

Protein kinase C phosphorylation  319 321 

Protein kinase C phosphorylation  361 363 

Protein kinase C phosphorylation  404 406 

Protein kinase C phosphorylation  451 453 

Protein kinase C phosphorylation  491 493 

Protein kinase C phosphorylation  563 565 

Protein kinase C phosphorylation  644 646 

Protein kinase C phosphorylation  842 844 

Protein kinase C phosphorylation  847 849 

Protein kinase C phosphorylation  852 854 

Protein kinase C phosphorylation  875 877 
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Asn-glycosylation 214 217 

Asn-glycosylation 300 303 

Asn-glycosylation 330 333 

Asn-glycosylation 369 372 

Asn-glycosylation 396 399 

Asn-glycosylation 478 481 

Asn-glycosylation 568 571 

Asn-glycosylation 660 663 

cAMP- and cGMP-dependent protein kinase phosphorylation 189 192 

cAMP- and cGMP-dependent protein kinase phosphorylation 424 427 

cAMP- and cGMP-dependent protein kinase phosphorylation 465 468 

cAMP- and cGMP-dependent protein kinase phosphorylation 770 773 

CK2 (Caesin kinase II) phosphorylation 110 113 

CK2 (Caesin kinase II) phosphorylation 144 147 

CK2 (Caesin kinase II) phosphorylation 171 174 

CK2 (Caesin kinase II) phosphorylation 181 184 

CK2 (Caesin kinase II) phosphorylation 264 267 

CK2 (Caesin kinase II) phosphorylation 334 337 

CK2 (Caesin kinase II) phosphorylation 468 471 

CK2 (Caesin kinase II) phosphorylation 675 678 

CK2 (Caesin kinase II) phosphorylation 715 718 

Myristoylation 4 9 

Myristoylation 34 39 

Myristoylation 84 89 

Myristoylation 328 333 

Myristoylation 380 385 

Myristoylation 510 515 

Myristoylation 528 533 

Myristoylation 704 709 

Myristoylation 731 736 

Protein kinase C phosphorylation  195 197 

Protein kinase C phosphorylation  266 268 

Protein kinase C phosphorylation  270 272 

Protein kinase C phosphorylation  287 289 

Protein kinase C phosphorylation  294 296 

Protein kinase C phosphorylation  299 301 

Protein kinase C phosphorylation  336 338 

Protein kinase C phosphorylation  381 383 

Protein kinase C phosphorylation  422 424 

Protein kinase C phosphorylation  480 482 

Protein kinase C phosphorylation  578 580 

Protein kinase C phosphorylation  679 681 

Protein kinase C phosphorylation  789 791 

Protein kinase C phosphorylation  822 824 

Protein kinase C phosphorylation  871 873 
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Asn-glycosylation 288 291 

Asn-glycosylation 339 342 

Asn-glycosylation 504 507 

Asn-glycosylation 622 625 

cAMP- and cGMP-dependent protein kinase phosphorylation 526 529 

cAMP- and cGMP-dependent protein kinase phosphorylation 763 766 

CK2 (Caesin kinase II) phosphorylation 22 25 

CK2 (Caesin kinase II) phosphorylation 75 78 

CK2 (Caesin kinase II) phosphorylation 103 106 

CK2 (Caesin kinase II) phosphorylation 112 115 

CK2 (Caesin kinase II) phosphorylation 145 148 

CK2 (Caesin kinase II) phosphorylation 202 205 

CK2 (Caesin kinase II) phosphorylation 301 304 

CK2 (Caesin kinase II) phosphorylation 487 490 

CK2 (Caesin kinase II) phosphorylation 534 537 

CK2 (Caesin kinase II) phosphorylation 747 750 

CK2 (Caesin kinase II) phosphorylation 754 757 

CK2 (Caesin kinase II) phosphorylation 766 769 

CK2 (Caesin kinase II) phosphorylation 792 795 

Myristoylation 59 64 

Myristoylation 189 194 

Myristoylation 386 391 

Myristoylation 476 481 

Myristoylation 574 579 

Myristoylation 641 646 

Myristoylation 652 657 

Myristoylation 684 689 

Protein kinase C phosphorylation  114 116 

Protein kinase C phosphorylation  131 133 

Protein kinase C phosphorylation  160 162 

Protein kinase C phosphorylation  254 256 

Protein kinase C phosphorylation  290 292 

Protein kinase C phosphorylation  331 333 

Protein kinase C phosphorylation  347 349 

Protein kinase C phosphorylation  394 396 

Protein kinase C phosphorylation  405 407 

Protein kinase C phosphorylation  438 440 

Protein kinase C phosphorylation  487 489 

Protein kinase C phosphorylation  503 505 

Protein kinase C phosphorylation  524 526 

Protein kinase C phosphorylation  600 602 

Protein kinase C phosphorylation  625 627 

Protein kinase C phosphorylation  648 650 

Protein kinase C phosphorylation  693 695 

Protein kinase C phosphorylation  762 764 

Protein kinase C phosphorylation  766 768 

Tyrosine kinase phosphorylation 475 483 
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Asn-glycosylation 306 309 

Asn-glycosylation 534 537 

Asn-glycosylation 627 630 

Asn-glycosylation 646 649 

Asn-glycosylation 707 710 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 411 414 

CK2 (Caesin kinase II) phosphorylation 91 94 

CK2 (Caesin kinase II) phosphorylation 119 122 

CK2 (Caesin kinase II) phosphorylation 162 165 

CK2 (Caesin kinase II) phosphorylation 174 177 

CK2 (Caesin kinase II) phosphorylation 218 221 

CK2 (Caesin kinase II) phosphorylation 351 354 

CK2 (Caesin kinase II) phosphorylation 436 439 

CK2 (Caesin kinase II) phosphorylation 517 520 

CK2 (Caesin kinase II) phosphorylation 530 533 

CK2 (Caesin kinase II) phosphorylation 554 557 

CK2 (Caesin kinase II) phosphorylation 697 700 

CK2 (Caesin kinase II) phosphorylation 786 789 

Myristoylation 55 60 

Myristoylation 398 403 

Myristoylation 471 476 

Myristoylation 606 611 

Myristoylation 662 667 

Myristoylation 694 699 

Myristoylation 807 812 

Protein kinase C phosphorylation  244 246 

Protein kinase C phosphorylation  270 272 

Protein kinase C phosphorylation  308 310 

Protein kinase C phosphorylation  314 316 

Protein kinase C phosphorylation  362 364 

Protein kinase C phosphorylation  381 383 

Protein kinase C phosphorylation  407 409 

Protein kinase C phosphorylation  415 417 

Protein kinase C phosphorylation  428 430 

Protein kinase C phosphorylation  436 438 

Protein kinase C phosphorylation  517 519 

Protein kinase C phosphorylation  554 556 

Protein kinase C phosphorylation  767 769 

Protein kinase C phosphorylation  798 800 

Protein kinase C phosphorylation  838 840 

Tyrosine kinase phosphorylation 506 513 
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Asn-glycosylation 65 68 

Asn-glycosylation 207 210 

Asn-glycosylation 300 303 

Asn-glycosylation 333 336 

Asn-glycosylation 411 414 

Asn-glycosylation 425 428 

Asn-glycosylation 652 655 

Asn-glycosylation 897 900 

cAMP- and cGMP-dependent protein kinase phosphorylation 858 861 

CK2 (Caesin kinase II) phosphorylation 83 86 

CK2 (Caesin kinase II) phosphorylation 125 128 

CK2 (Caesin kinase II) phosphorylation 143 146 

CK2 (Caesin kinase II) phosphorylation 259 262 

CK2 (Caesin kinase II) phosphorylation 514 517 

CK2 (Caesin kinase II) phosphorylation 627 630 

CK2 (Caesin kinase II) phosphorylation 680 683 

CK2 (Caesin kinase II) phosphorylation 713 716 

CK2 (Caesin kinase II) phosphorylation 885 888 

Myristoylation 33 38 

Myristoylation 243 248 

Myristoylation 331 336 

Myristoylation 400 405 

Myristoylation 478 483 

Myristoylation 525 530 

Myristoylation 728 733 

Myristoylation 754 759 

Myristoylation 898 903 

Protein kinase C phosphorylation  24 26 

Protein kinase C phosphorylation  68 70 

Protein kinase C phosphorylation  106 108 

Protein kinase C phosphorylation  187 189 

Protein kinase C phosphorylation  194 196 

Protein kinase C phosphorylation  280 282 

Protein kinase C phosphorylation  377 379 

Protein kinase C phosphorylation  384 386 

Protein kinase C phosphorylation  442 444 

Protein kinase C phosphorylation  473 475 

Protein kinase C phosphorylation  538 540 

Protein kinase C phosphorylation  627 629 

Protein kinase C phosphorylation  745 747 

Protein kinase C phosphorylation  856 858 

Protein kinase C phosphorylation  864 866 

Protein kinase C phosphorylation  885 887 

Protein kinase C phosphorylation  899 901 
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Asn-glycosylation 49 52 

Asn-glycosylation 69 72 

Asn-glycosylation 76 79 

Asn-glycosylation 227 230 

Asn-glycosylation 290 293 

Asn-glycosylation 354 357 

Asn-glycosylation 364 367 

Asn-glycosylation 536 539 

Asn-glycosylation 543 546 

cAMP- and cGMP-dependent protein kinase phosphorylation 811 814 

CK2 (Caesin kinase II) phosphorylation 78 81 

CK2 (Caesin kinase II) phosphorylation 85 88 

CK2 (Caesin kinase II) phosphorylation 100 103 

CK2 (Caesin kinase II) phosphorylation 167 170 

CK2 (Caesin kinase II) phosphorylation 229 232 

CK2 (Caesin kinase II) phosphorylation 292 295 

CK2 (Caesin kinase II) phosphorylation 358 361 

CK2 (Caesin kinase II) phosphorylation 366 369 

CK2 (Caesin kinase II) phosphorylation 372 375 

CK2 (Caesin kinase II) phosphorylation 406 409 

CK2 (Caesin kinase II) phosphorylation 546 549 

CK2 (Caesin kinase II) phosphorylation 702 705 

CK2 (Caesin kinase II) phosphorylation 781 784 

CK2 (Caesin kinase II) phosphorylation 794 797 

CK2 (Caesin kinase II) phosphorylation 868 871 

Myristoylation 41 46 

Myristoylation 47 52 

Myristoylation 64 69 

Myristoylation 106 111 

Myristoylation 202 207 

Myristoylation 401 406 

Myristoylation 418 423 

Myristoylation 439 444 

Myristoylation 458 463 

Myristoylation 479 484 

Myristoylation 586 591 

Myristoylation 673 678 

Myristoylation 718 723 

Protein kinase C phosphorylation  2 4 

Protein kinase C phosphorylation  84 86 

Protein kinase C phosphorylation  158 160 

Protein kinase C phosphorylation  315 317 

Protein kinase C phosphorylation  440 442 

Protein kinase C phosphorylation  446 448 

Protein kinase C phosphorylation  522 524 

Protein kinase C phosphorylation  641 643 

Protein kinase C phosphorylation  665 667 

Protein kinase C phosphorylation  777 779 

Protein kinase C phosphorylation  809 811 
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Asn-glycosylation 306 309 

Asn-glycosylation 338 341 

Asn-glycosylation 378 381 

Asn-glycosylation 417 420 

Asn-glycosylation 435 438 

Asn-glycosylation 445 448 

Asn-glycosylation 532 535 

Asn-glycosylation 734 737 

Asn-glycosylation 808 811 

Asn-glycosylation 813 816 

cAMP- and cGMP-dependent protein kinase phosphorylation 431 434 

CK2 (Caesin kinase II) phosphorylation 72 75 

CK2 (Caesin kinase II) phosphorylation 125 128 

CK2 (Caesin kinase II) phosphorylation 207 210 

CK2 (Caesin kinase II) phosphorylation 262 265 

CK2 (Caesin kinase II) phosphorylation 362 365 

CK2 (Caesin kinase II) phosphorylation 477 480 

CK2 (Caesin kinase II) phosphorylation 483 486 

CK2 (Caesin kinase II) phosphorylation 638 641 

CK2 (Caesin kinase II) phosphorylation 702 705 

CK2 (Caesin kinase II) phosphorylation 724 727 

CK2 (Caesin kinase II) phosphorylation 815 818 

Myristoylation 33 38 

Myristoylation 39 44 

Myristoylation 353 358 

Myristoylation 536 541 

Myristoylation 735 740 

Myristoylation 761 766 

Myristoylation 789 794 

Protein kinase C phosphorylation  194 196 

Protein kinase C phosphorylation  207 209 

Protein kinase C phosphorylation  234 236 

Protein kinase C phosphorylation  277 279 

Protein kinase C phosphorylation  283 285 

Protein kinase C phosphorylation  291 293 

Protein kinase C phosphorylation  349 351 

Protein kinase C phosphorylation  434 436 

Protein kinase C phosphorylation  455 457 

Protein kinase C phosphorylation  477 479 

Protein kinase C phosphorylation  488 490 

Protein kinase C phosphorylation  549 551 

Protein kinase C phosphorylation  638 640 

Protein kinase C phosphorylation  693 695 

Protein kinase C phosphorylation  724 726 

Protein kinase C phosphorylation  872 874 

Protein kinase C phosphorylation  892 894 

Protein kinase C phosphorylation  905 907 

Tyrosine kinase phosphorylation 151 159 
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Asn-glycosylation 306 309 

Asn-glycosylation 338 341 

Asn-glycosylation 378 381 

Asn-glycosylation 417 420 

Asn-glycosylation 435 438 

Asn-glycosylation 445 448 

Asn-glycosylation 532 535 

Asn-glycosylation 734 737 

Asn-glycosylation 808 811 

Asn-glycosylation 813 816 

cAMP- and cGMP-dependent protein kinase phosphorylation 431 434 

CK2 (Caesin kinase II) phosphorylation 72 75 

CK2 (Caesin kinase II) phosphorylation 125 128 

CK2 (Caesin kinase II) phosphorylation 207 210 

CK2 (Caesin kinase II) phosphorylation 262 265 

CK2 (Caesin kinase II) phosphorylation 362 365 

CK2 (Caesin kinase II) phosphorylation 477 480 

CK2 (Caesin kinase II) phosphorylation 483 486 

CK2 (Caesin kinase II) phosphorylation 638 641 

CK2 (Caesin kinase II) phosphorylation 702 705 

CK2 (Caesin kinase II) phosphorylation 724 727 

CK2 (Caesin kinase II) phosphorylation 815 818 

Myristoylation 33 38 

Myristoylation 39 44 

Myristoylation 353 358 

Myristoylation 536 541 

Myristoylation 735 740 

Myristoylation 761 766 

Myristoylation 789 794 

Protein kinase C phosphorylation  194 196 

Protein kinase C phosphorylation  207 209 

Protein kinase C phosphorylation  234 236 

Protein kinase C phosphorylation  277 279 

Protein kinase C phosphorylation  283 285 

Protein kinase C phosphorylation  291 293 

Protein kinase C phosphorylation  349 351 

Protein kinase C phosphorylation  434 436 

Protein kinase C phosphorylation  455 457 

Protein kinase C phosphorylation  477 479 

Protein kinase C phosphorylation  488 490 

Protein kinase C phosphorylation  549 551 

Protein kinase C phosphorylation  638 640 

Protein kinase C phosphorylation  693 695 

Protein kinase C phosphorylation  724 726 

Protein kinase C phosphorylation  872 874 

Protein kinase C phosphorylation  892 894 

Protein kinase C phosphorylation  905 907 

Tyrosine kinase phosphorylation 151 159 
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Asn-glycosylation 45 48 

Asn-glycosylation 57 60 

Asn-glycosylation 121 124 

Asn-glycosylation 336 339 

Asn-glycosylation 345 348 

Asn-glycosylation 424 427 

Asn-glycosylation 550 553 

Asn-glycosylation 734 737 

cAMP- and cGMP-dependent protein kinase phosphorylation 343 346 

cAMP- and cGMP-dependent protein kinase phosphorylation 674 677 

CK2 (Caesin kinase II) phosphorylation 29 32 

CK2 (Caesin kinase II) phosphorylation 59 62 

CK2 (Caesin kinase II) phosphorylation 149 152 

CK2 (Caesin kinase II) phosphorylation 209 212 

CK2 (Caesin kinase II) phosphorylation 273 276 

CK2 (Caesin kinase II) phosphorylation 327 330 

CK2 (Caesin kinase II) phosphorylation 346 349 

CK2 (Caesin kinase II) phosphorylation 351 354 

CK2 (Caesin kinase II) phosphorylation 525 528 

CK2 (Caesin kinase II) phosphorylation 553 556 

CK2 (Caesin kinase II) phosphorylation 616 619 

CK2 (Caesin kinase II) phosphorylation 664 667 

CK2 (Caesin kinase II) phosphorylation 703 706 

CK2 (Caesin kinase II) phosphorylation 736 739 

CK2 (Caesin kinase II) phosphorylation 759 762 

CK2 (Caesin kinase II) phosphorylation 810 813 

Myristoylation 87 92 

Myristoylation 416 421 

Myristoylation 427 432 

Myristoylation 634 639 

Myristoylation 679 684 

Protein kinase C phosphorylation  52 54 

Protein kinase C phosphorylation  81 83 

Protein kinase C phosphorylation  139 141 

Protein kinase C phosphorylation  165 167 

Protein kinase C phosphorylation  342 344 

Protein kinase C phosphorylation  346 348 

Protein kinase C phosphorylation  375 377 

Protein kinase C phosphorylation  394 396 

Protein kinase C phosphorylation  420 422 

Protein kinase C phosphorylation  434 436 

Protein kinase C phosphorylation  623 625 

Protein kinase C phosphorylation  708 710 

Protein kinase C phosphorylation  740 742 

Protein kinase C phosphorylation  888 890 

Protein kinase C phosphorylation  894 896 

Tyrosine kinase phosphorylation 290 296 

Tyrosine kinase phosphorylation 523 531 

 

 

Table  continued - 

Table  continued - 



Computational analysis of the GLR Gene family of Arabidopsis thaliana 

Page-56 
 

Protein 
name 

Type of site Start Stop 

A
T5

G
1

12
1

0
.1

 

Asn-glycosylation 48 51 

Asn-glycosylation 262 265 

Asn-glycosylation 266 269 

Asn-glycosylation 472 475 

Asn-glycosylation 717 720 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 564 567 

CK2 (Caesin kinase II) phosphorylation 9 12 

CK2 (Caesin kinase II) phosphorylation 76 79 

CK2 (Caesin kinase II) phosphorylation 254 257 

CK2 (Caesin kinase II) phosphorylation 267 270 

CK2 (Caesin kinase II) phosphorylation 272 275 

CK2 (Caesin kinase II) phosphorylation 279 282 

CK2 (Caesin kinase II) phosphorylation 401 404 

CK2 (Caesin kinase II) phosphorylation 447 450 

CK2 (Caesin kinase II) phosphorylation 599 602 

CK2 (Caesin kinase II) phosphorylation 647 650 

CK2 (Caesin kinase II) phosphorylation 686 689 

CK2 (Caesin kinase II) phosphorylation 719 722 

CK2 (Caesin kinase II) phosphorylation 742 745 

Myristoylation 6 11 

Myristoylation 110 115 

Myristoylation 285 290 

Myristoylation 342 347 

Myristoylation 617 622 

Myristoylation 662 667 

Protein kinase C phosphorylation  66 68 

Protein kinase C phosphorylation  92 94 

Protein kinase C phosphorylation  267 269 

Protein kinase C phosphorylation  272 274 

Protein kinase C phosphorylation  301 303 

Protein kinase C phosphorylation  320 322 

Protein kinase C phosphorylation  346 348 

Protein kinase C phosphorylation  355 357 

Protein kinase C phosphorylation  606 608 

Protein kinase C phosphorylation  691 693 

Tyrosine kinase phosphorylation 445 453 
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Asn-glycosylation 46 49 

Asn-glycosylation 53 56 

Asn-glycosylation 204 207 

Asn-glycosylation 267 270 

Asn-glycosylation 331 334 

Asn-glycosylation 342 345 

Asn-glycosylation 461 464 

Asn-glycosylation 477 480 

Asn-glycosylation 536 539 

cAMP- and cGMP-dependent protein kinase 
phosphorylation 563 566 

CK2 (Caesin kinase II) phosphorylation 55 58 

CK2 (Caesin kinase II) phosphorylation 62 65 

CK2 (Caesin kinase II) phosphorylation 73 76 

CK2 (Caesin kinase II) phosphorylation 77 80 

CK2 (Caesin kinase II) phosphorylation 93 96 

CK2 (Caesin kinase II) phosphorylation 145 148 

CK2 (Caesin kinase II) phosphorylation 175 178 

CK2 (Caesin kinase II) phosphorylation 206 209 

CK2 (Caesin kinase II) phosphorylation 258 261 

CK2 (Caesin kinase II) phosphorylation 269 272 

CK2 (Caesin kinase II) phosphorylation 384 387 

CK2 (Caesin kinase II) phosphorylation 424 427 

CK2 (Caesin kinase II) phosphorylation 800 803 

CK2 (Caesin kinase II) phosphorylation 806 809 

Myristoylation 41 46 

Myristoylation 348 353 

Myristoylation 407 412 

Myristoylation 457 462 

Myristoylation 510 515 

Myristoylation 720 725 

Myristoylation 741 746 

Myristoylation 885 890 

Protein kinase C phosphorylation  93 95 

Protein kinase C phosphorylation  135 137 

Protein kinase C phosphorylation  298 300 

Protein kinase C phosphorylation  535 537 

Protein kinase C phosphorylation  561 563 

Protein kinase C phosphorylation  783 785 

Protein kinase C phosphorylation  815 817 
 

 

 

Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T5

G
4

84
0

0
.1

 

Asn-glycosylation 301 304 

Asn-glycosylation 400 403 

Asn-glycosylation 496 499 

Asn-glycosylation 619 622 

Asn-glycosylation 676 679 

Asn-glycosylation 688 691 

Asn-glycosylation 699 702 

CK2 (Caesin kinase II) phosphorylation 85 88 

CK2 (Caesin kinase II) phosphorylation 95 98 

CK2 (Caesin kinase II) phosphorylation 113 116 

CK2 (Caesin kinase II) phosphorylation 155 158 

CK2 (Caesin kinase II) phosphorylation 211 214 

CK2 (Caesin kinase II) phosphorylation 216 219 

CK2 (Caesin kinase II) phosphorylation 269 272 

CK2 (Caesin kinase II) phosphorylation 316 319 

CK2 (Caesin kinase II) phosphorylation 339 342 

CK2 (Caesin kinase II) phosphorylation 352 355 

CK2 (Caesin kinase II) phosphorylation 411 414 

CK2 (Caesin kinase II) phosphorylation 433 436 

CK2 (Caesin kinase II) phosphorylation 468 471 

CK2 (Caesin kinase II) phosphorylation 509 512 

CK2 (Caesin kinase II) phosphorylation 689 692 

Myristoylation 49 54 

Myristoylation 317 322 

Myristoylation 364 369 

Myristoylation 401 406 

Myristoylation 497 502 

Myristoylation 543 548 

Myristoylation 666 671 

Myristoylation 686 691 

Protein kinase C phosphorylation  263 265 

Protein kinase C phosphorylation  303 305 

Protein kinase C phosphorylation  378 380 

Protein kinase C phosphorylation  404 406 

Protein kinase C phosphorylation  428 430 

Protein kinase C phosphorylation  433 435 

Protein kinase C phosphorylation  437 439 

Protein kinase C phosphorylation  449 451 

Protein kinase C phosphorylation  509 511 

Protein kinase C phosphorylation  525 527 

Protein kinase C phosphorylation  678 680 
 

 

Table  continued - 

Table  continued - 



Computational analysis of the GLR Gene family of Arabidopsis thaliana 

Page-59 
 

Protein 
name 

Type of site Start Stop 

A
T5

G
4

8
4

0
0

.2
 

Asn-glycosylation 301 304 

Asn-glycosylation 400 403 

Asn-glycosylation 496 499 

Asn-glycosylation 619 622 

Asn-glycosylation 676 679 

Asn-glycosylation 688 691 

Asn-glycosylation 699 702 

Asn-glycosylation 748 751 

CK2 (Caesin kinase II) phosphorylation 85 88 

CK2 (Caesin kinase II) phosphorylation 95 98 

CK2 (Caesin kinase II) phosphorylation 113 116 

CK2 (Caesin kinase II) phosphorylation 155 158 

CK2 (Caesin kinase II) phosphorylation 211 214 

CK2 (Caesin kinase II) phosphorylation 216 219 

CK2 (Caesin kinase II) phosphorylation 269 272 

CK2 (Caesin kinase II) phosphorylation 316 319 

CK2 (Caesin kinase II) phosphorylation 339 342 

CK2 (Caesin kinase II) phosphorylation 352 355 

CK2 (Caesin kinase II) phosphorylation 411 414 

CK2 (Caesin kinase II) phosphorylation 433 436 

CK2 (Caesin kinase II) phosphorylation 468 471 

CK2 (Caesin kinase II) phosphorylation 509 512 

CK2 (Caesin kinase II) phosphorylation 689 692 

CK2 (Caesin kinase II) phosphorylation 777 780 

Myristoylation 49 54 

Myristoylation 317 322 

Myristoylation 364 369 

Myristoylation 401 406 

Myristoylation 497 502 

Myristoylation 543 548 

Myristoylation 666 671 

Myristoylation 686 691 

Myristoylation 798 803 

Protein kinase C phosphorylation  263 265 

Protein kinase C phosphorylation  303 305 

Protein kinase C phosphorylation  378 380 

Protein kinase C phosphorylation  404 406 

Protein kinase C phosphorylation  428 430 

Protein kinase C phosphorylation  433 435 

Protein kinase C phosphorylation  437 439 

Protein kinase C phosphorylation  449 451 

Protein kinase C phosphorylation  509 511 

Protein kinase C phosphorylation  525 527 

Protein kinase C phosphorylation  678 680 

Protein kinase C phosphorylation  759 761 

Protein kinase C phosphorylation  829 831 

 Table  continued - 

Table  continued - 
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Protein 
name 

Type of site Start Stop 

A
T5

G
4

8
4

1
0

.1
 

Asn-glycosylation 302 305 

Asn-glycosylation 346 349 

Asn-glycosylation 398 401 

Asn-glycosylation 493 496 

Asn-glycosylation 523 526 

Asn-glycosylation 616 619 

Asn-glycosylation 696 699 

Asn-glycosylation 745 748 

CK2 (Caesin kinase II) phosphorylation 29 32 

CK2 (Caesin kinase II) phosphorylation 87 90 

CK2 (Caesin kinase II) phosphorylation 97 100 

CK2 (Caesin kinase II) phosphorylation 115 118 

CK2 (Caesin kinase II) phosphorylation 157 160 

CK2 (Caesin kinase II) phosphorylation 213 216 

CK2 (Caesin kinase II) phosphorylation 271 274 

CK2 (Caesin kinase II) phosphorylation 350 353 

CK2 (Caesin kinase II) phosphorylation 431 434 

CK2 (Caesin kinase II) phosphorylation 495 498 

CK2 (Caesin kinase II) phosphorylation 506 509 

CK2 (Caesin kinase II) phosphorylation 526 529 

CK2 (Caesin kinase II) phosphorylation 653 656 

CK2 (Caesin kinase II) phosphorylation 686 689 

CK2 (Caesin kinase II) phosphorylation 774 777 

CK2 (Caesin kinase II) phosphorylation 841 844 

Myristoylation 51 56 

Myristoylation 399 404 

Myristoylation 663 668 

Myristoylation 683 688 

Myristoylation 795 800 

Protein kinase C phosphorylation  28 30 

Protein kinase C phosphorylation  52 54 

Protein kinase C phosphorylation  83 85 

Protein kinase C phosphorylation  265 267 

Protein kinase C phosphorylation  304 306 

Protein kinase C phosphorylation  376 378 

Protein kinase C phosphorylation  388 390 

Protein kinase C phosphorylation  402 404 

Protein kinase C phosphorylation  426 428 

Protein kinase C phosphorylation  435 437 

Protein kinase C phosphorylation  447 449 

Protein kinase C phosphorylation  506 508 

Protein kinase C phosphorylation  522 524 

Protein kinase C phosphorylation  675 677 

Protein kinase C phosphorylation  756 758 

Protein kinase C phosphorylation  824 826 

Table  continued - 
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The number of phosphorylation sites ranged from 20-35 (average ± SE of 26.64 ± 

0.83). These phosphorylation sites mainly include CK2 (Caesin kinase II) 

phosphorylation sites (ranging from 8-18 with an average ± SE of 12.20 ± 0.61) and 

Protein kinase C phosphorylation sites (ranging from 7-19 with an average ± SE of 

12.96 ± 0.69). However, 18 proteins (72%) showed the presence of cAMP- and 

cGMP-dependent protein kinase phosphorylation sites and 10 proteins (40%) showed 

the presence of tyrosine kinase phosphorylation sites. Phosphorylation plays 

important roles in plants in a variety of crucial processes (Cheng et al. 2014) including 

ABA signaling (Kusakina and Dodd 2012) and stress response  (Rampitsch and 

Bykova 2012). High number of phosphorylation sites in AtGLRs indicates their role 

in signal transduction especially in stress. The number of myristoylation sites ranged 

from 4-13 (average ± SE of 7.92 ± 0.47). N-terminal myristoylation has a vital role 

in signal transduction and membrane targeting in plants in responses to 

environmental stress conditions (Podell and Gribskov 2004). Myristoylation 

influence the conformational stability of a protein as well as their interacting 

capability with membranes or the hydrophobic domains of other proteins (Olsen and 

Kaarsholm 2000; Resh, 1999; J. Zheng et al. 1993). Thus, the presence of 

myristoylation sites in AtGLRs indicates their role in interaction with membranes. 

The number of Asn-glycosylation sites ranges from 4-13 (average ± SE of 8.52 ± 

0.42). Asn-glycosylation is a co-translational protein modification reaction that 

influence either the protein folding process or the stability of the native glycoprotein 

conjugate (Imperiali and O’Connor 1999). Hence, presence of several of these sites 

indicates that the stability of these membrane proteins is maintained by glycosylation.  

Domain organization with Pfam showed that the N-terminal end of all these proteins 

is composed of ANF_receptor (extracellular ligand binding domain; PF01094). The 

C-terminal region, on the other hand, consists of two overlapping domains namely 

SBP_bac_3 (bacterial extracellular solute-binding proteins, family 3; PF00497) and 

Lig_chan (transmembrane region of ligand-gated ion channel; PF00060). The 

SBP_bac_3 domain is often associated with ABC-type transporters (Tam and Saier 

1993). ABC transporters are ubiquitous membrane proteins that couple ATP 

hydrolysis to the translocation of various substrates across membranes (Locher et al. 

2002). 
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2.3.2 Chromosomal distribution, duplication, gene structure and phylogeny of 

AtGLR genes 

 

The AtGLR genes are distributed unevenly in the 5 chromosomes of A. thaliana (Figure 2.2).  

 

Figure 2.2 : Graphical representation of physical locations for each AtGLR gene on 

the five chromosomes (numbered Chr1-Chr5) of Arabidopsis thaliana.  

Note: Chromosomal distances are given in Mb. 

 

Chromosome 2 contains maximum number of AtGLR genes (8 genes i.e. 40%) while 

chromosome 1 and 4 contains minimum number (2 i.e. 10% each). Distribution of 

AtGLRs genes on chromosomal loci revealed that 11 of 20 genes are in tandem repeats 

suggesting local duplication of which 7 and 4 genes were located on chromosome 2 

and 5, respectively. Duplicated genes often evolved for partitioning of existing 

functions (subfunctionalization) or for aquiring new functions (neofunctionalization), 

which enhance plants’ adaptability (Airoldi and Davies 2012; Lee and Irish 2011). 

Chromosome 2 contains three groups of tandem repeats while chromosome 5 contains 

two pairs. Three direct tandem repeats were found in chromosome 2 (AT2G29100, 

AT2G29110 and AT2G29120). Using a divergence rate of 6.1 x 10-9 mutations per 

synonymous site per year (Lynch and Conery 2000), the divergence time between the 
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tandemly repeated genes were calculated. All the locally duplicated genes showed 

divergence time ranging from 22.65-51.95 Mya (Table  2.4).  

 

Table 2.4 : -Estimated divergence time of tandemly arranged AtGLR genes in      

Arabidopsis thaliana. 

 

Gene pairs dN dS dN/dS Divergence time 

(Mya) 

AT5G11180 vs 

AT5G11210 

0.1415 0.3820 0.37042 31.31 

AT5G48400 vs 

AT5G48410 0.1326 0.3312 0.40036 

27.15 

AT2G24710 vs 

AT2G24720 0.1518 0.3351 0.453 

27.47 

AT2G29100 vs 

AT2G29110 0.1459 0.2763 0.52805 22.65 

AT2G29100 vs 

AT2G29120 0.2301 0.5361 0.42921 43.94 

AT2G29110 vs 

AT2G29120 0.1944 0.6339 0.30667 51.95 

 

 

However, dS value of the gene pair AT2G32390/AT2G39400 was very large (more 

than 3) which can give erroneous results. Also, the sequence similarity of these two 

genes was only 38%. Thus, we have excluded this pair from our study. Maybe, these 

two genes diverged long ago thus showed such low sequence similarity. It was 

reported that the divergence time between A. thaliana and A. lyrata was around 13 

Mya (Beilstein et al. 2010). Thus, the tandemly arranged AtGLR gene pairs diverged 

before the separation of these two species. Among the orthologous gene pairs of 

AtGLRs with those of other members of the family Brassicaceae, the average dN/dS 

value was not significantly different (Wilcoxon Rank Sum test, P = 0.62) between A. 

thaliana and A. lyrata (average ± SE = 0.26 ± 0.02) as well as between A. thaliana 

and Brassica rapa (average ± SE = 0.27 ± 0.02). This showed that AtGLR genes 
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encountered intense purifying selection. However, the significantly higher (Wilcoxon 

Rank Sum test, P = 4.77 X 10-7) average rate of synonymous substitution between A. 

thaliana and B. rapa (average ± SE = 0.58 ± 0.08) than between A. thaliana and A. 

lyrata (average ± SE = 0.17 ± 0.01) indicated the early divergence of AtGLRs from 

the common ancestors of Arabidopsis and B. rapa. The divergence time (Mya) 

calculated from the synonymous substitution rate indicated B. rapa and Arabidopsis 

diverged around 14.5-20.4 Mya ago (Yang et al. 1999). This suggests that the AtGLR 

genes in tandem repeats duplicated before the divergence of Brassica and Arabidopsis. 

The phylogenetic tree obtained with MrBayes showed that AtGLR genes are primarily 

grouped into two clusters (Figure 2.3). The first cluster was further divided into two 

subclusters. Notably, the tandemly arranged AtGLR genes also grouped except 

AT2G32390 and AT2G32400 (although they belong to the same subcluster).Majority 

(10, 50%) of the AtGLR genes contains 4 introns followed by 5 introns (8, 40%) 

(Figure 2.3).  
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One each of the genes contains 3 and 7 introns. There are three possible locations for 

an intron within a gene: between two consecutive codons (phase 0), between the first 

and second nucleotide of a codon (phase 1) and between the second and third 

nucleotides of a codon (phase 2) (Sharp, 1981). The percentage of phase 0 introns 

ranged from 20-80% with 12 genes with at least 50% phase 0 introns. The percentage 

of phase 1 introns ranged from 20-66.66% with 11 genes with at least 50% phase 1 

introns. Thirteen genes did not show the presence of any phase 2 introns. It was 

previously reported that majority of the new introns in A. thaliana are phase 0 

(Sverdlov et al. 2003). Thus, it is apparent that the phase 0 introns are newer in 

AtGLRs. The first intron of majority (18, 90%) of the AtGLR genes showed phase 1 

intron. Moreover, the 5’-end of all these 18 genes have a similar exon-intron structure 

i.e. a short exon followed by a phase 1 intron and a long exon (Figure 2. 3). This 

indicates that these AtGLR genes have a common origin. The two tandemly arranged 

genes on chromosome 5 namely AT5G48400 and AT5G48410 showed similar 

arrangement of exons and introns. Another two tandemly arranged genes on 

chromosome 2 namely AT2G24710 and AT2G24720 differed only in their first intron 

length and absence of the last intron in AT2G24720. Three tandemly arranged genes 

on chromosome 2 namely AT2G29100, AT2G29110 and AT2G29120 also differed 

mainly in their first intron length. However, two tandemly repeated genes on 

chromosome 5 namely AT5G11180 and AT5G11210 showed many differences in 

their exon/intron arrangements.  

2.3.3 Expression of AtGLR genes 

We have analyzed the expression pattern of twenty AtGLR genes in fifteen plant parts 

and seventeen developmental stages to get a clear picture of their overall expression 

profiles. In general, expression of three genes namely AT2G29100, AT2G24710 and 

AT2G24720 were much lower than the other genes in different plant parts and in 

different developmental stages (Figure 2.4a, Table 2.5). Regarding expression in 

different plant parts, the highest expression was shown by AT1G05200 (in cauline 

leaf) followed by AT3G51480 (in hypocotyls). It has been previously reported that 

AT1G05200 (AtGLR 3.4) plays an important role in the Ca2+-based rapid transmission 

of environmental stress (Meyerhoff et al. 2005). It was also reported that this gene is 

located in plasma membrane and plastids (Teardo et al. 2011). The present study 

showed that this gene is expressed more in dark than control light and high light 
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conditions (Figure 2.4b). Moreover, under different biotic stresses, it showed lower 

expression than control (Figure 2.4c). All these indicate that this gene helps the plant 

to receive environmental signals through leaf and helps to combat that stress by 

reducing its expression. Notably, this gene is also highly expressed in senescence, the 

reason of which is currently not clear. AT3G51480 (GLR 3.6) has been shown to be 

necessary for the production of both slow and fast (action potential like) remote 

depolarization waves in caterpillar induced wound response (Salvador‐Recatalà et al. 

2014). High expression in hypocotyls indicates the role of this gene in protecting the 

seedling from insects. Further laboratory-based research based on this in silico studies 

can open new avenues in the role of glutamate receptors in plant stress response. 

Regarding expression in different developmental stages, four genes (AT1G05200, 

AT2G29110, AT2G29120 and AT5G48410) showed higher expression than others in 

senescence (Figure 2.4a, Table 2.5).  

Except AT1G05200, all the other three genes showed much less expression in other 

developmental stages showing their involvement specifically in senescence. 

Glutamate has been shown to increase just at the onset of senescence and then decrease 

considerably (Diaz et al. 2005; Forde and Lea 2007). The expression profiles indicate 

the roles of these four proteins in regulating the level of glutamate in senescence. 

It was previously reported that redundant duplicated genes are lost from the genome 

due to random mutation and loss of function, except when neo- or sub-

functionalization occur (Blanc and Wolfe 2004; Thomas et al. 2006). Among the 

tandem repeat pairs consisted of AT5G48400 and AT5G48410, AT5G48410 showed 

more expression than AT5G48400 in all the plant parts as well as throughout the plant 

development (Figure 2.4a).  
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Figure 2.4 : Expression pattern of AtGLR genes. (a) Heatmap representation 

of the expression profiles of the 20 AtGLR genes in different plant parts and 

developmental stages. (b) Heatmap representation of the expression profiles of 

the 20 AtGLR genes under different light intensities. (c) Heatmap 

representation of the expression profiles of the 20 AtGLR genes in response to 

infection of different pathogens and insects. In all heatmap representations, the 

dark and light colour shadings represent relatively high or low expression 

levels, respectively. (d) Expression patterns of the 20 AtGLR genes in response 

to Botrytis cinerea infection. *Represents significant difference at p<0.01 level. 

(e) Tissue specificity index (τ) of the 20 AtGLR genes. 
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However, in response to light stimulus or different biotic stresses, they showed similar 

expression patterns. They both showed increased expression under high light intensity 

and less expressed under dark conditions (Figure 2.4b). They also showed 

significantly more expression in response to Botrytis cinerea infection than control 

(Wilcoxon Rank Sum test, P = 0.004 for both AT5G48400 and AT5G48410) (Figure 

2.4d) than control. This finding will also help creating improved crop plants against 

this pathogen. Similar diversification patterns were also observed in another duplicate 

pair AT2G32390 and AT2G32400. Here, expression of AT2G32390 was found to be 

more than AT2G32400 in response to Alternaria brassicicola while the opposite was 

observed in response to Pseudomonas syringae pv. tomato infection (Figure 2.4c). 

These differences among different tandemly repeated AtGLR genes indicate that after 

duplication, some functional diversification took place. However, this phenomenon 

has not been observed in another tandem pair i.e. AT2G24710 and AT2G24720. They 

showed similar expression pattern in different plant parts, developmental phases as 

well as in response to light stimulus and different biotic stresses. 

Six genes (AT2G17260, AT2G29100, AT2G29120, AT3G04110, AT3G07520 and 

AT5G11180) showed increased expression both under high light (Figure 2.4b) and 

dark conditions than control. However, four genes (AT2G29110, AT2G32390, 

AT2G32400 and AT4G31710) showed lower expression levels both in high light and 

dark conditions than control. All these results showed that the relationship of light 

intensity and gene expression of these genes are non-linear. Notably, different genes 

showed varied level of expression under the attack of different pathogens (Figure 

2.4d). For example, both AT5G48400 and AT5G48410 showed higher level of 

expression in response to the infection of Pseudomonas syringae pv. tomato while, in 

response to Pieris rapae infection, three other genes (AT5G27100, AT4G31710 and 

AT2G17260) showed higher expression. However, more researches are needed to 

determine the functions of the AtGLR genes in these different conditions by additional 

laboratory experiments. 

The tissue specificity index (τ) ranged from 0.049 (AT1G42540) to 0.317 

(AT2G29120) (Figure 2.4e). The three tandemly arranged genes namely AT2G29100, 

AT2G29110 and AT2G29120 showed difference in tissue specificity. While 

AT2G29120 showed the highest tissue specificity, AT2G29100 showed the lowest. 

Table 2.4, showed that AT2G29120 and AT2G29110 diverged much earlier than the 
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divergence of AT2G29110 and AT2G29100. These results indicate that among these 

genes, tissue specificity decreased following divergence. Moreover, the expression 

levels of AT2G29100 in different tissues throughout the developmental phases are 

also less than AT2G29110 and AT2G29120 (Figure 2.4a). According to Li et al. 

(2005), the most likely chance for a redundant duplicate is nonfunctionalization. The 

lower expression and tissue specificity of AT2G29100 may indicate gradual 

nonfunctionalization of this gene after duplication. However, further study is needed 

to confirm this. 

GC3 of the transcripts ranged from 0.355 (AT5G11180.1) to 0.437 (AT2G29120.1) 

(Figure 2.5a). According to Straussman et al. (2009), methylation and GC3 are 

correlated. GC3-rich genes provide more targets for de novo methylation which can 

serve as an additional mechanism of transcriptional regulation that ultimately 

increases adaptability to a species under external stresses (Elhaik and Tatarinova 

2012). Our analysis showed that one of the three transcripts (AT2G32390.3) of 

AT2G32390 showed lower GC3 than the other two. This indicates that AT2G32390.3 

may have lower targets for methylation than the other two transcripts. 

In several genomes, some codons are preferred over others by selection as they are, 

probably translated more accurately and efficiently (Bulmer 1991; Duret 2002; 

Hershberg and Petrov 2008; Hershberg and Petrov 2009; Shields and Sharp 1987; 

Shields et al. 1988). Favoured codons should be strongly selected for genes that are 

more highly expressed (Hershberg and Petrov 2009). Thus, highly expressed genes 

show high levels of codon bias (Duret and Mouchiroud 1999; Goetz and Fuglsang 

2005; Ikemura 1985). We have measured the effective number of codons (ENc) to get 

a clear picture of codon usage bias and thus, gene expression. Moreover, some of the 

AtGLR genes have more than one transcript. By using ENc, we have got some clues 

about their expression patterns. ENc values ranged from 48.4 (AT5G48400.1) to 57.3 

(AT2G32390.1) (Figure 2.5 b). 

The gene AT2G32390 has three transcripts of which one transcript (AT2G32390.3) 

showed higher codon bias than the other two. This indicates that AT2G32390.3 shows 

somewhat higher expression than the other two transcripts. AT2G29100.1 (the only 

transcript of the gene AT2G29100) has lower ENc value than the transcripts of 

AT2G29110 and AT2G29120. One notable observation is that AT2G24710 showed 

slightly lower ENc than AT2G24720 although they showed similar expression 

patterns. The reason is not clear yet. Overall, analysis of ENc not only provided us the 
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codon usage bias of all the AtGLR genes, but also some indirect evidence of 

differential expression of the transcripts of the same gene which was not clear from 

the expression analysis. 

 

 

Figure 2.5 : Graphs showing (b) ENc of different transcripts of AtGLR genes. 

 

2.3.4 Gene ontology annotation 

The GO analysis performed with Blast2GO showed the participation of AtGLRs in 

diverse biological processes (Figure 2.6 a). It was found that all these proteins play 

their role in three major processes viz. cellular calcium ion homeostasis, ionotropic 

glutamate receptor signaling pathway and response to light stimulus. Seven of these 

proteins showed involvement in G-protein coupled receptor signaling pathway. G 

protein–coupled receptor mediated ligand signaling is a well-known mechanism of 

signal perception in eukaryotes and in plants, heterotrimeric G protein signaling has 

been implicated in the control of cell division as well as in transduction of a number 

of different phytohormone signals (Pandey and Assmann 2004). Our results, thus, 

showed the importance of some AtGLR genes in this important mode of signal 

transduction. Other than these, some members participate in cellular response to water 

deprivation, phosphate starvation and cold as well as response to wound and nematode 
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attack. This shows that AtGLRs have role in plant defense and stress response. 

Molecular function analysis identified several functions (Figure 2.6 b).  

 

 Figure 2.6 : Gene Ontology (GO) distributions for the AtGLR proteins as 

revealed by the Blast2GO program. The gene ontology is represented by three 

categories, (a) biological processes, (b) molecular functions and (c) cellular 

components. 

 

It was found that all these proteins serve three major molecular functions viz. 

intracellular ligand-gated ion channel activity, extracellular glutamate-gated ion 

channel activity and ionotropic glutamate receptor activity. Other functions include 

sodium channel activity (4, 20%), potassium channel activity (4, 20%), protein 

binding (14, 70%) and calcium channel activity (7, 35%). Existence of plant GLRs 

has been reported to be correlated with increases in [Ca2+]cyt (Demidchik et al. 2004; 

Dennison and Spalding 2000; Dubos et al. 2003; Meyerhoff et al. 2005; Michard et al. 

2011).  It has also been shown that GLRs are involved in the generation of Ca2+ influx 

oscillations in Arabidopsis pollen tubes (Michard et al. 2011). According to Qi et al. 

(2006), sensing of six amino acids (Glutamate, Glycine, alanine, serine, asparagine, 

and cysteine) in the rhizosphere as well as possibly extracellular peptides is coupled 
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with calcium ion signaling through a glutamate receptor-dependent mechanism which 

is homologous to a fundamental component of animal neuronal signaling. Notably, 5 

(40%) of AtGLRs (AT1G05200, AT1G42540, AT2G32390, AT2G32400 and 

AT3G51480) have shown to comprise G-protein coupled GABA (γ-aminobutyric 

acid) receptor activity. Although GABA is an inhibitory neurotransmitter in 

mammalian systems, it has been found to be involved in pollen tube growth (Bouché 

and Fromm 2004). It also inhibits root growth in Allium sativum (Mukherjee 2014). 

All these data suggest a possible interaction between AtGLRs and GABA. Further 

studies are needed to better understand this aspect. AtGLRs are also shown to occupy 

different cellular compartments (Figure 2.6c). Naturally, they were all integral to 

membrane. Notably, one gene (AT2G32400) showed its presence in plasmodesma.       

 

2.3.5 Cis-acting elements in the AtGLR gene promoters and corresponding 

transcription factors 

Investigation of cis-acting elements in the promoter which regulate gene expression 

at  the  transcriptional  level  are  essential for  better  understanding  of  gene  

regulation (Hernandez-Garcia and Finer 2014). The cis-acting regulatory elements 

provide binding site  for  transcription  factors,  which synergistically regulates  

transcription of genes (Manuka et al. 2015). Thus, knowledge of the regulatory cis-

elements in the promoter regions as well as the transcription factors that bind with 

those cis-elements is necessary to understand the spatial and temporal expression 

pattern of AtGLR genes. So, we have investigated the cis-acting elements as well as 

their corresponding transcription factors from AGRIS database. It was found that 

RAV1-A binding site motif was the most frequent motif (6.1 motifs per gene) 

followed by GATA promoter motif [LRE] (5.75 motifs per gene) (Figure 2.7, Table 

2.6). The results obtained with AGRIS also suggested that the transcription factor 

associated with RAV1-A binding site is ABI3/VP1 (Table 2.6). 
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Figure 2.7: Heatmap representation of the number of cis-acting elements in different 

AtGLR  genes. 

 

ABI3/VP1 proteins act as intermediaries in regulating abscisic acid (ABA)‐

responsive genes during seed development (Lazarova et al. 2002). Moreover, Feng et 

al. (2014) showed that Arabidopsis RAV1 transcription factor plays an important role 

in ABA signaling. ABA is well recognized for its role in stomatal closure (Chen et 

al. 2008) and our Blast2GO results show that two genes (AT2G17260 and 

AT4G35290) participate in stomatal closing. These two genes possess RAV1-A 

binding sites in their promoters. This suggests their role in stomatal movement 

through ABA signaling. It is also noteworthy that RAV1 is a cold-responsive 

transcription factor (Fowler and Thomashow 2002). Our Blast2GO results also 

showed cellular response to cold by two AtGLR genes. Thus, the role of RAV1 in 

ABA and cold responsiveness can open a new avenue of research. GATA is a type 

of LRE (Light Responsive Element) (Chattopadhyay et al. 1998). GATA LRE motifs 

have been shown to be associated with light and nitrate-dependent control of 

transcription in plants (Reyes et al. 2004; Terzaghi and Cashmore 1995). Moreover, 
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GATA-box binding TFs are thought to play role in light signaling (Gangappa and 

Chattopadhyay 2013). However, in AT4G31710, no GATA promoter motif has been 

found. In this gene, one Ibox promoter motif has been found which is a conserved 

motif found upstream of light regulated genes (Giuliano et al. 1988). Another gene, 

AT5G27100 also lack GATA promoter motif although contains a Box II promoter 

motif. Box II is a promoter cis-element found in light-regulated genes (Green et al. 

1987). All these indicated that all the AtGLR genes are light responsive. This is also 

supported by Gene Ontology results which showed that all the 20 AtGLR genes are 

responsive to light stimulus (Figure 2.6a). Chen et al. (2008) showed integration of 

light and ABA signaling that help young seedlings to better adapt to environmental 

stresses. Presence of both RAV1-A binding site motifs and GATA promoter motifs 

in majority of the AtGLR genes indicates their light and ABA dependent functioning. 

Based on these results, further laboratory experiments are necessary for better 

clarification of this aspect. 

Several of the AtGLR genes showed the presence of WRKY, MYB and LFY binding 

sites (Figure 2.7). WRKY proteins are associated with defense against pathogens 

(Chen et al. 2002; Dong et al. 2003), responses to the abiotic stresses of wounding 

(Cheong et al. 2002; Hara et al. 2000), drought and heat (Rizhsky et al. 2002) as well 

as cold (Huang and Duman 2002; Pnueli et al. 2002). MYB transcription factors take 

part in development, hormone signal transduction, secondary metabolism, disease 

resistance and abiotic stress tolerance in plants (Allan et al. 2008; Cominelli and 

Tonelli 2009). LFY is a transcription factor with role in floral development (Liu et 

al. 2009; Moyroud et al. 2010). Indeed, our Blast2GO results as well as expression 

profiles showed involvement of AtGLRs in many of the above processes. This is 

further supported by the presence of binding sites for transcription factors related to 

these processes. While role of AtGLRs in floral development is not fully clear at this 

moment, based on our bioinformatic studies which showed the presence of LFY 

binding sites, future studies should emphasize on their role in floral development.   
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Table 2.6 : Details of the cis-acting regulatory sequences and corresponding 

transcription factors of the 20 AtGLR genes (… represents unknown TF). 

 

 

Gene 

name 
Binding Site Name 

 

Binding 

Site 

Genome 

Start 

 

Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

A
T

1
G

0
5

2
0

0
 

AtMYC2 BS in RD22 1504488 1504493 cacatg BHLH 

Bellringer/replumless/pennywise 

BS1 IN AG 1505181 1505188 aaattaaa Homeobox 

W-box promoter motif 1504287 1504292 ttgacc WRKY 

W-box promoter motif 1504057 1504062 ttgact WRKY 

ATHB6 binding site motif 1504677 1504685 caattatta HB 

DPBF1&2 binding site motif 1504832 1504838 acacaag bZIP 

DPBF1&2 binding site motif 1504488 1504494 acacatg bZIP 

MYB4 binding site motif 1504762 1504768 aactacc MYB 

MYB4 binding site motif 1505127 1505133 aacaaac MYB 

RAV1-A binding site motif 1504217 1504221 caaca ABI3VP1 

LFY consensus binding site 

motif 1504025 1504030 ccaatg LFY 

LFY consensus binding site 

motif 1504349 1504354 ccactg LFY 

BoxII promoter motif 1503905 1503910 ggttaa ... 

DRE-like promoter motif 1504327 1504335 taccgacaa ... 

EveningElement promoter motif 1504554 1504562 aaaatatct ... 

GATA promoter motif [LRE] 1503738 1503743 tgataa ... 

GATA promoter motif [LRE] 1504777 1504782 tgatag ... 

GATA promoter motif [LRE] 1504954 1504959 tgataa ... 

GATA promoter motif [LRE] 1504507 1504512 tgataa ... 

GATA promoter motif [LRE] 1503972 1503977 agataa ... 

GATA promoter motif [LRE] 1503949 1503954 agataa ... 

GCC-box promoter motif 1504630 1504635 gccgcc ... 

Ibox promoter motif 1503739 1503744 gataag ... 

Ibox promoter motif 1504955 1504960 gataag ... 

Ibox promoter motif 1503820 1503825 gataag ... 

LTRE promoter motif 1504328 1504334 accgaca ... 

SORLIP2 1504190 1504194 gggcc ... 

SORLIP2 1505290 1505294 gggcc ... 

SORLIP2 1504190 1504194 gggcc ... 

SORLIP2 1503989 1503993 gggcc ... 

SORLIP2 1503893 1503897 gggcc ... 

SORLIP2 1503871 1503875 gggcc ... 

Table  continued - 
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

A
T

1
G

4
2
5
4
0
 

AtMYC2 BS in RD22 15975380 15975385 cacatg BHLH 

AtMYC2 BS in RD22 15975538 15975543 cacatg BHLH 

AtMYC2 BS in RD22 15974061 15974066 cacatg BHLH 

AtMYC2 BS in RD22 15973326 15973331 cacatg BHLH 

Bellringer/replumless/pennywise 

BS1 IN AG 15974489 15974496 aaattaaa 

Homeobo

x 

Bellringer/replumless/pennywise 

BS1 IN AG 15974972 15974979 aaattaaa 

Homeobo

x 

Bellringer/replumless/pennywise 

BS2 IN AG 15975899 15975906 aaattagt 

Homeobo

x 

Bellringer/replumless/pennywise 

BS3 IN AG 15975900 15975907 actaattt 

Homeobo

x 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 15974688 15974693 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 15974321 15974326 actcat bZIP 

W-box promoter motif 15973445 15973450 ttgact WRKY 

W-box promoter motif 15974545 15974550 ttgact WRKY 

W-box promoter motif 15974901 15974906 ttgacc WRKY 

W-box promoter motif 15974931 15974936 ttgacc WRKY 

W-box promoter motif 15974607 15974612 ttgact WRKY 

ARF1 binding site motif 15974783 15974788 tgtctc ARF 

ATHB2 binding site motif 15975341 15975349 taataatta HB 

CCA1 binding site motif 15975556 15975563 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 15974763 15974769 acacttg bZIP 

DPBF1&2 binding site motif 15975379 15975385 acacatg bZIP 

MYB4 binding site motif 15973681 15973687 aacaaac MYB 

MYB4 binding site motif 15974831 15974837 aacaaac MYB 

MYB4 binding site motif 15974590 15974596 aacaaac MYB 

RAV1-A binding site motif 15974119 15974123 caaca ABI3VP1 

RAV1-A binding site motif 15974751 15974755 caaca ABI3VP1 

RAV1-A binding site motif 15974761 15974765 caaca ABI3VP1 

RAV1-A binding site motif 15974852 15974856 caaca ABI3VP1 

RAV1-A binding site motif 15975137 15975141 caaca ABI3VP1 

RAV1-A binding site motif 15975549 15975553 caaca ABI3VP1 

RAV1-A binding site motif 15974928 15974932 caaca ABI3VP1 

RAV1-A binding site motif 15974908 15974912 caaca ABI3VP1 

RAV1-A binding site motif 15974845 15974849 caaca ABI3VP1 

RAV1-A binding site motif 15974593 15974597 caaca ABI3VP1 

RAV1-A binding site motif 15974366 15974370 caaca ABI3VP1 

RAV1-A binding site motif 15974357 15974361 caaca ABI3VP1 

LFY consensus binding site motif 15973012 15973017 ccaatg LFY 

LFY consensus binding site motif 15973417 15973422 ccattg LFY 

LFY consensus binding site motif 15973881 15973886 ccaatg LFY 

LFY consensus binding site motif 15974905 15974910 ccaatg LFY 

Table  continued - 

Table  continued - 

Table  continued - 
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

 

LFY consensus binding site 

motif 15973417 15973422 ccaatg LFY 

ABRE-like binding site motif 15973937 15973944 tacgtgta ... 

ARF binding site motif 15974783 15974788 tgtctc ... 

BoxII promoter motif 15974308 15974313 ggttaa ... 

GATA promoter motif [LRE] 15973931 15973936 tgataa ... 

GATA promoter motif [LRE] 15975919 15975924 tgataa ... 

GATA promoter motif [LRE] 15975397 15975402 agatag ... 

GATA promoter motif [LRE] 15975167 15975172 tgataa ... 

GATA promoter motif [LRE] 15974726 15974731 tgataa ... 

GATA promoter motif [LRE] 15974683 15974688 tgataa ... 

GATA promoter motif [LRE] 15974037 15974042 tgatag ... 

L1-box promoter motif 15974499 15974506 taaatgta ... 

T-box promoter motif 15974870 15974875 actttg ... 

T-box promoter motif 15975631 15975636 actttg ... 

T-box promoter motif 15975854 15975859 actttg ... 

T-box promoter motif 15974738 15974743 actttg ... 

T-box promoter motif 15973256 15973261 actttg ... 

Z-box promoter motif 15973936 15973943 atacgtgt ... 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
T

1
G

4
2

5
4

0
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Gene 

name 
Binding Site Name 

 

Binding 

Site 

Genome 

Start 

 

Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

A
T

2
G

1
7
2
6
0
 

AtMYB2 BS in RD22 7509705 7509711 ctaacca MYB 

AtMYC2 BS in RD22 7510030 7510035 cacatg BHLH 
ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 7510056 7510061 actcat bZIP 
ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 7511413 7511418 actcat bZIP 
ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 7511757 7511762 actcat bZIP 
ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 7510441 7510446 actcat bZIP 

W-box promoter motif 7509117 7509122 ttgact WRKY 

W-box promoter motif 7509838 7509843 ttgact WRKY 

W-box promoter motif 7511192 7511197 ttgact WRKY 

W-box promoter motif 7511742 7511747 ttgacc WRKY 

W-box promoter motif 7511703 7511708 ttgact WRKY 

CArG promoter motif 7509769 7509778 ccatatttgg MADS 

CArG promoter motif 7509768 7509777 ccaaatatgg MADS 

CCA1 binding site motif 7509742 7509749 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 7510248 7510254 acacctg bZIP 

HSEs binding site motif 7509532 7509541 agaaagttct HSF 

HSEs binding site motif 7509531 7509540 agaactttct HSF 

MYB binding site promoter 7509603 7509610 caccaaac MYB 

MYB3 binding site motif 7510796 7510803 taactaac MYB 

MYB4 binding site motif 7509128 7509134 aacaacc MYB 

MYB4 binding site motif 7509604 7509610 accaaac MYB 

MYB4 binding site motif 7509886 7509892 aactaac MYB 

MYB4 binding site motif 7510796 7510802 aactaac MYB 

RAV1-A binding site motif 7509052 7509056 caaca ABI3VP1 

RAV1-A binding site motif 7509127 7509131 caaca ABI3VP1 

RAV1-A binding site motif 7509262 7509266 caaca ABI3VP1 

RAV1-A binding site motif 7509966 7509970 caaca ABI3VP1 

RAV1-A binding site motif 7510678 7510682 caaca ABI3VP1 

RAV1-A binding site motif 7510905 7510909 caaca ABI3VP1 

RAV1-A binding site motif 7509820 7509824 caaca ABI3VP1 

RAV1-A binding site motif 7509789 7509793 caaca ABI3VP1 

RAV1-A binding site motif 7509441 7509445 caaca ABI3VP1 

RAV1-B binding site motif 7510249 7510254 cacctg ABI3VP1 
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Binding 

Site 
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Site 
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Binding 

Site 

Family/TF 

 

LFY consensus binding 

site motif 7511099 7511104 ccaatg LFY 

LFY consensus binding 

site motif 7510530 7510535 ccactg LFY 

BoxII promoter motif 7511299 7511304 ggttaa ... 

BoxII promoter motif 7511541 7511546 ggttaa ... 

GATA promoter motif [LRE] 7509351 7509356 tgataa ... 

GATA promoter motif [LRE] 7510163 7510168 tgatag ... 

GATA promoter motif [LRE] 7510472 7510477 tgataa ... 

GATA promoter motif [LRE] 7510479 7510484 tgataa ... 

GATA promoter motif [LRE] 7511246 7511251 agataa ... 

GATA promoter motif [LRE] 7511270 7511275 tgataa ... 

GATA promoter motif [LRE] 7511307 7511312 tgataa ... 

GATA promoter motif [LRE] 7511568 7511573 agataa ... 

GATA promoter motif [LRE] 7511493 7511498 tgataa ... 

GATA promoter motif [LRE] 7511255 7511260 tgataa ... 

GATA promoter motif [LRE] 7510666 7510671 agatag ... 

GATA promoter motif [LRE] 7509681 7509686 agataa ... 

GATA promoter motif [LRE] 7508902 7508907 agatag ... 

Ibox promoter motif 7509352 7509357 gataag ... 

Ibox promoter motif 7511370 7511375 gataag ... 

L1-box promoter motif 7511500 7511507 taaatgta ... 

L1-box promoter motif 7510918 7510925 taaatgta ... 

T-box promoter motif 7509481 7509486 actttg ... 

T-box promoter motif 7509557 7509562 actttg ... 

T-box promoter motif 7509841 7509846 actttg ... 

T-box promoter motif 7510576 7510581 actttg ... 

SORLREP2 7510870 7510878 ataaaacgt ... 

SORLREP3 7510839 7510847 tgtatatat ... 

SORLIP2 7510176 7510180 gggcc ... 

A
T

2
G

1
7
2
6
0
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A
T

2
G
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4
7
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AtMYC2 BS in RD22 10528496 10528501 cacatg BHLH 

AtMYC2 BS in RD22 10527807 10527812 cacatg BHLH 

Bellringer/replumless/pennywise BS1 

IN AG 

10528057 10528064 aaattaaa Homeobox 

W-box promoter motif 10528320 10528325 ttgact WRKY 

W-box promoter motif 10529243 10529248 ttgact WRKY 

ARF1 binding site motif 10528045 10528050 tgtctc ARF 

ARF1 binding site motif 10528531 10528536 tgtctc ARF 

CCA1 binding site motif 10528902 10528909 aacaatct MYB-

related 

CCA1 binding site motif 10529848 10529855 aaaaatct MYB-

related 

CCA1 binding site motif 10529212 10529219 aaaaatct MYB-

related 

DPBF1&2 binding site motif 10529536 10529542 acacttg bZIP 

DPBF1&2 binding site motif 10528496 10528502 acacatg bZIP 

DPBF1&2 binding site motif 10528079 10528085 acacacg bZIP 

MYB binding site promoter 10527662 10527669 aaccaaac MYB 

MYB3 binding site motif 10528065 10528072 taactaac MYB 

MYB4 binding site motif 10527663 10527669 accaaac MYB 

MYB4 binding site motif 10528066 10528072 aactaac MYB 

MYB4 binding site motif 10528784 10528790 aacaaac MYB 

MYB4 binding site motif 10528472 10528478 aactaac MYB 

MYB4 binding site motif 10527950 10527956 aacaaac MYB 

RAV1-A binding site motif 10528191 10528195 caaca ABI3VP1 

RAV1-A binding site motif 10528390 10528394 caaca ABI3VP1 

RAV1-A binding site motif 10528440 10528444 caaca ABI3VP1 

RAV1-A binding site motif 10528465 10528469 caaca ABI3VP1 

RAV1-A binding site motif 10528783 10528787 caaca ABI3VP1 

RAV1-A binding site motif 10529150 10529154 caaca ABI3VP1 

RAV1-A binding site motif 10528481 10528485 caaca ABI3VP1 

RAV1-A binding site motif 10528140 10528144 caaca ABI3VP1 

RAV1-A binding site motif 10527981 10527985 caaca ABI3VP1 

RAV1-A binding site motif 10527972 10527976 caaca ABI3VP1 

RAV1-A binding site motif 10527953 10527957 caaca ABI3VP1 

ARF binding site motif 10528045 10528050 tgtctc ... 

ARF binding site motif 10528531 10528536 tgtctc ... 

BoxII promoter motif 10528645 10528650 ggttaa ... 

BoxII promoter motif 10528352 10528357 ggttaa ... 

GATA promoter motif [LRE] 10529089 10529094 agatag ... 

GATA promoter motif [LRE] 10529110 10529115 tgataa ... 

GATA promoter motif [LRE] 10529467 10529472 agataa ... 

GATA promoter motif [LRE] 10529826 10529831 tgataa ... 

GATA promoter motif [LRE] 10529819 10529824 tgatag ... 

GATA promoter motif [LRE] 10529766 10529771 agatag ... 
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GATA promoter motif [LRE] 10529711 10529716 agataa ... 

GATA promoter motif [LRE] 10528715 10528720 agataa ... 

GATA promoter motif [LRE] 10528630 10528635 agataa ... 

GATA promoter motif [LRE] 10528559 10528564 tgatag ... 

GATA promoter motif [LRE] 10528324 10528329 agataa ... 

GATA promoter motif [LRE] 10528088 10528093 tgataa ... 

GATA promoter motif [LRE] 10527733 10527738 tgatag ... 

Ibox promoter motif 10529825 10529830 gataag ... 

Ibox promoter motif 10529710 10529715 gataag ... 

Ibox promoter motif 10528804 10528809 gataag ... 

Ibox promoter motif 10528323 10528328 gataag ... 

T-box promoter motif 10529690 10529695 actttg ... 

T-box promoter motif 10529202 10529207 actttg ... 

T-box promoter motif 10529120 10529125 actttg ... 

SORLREP2 10529248 10529256 ataaaacgt ... 

SORLIP1 10529124 10529129 agccac ... 

A
T

2
G

2
4
7
2
0
 

AtMYB2 BS in RD22 10534782 10534788 ctaacca MYB 

AtMYC2 BS in RD22 10533169 10533174 cacatg BHLH 

Bellringer/replumless/pennywise BS1 

IN AG 10534242 10534249 aaattaaa Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 10534569 10534574 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 10535078 10535083 actcat bZIP 

W-box promoter motif 10533970 10533975 ttgact WRKY 

W-box promoter motif 10534000 10534005 ttgact WRKY 

W-box promoter motif 10534298 10534303 ttgact WRKY 

W-box promoter motif 10534502 10534507 ttgacc WRKY 

W-box promoter motif 10534079 10534084 ttgacc WRKY 

CCA1 binding site motif 10534237 10534244 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 10532951 10532957 acactag bZIP 

DPBF1&2 binding site motif 10533168 10533174 acacatg bZIP 

DPBF1&2 binding site motif 10533240 10533246 acacacg bZIP 

DPBF1&2 binding site motif 10535493 10535499 acacaag bZIP 

DPBF1&2 binding site motif 10533020 10533026 acacacg bZIP 

MYB binding site promoter 10533962 10533969 aaccaaac MYB 

MYB4 binding site motif 10533225 10533231 aacaacc MYB 

MYB4 binding site motif 10533397 10533403 aacaaac MYB 

MYB4 binding site motif 10533962 10533968 accaaac MYB 

RAV1-A binding site motif 10532922 10532926 caaca ABI3VP1 

RAV1-A binding site motif 10533433 10533437 caaca ABI3VP1 

RAV1-A binding site motif 10534579 10534583 caaca ABI3VP1 

RAV1-A binding site motif 10534614 10534618 
caaca 

ABI3VP1 
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RAV1-A binding site motif 10535021 10535025 caaca ABI3VP1 

RAV1-A binding site motif 10535421 10535425 caaca ABI3VP1 

RAV1-A binding site motif 10535491 10535495 caaca ABI3VP1 

RAV1-A binding site motif 10535800 10535804 caaca ABI3VP1 

RAV1-A binding site motif 10535759 10535763 caaca ABI3VP1 

RAV1-A binding site motif 10535041 10535045 caaca ABI3VP1 

RAV1-A binding site motif 10534899 10534903 caaca ABI3VP1 

RAV1-A binding site motif 10534854 10534858 caaca ABI3VP1 

RAV1-A binding site motif 10534818 10534822 caaca ABI3VP1 

RAV1-A binding site motif 10534282 10534286 caaca ABI3VP1 

RAV1-A binding site motif 10533997 10534001 caaca ABI3VP1 

LFY consensus binding site 

motif 10533122 10533127 ccaatg LFY 

LFY consensus binding site 

motif 10533133 10533138 ccattg LFY 

LFY consensus binding site 

motif 10535434 10535439 ccactg LFY 

BoxII promoter motif 10533988 10533993 ggttaa ... 

BoxII promoter motif 10534863 10534868 ggttaa ... 

DRE-like promoter motif 10533495 10533503 gaccgacta ... 

GATA promoter motif [LRE] 10533059 10533064 agataa ... 

GATA promoter motif [LRE] 10533695 10533700 tgatag ... 

GATA promoter motif [LRE] 10534056 10534061 agataa ... 

GATA promoter motif [LRE] 10534591 10534596 tgataa ... 

GATA promoter motif [LRE] 10535045 10535050 tgataa ... 

GATA promoter motif [LRE] 10535212 10535217 agatag ... 

GATA promoter motif [LRE] 10535235 10535240 tgataa ... 

GATA promoter motif [LRE] 10535884 10535889 tgataa ... 

GATA promoter motif [LRE] 10535877 10535882 tgatag ... 

GATA promoter motif [LRE] 10535748 10535753 agatag ... 

GATA promoter motif [LRE] 10535011 10535016 agatag ... 

GATA promoter motif [LRE] 10534650 10534655 agataa ... 

GATA promoter motif [LRE] 10533182 10533187 tgatag ... 

GATA promoter motif [LRE] 10533074 10533079 agatag ... 

Ibox promoter motif 10533201 10533206 gataag ... 

T-box promoter motif 10533034 10533039 actttg ... 

T-box promoter motif 10533602 10533607 actttg ... 

T-box promoter motif 10535231 10535236 actttg ... 

T-box promoter motif 10535729 10535734 actttg ... 

T-box promoter motif 10535815 10535820 actttg ... 

T-box promoter motif 10535327 10535332 actttg ... 

T-box promoter motif 10535245 10535250 actttg ... 

T-box promoter motif 10533958 10533963 actttg ... 

TELO-box promoter motif 10533376 10533384 aaaccctaa ... 

SORLIP1 10535249 10535254 agccac ... 

SORLIP1 10533105 10533110 agccac ... 

SORLIP1 10533025 10533030 agccac ... 
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Bellringer/replumless/pennywise 

BS1 IN AG 12512916 12512923 aaattaaa Homeobox 

Bellringer/replumless/pennywise 

BS1 IN AG 12513195 12513202 aaattaaa Homeobox 

Bellringer/replumless/pennywise 

BS1 IN AG 12512961 12512968 aaattaaa Homeobox 

W-box promoter motif 12512775 12512780 ttgacc WRKY 

W-box promoter motif 12513728 12513733 ttgact WRKY 

W-box promoter motif 12513759 12513764 ttgact WRKY 

ARF1 binding site motif 12513794 12513799 tgtctc ARF 

ATHB6 binding site motif 12513349 12513357 caattatta HB 

CCA1 binding site motif 12512921 12512928 aaaaatct 

MYB-

related 

MYB4 binding site motif 12512848 12512854 aacaaac MYB 

RAV1-A binding site motif 12512572 12512576 caaca ABI3VP1 

RAV1-A binding site motif 12512577 12512581 caaca ABI3VP1 

RAV1-A binding site motif 12513763 12513767 caaca ABI3VP1 

RAV1-A binding site motif 12512804 12512808 caaca ABI3VP1 

RAV1-A binding site motif 12512729 12512733 caaca ABI3VP1 

LFY consensus binding site motif 12513877 12513882 ccactg LFY 

ARF binding site motif 12513794 12513799 tgtctc ... 

BoxII promoter motif 12513528 12513533 ggttaa ... 

GATA promoter motif [LRE] 12512020 12512025 agatag ... 

GATA promoter motif [LRE] 12512383 12512388 agataa ... 

GATA promoter motif [LRE] 12513440 12513445 agataa ... 

Ibox promoter motif 12511989 12511994 gataag ... 

Ibox promoter motif 12512026 12512031 gataag ... 

L1-box promoter motif 12512648 12512655 taaatgta ... 

T-box promoter motif 12513833 12513838 actttg ... 

T-box promoter motif 12512986 12512991 actttg ... 

T-box promoter motif 12512082 12512087 actttg ... 

SORLREP3 12513400 12513408 tgtatatat ... 

SORLREP3 12513881 12513889 tgtatatat ... 

A
T

2
G

2
9
1
1
0
 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 12518227 12518232 actcat bZIP 

W-box promoter motif 12518187 12518192 ttgact WRKY 

ARF1 binding site motif 12517779 12517784 tgtctc ARF 

ARF1 binding site motif 12518149 12518154 tgtctc ARF 

ARF1 binding site motif 12518344 12518349 tgtctc ARF 

MYB4 binding site motif 12517737 12517743 aactaac MYB 

MYB4 binding site motif 12517867 12517873 aacaaac MYB 

MYB4 binding site motif 12518082 12518088 aactacc MYB 

RAV1-A binding site motif 12517812 12517816 caaca ABI3VP1 

RAV1-A binding site motif 12518191 12518195 caaca ABI3VP1 

RAV1-A binding site motif 12517727 12517731 caaca ABI3VP1 

ABRE-like binding site motif 12517788 12517795 gacgtgta ... 

ARF binding site motif 12517779 12517784 tgtctc ... 

ARF binding site motif 12518149 12518154 tgtctc ... 

ARF binding site motif 12518344 12518349 tgtctc ... 

GATA promoter motif [LRE] 12517913 12517918 tgataa ... 

GATA promoter motif [LRE] 12518350 12518355 agataa ... 

GATA promoter motif [LRE] 12518210 12518215 tgataa ... 

Ibox promoter motif 12518349 12518354 gataag ... 
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AtMYC2 BS in RD22 12523396 12523401 cacatg BHLH 

AtMYC2 BS in RD22 12524361 12524366 cacatg BHLH 

AtMYC2 BS in RD22 12523405 12523410 cacatg BHLH 

Bellringer/replumless/pennywise 

BS1 IN AG 12523259 12523266 aaattaaa Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 12525079 12525084 actcat bZIP 

W-box promoter motif 12524405 12524410 ttgact WRKY 

ARF1 binding site motif 12524062 12524067 tgtctc ARF 

ARF1 binding site motif 12524807 12524812 tgtctc ARF 

CCA1 binding site motif 12525539 12525546 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 12523178 12523184 acacgag bZIP 

DPBF1&2 binding site motif 12523405 12523411 acacatg bZIP 

HSEs binding site motif 12525110 12525119 agaagcttct HSF 

HSEs binding site motif 12525109 12525118 agaagcttct HSF 

MYB4 binding site motif 12525665 12525671 aacaaac MYB 

MYB4 binding site motif 12524735 12524741 aacaaac MYB 

RAV1-A binding site motif 12523176 12523180 caaca ABI3VP1 

RAV1-A binding site motif 12524155 12524159 caaca ABI3VP1 

RAV1-A binding site motif 12524428 12524432 caaca ABI3VP1 

RAV1-A binding site motif 12525140 12525144 caaca ABI3VP1 

RAV1-A binding site motif 12525886 12525890 caaca ABI3VP1 

RAV1-A binding site motif 12524738 12524742 caaca ABI3VP1 

RAV1-A binding site motif 12524568 12524572 caaca ABI3VP1 

RAV1-A binding site motif 12523725 12523729 caaca ABI3VP1 

RAV1-A binding site motif 12523245 12523249 caaca ABI3VP1 

RAV1-A binding site motif 12523228 12523232 caaca ABI3VP1 

RAV1-A binding site motif 12523083 12523087 caaca ABI3VP1 

LFY consensus binding site motif 12523541 12523546 ccaatg LFY 

LFY consensus binding site motif 12524986 12524991 ccaatg LFY 

LFY consensus binding site motif 12525583 12525588 ccattg LFY 

LFY consensus binding site motif 12524986 12524991 ccattg LFY 

ABRE-like binding site motif 12523153 12523160 tacgtgtc ... 

ARF binding site motif 12524062 12524067 tgtctc ... 

ARF binding site motif 12524807 12524812 tgtctc ... 

DRE-like promoter motif 12523432 12523440 agccgacct ... 

GATA promoter motif [LRE] 12523683 12523688 agatag ... 

GATA promoter motif [LRE] 12524547 12524552 tgataa ... 

GATA promoter motif [LRE] 12525703 12525708 agataa ... 

GATA promoter motif [LRE] 12525243 12525248 agataa ... 

GATA promoter motif [LRE] 12524886 12524891 agatag ... 

GATA promoter motif [LRE] 12524681 12524686 tgataa ... 

Hexamer promoter motif 12524460 12524465 ccgtcg ... 

L1-box promoter motif 12524854 12524861 taaatgca ... 

L1-box promoter motif 12524741 12524748 taaatgca ... 

SBP-box promoter motif 12524258 12524266 ttcgtacaa ... 

T-box promoter motif 12523036 12523041 actttg ... 

T-box promoter motif 12524335 12524340 actttg ... 

T-box promoter motif 12525860 12525865 actttg ... 

T-box promoter motif 12525547 12525552 actttg ... 

T-box promoter motif 12523046 12523051 actttg ... 

Z-box promoter motif 12523152 12523159 atacgtgt ... 

SORLREP3 12525717 12525725 tgtatatat ... 

SORLREP3 12525745 12525753 tgtatatat ... 

SORLIP1 12523687 12523692 agccac ... 

SORLIP2 12525134 12525138 gggcc ... 
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GBF1/2/3 BS in ADH1 13759376 13759383 ccacgtgg ... 

GBF1/2/3 BS in ADH1 13759375 13759382 ccacgtgg ... 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 13761548 13761553 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 13761596 13761601 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 

BS in ProDH 13761256 13761261 actcat bZIP 

W-box promoter motif 13760553 13760558 ttgact WRKY 

W-box promoter motif 13761322 13761327 ttgact WRKY 

W-box promoter motif 13759159 13759164 ttgacc WRKY 

CArG promoter motif 13761473 13761482 ccaaatttgg MADS 

CArG promoter motif 13761472 13761481 ccaaatttgg MADS 

ABFs binding site motif 13759374 13759381 cacgtggc bZIP 

ATHB2 binding site motif 13761564 13761572 taatcatta HB 

CBF2 binding site motif 13759376 13759383 ccacgtgg AP2-EREBP 

CBF2 binding site motif 13759375 13759382 ccacgtgg AP2-EREBP 

CCA1 binding site motif 13761799 13761806 aaaaatct MYB-related 

CCA1 binding site motif 13761923 13761930 aaaaatct MYB-related 

CCA1 binding site motif 13760675 13760682 aacaatct MYB-related 

CCA1 binding site motif 13759415 13759422 aacaatct MYB-related 

HSEs binding site motif 13759125 13759134 agaaacttct HSF 

HSEs binding site motif 13759124 13759133 agaagtttct HSF 

MYB binding site promoter 13759069 13759076 aaccaaac MYB 

MYB binding site promoter 13759170 13759177 aaccaaac MYB 

MYB1 binding site motif 13761511 13761518 atccaacc MYB 

MYB4 binding site motif 13759070 13759076 accaaac MYB 

MYB4 binding site motif 13761201 13761207 aacaacc MYB 

MYB4 binding site motif 13761557 13761563 accaaac MYB 

MYB4 binding site motif 13761433 13761439 accaaac MYB 

MYB4 binding site motif 13761010 13761016 aacaaac MYB 

MYB4 binding site motif 13759170 13759176 accaaac MYB 

RAV1-A binding site motif 13759024 13759028 caaca ABI3VP1 

RAV1-A binding site motif 13759102 13759106 caaca ABI3VP1 

RAV1-A binding site motif 13760301 13760305 caaca ABI3VP1 

RAV1-A binding site motif 13760417 13760421 caaca ABI3VP1 

RAV1-A binding site motif 13760830 13760834 caaca ABI3VP1 

RAV1-A binding site motif 13761348 13761352 caaca ABI3VP1 

RAV1-A binding site motif 13761455 13761459 caaca ABI3VP1 

RAV1-A binding site motif 13761882 13761886 caaca ABI3VP1 
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RAV1-A binding site motif 13760679 13760683 caaca ABI3VP1 

RAV1-A binding site motif 13760610 13760614 caaca ABI3VP1 

RAV1-A binding site motif 13759907 13759911 caaca ABI3VP1 

RAV1-A binding site motif 13759757 13759761 caaca ABI3VP1 

RAV1-A binding site motif 13759419 13759423 caaca ABI3VP1 

LFY consensus binding site motif 13759409 13759414 ccattg LFY 

LFY consensus binding site motif 13760619 13760624 ccattg LFY 

LFY consensus binding site motif 13760811 13760816 ccattg LFY 

LFY consensus binding site motif 13761371 13761376 ccagtg LFY 

LFY consensus binding site motif 13761897 13761902 ccattg LFY 

LFY consensus binding site motif 13761411 13761416 ccaatg LFY 

LFY consensus binding site motif 13760811 13760816 ccaatg LFY 

LFY consensus binding site motif 13759104 13759109 ccactg LFY 

ABRE binding site motif 13759374 13759381 cacgtggc ... 

ABRE-like binding site motif 13759374 13759381 cacgtggc ... 

BoxII promoter motif 13760509 13760514 ggttaa ... 

GATA promoter motif [LRE] 13759702 13759707 tgataa ... 

GATA promoter motif [LRE] 13760049 13760054 tgatag ... 

GATA promoter motif [LRE] 13760446 13760451 tgatag ... 

GATA promoter motif [LRE] 13761427 13761432 tgatag ... 

GATA promoter motif [LRE] 13761725 13761730 agatag ... 

GATA promoter motif [LRE] 13761765 13761770 agataa ... 

GATA promoter motif [LRE] 13760835 13760840 agatag ... 

GATA promoter motif [LRE] 13759211 13759216 tgataa ... 

G-box promoter motif [LRE] 13759377 13759382 cacgtg ... 

G-box promoter motif [LRE] 13759376 13759381 cacgtg ... 

L1-box promoter motif 13760209 13760216 taaatgta ... 

LTRE promoter motif 13759242 13759248 accgaca ... 

T-box promoter motif 13760084 13760089 actttg ... 

SORLIP1 13759374 13759379 agccac ... 

SORLIP1 13759710 13759715 agccac ... 

SORLIP2 13759984 13759988 gggcc ... 

SORLIP2 13760591 13760595 gggcc ... 

SORLIP2 13761656 13761660 gggcc ... 

SORLIP5 13759434 13759440 gagtgag ... 

 

 

Table  continued - 

A
T

2
G

3
2
3
9
0
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

A
T

2
G

3
2

4
0

0
 

AtMYC2 BS in RD22 13764594 13764599 cacatg BHLH 

CArG promoter motif 13764121 13764130 cctaatttgg MADS 

CArG promoter motif 13764120 13764129 ccaaattagg MADS 

ARF1 binding site motif 13764099 13764104 tgtctc ARF 

CCA1 binding site motif 13764444 13764451 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 13764593 13764599 acacatg bZIP 

MYB4 binding site motif 13764706 13764712 aacaaac MYB 

RAV1-A binding site motif 13763928 13763932 caaca ABI3VP1 

LFY consensus binding site motif 13764686 13764691 ccactg LFY 

LFY consensus binding site motif 13763962 13763967 ccactg LFY 

ARF binding site motif 13764099 13764104 tgtctc ... 

GATA promoter motif [LRE] 13764213 13764218 agataa ... 

GATA promoter motif [LRE] 13764407 13764412 tgataa ... 

GATA promoter motif [LRE] 13764742 13764747 agatag ... 

GCC-box promoter motif 13764437 13764442 gccgcc ... 

T-box promoter motif 13764749 13764754 actttg ... 

T-box promoter motif 13764138 13764143 actttg ... 

SORLREP3 13764299 13764307 tgtatatat ... 

SORLIP2 13764651 13764655 gggcc ... 

SORLIP2 13764666 13764670 gggcc ... 

SORLIP2 13764681 13764685 gggcc ... 

SORLIP2 13764681 13764685 gggcc ... 

SORLIP2 13764666 13764670 gggcc ... 

A
T

3
G

0
4

1
1

0
 

AtMYB2 BS in RD22 1076862 1076868 ctaacca MYB 

AtMYC2 BS in RD22 1076724 1076729 cacatg BHLH 

AtMYC2 BS in RD22 1074439 1074444 cacatg BHLH 

Bellringer/replumless/pennywise BS1 

IN AG 1074542 1074549 aaattaaa Homeobox 

Bellringer/replumless/pennywise BS1 

IN AG 1077081 1077088 aaattaaa Homeobox 

Bellringer/replumless/pennywise BS2 

IN AG 1075131 1075138 aaattagt Homeobox 

Bellringer/replumless/pennywise BS3 

IN AG 1075130 1075137 actaattt Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 1076564 1076569 actcat bZIP 

W-box promoter motif 1074579 1074584 ttgact WRKY 

W-box promoter motif 1075061 1075066 ttgact WRKY 

W-box promoter motif 1076408 1076413 ttgacc WRKY 

W-box promoter motif 1076965 1076970 ttgact WRKY 

W-box promoter motif 1077172 1077177 ttgact WRKY 

W-box promoter motif 1077253 1077258 ttgacc WRKY 

W-box promoter motif 1077142 1077147 ttgact WRKY 
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

 

W-box promoter motif 1075135 1075140 ttgact WRKY 

W-box promoter motif 1075104 1075109 ttgact WRKY 

W-box promoter motif 1075005 1075010 ttgacc WRKY 

W-box promoter motif 1074693 1074698 ttgact WRKY 

W-box promoter motif 1074629 1074634 ttgact WRKY 

ARF1 binding site motif 1075175 1075180 tgtctc ARF 

ARF1 binding site motif 1075559 1075564 tgtctc ARF 

ATHB2 binding site motif 1074353 1074361 taataatta HB 

ATHB2 binding site motif 1077280 1077288 taataatta HB 

DPBF1&2 binding site motif 1075021 1075027 acaccag bZIP 

DPBF1&2 binding site motif 1075282 1075288 acactag bZIP 

DPBF1&2 binding site motif 1074439 1074445 acacatg bZIP 

MYB4 binding site motif 1075261 1075267 aacaaac MYB 

MYB4 binding site motif 1076860 1076866 aactaac MYB 

MYB4 binding site motif 1077197 1077203 aactaac MYB 

MYB4 binding site motif 1076156 1076162 aactaac MYB 

RAV1-A binding site motif 1075108 1075112 caaca ABI3VP1 

RAV1-A binding site motif 1077068 1077072 caaca ABI3VP1 

RAV1-A binding site motif 1075693 1075697 caaca ABI3VP1 

LFY consensus binding site 

motif 1077318 1077323 ccattg LFY 

ARF binding site motif 1075175 1075180 tgtctc ... 

ARF binding site motif 1075559 1075564 tgtctc ... 

BoxII promoter motif 1075544 1075549 ggttaa ... 

BoxII promoter motif 1077033 1077038 ggttaa ... 

BoxII promoter motif 1076255 1076260 ggttaa ... 

BoxII promoter motif 1074533 1074538 ggttaa ... 

GATA promoter motif [LRE] 1074784 1074789 tgatag ... 

GATA promoter motif [LRE] 1074797 1074802 agataa ... 

GATA promoter motif [LRE] 1075386 1075391 agatag ... 

GATA promoter motif [LRE] 1075725 1075730 agataa ... 

GATA promoter motif [LRE] 1075809 1075814 tgataa ... 

GATA promoter motif [LRE] 1076283 1076288 agataa ... 

GATA promoter motif [LRE] 1076930 1076935 tgatag ... 

GATA promoter motif [LRE] 1076712 1076717 agataa ... 

GATA promoter motif [LRE] 1076037 1076042 agataa ... 

GATA promoter motif [LRE] 1075241 1075246 tgataa ... 

GATA promoter motif [LRE] 1075194 1075199 agatag ... 

T-box promoter motif 1075184 1075189 actttg ... 

T-box promoter motif 1076968 1076973 actttg ... 

T-box promoter motif 1077175 1077180 actttg ... 

SORLREP3 1076442 1076450 tgtatatat ... 

SORLREP3 1076431 1076439 tgtatatat ... 

SORLIP1 1075533 1075538 agccac ... 

SORLIP1 1075467 1075472 agccac ... 

 

 

A
T

3
G

0
4
1

1
0
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 

A
T

3
G

0
7

5
2

0
 

Bellringer/replumless/pennywise BS2 

IN AG 2399029 2399036 aaattagt Homeobox 

Bellringer/replumless/pennywise BS3 

IN AG 2399028 2399035 actaattt Homeobox 

W-box promoter motif 2398931 2398936 ttgact WRKY 

W-box promoter motif 2398787 2398792 ttgacc WRKY 

MYB binding site promoter 2398485 2398492 aaccaacc MYB 

MYB4 binding site motif 2398368 2398374 aacaaac MYB 

MYB4 binding site motif 2398486 2398492 accaacc MYB 

RAV1-A binding site motif 2398367 2398371 caaca ABI3VP1 

RAV1-A binding site motif 2398645 2398649 caaca ABI3VP1 

RAV1-A binding site motif 2398744 2398748 caaca ABI3VP1 

LFY consensus binding site motif 2398828 2398833 ccaatg LFY 

GATA promoter motif [LRE] 2398748 2398753 tgataa ... 

A
T

3
G

5
1
4
8
0
 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 19110881 19110886 actcat bZIP 

W-box promoter motif 19110692 19110697 ttgact WRKY 

W-box promoter motif 19111261 19111266 ttgact WRKY 

ABFs binding site motif 19110339 19110346 cacgtggc bZIP 

ARF1 binding site motif 19111256 19111261 tgtctc ARF 

ARF1 binding site motif 19111026 19111031 tgtctc ARF 

ARF1 binding site motif 19110868 19110873 tgtctc ARF 

DPBF1&2 binding site motif 19110872 19110878 acacaag bZIP 

DPBF1&2 binding site motif 19110341 19110347 acacgtg bZIP 

MYB2 binding site motif 19110907 19110915 taactcgtt MYB 

MYB4 binding site motif 19110703 19110709 aacaaac MYB 

MYB4 binding site motif 19110562 19110568 aacaaac MYB 

RAV1-A binding site motif 19110593 19110597 caaca ABI3VP1 

RAV1-A binding site motif 19111496 19111500 caaca ABI3VP1 

RAV1-A binding site motif 19111294 19111298 caaca ABI3VP1 

RAV1-A binding site motif 19111180 19111184 caaca ABI3VP1 

RAV1-A binding site motif 19110689 19110693 caaca ABI3VP1 

RAV1-A binding site motif 19110565 19110569 caaca ABI3VP1 

RAV1-A binding site motif 19110553 19110557 caaca ABI3VP1 

LFY consensus binding site motif 19110864 19110869 ccactg LFY 

LFY consensus binding site motif 19110958 19110963 ccattg LFY 

LFY consensus binding site motif 19111090 19111095 ccattg LFY 

LFY consensus binding site motif 19111207 19111212 ccattg LFY 

LFY consensus binding site motif 19111090 19111095 ccaatg LFY 

LFY consensus binding site motif 19111075 19111080 ccagtg LFY 

LFY consensus binding site motif 19111069 19111074 ccaatg LFY 

ABRE binding site motif 19110339 19110346 cacgtggc ... 

ABRE-like binding site motif 19110339 19110346 cacgtggc ... 

ARF binding site motif 19111256 19111261 tgtctc ... 

ARF binding site motif 19111026 19111031 tgtctc ... 

ARF binding site motif 19110868 19110873 tgtctc ... 

BoxII promoter motif 19111001 19111006 ggttaa ... 

GATA promoter motif [LRE] 19110675 19110680 agatag ... 

GATA promoter motif [LRE] 19110830 19110835 tgatag ... 

GATA promoter motif [LRE] 19111405 19111410 tgataa ... 

GATA promoter motif [LRE] 19110758 19110763 tgatag ... 

GATA promoter motif [LRE] 19110570 19110575 agatag ... 

G-box promoter motif [LRE] 19110342 19110347 cacgtg ... 

G-box promoter motif [LRE] 19110341 19110346 cacgtg ... 

Ibox promoter motif 19111406 19111411 gataag ... 

SORLIP5 19110884 19110890 gagtgag ... 
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 
A

T
4
G

3
1
7
1
0

 

MYB binding site 

promoter 15349085 15349092 aaccaaac MYB 

MYB4 binding site 

motif 15349086 15349092 accaaac MYB 

Ibox promoter motif 15349109 15349114 gataag ... 

A
T

4
G

3
5
2
9
0

 

CArG promoter motif 16789015 16789024 cctatatagg MADS 

CArG promoter motif 16789014 16789023 cctatatagg MADS 

ARF1 binding site 

motif 16788981 16788986 tgtctc ARF 

ARF1 binding site 

motif 16788412 16788417 tgtctc ARF 

RAV1-A binding site 

motif 16788678 16788682 caaca ABI3VP1 

RAV1-A binding site 

motif 16788695 16788699 caaca ABI3VP1 

RAV1-A binding site 

motif 16789026 16789030 caaca ABI3VP1 

RAV1-A binding site 

motif 16789107 16789111 caaca ABI3VP1 

RAV1-A binding site 

motif 16788527 16788531 caaca ABI3VP1 

LFY consensus binding 

site motif 16789289 16789294 ccaatg LFY 

ARF binding site motif 16788981 16788986 tgtctc ... 

ARF binding site motif 16788412 16788417 tgtctc ... 

BoxII promoter motif 16789418 16789423 ggttaa ... 

BoxII promoter motif 16789439 16789444 ggttaa ... 

GATA promoter motif 

[LRE] 16788616 16788621 tgatag ... 

GATA promoter motif 

[LRE] 16789423 16789428 agataa ... 

GATA promoter motif 

[LRE] 16788924 16788929 agataa ... 

GATA promoter motif 

[LRE] 16788540 16788545 agataa ... 

GATA promoter motif 

[LRE] 16788466 16788471 agataa ... 

Ibox promoter motif 16788923 16788928 gataag ... 

Ibox promoter motif 16788465 16788470 gataag ... 

T-box promoter motif 16789529 16789534 actttg ... 

SORLIP2 16788552 16788556 gggcc ... 

SORLIP2 16788586 16788590 gggcc ... 

SORLIP2 16788531 16788535 gggcc ... 
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Gene 

name 
Binding Site Name 

 

Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 
A

T
5
G

1
1
1
8
0
 

AtMYB2 BS in RD22 3564282 3564288 ctaacca MYB 

Bellringer/replumless/pennywise BS1 IN AG 3563802 3563809 aaattaaa Homeobox 

Bellringer/replumless/pennywise BS2 IN AG 3563367 3563374 aaattagt Homeobox 

Bellringer/replumless/pennywise BS3 IN AG 3563368 3563375 actaattt Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3561637 3561642 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3564015 3564020 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3564197 3564202 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3562247 3562252 actcat bZIP 

W-box promoter motif 3561818 3561823 ttgact WRKY 

W-box promoter motif 3563000 3563005 ttgacc WRKY 

W-box promoter motif 3564222 3564227 ttgact WRKY 

W-box promoter motif 3561851 3561856 ttgact WRKY 

ARF1 binding site motif 3561810 3561815 tgtctc ARF 

ARF1 binding site motif 3561823 3561828 tgtctc ARF 

ARF1 binding site motif 3562422 3562427 tgtctc ARF 

ATHB6 binding site motif 3562750 3562758 caattatta HB 

MYB3 binding site motif 3564279 3564286 taactaac MYB 

MYB4 binding site motif 3562390 3562396 accaacc MYB 

MYB4 binding site motif 3563538 3563544 accaacc MYB 

MYB4 binding site motif 3563984 3563990 aacaaac MYB 

MYB4 binding site motif 3564214 3564220 aacaaac MYB 

MYB4 binding site motif 3564280 3564286 aactaac MYB 

MYB4 binding site motif 3563246 3563252 aactacc MYB 

RAV1-A binding site motif 3561704 3561708 caaca ABI3VP1 

RAV1-A binding site motif 3562194 3562198 caaca ABI3VP1 

RAV1-A binding site motif 3564213 3564217 caaca ABI3VP1 

RAV1-A binding site motif 3564479 3564483 caaca ABI3VP1 

LFY consensus binding site motif 3561815 3561820 ccattg LFY 

LFY consensus binding site motif 3562395 3562400 ccaatg LFY 

LFY consensus binding site motif 3562586 3562591 ccattg LFY 

LFY consensus binding site motif 3563172 3563177 ccattg LFY 

LFY consensus binding site motif 3562395 3562400 ccattg LFY 

ARF binding site motif 3561810 3561815 tgtctc ... 

ARF binding site motif 3561823 3561828 tgtctc ... 

ARF binding site motif 3562422 3562427 tgtctc ... 

BoxII promoter motif 3563571 3563576 ggttaa ... 

BoxII promoter motif 3563005 3563010 ggttaa ... 

GATA promoter motif [LRE] 3564532 3564537 agataa ... 

GATA promoter motif [LRE] 3564520 3564525 agatag ... 

GATA promoter motif [LRE] 3564426 3564431 agataa ... 

GATA promoter motif [LRE] 3564187 3564192 tgataa ... 

GATA promoter motif [LRE] 3563213 3563218 agataa ... 

GATA promoter motif [LRE] 3562745 3562750 tgataa ... 

GATA promoter motif [LRE] 3562000 3562005 agataa ... 

GATA promoter motif [LRE] 3561746 3561751 tgataa ... 

Ibox promoter motif 3564186 3564191 gataag ... 

L1-box promoter motif 3562182 3562189 taaatgta ... 

LTRE promoter motif 3562083 3562089 accgaca ... 

T-box promoter motif 3561921 3561926 actttg ... 

T-box promoter motif 3562168 3562173 actttg ... 

T-box promoter motif 3563274 3563279 actttg ... 

T-box promoter motif 3562426 3562431 actttg ... 

SORLREP1 3562942 3562951 ttatactagt ... 
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Gene 

name 
Binding Site Name 

 

Binding 

Site 

Genome 

Start 

 

Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 
A

T
5
G

1
1
2
1
0
 

AtMYC2 BS in RD22 3574692 3574697 cacatg BHLH 

Bellringer/replumless/pennywise BS1 IN AG 3576798 3576805 aaattaaa Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3576950 3576955 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3574983 3574988 actcat bZIP 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS in 

ProDH 3574938 3574943 actcat bZIP 

W-box promoter motif 3574886 3574891 ttgact WRKY 

W-box promoter motif 3576702 3576707 ttgacc WRKY 

W-box promoter motif 3576437 3576442 ttgact WRKY 

W-box promoter motif 3576235 3576240 ttgacc WRKY 

W-box promoter motif 3576189 3576194 ttgact WRKY 

W-box promoter motif 3575031 3575036 ttgacc WRKY 

W-box promoter motif 3574949 3574954 ttgacc WRKY 

ARF1 binding site motif 3576753 3576758 tgtctc ARF 

ARF1 binding site motif 3576774 3576779 tgtctc ARF 

ARF1 binding site motif 3576927 3576932 tgtctc ARF 

ATHB2 binding site motif 3575201 3575209 taatcatta HB 

DPBF1&2 binding site motif 3575898 3575904 acacgtg bZIP 

DPBF1&2 binding site motif 3576769 3576775 acacgag bZIP 

DPBF1&2 binding site motif 3575898 3575904 acacgtg bZIP 

MYB1 binding site motif 3574745 3574752 atccaacc MYB 

MYB4 binding site motif 3575765 3575771 aacaaac MYB 

MYB4 binding site motif 3574828 3574834 aacaaac MYB 

MYB4 binding site motif 3574665 3574671 aacaaac MYB 

RAV1-A binding site motif 3575254 3575258 caaca ABI3VP1 

RAV1-A binding site motif 3575829 3575833 caaca ABI3VP1 

RAV1-A binding site motif 3575896 3575900 caaca ABI3VP1 

RAV1-A binding site motif 3576044 3576048 caaca ABI3VP1 

RAV1-A binding site motif 3576450 3576454 caaca ABI3VP1 

RAV1-A binding site motif 3575756 3575760 caaca ABI3VP1 

RAV1-A binding site motif 3575737 3575741 caaca ABI3VP1 

RAV1-A binding site motif 3575494 3575498 caaca ABI3VP1 

ABRE-like binding site motif 3575905 3575912 gacgtgta ... 

ARF binding site motif 3576753 3576758 tgtctc ... 

ARF binding site motif 3576774 3576779 tgtctc ... 

ARF binding site motif 3576927 3576932 tgtctc ... 

DRE-like promoter motif 3576282 3576290 ggccgactt ... 

GATA promoter motif [LRE] 3574715 3574720 agataa ... 

GATA promoter motif [LRE] 3574769 3574774 tgatag ... 

GATA promoter motif [LRE] 3576917 3576922 tgatag ... 

GATA promoter motif [LRE] 3576823 3576828 tgataa ... 

GATA promoter motif [LRE] 3576689 3576694 tgatag ... 

GATA promoter motif [LRE] 3576674 3576679 agataa ... 

GATA promoter motif [LRE] 3574654 3574659 tgatag ... 

G-box promoter motif [LRE] 3575899 3575904 cacgtg ... 

G-box promoter motif [LRE] 3575898 3575903 cacgtg ... 

L1-box promoter motif 3574721 3574728 taaatgta ... 

T-box promoter motif 3574777 3574782 actttg ... 

SORLIP2 3575742 3575746 gggcc ... 
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Gene 

name 
Binding Site Name 

 Binding 

Site 

Genome 

Start 

 Binding 

Site 

Genome 

End 

 Binding 

Site 

Sequence 

(5'-3') 

Binding 

Site 

Family/TF 
A

T
5

G
2

7
1

0
0
 

W-box promoter motif 9538388 9538393 ttgact WRKY 

RAV1-A binding site motif 9538470 9538474 caaca ABI3VP1 

RAV1-A binding site motif 9538398 9538402 caaca ABI3VP1 

BoxII promoter motif 9538403 9538408 ggttaa ... 

T-box promoter motif 9538455 9538460 actttg ... 

A
T

5
G

4
8

4
0

0
 

AtMYC2 BS in RD22 19633371 19633376 cacatg BHLH 

W-box promoter motif 19632816 19632821 ttgacc WRKY 

W-box promoter motif 19633118 19633123 ttgacc WRKY 

W-box promoter motif 19633264 19633269 ttgact WRKY 

ARF1 binding site motif 19632606 19632611 tgtctc ARF 

CCA1 binding site motif 19632823 19632830 aaaaatct 

MYB-

related 

DPBF1&2 binding site motif 19633371 19633377 acacatg bZIP 

MYB4 binding site motif 19633424 19633430 aacaaac MYB 

MYB4 binding site motif 19633095 19633101 aacaaac MYB 

RAV1-A binding site motif 19633423 19633427 caaca ABI3VP1 

RAV1-A binding site motif 19633035 19633039 caaca ABI3VP1 

RAV1-A binding site motif 19632652 19632656 caaca ABI3VP1 

ARF binding site motif 19632606 19632611 tgtctc ... 

DRE-like promoter motif 19633048 19633056 tgccgacaa ... 

GATA promoter motif [LRE] 19633207 19633212 agataa ... 

Ibox promoter motif 19633208 19633213 gataag ... 

T-box promoter motif 19633195 19633200 actttg ... 

T-box promoter motif 19633297 19633302 actttg ... 

A
T

5
G

4
8
4
1
0
 

AtMYB2 BS in RD22 19637151 19637157 ctaacca MYB 

Bellringer/replumless/pennywise BS1 

IN AG 19636853 19636860 aaattaaa Homeobox 

ATB2/AtbZIP53/AtbZIP44/GBF5 BS 

in ProDH 19636475 19636480 actcat bZIP 

W-box promoter motif 19636927 19636932 ttgact WRKY 

W-box promoter motif 19637327 19637332 ttgact WRKY 

ARF1 binding site motif 19637280 19637285 tgtctc ARF 

DPBF1&2 binding site motif 19636987 19636993 acacaag bZIP 

MYB binding site promoter 19637226 19637233 caccaaac MYB 

MYB4 binding site motif 19636798 19636804 accaaac MYB 

MYB4 binding site motif 19637227 19637233 accaaac MYB 

MYB4 binding site motif 19637153 19637159 aactaac MYB 

MYB4 binding site motif 19636836 19636842 aacaaac MYB 

RAV1-A binding site motif 19636985 19636989 caaca ABI3VP1 

RAV1-A binding site motif 19637006 19637010 caaca ABI3VP1 

RAV1-A binding site motif 19637468 19637472 caaca ABI3VP1 

RAV1-A binding site motif 19636967 19636971 caaca ABI3VP1 

RAV1-A binding site motif 19636839 19636843 caaca ABI3VP1 

RAV1-A binding site motif 19636500 19636504 caaca ABI3VP1 

LFY consensus binding site motif 19636555 19636560 ccagtg LFY 

ABRE-like binding site motif 19637053 19637060 tacgtgta ... 

ARF binding site motif 19637280 19637285 tgtctc ... 

BoxII promoter motif 19637022 19637027 ggttaa ... 

GATA promoter motif [LRE] 19637238 19637243 tgatag ... 

T-box promoter motif 19637372 19637377 actttg ... 
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2.3.6 Three-dimensional structure of AtGLRs 

For a preliminary view of structural features of AtGLR proteins, we have predicted 

the secondary structural features of AtGLR proteins using SOPMA. Almost equal 

number of amino acids formed alpha helices (36.06-42.2%) and random coils (33.42-

41.06%), while percentage of amino acids forming extended strands were lesser 

(16.37-21.6%). For getting some preliminary idea about the structural features, the 

three dimensional protein models were constructed by homology modeling. Search 

for templates by HHpred resulted the same template i.e. chain A of AMPA subtype 

ionotropic glutamate receptor from Rattus norvegicus (pdb: 3KG2) (Sobolevsky et al. 

2009) for all the proteins. Results for 25 AtGLR proteins regarding this template as 

obtained from HHpred are given in  Table  2.7. 
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Table  2.7 : Results for 25 AtGLR proteins regarding the template 3KG2 (chain 

A) as obtained from HHpred. 

Name of the 
protein Proba E-valueb P-valuec Scored SSe Colsf 

Query 
HMMg 

Template 
HMMh 

AT1G05200.1 100 2.4E-95 7E-100 917 65.3 761 59-891 1-818(824) 

AT1G05200.2 100 8.1E-79 2.2E-83 741.7 68.5 759 59-891 1-818(824) 

AT1G42540.1 100 3.1E-81 8.3E-86 772.9 64.7 772 27-864 1-820(824) 

AT2G17260.1 100 5.6E-78 1.5E-82 735.1 71 769 58-893 1-820(824) 

AT2G24710.1 100 5.3E-79 1.4E-83 745.9 62.9 769 29-864 1-820(824) 

AT2G24720.1 100 3.9E-74 1E-78 691.2 61.9 771 30-870 1-824(824) 

AT2G29100.1 100 3.8E-76 1E-80 720.9 68.2 762 28-844 1-820(824) 

AT2G29110.1 100 1.1E-73 2.9E-78 701.8 63.6 769 31-858 1-824(824) 

AT2G29120.1 100 7.2E-74 1.9E-78 699.1 67.7 755 37-857 1-820(824) 

AT2G32390.1 100 2.4E-74 6.5E-79 695.1 64 742 15-827 18-819(824) 

AT2G32390.2 100 2.1E-80 5.7E-85 752.8 56.6 727 2-783 52-819(824) 

AT2G32390.3 100 1.7E-65 4.5E-70 618.5 55.8 713 41-830 1-819(824) 

AT2G32400.1 100 4.9E-83 1.3E-87 789.8 61.1 763 29-856 1-818(824) 

AT3G04110.1 100 1.8E-77 4.8E-82 717.2 54.7 739 28-806 1-821(824) 

AT3G07520.1 100 2.6E-72 7.1E-77 664.5 64.2 741 44-838 1-824(824) 

AT3G51480.1 100 2.2E-84 5.9E-89 796.3 59.4 761 28-853 1-819(824) 

AT4G31710.1 100 6.9E-71 1.9E-75 668.8 56.6 737 53-853 1-820(824) 

AT4G35290.1 100 7.4E-84 2E-88 794.5 60.4 773 28-864 1-820(824) 

AT4G35290.2 100 7.4E-84 2E-88 794.5 60.4 773 28-864 1-820(824) 

AT5G11180.1 100 2E-65 5.3E-70 623.5 62.9 693 34-807 1-820(824) 

AT5G11210.1 100 5.3E-74 1.4E-78 694.8 59.1 707 14-789 47-819(824) 

AT5G27100.1 100 1.6E-75 4.4E-80 702.3 69.9 767 30-863 1-824(824) 

AT5G48400.1 100 1.7E-67 4.7E-72 615.5 54.9 657 38-750 1-740(824) 

AT5G48400.2 100 1E-74 2.8E-79 694 60 732 38-829 1-824(824) 

AT5G48410.1 100 2E-71 5.4E-76 664.6 56 724 40-826 1-824(824) 

 

aThe ‘Prob’ column lists the probability in percent that the database match is a true positive, i.e. that 

it is homologous to the query sequence at least in some core part. 
bThe E-value for a sequence match is the expected number of false positives per database search with   

a score at least as good as the score of this sequence match. 
cThe P-value is equal to the E-value divided by the number of HMMs in the searched database. 
dThe ‘Score’ column gives the total score that includes the score from the secondary structure 

comparison which is listed in the next column (‘SS’). 
eThe 'SS' column gives the secondary structure score. This score tells how well the PSIPRED-

predicted (3-state) or actual DSSP-determined (8-state) secondary structure sequence for query and 

template agree with each other. 
fThe ‘Cols’ column contains the total number of matched columns in the query–template alignment. 
gThe 'Query HMM' is the range of query match states aligned. 
hThe 'Template HMM' is the range of template match states aligned and, in parenthesis, total number 

of match states in template HMM. 

(All these explanations have been taken from 

https://toolkit.tuebingen.mpg.de/hhpred/help_results.) 
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 The Cα-atoms Root Mean Square Deviation (RMSD) between the template and the 

corresponding models ranged from 0.44Å and 1.348 Å (Table 2.8) indicating good 

quality models. The structures were validated with PROCHECK. All the models 

showed more than 84% of amino acids in most favoured region and less than 2% in 

disallowed region (Table 2.8).  

Table  2.8 : Quality of the predicted three-dimensional structures of AtGLR 

proteins by RMSD and PROCHECK 

Protein name RMSD 

Results from PROCHECK 

Residues 
in most 

favoured 
region 

(%) 

Residues 
in 

allowed 
region 

(%) 

Residues 
in 

generally 
allowed 
region 

(%) 

Residues in 
disallallowed 

region (%) 

Residues in most 
favoured+allowed 

region (%) 

AT1G05200.1 1.218 86.9 10.8 1.8 0.6 97.7 

AT1G05200.2 1.218 86.9 10.8 1.8 0.6 97.7 

AT1G42540.1 0.959 85.2 12.5 1.5 0.8 97.7 

AT2G17260.1 1.348 86.2 11.6 1.8 0.4 97.8 

AT2G24710.1 1.07 86.9 10.6 1.8 0.7 97.5 

AT2G24720.1 0.703 86.8 11 1.1 1.1 97.8 

AT2G29100.1 0.852 86 10.2 1.9 1.8 96.2 

AT2G29110.1 0.836 85.1 12.1 2.1 0.7 97.2 

AT2G29120.1 0.879 87.2 10 1.7 1.1 97.2 

AT2G32390.1 0.558 84.7 11.8 1.7 1.8 96.5 

AT2G32390.2 0.889 86.3 11.5 1.5 0.7 97.8 

AT2G32390.3 0.681 84.3 12.2 1.6 1.9 96.5 

AT2G32400.1 1.023 87.6 10 1.4 1.1 97.6 

AT3G04110.1 0.628 86.2 11 1.3 1.5 97.2 

AT3G07520.1 0.967 84.4 11.5 2.4 1.7 95.9 

AT3G51480.1 1.11 85.9 12.1 1.3 0.7 98 

AT4G31710.1 0.604 84.2 11.9 2.5 1.5 96.1 

AT4G35290.1 0.854 85.1 12.2 1.8 1 97.3 

AT4G35290.2 0.854 85.1 12.2 1.8 1 97.3 

AT5G11180.1 0.44 86.8 11.1 1.1 1 97.9 

AT5G11210.1 0.936 84.2 12.8 2.2 0.9 97 

AT5G27100.1 0.625 86 11.1 1.5 1.4 97.1 

AT5G48400.1 0.684 86.2 11.7 1.2 0.8 97.9 

AT5G48400.2 0.549 87.5 10.2 1.4 0.9 97.7 

AT5G48410.1 1.29 84.5 12.9 1.7 0.9 97.4 
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The total percentage of amino acids in most favoured plus allowed region ranged from 

95.9 to 98%. All these showed that the predicted models were of high quality. The 

three-dimensional structures clearly showed the transmembrane region and the ligand-

binding region (Figure 2.8).  
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In all cases, as expected, the transmembrane domains were consisted of only alpha 

helices, but with varying number (Figure 2.8). The ligand binding domains were 

consisted of both alpha helices and beta sheets and the arrangement of beta sheets are 

similar in many of the AtGLRs. One of the splice variants (At2G32390.3) of 

AT2G32390 showed only one alpha helix in the transmembrane region unlike the 

other two splice variants. This splice variant should be studied thoroughly to know its 

functional aspects in Arabidopsis. 

Evolutionary conservation of amino acid positions of the AtGLR proteins have been 

analysed with ConSurf. ConSurf is advantageous over other methods as it accurately 

compute the evolutionary rate using either an empirical Bayesian method or a 

maximum likelihood (ML) method (de Carvalho and De Mesquita 2013; Pupko et al. 

2002). ConSurf, thus, can properly distinguish between the conservation caused by a 

short evolutionary time and actual sequence conservation (de Carvalho and De 

Mesquita 2013). The Multiple protein sequence alignment of ANF_receptor 

(extracellular ligand binding domain; PF01094) region (Figure 2.9a) and Lig_chan 

(transmembrane region of ligand-gated ion channel; PF00060) region (Figure 2.9b) of 

AtGLR proteins showed several conserved amino acid positions.  

 

The start and end positions of these two domains are shown based on AT1G05200.1. 

Our findings revealed that transmembrane region of ligand-gated ion channel (7.86% 

of positions are most conserved) possess slightly more conserved positions than the 

extracellular ligand binding domain (7.67% of positions are most conserved). 

Commonly, in a protein, those residues which are positioned in active sites, involved 

in protein-ligand or protein-protein interactions or involved in protein structure and 

folding stability, faces more selective pressure and are usually more conserved than 

other residues (de Carvalho and De Mesquita 2013). Thus , further studies about 

residues in conserved positions in our analysis can throw some light on the functional 

role of these residues. 
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Figure 2.9 : Multiple protein sequence alignment of AtGLR proteins using ConSurf showing 

evolutionary conservation of amino acid residues of the (a) ANF_receptor (extracellular 

ligand binding domain; PF01094) and (b) Lig_chan (transmembrane region of ligand-gated 

ion channel; PF00060).  

Note: Amino acids were highlighted based on a conservation scale of 1–9 (shown at the 

bottom left of the figure). 
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2.3.7 Surface properties 

Surface electrostatics plays a crucial role in protein–protein interactions and protein–

ligand binding (Soares et al. 2005). Clustering based on electrostatic surface has been 

successfully applied previously (Legrand et al. 2011; Soares et al. 2005). Based on 

the electrostatic surfaces, all the AtGLR proteins have been grouped into two main 

clusters (Figure 2.10a). The protein products of two genes in tandem arrangement 

(AT2G24710 and AT2G24720) on chromosome 2 grouped together based on surface 

electrostatics. It has been shown that proteins with similar electrostatic properties 

indicate similar behavior and function (Blomberg et al. 1999; Botti et al. 1998; Soares 

et al. 2005; Ullmann et al. 1997; Wade et al. 1998). 

 

 

 

 

Figure 2.10 : Molecular electrostatic potential surfaces and hydrophobicity of the 

AtGLR models. (a) Clustering of the 25 AtGLR proteins by PIPSA. (b) Representation 

of the electrostatic potential projected on the solvent accessible surface of the AtGLR 

proteins. Each model was colored using the APBS electrostatic potential and the 

surface colours were clamped at -3 (red) and +3 (blue) kTe-1. (c) Plot of the calculated 

percentage of hydrophobic surface of each AtGLR protein by PLATINUM. 
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Indeed, AT2G24710 and AT2G24720 showed similar expression patterns (Figure 2. 

4). However, among another three tandemly arranged genes (AT2G29100, 

AT2G29110 and AT2G29120), two (AT2G29110, AT2G29120) grouped together in 

the first cluster, while AT2G29100 was placed in the second cluster. Electrostatic 

surfaces of AtGLR proteins were clearly dissimilar, and they showed large positive 

and negative potential patches (Figure 2.10b). Majority of the proteins in the first 

cluster showed more electropositivity in the transmembrane region while in the 

second cluster, transmembrane regions showed comparatively more neutral regions 

in majority of the proteins. The splice variants of AT1G05200 as well as AT4G35290 

showed no dissimilarity among them at all (Figure 2.10b) which was reflected in their 

grouping (Figure 2.10a). However, three splice variants of AT2G32390, although 

grouped together, showed some dissimilarity in their surface electrostatics.  

The overall surface hydrophobicity of AtGLR proteins ranged from 25.98 - 31.27 % 

(Figure 2.10c) with an average (± SE) of 29.0044 (± 0.316) %. This shows that the 

surfaces of AtGLRs are mostly hydrophilic. The hydrophobic surface of the protein 

products of two tandemly arranged genes (AT2G24710 and AT2G24720) was very 

similar. However, the GRAVY score of AT2G24710.1 (0.077) was much higher than 

AT2G24720.1 (0.033). Three splice variants of AT2G32390 also showed difference 

in surface hydrophobicity. However, their GRAVY score (Table 2.2) did not show 

same trend as that of the surface hydrophobicity. Similar observations were made in 

another three tandemly arranged genes (AT2G29100, AT2G29110 and 

AT2G29120). Indeed, GRAVY was not found to be significantly correlated with 

surface hydrophobicity (Spearman’s ρ = 0.315, P = 0.125). These results show that 

GRAVY score alone cannot be determinative of surface hydrophobicity. 

 

2.4 Conclusion: 

In the present study, we have studied twenty glutamate receptor genes from the model 

plant Arabidopsis thaliana (AtGLRs). Several phosphorylation, myristoylation and 

Asn-glycoylation sites have been identified which indicates their role in different 

functions like signal transduction, membrane targeting and protein stability. Domain 

organization of these proteins identified one conserved domain namely 

ANF_receptor (extracellular ligand binding domains) at the N-terminal domain and 

the C-terminal region consists of two overlapping domains namely SBP_bac_3 
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(bacterial extracellular solute-binding proteins and Lig_chan (transmembrane region 

of ligand-gated ion channel). The comparative analysis of AtGLR genes in 

Arabidopsis thaliana elucidated chromosomal location, gene structure, phylogenetic 

relationships and three dimensional structures. The expression analysis led to the 

identification of biotic, abiotic stress responsive and tissue-specific expression 

pattern of several of the AtGLR genes, suggesting functional diversification. 

Functional diversification of tandemly arranged duplicated genes has also been 

studied. Several cis-acting elements in the promoter regions of the AtGLRs indicate 

their role in various biological processes. Our  observations  revealed  the  biological 

significance of  AtGLR  genes  which may further be validated using laboratory based 

functional  genomics  approach. Our comprehensive in silico analyses will also help 

design experiments for functional validation of their role in plant development and 

stress responses. 
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3.1 Introduction 

In mammalian central nervous systems, ionotropic glutamate receptors mediate rapid 

excitatory neuronal transmission (Naz et al. 2022). The plant glutamate receptor-like 

homologs (GLRs) are homologs of mammalian ionotropic glutamate receptors (iGluRs) 

and are hypothesized to be potential amino acid sensors in plants (Price et al. 2012). 

Arabidopsis thaliana possesses 20 glutamate receptor-like genes (AtGLRs) in its genome 

(Lam et al. 1998). Of these, AtGLR1.2 and AtGLR1.3 play vital roles in the plant 

response to cold stress (Zheng et al. 2018). Recent studies reporting the localization of 

GLRs in chloroplasts indicate an additional role of GLRs in this organ (Price et al. 2012). 

Indeed, Plants carrying T-DNA insertions in AtGLR3.4 showed weak photosynthetic 

phenotypes (Teardo et al. 2010, 2011). Similarly, it was shown that AtGLR3.1 was 

expressed preferentially in guard cells and over-expression of this gene leads to the 

impairment of stomatal closure that is induced by external Ca2+ (Cho et al. 2009). Many 

studies showed that plant GLRs play many roles including plant reproduction, seed 

germination, root growth, regulation of stomatal aperture, plant defense and others 

(Grenzi et al. 2022). The moss Physcomitrium patens contains one GLR (PpGLR1) 

which plays pivotal role in ABA-mediated growth regulation (Wang et al. 2022). In rice, 

OsGLR3.4 plays vital role in plant growth as well as mechanical wound response (Yu et 

al. 2022). In another study, it has been shown that OsGLR3.4 controls rice root growth 

and tropism towards nutrient source (Yu et al. 2023). Thus, GLR genes should be studied 

in detail in other crop species for better understanding of their roles in various 

physiological processes. 

Several crop species of the genus Brassica such as B. rapa L. (Chinese cabbage, turnip 

and pak choi), B. oleracea L. (broccoli, cabbage, cauliflower, Brussels sprouts etc.) as 

well as the oilseed crop such as B. napus L. (rapeseed) are widely used worldwide (Wang 

et al. 2011; Sun et al. 2022). Brassica oleracea not only comprises many important 

vegetable crops including cauliflower, broccoli, cabbages, Brussels sprouts, Kohlrabi and 

kales, the species demonstrates extreme morphological diversity and crop forms, with 

various members grown for their leaves, flowers and stems (Mabry et al. 2021). Most B. 

oleracea crops are high in protein (Liu et al. 2014), carotenoids (Kopsell and Kopsell 
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2006) and contain diverse glucosinolates (GSLs) that function as unique phytochemicals 

for plant defence against fungal and bacterial pathogens (Halkier and Gershenzon 2006). 

B. rapa also shows morphological diversity among the cultivated types and includes both 

oil and vegetable crops (Sun 2015). B. napus is the second most important oilseed crop 

species in the world and there is a growing interest in rapeseed protein as human nutrition 

(Friedt et al. 2018).  

Moreover, these three species along with B. juncea, B. carinata and B. nigra provide 

opportunities for the study of Brassica genome evolution as these six widely cultivated 

Brassica species are a classical example of the importance of polyploidy in botanical 

evolution, described by ‘U’s triangle’ (Nagaharu and Nagaharu 1935; Wang et al. 2011). 

Of these, B. napus (A and C subgenomes, n = 19) was formed by recent allopolyploidy 

between ancestors of B. rapa (A genome, n = 10) and B. oleracea (C genome, n = 9) and 

is probably polyphyletic (Nagaharu and Nagaharu 1935; Allender and King 2010). 

Comparative physical mapping studies have confirmed genome triplication in a common 

ancestor of B. oleracea (O’neill and Bancroft 2000) and B. rapa (Park et al. 2005) since 

its divergence from the A. thaliana lineage at least 13–17 MYA  (Yang et al. 1999; Town 

et al. 2006; Beilstein et al. 2010). The Brassica genomes retains evidence of recursive 

whole-genome duplication (WGD) events (Bowers et al. 2003; Jiao et al. 2011) and have 

undergone a Brassiceae-lineage-specific whole-genome triplication (WGT) (Lysak et al. 

2005; Wang et al. 2011) since their divergence from the Arabidopsis lineage (Liu et al. 

2014). 

In this study, considering the importance of plant GLR genes as well as the economic 

importance of Brassica, we made use of the publicly available sequenced genomes of the 

allotetraploid B. napus and its diploid progenitors B. oleracea and B. rapa to trace the 

evolution of GLR genes in these species. We have studied the phylogeny, chromosomal 

distribution, protein motif analysis, gene structure, orthology analysis, expression patterns 

and promoter analysis, subcellular localization and miRNA targeting of these GLR genes. 

This study enhances our understanding of the effect of polyploidisation events on the 

evolution of the GLR gene family in Brassica as well as their structural and functional 

aspects. 
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3.2 Materials and Methods 

3.2.1 Identification of GLR genes 

The genome data (gene, cds and protein data) of allopolyploid B. napus and its two 

diploid progenitors, B. rapa and B. oleracea, were obtained from the BRAD database 

(http://brassicadB.org/brad/) (Wang et al. 2015). As discussed in Chapter II, the 

previously analysed Arabidopsis thaliana GLR (AtGLR) proteins have been retrieved 

using the BioMart tool (Kinsella et al. 2011) of Ensembl Plants database (Kersey et al. 

2014). These proteins were used as queries to perform BLASTp (Altschul et al. 1990) 

searches (E-value <1e-5) with all proteins from the three Brassica species. To identify the 

GLR genes in three Brassica genomes accurately, all putative protein sequences                

obtained from the BLASTp search, were confirmed by searching for the  conserved                      

domains using CD-search in the NCBI Conserved Domain Database (CDD; 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al. 2017) and 

Pfam (http://pfam.sanger.ac.uk/) (El-Gebali et al. 2019)database. The conserved domain 

analysis helped to make the shortlisting of the best candidate to be the GLR members in 

the Brassica genomes. We have retained those genes which showed the presence of 

PBP1_GABAb_receptor (accesion: cd06366) and GluR_Plant (cd13686) by NCBI-CD 

search and also showed the pfam domains ANF_receptor (extracellular ligand-binding 

domain; PF01094), SBP_bac_3 (bacterial extracellular solute-binding proteins, family 3; 

PF00497) and Lig_chan (ligand-gated ion channel; PF00060). These pfam domains were 

considered because these are present in A. thaliana GLRs (Chapter II). Moreover, the 

shortlisted genes have been searched in Ensembl Plants (for B. rapa and B. napus) and 

Phytozome 12 (Goodstein et al. 2012) (for B. oleracea) for confirmation of their identity 

as glutamate receptors. The subcellular location of GLR genes was predicted using the 

CELLO (Yu et al. 2006) web tool (http://cello.life.nctu.edu.tw/). 

3.2.2 Phylogenetic relationship analysis 

The full-length GLR protein sequences of the three Brassica species were aligned with 

MUSCLE (Edgar 2004) and subsequently, a phylogenetic tree was constructed                   

by MEGAX (Kumar et al. 2018) based on Maximum Likelihood (ML)                          

http://brassicadb.org/brad/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://pfam.sanger.ac.uk/
http://cello.life.nctu.edu.tw/
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method with 1000 bootstrap replicates. The tree was visualized with FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/). 

3.2.3 Chromosomal location and gene structure analysis 

The chromosomal location information of GLR genes in the three Brassica species were 

collected from the BRAD database and their physical positionss were drafted to the 

corresponding chromosomes by TBTools (Chen et al. 2020). Some genes showed 

scaffold information only and locations of some of them were confirmed with NCBI 

Genome database (https://www.ncbi.nlm.nih.gov/genome/). Tandem duplication events 

were defined as adjacent homologous GLR genes on the same chromosome with no more 

than one intervening gene following Li et al. (2020). The exon/intron structures of GLR 

genes were analyzed using Gene Structure Display Server (GSDS) 2.0 (http://gsds.gao-

lab.org/) (Hu et al. 2015) by aligning the cDNAs with their corresponding gene 

sequences. 

3.2.4 Conserved motif analysis 

Conserved motifs in GLR proteins were investigated by online MEME server 

(https://meme-suite.org/meme/tools/meme) (Bailey et al. 2009), with keeping the 

maximum motif number as 10 and the other parameters at their default values. 

3.2.5 Gene expression studies using RNA-seq data 

For gene expression profiling of the GLR genes in the three species of Brassica, publicly 

available RNA-seq data were obtained from NCBI GEO database 

(https://www.ncbi.nlm.nih.gov/geo/) and analyzed. The following bio project accession 

numbers were analyzed: PRJNA530549 (He et al. 2019, 2020) for B. napus, 

PRJNA183713 (Liu et al. 2014; Yu et al. 2014)for B. oleracea and PRJNA185152(Tong 

et al. 2013; Liu et al. 2014; Wu et al. 2022) for B. rapa. Gene expression patterns of each 

tissue were analyzed and log2 transformed FPKM values (fragments per kilobase of exon 

model per million mapped reads) were visualized as heat maps using TBtools (Chen et al. 

2020). 

 

http://tree.bio.ed.ac.uk/software/figtree/
https://www.ncbi.nlm.nih.gov/genome/
http://gsds.gao-lab.org/
http://gsds.gao-lab.org/
https://meme-suite.org/meme/tools/meme
https://www.ncbi.nlm.nih.gov/geo/
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3.2.6 Promoter analysis 

The promoter sequences, which were the 1000 bp upstream of the transcription start site 

(TSS) of the GLR genes, were acquired from the BRAD database, and the cis-elements in 

the promoters were analyzed using the Plant Cis-Acting Regulatory Element 

(PlantCARE) server (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot 

et al. 2002). 

3.2.7 Sequence-based identification of orthologous GLR genes 

The orthologous genes in B. oleracea, B. rapa and B. napus were identified using 

OrthoVenn2 (Xu et al. 2019) (http://www.bioinfogenome.net/OrthoVenn). The protein 

sequences of the identified GLR genes from all the three species of Brassica were used. 

The chromosomal position of the identified orthologous gene pairs were visualized using 

the TBTools program (Chen et al. 2020).for the analysis. 

3.2.8 Prediction of miRNAs targeting GLR genes 

All of the gene sequences of GLR family genes were submitted as candidate genes for 

predicting potential miRNAs by searching against the available reference of miRNA 

sequences of the respective species using psRNATarget (Dai et al. 2011, 2018; Dai and 

Zhao 2011) server with default parameters. Cytoscape software (Shannon et al. 2003) 

was used to visualize the interactions between the predicted miRNAs and the 

corresponding target GLR genes 

3.3 Results 

3.3.1 Identification of GLR genes in B. napus, B. oleracea and B. rapa and 

phylogenetic analysis  

We have identified 11, 27 and 65 genes as GLRs in B. oleracea, B. rapa and B. napus, 

respectively and named them species-wise according to their distribution on 

chromosomes (BoGLRs for B. oleracea, BrGLRs for B.rapa and BnGLRs for B.napus) 

(Table 3.1). We analyzed the molecular characteristics of these GLR genes in B. oleracea, 

B. rapa and B. napus. In B. napus, the gene length of GLR genes ranged from 1206 bp 

(BnaAnng35320D) to 8949 bp (BnaA04g14620D), the peptide length ranged from 318 

amino acids (BnaC04g40280D) to 1426 amino acids (BnaA10g26130D) and the GC 

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://www.bioinfogenome.net/OrthoVenn
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content of gene ranged from 30.83% (BnaA04g14620D) to 47.24% (BnaA01g02120D). 

In B. oleracea, the Gene length of GLR genes ranged from 2931 bp (Bol033269) to 7882 

bp (Bol013454), the peptide length ranged from 739 amino acids (Bol033267) to 1787 

amino acids (Bol013454) and the GC content of gene ranged from 36.02% (Bol033267) 

to 46.77% (Bol040960). In B. rapa, the gene length of GLR genes ranged from 2220 bp 

(Bra040758) to 9574 bp (Bra020703), the peptide length ranged from 397 amino acids 

(Bra040759) to 1858 amino acids (Bra022887)  and the GC content of gene ranged from 

29.88% (Bra032063) to 48.16% (Bra015398) (Table 3.1). 

Table 3.1: Basic features of the identified GLR genes in the three species of Brassica. 

Gene IDs were obtained from BRAD database. Gene names are given in this study. 

Species 
Gene 

name 

Gene ID 

(BRAD) 
Chromosome 

Start 

position 

Stop 

position 

Gene length 

(bp) 

% GC content 

of gene 

Peptide 

length 

(amino 

acids) 

Subcellular localization 

B. napus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bnglr1 Bnaa01g02120d Chra01 1046483 1048368 1886 47.24 583 Plasma membrane 

Bnglr2 Bnaa01g33670d Chra01 22780883 22784038 3156 37.14 803 Plasma membrane 

Bnglr3 Bnaa02g00890d Chra02 341214 345120 3907 37.11 860 Plasma membrane 

Bnglr4 Bnaa02g30120d Chra02 21859931 21866215 6285 36.13 858 Plasma membrane 

Bnglr5 Bnaa02g30130d Chra02 21866289 21869207 2919 40.73 730 Plasma membrane 

Bnglr6 Bnaa02g30140d Chra02 21871483 21877918 6436 34.31 629 Plasma membrane 

Bnglr7 Bnaa03g14950d Chra03 6882877 6886775 3899 43.19 889 Plasma membrane 

Bnglr8 Bnaa03g14960d Chra03 6886850 6891050 4201 41.49 927 Plasma membrane 

Bnglr9 Bnaa03g51670d Chra03 26855015 26858922 3908 42.53 960 Plasma membrane 

Bnglr10 Bnaa04g14620d Chra04 12308301 12317249 8949 30.83 861 Plasma membrane 

Bnglr11 Bnaa04g16910d Chra04 13790780 13795361 4582 36.58 924 Plasma membrane 

Bnglr12 Bnaa04g16920d Chra04 13798384 13802286 3903 38.56 869 Plasma membrane 

Bnglr13 Bnaa04g16940d Chra04 13811078 13815449 4372 35.66 640 Plasma membrane 

Bnglr14 Bnaa04g28170d Chra04_rando

m 

691945 696023 4079 39.27 890 Plasma membrane 

Bnglr15 Bnaa05g10830d Chra05 5938097 5941430 3334 43.79 740 Plasma membrane 

Bnglr16 Bnaa05g10840d Chra05 5942119 5946545 4427 41.83 923 Plasma membrane 

Bnglr17 Bnaa05g13030d Chra05 7682497 7687032 4536 37.26 968 Plasma membrane 

Bnglr18 Bnaa06g30230d Chra06 20469671 20473140 3470 40.72 875 Plasma membrane 

Bnglr19 Bnaa07g02520d Chra07 2124665 2128666 4002 42.15 913 Plasma membrane 

Bnglr20 Bnaa08g04580d Chra08 4352179 4355111 2933 44.29 823 Plasma membrane 

Bnglr21 Bnaa08g10690d Chra08 9905574 9911024 5451 34.21 911 Plasma membrane 

Bnglr22 Bnaa08g29720d Chra08_rando

m 

498435 500465 2031 43.23 533 Plasma membrane 

Bnglr23 Bnaa09g02950d Chra09 1502787 1505678 2892 44.16 653 Plasma membrane 

Bnglr24 Bnaa09g02980d Chra09 1517971 1521181 3211 42.17 709 Plasma membrane 

Bnglr25 Bnaa09g03000d Chra09 1525100 1528658 3559 39.25 855 Plasma membrane 

Bnglr26 Bnaa09g32030d Chra09 23858647 23862328 3682 44.62 892 Plasma membrane 

Bnglr27 Bnaa09g50380d Chra09 33337970 33340793 2824 46.6 872 Plasma membrane 

Bnglr28 Bnaa10g03230d Chra10 1638312 1642124 3813 45.16 952 Plasma membrane 

Bnglr29 Bnaa10g26130d Chra10 16703947 16710811 6865 40.64 1426 Plasma membrane 

Bnglr30 Bnaanng26240d Chrann_rando

m 

30168936 30173773 4838 36.56 1010 Plasma membrane 

Bnglr31 Bnaanng35320d Chrann_rando

m 

40059094 40060299 1206 43.95 402 Chloroplast 

Bnglr32 Bnac01g03260d Chrc01 1672268 1677358 5091 44.04 913 Plasma membrane 

Bnglr33 Bnac01g40220d Chrc01 38520477 38523439 2963 37.93 800 Plasma membrane 

Bnglr34 Bnacnng20160d Chrc02 2189071 2193197 3746 37.61 860 Plasma membrane 

Bnglr35 Bnac02g38540d Chrc02 41495784 41499389 3606 36.86 792 Plasma membrane 

Bnglr36 Bnac02g38550d Chrc02 41508080 41512543 4464 39.47 885 Plasma membrane 

Bnglr37 Bnac02g38560d Chrc02 41514008 41517361 3354 39.39 868 Plasma membrane 

Bnglr38 Bnac03g26390d Chrc03 14977911 14981040 3130 37.51 408 Plasma membrane 

Bnglr39 Bnacnng51940d Chrc03 18448735 18452702 3763 41.99 890 Plasma membrane 

Bnglr40 Bnacnng51950d Chrc03 18452883 18457170 4050 41.46 927 Plasma membrane 

Bnglr41 Bnacnng31230d Chrc03 76774361 76791138 4248 41.53 919 Plasma membrane 

Bnglr42 Bnac04g12400d Chrc04 9661951 9665879 3929 43.32 922 Plasma membrane 

Bnglr43 Bnac04g12410d Chrc04 9666583 9669930 3348 43.55 890 Plasma membrane 

Bnglr44 Bnac04g15320d Chrc04 13060706 13065333 4628 38.55 972 Plasma membrane 

Bnglr45 Bnac04g23810d Chrc04 24846056 24849197 3142 42.68 780 Plasma membrane 

Bnglr46 Bnac04g37210d Chrc04 38667190 38670542 3353 38.47 807 Plasma membrane 

Bnglr47 Bnac04g40280d Chrc04 41277722 41279305 1584 38.07 318 Plasma membrane 

Bnglr48 Bnac04g40290d Chrc04 41286318 41290285 3968 39.04 590 Plasma membrane 

Bnglr49 Bnac04g42860d Chrc04 43353531 43359263 5733 41.76 895 Plasma membrane 

Table continued - 
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Species 
Gene 

name 

Gene ID 

(BRAD) 
Chromosome 

Start 

position 

Stop 

position 

Gene length 

(bp) 

% GC content 

of gene 

Peptide length 

(amino acids) 
Subcellular localization 

B. napus 

 

Bnglr50 Bnacnng66430d Chrc04 58297749 58302044 3076 40.6 810 Plasma membrane 

Bnglr51 Bnac05g03240d Chrc05 1567784 1571031 3248 46.71 954 Plasma membrane 

Bnglr52 Bnac06g36440d Chrc06 34974497 34978636 4140 38.48 914 Plasma membrane 

Bnglr53 Bnacnng22760d Chrc07 4988250 4992404 3770 41.01 913 Plasma membrane 

Bnglr54 Bnac07g26470d Chrc07 32420574 32424077 3504 40.75 874 Plasma membrane 

Bnglr55 Bnac07g43470d Chrc07 42515456 42517887 2432 42.72 675 Plasma membrane 

Bnglr56 Bnac07g50950d Chrc07 57599489 57635529 2424 38.94 544 Cytoplasmic/ Mitochondrial 

Bnglr57 Bnac08g22850d Chrc08 25359634 25362884 3251 45.71 892 Plasma membrane 

Bnglr58 Bnac08g44070d Chrc08 37504274 37508251 3978 42.38 940 Plasma membrane 

Bnglr59 Bnac08g46160d Chrc08_random 62386 64416 2031 42.89 533 Plasma membrane 

Bnglr60 Bnac09g02380d Chrc09 1345366 1348265 2900 44.31 671 Plasma membrane 

Bnglr61 Bnac09g02400d Chrc09 1361958 1368324 6367 37.29 693 Plasma membrane 

Bnglr62 Bnac09g02410d Chrc09 1370304 1373727 3424 40.68 860 Plasma membrane 

Bnglr63 Bnacnng10410d Chrc09 51669158 51672056 2771 38.07 644 Plasma membrane 

Bnglr64 Bnacnng32830d Chrcnn_random 31149937 31154309 4373 35.92 835 Plasma membrane 

Bnglr65 Bnacnng48020d Chrcnn_random 47293706 47298713 5008 37.36 871 Plasma membrane 

B.oleracea Boglr1 Bol029085 Chrc01 1892437 1896025 3589 44.69 834 Plasma membrane 

Boglr2 Bol034616 Chrc01 34688024 34691281 3258 41.47 782 Plasma membrane 

Boglr3 Bol008200 Chrc01 38188571 38191975 3405 43.05 944 Plasma membrane 

Boglr4 Bol008199 Chrc01 38192270 38196318 4049 41.47 926 Plasma membrane 

Boglr5 Bol013454 Chrc04 19024234 19032115 7882 42.54 1787 Plasma membrane 

Boglr6 Bol033267 Chrc04 32256661 32260899 4239 36.02 739 Plasma membrane 

Boglr7 Bol033269 Chrc04 32292121 32295051 2931 40.84 758 Plasma membrane 

Boglr8 Bol040960 Chrc05 1566085 1569336 3252 46.77 951 Plasma membrane 

Boglr9 Bol017691 Chrc07 12729400 12733089 3690 41.22 912 Plasma membrane 

Boglr10 Bol033482 Chrc08 3749866 3753084 3219 44.11 929 Plasma membrane 

Boglr11 Bol018326 Chrc08 40412648 40415869 3222 45.19 852 Plasma membrane 

B. rapa 

 

 

 

 

 

 

 

 

 

 

Brglr1 Bra011603 Chra01 1449556 1453100 3545 44.77 914 Plasma membrane 

Brglr2 Bra040147 Chra01 28484030 28488142 4113 34.99 803 Plasma membrane 

Brglr3 Bra023313 Chra02 2788960 2792786 3827 36.79 860 Plasma membrane 

Brglr4 Bra020703 Chra02 23657430 23667003 9574 38.11 1616 Plasma membrane 

Brglr5 Bra020702 Chra02 23669339 23672825 3487 38.57 823 Plasma membrane 

Brglr6 Bra020701 Chra02 23674355 23682510 8156 40.11 859 Plasma membrane 

Brglr7 Bra022887 Chra03 7572439 7580285 7847 41.99 1858 Plasma membrane 

Brglr8 Bra023989 Chra03 28396850 28401973 5124 42.47 986 Plasma membrane 

Brglr9 Bra032072 Chra04 11081339 11085047 3709 40.47 897 Plasma membrane 

Brglr10 Bra032063 Chra04 11156694 11165271 8578 29.88 924 Plasma membrane 

Brglr11 Bra040760 Chra04 15679521 15684782 3831 38.16 843 Plasma membrane 

Brglr12 Bra040761 Chra04 15685945 15695322 4402 36.92 932 Plasma membrane 

Brglr13 Bra040758 Chra04 15699498 15704817 2220 40 594 Plasma membrane 

Brglr14 Bra040759 Chra04 15712883 15727082 6684 34.08 397 Plasma membrane 

Brglr15 Bra005589 Chra05 6378019 6381344 3326 43.69 946 Plasma membrane 

Brglr16 Bra005591 Chra05 6394658 6398235 3578 44.13 923 Plasma membrane 

Brglr17 Bra018409 Chra05 8057899 8062361 4463 37.28 935 Plasma membrane 

Brglr18 Bra037487 Chra06 21218646 21222111 3466 40.68 812 Plasma membrane 

Brglr19 Bra015817 Chra07 20705072 20709907 4836 36.54 1010 Plasma membrane 

Brglr20 Bra034931 Chra08 5173942 5177131 3190 44.26 930 Plasma membrane 

Brglr21 Bra020812 Chra08 11978273 11983391 5119 39.21 1015 Plasma membrane 

Brglr22 Bra036175 Chra09 2321958 2324869 2912 43.37 847 Plasma membrane 

Brglr23 Bra036174 Chra09 2328068 2331672 3605 39.08 856 Plasma membrane 

Brglr24 Bra036795 Chra09 25762588 25765963 3376 44.76 892 Plasma membrane 

Brglr25 Bra032480 Chra09 36246731 36249759 3029 46.52 962 Plasma membrane 

Brglr26 Bra015398 Chra10 2072590 2075666 3077 48.16 952 Plasma membrane 

Brglr27 Bra009491 Chra10 16898680 16905536 6857 40.78 1426 Plasma membrane 

Table continued - 
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To determine the phylogenetic relationship among the GLRs in three Brassica genomes, 

we constructed the Maximum-Likelihood phylogenetic tree using the total length amino 

acid sequences of these proteins with 1000 bootstrap values. As shown in Figure 3.1, all 

GLRs were clearly divided into three groups named as A, B and C, with well-supported 

bootstrap values. The largest group is A (shown in red) contains forty-three GLRs from 

all three species. Group B (shown in blue) contains thirty four GLRs and Group C 

(shown in green) contains twenty six GLRs. Group C does not contain any sequences 

from B. oleracea. 
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Figure 3.1: The Maximum-Likelihood (ML) phylogenetic tree of the GLR 

proteins of B. rapa, B. oleracea and B. napus. The phylogenetic tree was 

constructed by the MEGA X software with 1000 bootstrap replicates. 

Distinct colour segments represent different groups of GLRs. The numbers 

beside the branches suggest the decimel bootstrap values that support the 

adjacent node. 

 

 



 
 
 

Genome-wide analysis of GLRs in Brassica 
 

Page - 115 
 

 

 

3.3.2 Chromosomal localization of GLR genes in three species of Brassica 

The chromosomal locations of GLR gene family members in B. rapa, B. oleracea and B. 

napus genomes were analysed. In B. rapa, genes are distributed in all the 10 

chromosomes while in B. oleracea, GLR genes are distributed in only 5 out of 9 

chromosomes. In B. rapa, we have found five gene clusters with genes arranged in 

tandem arrangements indicating tandem duplication events. Of these, chromosome A02 

has one cluster with three genes; chromosome A04 has two clusters with two and four 

genes, respectively; chromosome A05 has one cluster with two genes and chromosome 

A09 has one cluster with two genes. In B. oleracea, we have found only two clusters: one 

in chromosome C01 and another in chromosome C04 with two genes in each cluster. In 

B. napus, exact chromosomal locations of 7 GLR genes could not be obtained and thus, 

58 GLR genes could be properly located on the chromosomes. By comparing the B. 

napus A subgenome with B. rapa genome, we have found 27 genes in each genome with 

similar relative positions for majority of the genes. However, while chromosome A04 of 

B. rapa possess two clusters of two and four tandemly arranged genes, respectively, 

chromosome A04 of B. napus possess only one cluster with three genes. Other changes 

include one cluster in chromosome A03 of B. napus which is absent in B. rapa and one 

extra gene in the cluster present in chromosome A09 in B. napus compared to B. rapa 

(Figure 3.2). However, when comparing B. napus C subgenome with B. oleracea 

genome, we have found five gene clusters in B. napus C subgenome compared to only 

two in B. oleracea genome indicating gene amplification in the C subgenome of B. napus 

after allopolyploidization. More importantly, B. napus C subgenome contains GLR genes 

in all the chromosomes unlike B. oleracea in which four chromosomes do not possess 

any GLR genes.  
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Figure 3.2: Distribution of GLR gene family members on chromosomes of B. rapa, B. oleracea 

and B. napus. B. napus A subgenome and C subgenome chromosomes are coloured in accordance 

with the B. rapa (A genome) and B. oleracea (C genome), respectively for better understanding 

of the subgenome specific GLR gene family expansion in B. napus. For B. napus, 58 GLR genes 

for which exact chromosomal information were available in the database were mapped. Genes 

inside the red boxes represent tandem arrangement. Scales at the left side indicate chromosome 

sizes. Note that in B. napus, the GLR gene family expanded mainly in the C subgenome. 
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3.3.3 Subcellular localization of GLR proteins in the three species of Brassica 

The CELLO webtool was used to predict the subcellular localization of the GLR proteins 

in B. oleracea, B. rapa and B. napus. All of the GLRs of B. oleracea and B. rapa are 

predicted to be localized in plasma membrane. In B. napus, BnaAnng35320D and 

BnaC07g50950D were predicted to be localized in Chloroplast and 

Cytoplasm/Mitochondria, respectively. All the other proteins of this species were 

predicted to be localized in plasma membrane (Table 3.1). It indicates that the GLR 

family was highly conserved in subcellular localization during the allopolyploidization. 

3.3.4 Gene structure and protein conserved motifs of GLR genes in the three species 

of Brassica 

To study the GLR gene structure, we analyzed the distribution of the exons and introns in 

them on the basis of phylogenetic similarities of GLR proteins (Figure 3.3a, 3.3b). The 

number of introns ranged from zero (BnaAnng35320D) to 12 (Bra022887). Average 

introns per gene were 4.86, 4.59 and 4.73 for group A, B and C, respectively. Notably, 

genes with tandem arrangements did not show much conservation in exon-intron 

structures. We have also searched 10 conserved motifs in all GLR proteins of from B. 

oleracea, B. rapa and B. napus by using MEME (Figure 3.3c). As shown in Figure 3.3c, 

all the motifs were present in majority of GLR proteins, mainly in the same sequence. 

However, some motifs were present in duplicate in some of the genes, while some genes 

lack some of these motifs. Notably, motif 8 were absent in several members mainly in the 

members of the group C (Figure 3.1 and 3.3a).  In contrast to the conservation in short 

amino acid sequence motifs, the exon-intron structures in the same clade were not highly 

conserved. Notably, all the short amino acid sequence motifs are present in duplicate in 

Bra022887 protein. The Bra022887 gene contains the highest number of introns (12), as 

mentioned earlier. Figure 3.3: exon–intron structure of GLR genes and conserved motif 

distribution of GLR proteins. (a) The phylogenetic tree of GLR proteins as shown in 

Figure 3.1 (coloured similarly for different groups); (b) Exon-intron structures of the 103 

GLR genes; (c) Ten conserved motifs identified by MEME are indicated by different 

colors in all the 103 GLR proteins. 
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Figure 3.3: Exon–intron structure of GLR genes and conserved motif distribution of GLR 

proteins. (a) The phylogenetic tree of GLR proteins as shown in Figure 3.1 (coloured similarly for 

different groups); (b) Exon-intron structures of the 103 GLR genes; (c) Ten conserved motifs 

identified by MEME are indicated by different colors in all the 103 GLR proteins. 
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3.3.5 Identification of orthologous gene clusters in the three species of Brassica 

The protein sequences of the identified GLR genes from all the three species were used 

for the orthology analysis. This analysis was performed to evaluate the effect of 

polyploidisation events, which shaped the evolution of the Brassica genomes, on the GLR 

gene family. We have considered only those genes for which exact chromosomal 

locations were available. In this way, several orthologous genes were identified of which 

the highest number (118 gene pairs) was identified between B. rapa and B. napus. 

However, only 52 gene pairs were identified between B. oleracea and B. napus which is 

much lesser than the earlier case. Only 27 gene pairs were identified between B. rapa and 

B. oleracea (Figure 3.4). Notably, orthology were found between the GLR genes of B. 

rapa and B. oleracea with both A and C subgenomes of B. napus.  
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Figure 3.4: Orthologous GLR genes among B. napus, B. rapa and B. oleracea as found 

with OrthoVenn2. Nine B. oleracea chromosomes are coloured in light green, ten B. rapa 

chromosomes are coloured in light orange, nine B. napus chromosomes belonging to C 

subgenome are coloured in darker green and ten B. napus chromosomes belonging to A 

subgenome are coloured in darker orange. The respective chromosome numbers are 

written inside the coloured boxes. The gene names are written outside the chromosomes 

linked with pink lines. For B. napus, 58 GLR genes for which exact chromosomal 

information was available in the database were mapped only. The scale for the 

chromosome sizes (Mb) is rendered in red lines outside the chromosomes. The different 

orthologous genes are linked with different coloured lines; Blue, green and red lines 

indicate orthology between B. oleracea with B. napus, B. oleracea with B. rapa and B. 

napus with B. rapa, respectively. The figure was created using the software TBTools. 
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3.3.6 Analysis of GLR gene expression in the three species of Brassica 

Based on the RNA-seq data, we investigated the expression patterns of GLR genes in the 

three species of Brassica. For B. oleracea, dataset of seven tissues (bud, callus, flower, 

leaf, root, silique and stem) were obtained. For B. rapa, eight tissues (callus, flower, 

leaf1, leaf2, root1, root2, silique and stem) were obtained. However, for B. napus, 

expression profile of genes of two early-maturing rapeseed varieties (HX17 and HX58) 

treated with cold shock at chilling (4°C) and freezing (−4°C) temperatures were obtained 

(He et al. 2019, 2020). For both the varieties, the treatments are as follows: Control (MA 

and MB), CA (4°C 12 h following cold acclimation), FA (-4°C 12 h following cold 

acclimation), CB (4°C) and FB (-4°C). GLR genes of B. oleracea were differentially 

expressed among the seven tissues (Figure 3.5a), reflecting the diversity of GLR gene 

functions during growth and development. Of these genes, Bol034616 showed very low 

or no expression in all the tissues. Majority of the other genes expressed in all the tissues 

with varying expression level. Of these, Bol013454 expressed at a much higher level in 

flower and silique than bud, leaf, root and stem indicating its primary role in reproductive 

growth. However, it was also highly expressed in callus which is noteworthy and need 

further study. Bol033267 and Bol033269 did not express in roots. In B. rapa, several 

genes showed distinct tissue specific expression patterns while others were expressed in 

all tissues but the expression levels varied in different tissues. Three genes namely 

Bra009491, Bra040758 and Bra040760 showed very high expression levels in callus 

tissues. Notably, they were also highly expressed in flowers (Figure 3.5b). In B. napus, 

we have studied differential expression of GLR genes in abiotic stress response. Some 

genes did not express at all in treated as well as control. There is a possibility that these 

genes lost the ability to be transcribed when regulatory regions became impaired, which 

presumably occurred later than the formation of the characteristic protein structural 

features. Similar observations were made by Xie and Shang (2018) while working with 

purple acid phosphatase (PAP) family of enzymes in plants. Other genes showed 

differential expression pattern in response to different cold stress. BnaA10g03230D was 

found to be downregulated in response to cold stress while BnaA10g26130D and 
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BnaC04g12410D were upregulated. Some other genes were also differentially expressed 

but their expression level varied in response to chilling and freezing stress compared to 

control. Also, different expression patterns were found among the two varieties (HX17 

and HX58). For example, BnaC04g12400D showed downregulation of expression in 

response to chilling (CB) as well as freezing (FB) compared to the control (MB) in 

HX58. While, in HX17, the gene showed downregulation in response to freezing (FB) 

but showed similar expression in response to chilling (CB) compared to the control (MB) 

(Figure 3.5c). From these observations, it is clear that GLR genes take part in growth and 

development of vegetative and reproductive organs and also plays important role in 

abiotic stress response in different species of Brassica. 
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Figure 3.5: Heat map representation of expression patterns of GLR genes analyzed by 

RNA-Seq. a) B. oleracea, b) B. rapa, c) B. napus. Expression levels of the GLR genes are 

shown as the Log2 transformed FPKM values obtained from the respective RNA-Seq 

data. 
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3.3.7 Analysis of cis-acting elements in the promoters of GLR genes in the three 

species of Brassica 

The PlantCARE database was used to predict the cis-acting elements present in the 

upstream 1000 bp of GLR genes of the three species of Brassica to investigate the 

potential function of these genes. We have found many cis-acting elements which can be 

broadly categorized into six types including promoters/enhancers (6), cell cycle related 

(4), development related (18), light responsive (26), plant hormone responsive (17), stress 

related (14) and other types (8) of cis-acting elements (Figure 3.6). Of these, almost all 

the GLR genes possess Myb and MYC binding sites indicating their roles in plant 

development. Majority of These genes also contain some light responsive elements like 

Box 4, G-box and GT1-motif. Plant hormone response elements and stress response 

elements play important roles for plant defense. Among the plant hormone responsive 

elements, ABRE elements are present in majority of genes. Several stress responsive 

elements were also found indicating that GLR genes play important role in plant stress 

response. Some of the frequently found stress responsive elements are LTR, MBS, STRE, 

W-box etc. It is noteworthy that there are some cis-elements which were found at least in 

one gene of B. napus, but not found at all in its two diploid progenitors. These elements 

are dOCT, E2Fb, OCT, re2f-1, AACA_motif, GRA, 4cl-CMA2b, AAAC-motif, LS7, 

Sp1, JERE, TATC-box and GC-motif. However, pattern of cis-element found is overall 

similar in these three species indicating that as a whole; the functional aspects of these 

genes remained unaltered after allopolyploidization. 
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Figure 3.6: Main cis-elements in GLR gene promoters in B. rapa, B. 

oleracea and B. napus. Seven types of cis-elements viz. 

promoters/enhancers, cell cycle related, light responsive, development-

related, plant hormone responsive, stress related and other elements were 

identified in the GLR gene promoter regions. The colour scale bar represents 

the number of a particular cis-element. 
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3.3.8 Comprehensive analysis of microRNAs targeting GLR Genes in the three 

species of Brassica 

We have found three miRNAs targeting three different GLR genes in B. oleracea of 

which two showed inhibition by cleavage and one showed inhibition by translation 

(Figure 3.7a). In B. rapa, we have identified sixty one miRNAs targeting twenty five 

GLR genes (Figure 3.7b). Of these, the gene Bra009491 is the most targeted gene 

(targeted by 12 miRNAs). On the other hand, Bra015817 and Bra040758 are targeted by 

only one miRNA each. Majority of these miRNAs inhibit the genes by cleavage. 

Furthermore, bra-miR156a-3p was identified as the highest targeting miRNA targeting 

six genes (Bra040760, Bra011603, Bra020703, Bra036174, Bra020701 and Bra020702) 

all by cleavage. In B. napus, thirty six miRNAs target twenty seven GLR genes (Figure 

3.7c). Of these, twelve belong to A subgenome and fifteen belong to the C subgenome. 

BnaC08g22850D is the most targeted gene (targeted by nine miRNAs). On the other 

hand, BnaA04g28170D, BnaC04g40290D and BnaC05g03240D are targeted by a single 

miRNA each.  In B. napus, the members of miR172 family (bna-miR172a, bna-miR172b, 

bna-miR172c and bna-miR172d) are the highest targeting miRNAs (targeting eight genes 

each, all by cleavage). These genes are BnaA01g33670D, BnaA03g14950D, 

BnaA05g10830D, BnaA10g26130D, BnaC01g40220D, BnaC04g12410D, 

BnaCnng10410D and BnaCnng51940D and all of them are targeted by bna-miR172a-d. 
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Figure 3.7: A schematic representation of the regulatory network relationships between 

the miRNAs and their targeted genes in a) B. oleracea, b) B. rapa and c) B. napus. 

Yellow circles represent regulated genes, green circles represent miRNAs that regulates 

the genes expression; blue and red lines represent inhibition by cleavage and by inhibition 

of translation, respectively. 

3.4 Discussion 

GLRs are very important in plant signaling and hence, have been studied extensively in 

past few years. Bortoli et al (2016) studied extensively on this gene family in different 

photosynthetic organisms including Brassica rapa. However, considering the economic 

importance of the genus Brassica, it is important to study the GLR gene family in 

different members of this genus. The recently sequenced genome of allopolyploid B. 

napus as well as its diploid progenitors B. rapa and B. oleracea gave us the opportunity 

to identify and study the GLR gene family in these species. Moreover, it is important to 

study the fate of GLR genes after polyploidization in this genus. So, this study can also be 

important in the context of genome-wide study of gene families after polyploidization. In 

this study, we have found that the GLR gene family in Brassica napus has expanded after 

the allopolyploidization as the total number of GLR genes in B. napus is greater than the 
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combined number of GLR genes in B. rapa and B. oleracea. Similar results were found 

regarding RC12 gene family in these three species (Sun et al. 2022). However, this 

expansion of GLR gene family was not uniform in the A and C subgenomes, as revealed 

by the present study. While the GLR gene number remains constant in the A subgenome 

(with some alterations in chromosomal positions within the genome), it expanded 

considerably in the C subgenome. We have found several tandem duplications of GLR 

genes after allopolyploidization especially in the C subgenome. It shows that 

polyploidization has different effect on different subgenomes, at least in Brassica. 

Brassica has undergone a WGT (whole genome triplication) event followed by gene 

duplications, deletions and rearrangements (Lysak et al. 2005). Moreover, gene loss event 

after triploidisation has also been suggested previously (Song et al. 2014; Lohani et al. 

2019). Our study indicate that these events may have shaped the expansion of GLR genes 

in B. napus differently in A and C subgenomes. However, the analysis of orthologous 

gene relationship using the protein sequences shows that B. napus GLR genes from both 

A and C subgenomes are orthologous to B. rapa and B. oleracea. In fact, phylogenetic 

analysis of GLR proteins showed that these sequences can be subdivided into three 

groups but these groups are not species-specific. This shows that protein sequence level 

conservation is high among the members of this group. Moreover, study of conserved 

motifs in the GLR proteins with the help of MEME also supports this as the arrangements 

of these motifs are more or less conserved. Thus, comparative analysis of the GLR 

proteins highlighted that the protein sequence and domain compositions of these genes 

have been relatively conserved during evolution of the Brassica species. However, we 

have found diverse intron/exon structures in Brassica GLR genes. Introns and RNA 

splicing offer great genetic plasticity of the eukaryotic cells (Patthy 1999). So, it has been 

found that protein level conservation is more in these GLRs in Brassica than gene level 

structural conservation.  

The cis-acting elements also showed tremendous diversity in the promoter region which 

shows they are involved in diverse physiological processes like development, response to 

different plant hormones, light response, stress responses etc. However, overall, the 

pattern of cis-elements in the promoters found is overall similar in B. napus and its two 

diploid progenitors indicating that as a whole; the functional aspects of these genes 
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remained unaltered after allopolyploidization. Expression analysis showed difference in 

expression pattern, expression level and tissue specificity in B. rapa and B. oleracea. 

Thus, these genes play important roles in plant growth and development. Previous studies 

showed that in plants, GLR genes are expressed in response to wounds, pathogen attack 

etc. (Grenzi et al. 2021). We have shown that in B. napus, GLRs are up or downregulated 

in response to cold stress indicating their role in abiotic stress response. This is also 

evident from the presence of cis-acting elements related to stress response. 

The expression of some of these genes in all the species is controlled by micro RNAs as 

revealed in the present study. In B. rapa, the gene Bra009491 was found to be targeted by 

12 miRNAs. Interestingly, this gene showed the highest expression in callus compared to 

other tissues. So, in normal conditions, its expression is lower. This may be contributed 

by higher targeting by miRNAs. In B. napus, the members of miR172 family are the 

highest targeting miRNAs.  MiR172 was first reported from Arabidopsis and then in 

many plants because of its high conservation(Park et al. 2002; Wang et al. 2019). The 

members of this miRNA family and their target genes play key roles in floral organ 

differentiation and flowering time (Wang et al. 2019). In B. napus, four putative miR172 

family members (Bna-miR172a-d) were predicted in miRbase. These four mature 

miR172 sequences are highly conserved except for the first base and divergence was 

observed in the precursor sequences (Wang et al. 2019). It is interesting to observe that 

these miRNAs also target several GLR genes. 

3.5 Conclusion 

In conclusion, we comprehensively analysed the evolutionary pattern, gene structure, 

conserved motifs, orthology, cis-acting elements and expression profiles of GLR genes in 

three Brassica species. This effort can serve as a preliminary step in comprehensive 

functional characterization of GLR genes by reverse genetic approaches and molecular 

genetics research. In addition, this study may also facilitate our understanding of the 

evolution of the economically important species of Brassica during the evolution of 

polyploidy. 
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4.1 Introduction 

Plant glutamate-receptors (GLRs) are homologs of animal ionotropic glutamate 

receptors (iGluRs) and are known to be associated with various physiological processes 

in plants including carbon and nitrogen metabolism, defense response, stomatal aperture 

regulation, pollen tube growth, root development, and stress responses (Simon et al. 

2023); abscisic acid (ABA) biosynthesis and signaling, water loss, seed germination 

(Kong et al. 2015); root gravitropism (Miller et al. 2010), lateral root initiation (Vincill 

et al. 2013), root development (Singh et al. 2016), innate immune responses (Forde and 

Roberts 2014) and so on. Since their discovery in 1998 in Arabidopsis thaliana (Lam 

et al. 1998), many such ion channels have been discovered from other plants. However, 

study of their structural details is available only from a few GLR proteins of A. thaliana. 

It is now known that they are multimeric (homo or heteromeric) membrane proteins 

with structural similarity with animal iGluRs. 

However, with the discovery of many GLRs from other plants, it is necessary to study 

the structural features of these GLRs for better understanding the structure, function, 

and evolution of these proteins. Considering their role in diverse physiological 

processes in plants, study of GLRs is even more important for crop plants. In chapter 

III, we have identified and studied several GLR genes from Brassica napus, B. oleracea 

and B. rapa. However, their structural properties are yet to be analyzed.  

Protein characterization by experimental methods involve high cost and much time. 

Thus, these methods are not amenable for high throughput techniques. In these 

situations, in silico methods can be used for getting an overall picture of properties of 

proteins that can further be studied by experimental methods. Thus, molecular 

approach linked to bioinformatics is essential (Shukla et al. 2021). Several 

computational tools are helpful to understand the physico-chemical and structural 

properties of proteins. As the three-dimensional structure of proteins can answer many 

queries regarding their functional aspects, three-dimensional structure prediction is an 

essential aspect of bioinformatics and homology modeling is used for prediction of the 

three-dimensional structure of proteins (Shukla et al. 2021). This approach is based on 

the fact that evolutionary related proteins possess similar structures (Altschul et al. 

1994; Shukla et al. 2021). We have modeled the GLRs of Arabidopsis thaliana earlier 

based on AMPA subtype ionotropic glutamate receptor from Rattus norvegicus 
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(Chapter II). However, crystal structure of A. thaliana GLR is available now (Green et 

al. 2021). So, it is expected that more accurate prediction is possible now with the 

advent of new experimental data. So, in this work, we have studied the structural 

properties of GLRs from three species of Brassica with the help of some bioinformatic 

tools. 

4.2 Methodology  

4.2.1 Sequence retrieval  

We have used 65, 27 and 11 GLR proteins from B. napus, B. rapa and B. oleracea as 

described in Chapter III. The protein sequences of the identified genes were retrieved 

in FASTA format and used for further analysis. 

4.2.2 Physicochemical characterization and secondary structure prediction  

For physicochemical characterization, theoretical pI, molecular weight, instability 

index (Guruprasad et al. 1990) and grand average hydropathy (GRAVY) (Kyte and 

Doolittle 1982) were computed using the Expasy’s ProtParam (Gasteiger et al. 2005) 

server (https://web.expasy.org/protparam/). Secondary structure prediction was carried 

out with SOPMA (Geourjon and Deleage 1995). 

4.2.3 Homology modeling and model validation  

SWISS-MODEL workspace (https://swissmodel.expasy.org/) (Waterhouse et al. 2018) 

was used to predict the three-dimensional structure of the GLRs. The most suitable 

template was selected for modeling. All the modeled structures were evaluated by 

different quality evaluation tools such as QMEAN (Benkert et al. 2011) and 

QMEANDisCo (Studer et al. 2020) available with the Swiss Model workspace. Further 

quality assessment was performed by Ramachandran plot analysis in PROCHECK 

(Laskowski et al. 1993) and ERRAT (Colovos and Yeates 1993) by using SAVES server 

(https://saves.mbi.ucla.edu/) as well as by ProSA (Sippl 1993; Wiederstein and Sippl 

2007). 

Using Swiss-Model, the most suitable template for homology modeling was chosen 

from the protein data bank (PDB) (Berman et al. 2000) (http://www.rcsb.org/) which 

contains all publicly available 3D structures of proteins. On the basis of the results 

obtained from template search, the crystal structure of the glutamate receptor-like 

https://web.expasy.org/protparam/
https://saves.mbi.ucla.edu/
http://www.rcsb.org/
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channel AtGLR3.4 (PDB id: 7LZH, chain A) at a resolution of 3.57Å (Green et al. 2021) 

was used as the template for homology modeling of the 3D models of GLRs of three 

Brassica species. Modeled proteins were visualized with Chimera (Pettersen et al. 

2004). Energy minimization was carried out with Gromos force field (van Gunsteren et 

al. 1996) in Swiss-PdbViewer (Guex and Peitsch 1997). 

4.2.4 Surface- electrostatics property analysis  

Electrostatic potentials of the proteins were compared with the web-based version of 

PIPSA (Protein Interaction Property Similarity Analysis) (Blomberg et al. 1999; Wade 

et al. 2001; Gabdoulline et al. 2007; Richter et al. 2008). For this, monomers of the 

GLRs were considered as the tetramers were huge and resulted in some errors while 

performing PIPSA. The models were superposed with Chimera and submitted to the 

PIPSA web server and Adaptive Poisson-Boltzmann Solver (APBS) software  (Baker 

et al. 2001) was chosen to calculate the electrostatic potentials. For pair wise 

comparisons of electrostatic potentials of two proteins, Hodgkin (Hodgkin and Richards 

1987; Good et al. 1992) similarity index (SI) for two proteins (labeled 1 and 2) was used 

as follows: 

SI12 =
2(𝐩1, 𝐩2)

(𝐩1, 𝐩1) + (𝐩2, 𝐩2)
 , 

where (p1, p1), (p1, p2) and (p2, p2) are the scalar products of the electrostatic potentials 

over the region where the potentials are compared (Blomberg et al. 1999). If the 

electrostatic potentials (ϕ) are computed on a three-dimensional grid over the two 

superimposed molecules, the scalar product is 

(p1, p2) =∑ ϕ
1
(i, j, k)ϕ

2
(i, j, k)i,j,k , 

Where summation is carried out over the grid points (i,j,k) that are within the region of 

interest (Blomberg et al. 1999). The resulting similarity indices have been converted by 

PIPSA into distances as follows: 

Da,b = √2 − 2SIa,b 
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where Da,b and SIa,b are the respective distance and similarity index of two proteins 

(labeled a and b) (Richter et al. 2008). Finally, a cluster analysis has been performed 

with PIPSA.  

4.3 Results  

4.3.1 Physico-chemical properties of GLRs of three species of Brassica  

The physico-chemical properties of the GLRs were studied with Expasy’s Protparam 

tool. In B. napus, the molecular weight of the proteins ranged from 36.01 kDa 

(BnaC04g40280D) to 159.78 kDa (BnaA10g26130D) with an average (±SE) of 91.21 

(±2.36) kDa. In B. rapa, the molecular weight of the proteins ranged from 44.19 kDa 

(Bra040759) to 207.96 kDa (Bra022887) with an average (±SE) of 107.06 (±6.07) kDa. 

In B. oleracea, the molecular weight of the proteins ranged from 83.35 kDa 

(Bol033267) to 199.24 kDa (Bol013454) with an average (±SE) of 105.80 (±9.68) kDa.  

The GRAVY value for a peptide is the sum of hydropathy values (Kyte and Doolittle 

1982). In B. napus, Maximum and minimum GRAVY score were recorded as 0.097 

(BnaC04g23810D) and -0.276 (BnaC04g40280D), respectively. Twenty-five of these 

proteins showed positive GRAVY scores while the rest forty showed negative values. 

In B. rapa, the GRAVY score ranged from -0.19 to 0.078. Twenty of these GLRs showed 

negative GRAVY score while the rest seven showed positive GRAVY score. In B. 

oleracea, the GRAVY score ranged from -0.259 to 0.078. Eight of these proteins 

showed negative GRAVY score while only three showed positive GRAVY score. In B. 

napus, the value of pI ranged from 5.73 (BnaCnng20160D) to 9.26 (BnaCnng10410D) 

with an average (± SE) of 7.52 (± 0.14). In B. rapa, pI ranged from 6.1 (Bra023313) to 

9.47 (Bra020701) with an average (± SE) of 7.82 (± 0.17). In B. oleracea, pI ranged 

from 6.11 to 8.86 with an average (± SE) of 7.67 (± 0.30). Regarding instability index, 

B. napus showed that 80% (52 out of 65) GLRs are stable i.e. their instability index is 

lower than 40. In B. rapa and B. oleracea, 74% (20 out of 27) and 63% (7 out of 11) 

GLRs are stable, respectively (Table 4.1). 
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Table 4.1: Physico-chemical properties of GLRs of Brassica species 

Protein 

name 

Gene ID Molecular 

weight (kD) 

pi GRAVY Instability 

index 

BnGLR1 BnaA01g02120D 64.45 9.11 -0.02 33.36 

BnGLR2 BnaA01g33670D 89.79 7.69 0.038 34.68 

BnGLR3 BnaA02g00890D 97.05 6.05 -0.143 41.31 

BnGLR4 BnaA02g30120D 96.20 6.79 -0.005 30.71 

BnGLR5 BnaA02g30130D 82.37 6.19 0.005 39.5 

BnGLR6 BnaA02g30140D 70.47 6.39 -0.041 36.89 

BnGLR7 BnaA03g14950D 99.01 6.83 -0.201 41.7 

BnGLR8 BnaA03g14960D 103.52 8.58 0.063 35.39 

BnGLR9 BnaA03g51670D 108.11 8.64 -0.061 32.72 

BnGLR10 BnaA04g14620D 96.83 6.82 -0.047 34.6 

BnGLR11 BnaA04g16910D 104.10 7.04 -0.186 39.9 

BnGLR12 BnaA04g16920D 97.34 8.14 -0.103 33.14 

BnGLR13 BnaA04g16940D 71.97 6.46 -0.132 36.95 

BnGLR14 BnaA04g28170D 100.51 8.77 -0.058 36.84 

BnGLR15 BnaA05g10830D 81.89 6.05 -0.055 42.53 

BnGLR16 BnaA05g10840D 103.08 7.3 0.066 39.75 

BnGLR17 BnaA05g13030D 108.55 8.82 -0.133 31.58 

BnGLR18 BnaA06g30230D 97.87 8.41 -0.022 29.59 

BnGLR19 BnaA07g02520D 101.59 7.27 0.003 41.67 

BnGLR20 BnaA08g04580D 92.33 8.7 -0.055 35.46 

BnGLR21 BnaA08g10690D 100.96 8.23 0.075 39.24 

BnGLR22 BnaA08g29720D 59.27 8.92 0.032 31.19 

BnGLR23 BnaA09g02950D 73.55 6.35 0.033 34.17 

BnGLR24 BnaA09g02980D 79.55 5.94 0.013 34.29 

BnGLR25 BnaA09g03000D 96.25 6.42 -0.027 33.75 

BnGLR26 BnaA09g32030D 99.35 8.65 0.075 40.62 

BnGLR27 BnaA09g50380D 97.23 6.47 -0.084 34.59 

BnGLR28 BnaA10g03230D 106.16 8.34 -0.088 38.47 

BnGLR29 BnaA10g26130D 159.78 8.63 -0.187 45.82 

Table continued - 



Homology modeling and in silico structural characterization of glutamate 

 receptors of allopolyploid Brassica napus and its diploid progenitors 

 
 

Page - 136 
 

Protein 

name 

Gene ID Molecular 

weight (kD) 

pi GRAVY Instability 

index 

BnGLR30 BnaAnng26240D 113.54 8.64 -0.155 40.1 

BnGLR31 BnaAnng35320D 45.11 5.98 -0.226 35.16 

BnGLR32 BnaC01g03260D 101.59 8.55 0.023 38.94 

BnGLR33 BnaC01g40220D 89.65 7.31 0.031 38.59 

BnGLR34 BnaCnng20160D 97.04 5.73 -0.143 41.51 

BnGLR35 BnaC02g38540D 89.12 8.92 -0.023 34.72 

BnGLR36 BnaC02g38550D 98.63 5.94 -0.004 35.04 

BnGLR37 BnaC02g38560D 97.32 7.65 0.024 36.72 

BnGLR38 BnaC03g26390D 44.92 6.64 -0.036 36.97 

BnGLR39 BnaCnng51940D 99.18 5.9 -0.204 40.79 

BnGLR40 BnaCnng51950D 103.50 8.57 0.078 35.02 

BnGLR41 BnaCnng31230D 103.48 7.11 0.019 36.64 

BnGLR42 BnaC04g12400D 102.82 7.95 0.074 39.08 

BnGLR43 BnaC04g12410D 99.51 6.22 -0.094 36.6 

BnGLR44 BnaC04g15320D 108.66 8.8 -0.112 33.45 

BnGLR45 BnaC04g23810D 87.07 6.15 0.097 32.22 

BnGLR46 BnaC04g37210D 91.11 6.56 -0.002 33.43 

BnGLR47 BnaC04g40280D 36.01 8.64 -0.276 40.21 

BnGLR48 BnaC04g40290D 67.40 6.05 -0.144 37.82 

BnGLR49 BnaC04g42860D 100.45 8.17 0.033 35.9 

BnGLR50 BnaCnng66430D 90.96 8.69 -0.164 35.64 

BnGLR51 BnaC05g03240D 106.30 7.94 -0.051 39.09 

BnGLR52 BnaC06g36440D 102.78 8.9 -0.227 37.43 

BnGLR53 BnaCnng22760D 101.54 7.26 0.005 41.95 

BnGLR54 BnaC07g26470D 97.83 8.37 0.011 30.46 

BnGLR55 BnaC07g43470D 76.12 6.54 0.029 35.49 

BnGLR56 BnaC07g50950D 61.49 8.66 -0.262 33.46 

BnGLR57 BnaC08g22850D 99.36 8.77 0.052 40.54 

BnGLR58 BnaC08g44070D 104.64 7.59 -0.055 34.58 

BnGLR59 BnaC08g46160D 59.33 8.9 0.041 31.53 

Table continued - 

Table continued - 
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Protein 

name 

Gene ID Molecular 

weight (kD) 

pi GRAVY Instability 

index 

BnGLR60 BnaC09g02380D 75.77 6.02 0.039 33.46 

BnGLR61 BnaC09g02400D 78.05 5.74 -0.066 36.46 

BnGLR62 BnaC09g02410D 96.55 6.21 -0.025 36.59 

BnGLR63 BnaCnng10410D 72.06 9.26 -0.017 37.55 

BnGLR64 BnaCnng32830D 94.30 8.49 -0.218 38.22 

BnGLR65 BnaCnng48020D 96.45 7.97 0.022 42.8 

BoGLR1 Bol029085 92.76 8.86 -0.031 40.02 

BoGLR2 Bol034616 87.39 7.63 -0.032 41.1 

BoGLR3 Bol008200 105.80 6.45 -0.098 40.22 

BoGLR4 Bol008199 103.50 8.57 0.078 35.02 

BoGLR5 Bol013454 199.24 7.75 -0.022 38.88 

BoGLR6 Bol033267 83.35 8.63 -0.259 39.44 

BoGLR7 Bol033269 85.88 6.11 -0.077 30.78 

BoGLR8 Bol040960 106.14 8.17 -0.046 38.79 

BoGLR9 Bol017691 101.62 7.26 0.001 42.07 

BoGLR10 Bol033482 103.95 8.57 0.01 34 

BoGLR11 Bol018326 94.16 6.36 -0.077 34.84 

BrGLR1 Bra011603 101.40 8.23 0.059 37.58 

BrGLR2 Bra040147 89.97 7.34 0.026 35.82 

BrGLR3 Bra023313 97.07 6.1 -0.145 41.92 

BrGLR4 Bra020703 181.66 8.09 -0.031 34.13 

BrGLR5 Bra020702 91.97 6.36 -0.019 35.39 

BrGLR6 Bra020701 96.85 9.47 -0.066 40.42 

BrGLR7 Bra022887 207.96 7.59 -0.044 38.38 

BrGLR8 Bra023989 111.00 8.18 -0.037 33.38 

BrGLR9 Bra032072 101.38 8.46 -0.027 36.99 

BrGLR10 Bra032063 103.99 6.83 -0.05 33.88 

BrGLR11 Bra040760 93.78 8.13 -0.028 30.76 

BrGLR12 Bra040761 104.92 6.85 -0.176 40.18 

BrGLR13 Bra040758 66.68 8.77 -0.098 32.63 

Table continued - 

Table continued - 
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Protein 

name 

Gene ID Molecular 

weight (kD) 

pi GRAVY Instability 

index 

BrGLR14 Bra040759 44.19 7.06 0.012 28.22 

BrGLR15 Bra005589 105.86 7.16 -0.101 39.98 

BrGLR16 Bra005591 102.92 7.3 0.078 39.1 

BrGLR17 Bra018409 104.78 8.45 -0.15 32.4 

BrGLR18 Bra037487 90.31 8.73 -0.043 28.98 

BrGLR19 Bra015817 113.54 8.64 -0.155 40.1 

BrGLR20 Bra034931 103.95 8.66 0.005 33.24 

BrGLR21 Bra020812 113.31 8.4 -0.009 41.15 

BrGLR22 Bra036175 94.71 6.57 0.01 32.54 

BrGLR23 Bra036174 96.35 6.63 -0.037 32.46 

BrGLR24 Bra036795 99.35 8.65 0.075 40.62 

BrGLR25 Bra032480 106.69 7.59 -0.061 34.78 

BrGLR26 Bra015398 106.14 8.34 -0.084 38.84 

BrGLR27 Bra009491 159.84 8.65 -0.19 45.86 

 

Regarding instability index, 52 of 65 GLR proteins of B. napus were found to have 

instability index less than 40 while the other 13 showed instability index more than 40. 

In B. rapa, 20 GLRs showed instability index less than 40 while the rest 7 showed 

instability index of more than 40. In B. oleracea, 4 GLRs showed instability index more 

than 40 while the other 7 showed instability index of less than 40. 

4.3.2 Secondary structural features of GLRs of three Brassica species  

The secondary structural features were analyzed by SOPMA. In All the GLRs, 

predominance of alpha helices and random coils were observed (Figure 4.1, 4.2 and 

4.3). In B. oleracea, average percentage of random coil (37.29±0.89) was slightly higher 

than alpha helix (36.41±0.72). However, in B. rapa, average percentage of alpha helix 

(37.57±0.69) was slightly higher than random coil (36.58±0.55). Similarly, in B. napus, 

average percentage of alpha helix was slightly higher (37.59±0.37) than random coil 

(36.75±0.32). 

 

Table continued - 
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         Figure 4.1: Secondary structural features of GLRs of B. oleracea 
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        Figure 4.2: Secondary structural features of GLRs of B. rapa 
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    Figure 4.3: Secondary structural features of GLRs of B. napus 
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4.3.3 Three-dimensional structures of GLRs  

Homology modeling of the GLRs were performed with SWISS-MODEL and the 

Structure of the glutamate receptor-like channel AtGLR3.4 (PDB id: 7LZH, chain A) at 

a resolution of 3.57Å (Green et al. 2021) was used as the template for homology 

modeling. All the modeled structures were carefully and manually checked. Only those 

structures were selected which showed the presence of ATD, LBD and TMD. Finally, 

74 models (7 from B. oleracea, 21 from B. rapa and 46 from B. napus) were selected 

for further study. Sequence similarity with the template ranged from 29-58 percent. 

Regarding sequence coverage, two sequences showed less than 50% sequence coverage 

(47% for Bra020703 and 48% for Bra022887). However, these are very long proteins 

(peptide length of 1616 and 1858 amino acids for Bra020703 and Bra022887, 

respectively) while the average peptide length for all the 65 GLRs are 865.68±22.25 

amino acids. Moreover, the domain search with InterPro (Paysan-Lafosse et al. 2023) 

showed the presence of Ionotropic glutamate receptor (IPR015683) family domain in 

the first half of Bra020703 (amino acid position 48-808) and in the second half of 

Bra022887 (amino acid position 961-1810). The target-template coverage was at per 

with this result. For Bra020703, the template coverage was from amino acid position 

43-810 of the target and for Bra022887, the template coverage was from amino acid 

position 956-1791 of the target. Rest of the proteins showed sequence coverage ranging 

from 72% (Bra020812) to 100% (BnaA09g50380D). The SWISS-MODEL workspace 

provided several quality parameters including QMEAN Z-scores and QMEANDisCo 

Global (Table 4.2).  The QMEAN score ranged from -5.4 to -2.66. The QMEANDisCo 

Global score ranged from 0.5 to 0.77. Ramachandran plot showed that residues in core 

region ranges from 83.8 to 90% and 0.1 to 1.6% residues are in the disallowed region, 

indicating acceptable model quality. ERRAT value ranged from 85.08 to 95.27 which 

confirms the acceptable quality of the modeled structures (Table 4.2). The ProSA Z-

score ranged from -6.32 to -10.21. The Z-score of the template is -8.5. Thus, the 

modeled structures showed almost similar Z-scores compared to the template. The 

three-dimensional structures of GLRs of B. oleracea and B. rapa are shown in Figure 

4.4 and Figure 4.5, respectively. Of the 46 modeled GLRs of B. napus, 20 belong to A 

subgenome (Figure 4.6) and 26 belong to C subgenome (Figure 4.7). Sequence identity 

They all share the typical structures of GLRs, but some structural differences were 

noted. These differences were mainly prominent in the ATD region while LBD and 
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TMD were found to be structurally more conserved. It is noteworthy that in some GLRs, 

ATD structures seemed to be slightly incomplete (Bra040760, BnaC07g43470D, 

BnaC09g02400D and BnaCnng10410D). However, we have not discarded them as they 

can also be studied in detail in future studies which may open new avenues of the 

understanding of structure-function relationship of plant GLRs. 

Surface electrostatic analysis with PIPSA showed the relationship of different GLRs 

based on surface electrostatic potential. The global electrostatic potential in every GLR 

structure was compared to each other by calculating the individual electrostatic 

distances, and the numeric matrix was used for the construction of a heatmap (Figure 

4.8). The analysis clearly showed two clusters based on the electrostatic potential 

although the clusters were not species specific. 
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Table 4.2: Evaluation of modeled structures of GLRs 

Gene ID 
Sequence 

Similiraty 

Sequence 

Coverage 
QMEAN cβ 

All 

atom 
Solvation Torsion 

QMEAN 

DisCoGlobal 

Ramachandran plot 

ERRAT ProSA 
Core  Allow  Gener  Disall 

BnaA01g33670D 0.34 0.93 -4.46 -2.97 -1.74 -0.61 -3.65 0.57 85.50% 12.40% 1.10% 1.00% 91.41 -8.10 

BnaA02g00890D 0.37 0.91 -3.49 -2.36 -1.98 0.15 -3.03 0.65 86.80% 11.80% 1.00% 0.40% 88.46 -8.84 

BnaA02g30120D 0.35 0.88 -3.78 -3.08 -1.23 -0.22 -3.11 0.62 87.70% 10.30% 1.30% 0.70% 93.11 -9.10 

BnaA03g14950D 0.53 0.94 -3.12 -1.32 -1.26 -0.65 -2.6 0.73 87.40% 11.30% 0.90% 0.40% 91.28 -9.65 

BnaA03g14960D 0.42 0.95 -3.05 -0.96 -1.21 0.11 -2.83 0.69 88.70% 10.10% 0.90% 0.30% 91.14 -9.22 

BnaA04g14620D 0.37 0.87 -4.17 -2.58 -1.91 -1.08 -3.27 0.61 86.50% 11.60% 1.50% 0.40% 87.38 -9.10 

BnaA04g16910D 0.38 0.86 -3.15 -2 -1.37 0.14 -2.77 0.65 85.60% 12.50% 1.10% 0.70% 90.97 -8.75 

BnaA04g16920D 0.39 0.85 -3.42 -1.81 -1.53 -0.51 -2.85 0.62 85.50% 11.50% 1.60% 0.40% 91.64 -7.49 

BnaA04g28170D 0.37 0.9 -4.07 -2.53 -1.61 -0.01 -3.52 0.65 86.60% 10.70% 2.20% 0.50% 93.00 -9.51 

BnaA05g10840D 0.42 0.95 -3.58 -1.35 -0.85 -0.17 -3.21 0.69 87.90% 10.60% 1.00% 0.50% 94.92 -9.51 

BnaA05g13030D 0.38 0.82 -4.08 -2.34 -2.24 -0.66 -3.34 0.62 85.50% 12.50% 1.50% 0.40% 90.29 -9.18 

BnaA06g30230D 0.35 0.88 -3.9 -2.49 -1.31 0.05 -3.4 0.6 88.30% 10.00% 1.00% 0.70% 91.33 -8.94 

BnaA07g02520D 0.45 0.96 -2.79 -1.56 -1.11 0.2 -2.51 0.71 89.00% 9.40% 1.40% 0.20% 92.68 -9.44 

BnaA08g04580D 0.46 0.96 -3.2 -0.99 -1.12 -0.18 -2.88 0.7 88.40% 10.10% 1.10% 0.40% 95.10 -8.53 

BnaA08g10690D 0.45 0.95 -3.16 -1.69 -1.16 0.1 -2.82 0.72 89.00% 9.50% 1.20% 0.20% 92.83 -9.13 

BnaA09g03000D 0.35 0.89 -4.07 -3.31 -1.92 0.29 -3.3 0.6 88.20% 10.10% 1.00% 0.70% 88.40 -8.38 

BnaA09g32030D 0.45 0.97 -2.66 -1.29 -1.12 -0.1 -2.33 0.71 89.30% 9.70% 0.90% 0.20% 91.46 -9.33 

BnaA09g50380D 0.57 1 -3.74 -0.63 -1.05 -0.39 -3.4 0.75 88.80% 9.60% 1.20% 0.40% 93.50 -8.48 

BnaA10g03230D 0.58 0.97 -3.19 -1.12 -1.01 0.35 -3.02 0.77 88.20% 10.70% 0.80% 0.30% 92.78 -9.24 

BnaAnng26240D 0.37 0.81 -3.11 -2.26 -1.48 0.38 -2.75 0.65 87.40% 11.30% 1.00% 0.30% 88.74 -10.21 

BnaC01g03260D 0.45 0.96 -2.66 -1.78 -1.07 0.24 -2.37 0.71 89.40% 9.20% 1.20% 0.20% 92.46 -9.35 

BnaC01g40220D 0.34 0.92 -4.66 -3.01 -1.64 -0.3 -3.94 0.57 86.30% 11.30% 1.70% 0.70% 90.94 -7.85 

BnaC02g38540D 0.35 0.91 -4.01 -3.18 -1.79 -0.68 -3.15 0.61 87.70% 10.40% 1.20% 0.70% 90.96 -7.94 

BnaC02g38550D 0.35 0.87 -3.86 -3.09 -1.34 -0.3 -3.15 0.6 87.60% 10.20% 1.40% 0.80% 94.78 -9.50 

BnaC02g38560D 0.35 0.88 -4.39 -2.52 -1.17 -0.5 -3.71 0.58 86.80% 10.90% 1.30% 1% 92.39 -9.22 

BnaC04g12400D 0.42 0.95 -3.41 -1.42 -1.04 -0.12 -3.06 0.69 88.60% 10.10% 0.80% 0.50% 93.67 -9.44 

BnaC04g15320D 0.38 0.82 -4.52 -2.51 -1.95 -1 -3.64 0.6 84.10% 14.00% 1.40% 0.50% 90.22 -9.19 

BnaC04g23810D 0.36 0.94 -4.05 -2.48 -2.44 -0.94 -3.19 0.6 85.70% 12.30% 1.40% 0.60% 87.64 -8.00 

BnaC04g37210D 0.37 0.88 -3.94 -2.32 -1.54 -0.84 -3.17 0.6 87.70% 10.40% 1.30% 0.60% 92.01 -8.05 

BnaC04g42860D 0.42 0.94 -3.55 -1.25 -0.76 0.03 -3.27 0.68 88.20% 10.00% 1.30% 0.50% 93.30 -9.66 

BnaC05g03240D 0.57 0.97 -3.2 -1.03 -1.07 0.32 -3.03 0.77 87.80% 11.10% 0.80% 0.30% 92.12 -9.41 

BnaC06g36440D 0.37 0.87 -3.34 -2.2 -1.55 0.14 -2.91 0.64 87.10% 11.20% 1.20% 0.50% 88.54 -9.49 

BnaC07g26470D 0.35 0.88 -4.05 -3.32 -1.6 -0.24 -3.31 0.59 87.60% 10.30% 1.40% 0.60% 94.65 -8.57 

BnaC07g43470D 0.36 0.9 -4.03 -2.68 -1.87 -0.84 -3.19 0.57 86.40% 12.00% 0.80% 0.80% 89.84 -7.05 

BnaC08g22850D 0.45 0.97 -2.99 -1.51 -0.91 -0.05 -2.65 0.7 89.40% 8.90% 1.60% 0.10% 92.69 -9.67 

BnaC08g44070D 0.56 0.98 -3.14 -0.65 -1.03 0.09 -2.96 0.75 88.70% 9.90% 0.90% 0.50% 94.12 -9.45 

BnaC09g02400D 0.35 0.86 -4.22 -3.35 -2.2 -1 -3.21 0.53 87.30% 11.20% 1.00% 0.60% 87.87 -6.78 

BnaC09g02410D 0.35 0.89 -4.07 -3.25 -1.44 -0.3 -3.33 0.61 87.20% 10.70% 1.20% 0.90% 92.79 -8.83 

BnaCnng10410D 0.34 0.91 -5.4 -3.97 -2.13 -1.46 -4.12 0.5 85.90% 11.50% 1.70% 0.90% 88.23 -6.32 

BnaCnng20160D 0.37 0.92 -3.34 -1.93 -1.55 0.11 -2.94 0.64 87.50% 11.20% 0.80% 0.50% 90.61 -9.02 

BnaCnng22760D 0.45 0.96 -2.84 -1.5 -1.07 0.13 -2.55 0.71 88.80% 9.60% 1.40% 0.20% 92.30 -9.31 

BnaCnng31230D 0.36 0.88 -4.77 -2.51 -1.57 -0.49 -4.06 0.6 83.80% 12.60% 2.00% 1.60% 89.70 -9.11 

BnaCnng32830D 0.39 0.84 -3.15 -2.44 -1.73 -0.12 -2.61 0.62 86.60% 12.10% 0.90% 0.40% 87.65 -6.82 

BnaCnng48020D 0.45 0.96 -2.85 -1.46 -0.72 0.05 -2.55 0.72 90.00% 8.60% 1.00% 0.40% 95.27 -9.90 

BnaCnng51950D 0.42 0.94 -3.4 -0.91 -0.86 -0.16 -3.11 0.69 89.20% 9.10% 1.30% 0.30% 94.21 -9.41 

BnaCnng66430D 0.39 0.84 -3.09 -1.81 -1.84 -0.57 -2.49 0.62 85.90% 12.90% 0.70% 0.50% 89.98 -7.28 

                                                                                                 Table  continued -
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Table continued - 

 

Gene ID Sequence 

Similiraty 
Sequence 

Coverage 
QMEAN cβ 

All 

atom 
Solvation Torsion 

QMEAN 

DisCo 

Global 

Ramachandran plot 
    ERRAT ProSA 

Core Allow  Gener  Disall 

Bol008199 0.42 0.94 -3.4 -0.91 0.86 -0.16 -3.11 0.69 89.20% 9.10% 1.30% 0.30% 94.21 -9.41 

Bol008200 0.55 0.95 -2.77 -0.96 -0.69 0.25 -2.62 0.74 89.30% 9.20% 1.00% 0.50% 93.58 -9.21 

Bol017691 0.45 0.96 -3.02 -1.8 -1.26 0.16 -2.68 0.71 87.90% 10.70% 1.30% 0.10% 91.50 -9.12 

Bol029085 0.44 0.96 -3 -1.57 -0.71 -0.58 -2.49 0.69 89.50% 8.90% 1.20% 0.30% 94.92 -8.53 

Bol033482 0.46 0.94 -2.94 -0.62 -0.89 0.15 -2.79 0.71 89.00% 9.40% 1.00% 0.50% 93.57 -

10.05 

Bol034616 0.45 0.98 -2.89 -1.2 -1.01 -0.18 -2.54 0.7 88.90% 9.60% 1.30% 0.30% 92.71 -8.77 

Bol040960 0.57 0.97 -3.19 -0.93 -0.91 0.34 -3.05 0.77 88.20% 10.50% 1.10% 0.20% 92.88 -9.45 

Bra005589 0.54 0.97 -3.08 -1.22 -1.25 0.26 -2.86 0.75 87.90% 11.00% 0.80% 0.30% 92.29 -9.42 

Bra005591 0.42 0.95 -3.6 -1.69 -0.87 -0.19 -3.17 0.69 88.60% 9.90% 1.10% 0.40% 95.22 -9.49 

Bra011603 0.45 0.96 -2.97 -1.88 -1.19 0.05 -2.59 0.75 89.10% 9.50% 1.20% 0.20% 92.15 -9.21 

Bra015398 0.58 0.97 -3.14 -0.87 -0.87 0.29 -3 0.77 88.10% 10.70% 0.90% 0.20% 93.02 -9.30 

Bra015817 0.29 0.81 -3.11 -2.26 -1.48 0.38 -2.75 0.65 87.40% 11.30% 1.00% 0.30% 88.74 -

10.21 

Bra018409 0.3 0.87 -4.01 -2.33 -1.38 -0.25 -3.43 0.63 86.40% 11.80% 1.30% 0.60% 92.55 -9.38 

Bra020702 0.35 0.91 -4.15 -2.31 -1.18 -0.77 -3.42 0.58 87.90% 10.10% 1.10% 0.80% 92.65 -9.74 

Bra020703 0.35 0.47 -3.95 -3.28 -1.61 -0.51 -3.14 0.59 88.40% 9.90% 1.00% 0.80% 92.82 -8.91 

Bra020812 0.45 0.72 -3.22 -1.39 -1 -0.12 -2.86 0.66 89.10% 9.80% 1.00% 0.20% 94.00 -7.19 

Bra022887 0.55 0.48 -2.79 -0.83 -0.57 0.2 -2.64 0.73 89.40% 9.00% 1.00% 0.60% 93.79 -9.14 

Bra023313 0.37 0.92 -3.39 -1.63 -1.09 0.18 -3.08 0.64 87.70% 10.40% 1.30% 0.60% 91.88 -8.92 

Bra032063 0.37 0.88 -3.91 -2.22 -1.56 0.19 -3.48 0.65 87.30% 10.70% 1.50% 0.50% 89.81 -9.72 

Bra032072 0.37 0.91 -3.6 -2.44 -2.07 0.14 -3.11 0.67 86.80% 12.20% 0.90% 0.20% 86.94 -9.43 

Bra032480 0.56 0.96 -3.38 -0.67 -1.14 -0.11 -3.13 0.74 87.40% 11.00% 0.90% 0.80% 93.73 -9.24 

Bra034931 0.46 0.94 -2.85 -0.7 -0.65 0.14 -2.7 0.71 89.00% 9.30% 1.10% 0.60% 94.32 -9.84 

Bra036174 0.35 0.89 -4.09 -3.21 -1.76 -0.25 -3.36 0.6 87.80% 10.20% 1.00% 1.00% 90.56 -8.50 

Bra036175 0.52 0.89 -3.92 -3 -1.66 -0.66 -3.1 0.62 87.40% 11.20% 1.10% 0.30% 90.72 -8.68 

Bra036795 0.45 0.97 -2.66 -1.29 -1.12 -0.1 -2.33 0.71 89.30% 9.70% 0.90% 0.20% 91.46 -9.33 

Bra040147 0.34 0.93 -4.46 -3.02 -1.79 -0.33 -3.73 0.58 85.60% 12.50% 1.10% 0.90% 91.47 -8.13 

Bra040760 0.38 0.85 -3.49 -2.46 -2.18 -0.7 -2.73 0.61 87.20% 11.20% 1.20% 0.50% 85.08 -6.87 

Bra040761 0.38 0.85 -3.13 -1.98 -1.65 0.07 -2.72 0.64 85.80% 12.60% 1.00% 0.50% 89.00 -8.56 
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Figure 4.4: Predicted homotetrameric three-dimensional structures of the GLR 

proteins from B. oleracea. The four chains are coloured in yellow, red, cyan and blue. 
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Figure 4.5: Predicted homotetrameric three-dimensional structures of the GLR proteins 

from B. rapa. The four chains are coloured in yellow, red, cyan and blue. 
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Figure 4.6: Predicted homotetrameric three-dimensional structures of the GLR proteins 

from A subgenome of B. napus. The four chains are coloured in yellow, red, cyan and 

blue. 
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Figure 4.7: Predicted homotetrameric three-dimensional structures of the GLR proteins 

from C subgenome of B. napus. The four chains are coloured in yellow, red, cyan and 

blue. 
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Figure 4.8: Epogram showing surface electrostatic potential of GLRs of three species 

of Brassica with PIPSA analysis. 
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4.4 Discussion  

Plant GLRs are gaining importance as many new members are being discovered from 

several plant species (De Bortoli et al. 2016; Grenzi et al. 2022). However, information 

regarding their three-dimensional structures is scarce. However, their architecture and 

stoichiometry are thought to be similar to those of animal iGluRs as they are homologs 

of each other (Lam et al. 1998). Thus, presumably the plant GLRs are homo- or hetero-

tetrameric membrane proteins (Wudick et al. 2018a). The four subunits are consisted of 

ATD (amino-terminal domain), LBD (ligand-binding domain), TMD (transmembrane 

domains) and CTD (carboxy-terminal domain). Crystal structures of a GLR from 

Arabidopsis thaliana (GLR 3.4) has been studied in detail recently and it showed all 

these features. Besides this, the LBD structure of other two GLRs (GLR3.2 and 

GLR3.3) from A. thaliana have also been determined and provided the first glimpse of 

the structural features of LBDs of GLRs and their ligand-binding features (Alfieri et al. 

2020; Gangwar et al. 2021). However, structural features of other GLRs from different 

plant species is needed for better understanding of the diverse role of this group of 

proteins. For providing a preliminary idea of structural features of GLRs of 

economically important species of the genus Brassica, we have modeled several 

Brassica GLRs by homology modeling approach. We have also studied primary and 

secondary structural features of these proteins. The computed isoelectric point (pi) is 

useful for developing buffer systems for protein purification by isoelectric focusing 

(Sahay et al. 2020). Majority of the GLRs from all the three species was found to be 

basic. The instability index of a protein is a measure of its stability in a test tube and a 

value above 40 indicates its unstable nature (Guruprasad et al. 1990; Sahay et al. 2020). 

The majority of the Brassica GLRs showed that they are stable. The Grand Average 

Hydropathy (GRAVY) of a protein is calculated as the sum of hydropathy values of all 

amino acids, divided by the number of residues in the sequence and a negative value of 

GRAVY indicates hydrophilic nature (Wang et al. 2021). Although GLRs are membrane 

proteins, they have shown both positive and negative GRAVY scores. Kyte and 

Doolittle (1982) proposed that GRAVY score of membrane bound proteins are higher 

than the mean value of sequenced soluble proteins (-0.4). Marmagne et al. (2004) 

reported that The GRAVY score of the Arabidopsis plasma membrane proteins 

analyzed ranged from –1.6 to +1. Almost half of the GLRs of A. thaliana showed 

positive GRAVY scores (Chapter II). However, in the present study, majority of the 
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GLRs of Brassica species showed negative GRAVY scores. The negative values 

indicate the possibility of better interaction with water for those GLRs. Regarding 

secondary structures, random coil and alpha helices are predominant in the Brassica 

GLRs. As membrane proteins, presence of alpha helices is expected. Alpha helices also 

give thermostability to the proteins (Kabiraj et al. 2023). On the other hand, random 

coils give flexibility to a protein (Dutta et al. 2021; Kabiraj et al. 2023). As plant GLRs 

has a broader ligand specificity than animal iGluRs (Vincill et al. 2012; Tapken et al. 

2013; Forde and Roberts 2014), presence of random coils may favour the promiscuity 

needed to accommodate different ligands. However, further study is needed to gather 

more information regarding this aspect. We have used homology modeling approach as 

it is known that two homologous proteins with similar sequences possess similar 

structures (Babic and Kovacic 2021). However, in the present study, the sequence 

similarity between the targets and the template was often found to be low (29-58%) 

despite the fact that the coverage was good in majority of cases. As structure of a protein 

is more conserved than the sequence (Illergård et al. 2009), structural modeling is a 

reliable approach to detect homology between proteins with low sequence similarity 

(<20%) (Kelley et al. 2015; Babic and Kovacic 2021). Thus, homology modeling of 

GLRs of Brassica species can be a starting point of analysis of structural features of 

this group of proteins. The Brassica GLRs showed typical GLR structures composed 

of TMD, LBD and ATD. The structurers are similar in majority of the GLRs. However, 

ATD structures of a few GLRs seemed to be slightly different. These should be studied 

in detailed in future studies as this structural difference can be linked to novel functions. 

The surface electrostatic potential based epogram broadly showed two groups but these 

groups are not species specific. Thus, it may be result of functional diversity of GLRs.  

4.5 Conclusion  

For better understanding of the structural properties of GLR proteins from three species 

of Brassica, several computational tools were used to analyze the physico-chemical 

properties, secondary structure and to generate three-dimensional structure by 

homology modeling. This study, for the first time, analyzed the structural aspects of 

these proteins and also showed that these proteins are structurally conserved. The 

results obtained this study will serve as the foundation of detailed structural analysis 

for any future research. 
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Summary & Conclusions 

 

Summary of the research work carried out in the present study entitled  

“BIOINFORMATIC ANALYSIS OF SOME PLANT GLUTAMATE  

RECEPTOR LIKE GENES FROM FAMILY BRASSICACEAE” 

Glutamate Receptors are synaptic and non-synaptic receptors situated primarily on the 

membranes of neuronal and glial cells. Glutamate is abundant in the human body and 

functions as a major excitatory neurotransmitter. It activates two receptor families i.e. 

metabotropic glutamate receptor proteins (mGluR) and ionotropic glutamate receptors 

(iGluR). The  iGluRs are glutamate-gated ion channels involved in the movement of 

Na+  and Ca2+  ions across the post-synaptic plasma membrane. The discovery of a 

family of glutamate receptor-like (GLR) genes in the model plant  Arabidopsis thaliana 

(Brassicaceae) was the first indication that glutamate receptors were present in 

organisms lacking a nervous system. Glutamate is a ubiquitous plant cell ligand 

recognized by glutamate receptors located in the plasma membrane. Numerous studies 

have shown the glutamate usually exerts its signaling role by these receptors. A. 

thaliana possess 20 glutamate receptor-like genes (AtGLRs) in its genome which are 

involved in many functions including light signal transduction and calcium 

homeostasis. However, little is known about the physicochemical, functional and 

structural properties of AtGLRs. Moreover, study of GLRs from different crop species 

can lead to better understanding of their evolution, structure and function. This will, 

ultimately benefit the different crop improvement programmes. As GLR genes are 

known from A. thaliana, we have studied these genes in detail and also studied other 

GLR genes from some of the crop plants of the family Brassicaceae. We have studied 

GLRs from Brassica napus, B. oleracea and B. rapa for this study as sequenced 

genomes are available for these plants. Moreover, the fact that allotetraploid Brassica 

napus originated from the hybridization between the diploid Brassica oleracea and 

Brassica rapa, this study was carried out to study the effect of polyploidization on the 

evolution of the GLRs. Thus, in this study, glutamate receptor-like genes of A. thaliana 

and three Brassica species have been studied in silico. In A. thaliana, exon-intron 

structure revealed a common origin for most of these genes. The presence of several 

phosphorylation and myristoilation sites indicate the involvement of AtGLRs in various 

signaling processes. Gene ontology analysis revealed that AtGLRs are involved in 
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various biological processes, including different stress responses. In two genes namely 

AT2G17260 and AT4G35290, presence of RAV1-A binding site motif in the promoter 

coupled with results from gene ontology annotation indicate their role in stomatal 

movement through abscisic acid signaling. Expression analysis of these genes showed 

differential expression of several tandemly arranged genes which indicates neo or sub-

functionalization. Two genes namely AT5G48400 and AT5G48410 showed 

significantly more expression in response to Botrytis cinerea infection. Five of these 

genes have shown G-protein-coupled γ-aminobutyric acid (GABA) receptor activity 

indicating a possible interaction between AtGLRs and GABA. Structurally, all of them 

were similar while differences were found regarding electrostatic surfaces as well as 

surface hydrophobicity. Results of this study provide a comprehensive reference 

regarding AtGLRs for further analysis regarding the structure, function, and evolution 

of the glutamate receptors in plants. 

Till now, a comprehensive genome-wide analysis of the GLR gene family members in 

different economically important species of Brassica is missing. Considering the origin 

of allotetraploid B. napus from the hybridization between the diploid B. oleracea and 

B. rapa, we have identified 11, 27 and 65 GLR genes in B. oleracea, B. rapa and B. 

napus, respectively showing expansion of this gene family in B. napus. Chromosomal 

locations revealed several tandemly duplicated GLR genes in all the three species. 

Moreover, the gene family expanded in B. napus after allopolyploidization. The 

phylogenetic analysis showed that the 103 GLRs are classified into three main groups. 

The exon-intron structures of these genes are not very conserved and showed wide 

variation in intron numbers.  However, protein sequences are much conserved as shown 

by the presence of ten short amino acid sequence motifs. Predicted cis-acting elements 

in 1 kb promoters of GLR genes are mainly involved in light, stress and hormone 

responses. Expression analysis using RNA-seq data showed that in B. oleracea and B. 

rapa, some GLRs are more tissue specific than others. In B. napus, some GLRs are 

downregulated under cold stress, while others are upregulated. Some GLR genes have 

also been found to be controlled by microRNAs in the three species of Brassica. 

Majority of these miRNAs control the expression of the target genes by cleavage and 

some by translation. This data may help in improving these Brassica crop species by 

miRNA-based gene regulation. In summary, this bioinformatic study of the GLR gene 

family of the three Brassica species provides evidence for the expansion of this gene 
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family in B. napus and also provided useful information for in-depth studies of their 

biological functions in Brassica. Different physio-chemical Properties of Brassica 

GLRs has also been Studied. Majority of the GLRs from all the three species of 

Brassica were found to be basic. Although almost half of the GLRs of A. thaliana 

showed positive GRAVY (Grand average hydropathy) scores, majority of the Brassica 

GLRs showed negative GRAVY score. This indicates the possibility of batter 

interaction with water for those GLRs. Brassica GLRs comprised of mainly random 

coils and alpha helices. Plant GLRs are known for accepting several molecules as 

ligands. As random coils confer flexibility in proteins, presence of random coils in the 

GLRs may favour the multiple ligand binding. Study of three-dimensional structure by 

homology modeling approach of several GLRs of Brassica has also been studied. The 

structure showed typical plant GLR structure and composed of transmembrane domain 

(TMD), ligand binding domain (LBD) and amino terminal domain (ATD). The TMD 

region is structurally more conserved. However, the ATD region showed some 

differences among the different GLRs. The surface electrostatic potential of different 

Brassica GLRs has been studied. Based on the surface electrostatic potential, Brassica 

GLRs has been divided into two groups, but this groups were not species specific. 
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Ionotropic glutamate receptors (iGluRs) function as glutamate-activated ion channels in rapid synaptic transmission in
animals. Arabidopsis thaliana possess 20 glutamate receptor-like genes (AtGLRs) in its genome which are involved in
many functions including light signal transduction and calcium homeostasis. However, little is known about the physico-
chemical, functional and structural properties of AtGLRs. In this study, glutamate receptor-like genes of A. thaliana have
been studied in silico. Exon–intron structures revealed common origin of majority of these genes. The presence of
several phosphorylation and myristoilation sites indicate the involvement of AtGLRs in various signaling processes.
Gene ontology analysis showed the participation of AtGLRs in various biological processes including different stress
responses. In two genes namely AT2G17260 and AT4G35290, presence of RAV1-A binding site motif in the promoter
coupled with results from gene ontology annotation indicate their role in stomatal movement through abscisic acid
signaling. Expression analysis showed differential expression of several tandemly arranged genes which indicates neo or
sub-functionalization. Two genes namely AT5G48400 and AT5G48410 showed significantly more expression in response
to Botrytis cinerea infection. Five of these genes have shown G-protein-coupled γ-aminobutyric acid (GABA) receptor
activity indicating a possible interaction between AtGLRs and GABA. Structurally, all of them were similar while
differences were found regarding electrostatic surfaces as well as surface hydrophobicity. Results of this study provide a
comprehensive reference regarding AtGLRs for further analysis regarding the structure, function, and evolution of the
glutamate receptors in plants.

Keywords: ionotropic glutamate receptor; gene ontology; cis-acting elements; tandem duplication; stress response;
protein surface properties

Introduction

Membranes of plant cells possess a variety of ion channels
which play vital roles in transport of ions used as
signaling molecules, nutrients, metabolites, and osmotica
(Davenport, 2002). Membrane proteins at the surface of
the cell serve as the communication interface between the
cell’s internal and external environments (Venkatakrishnan
et al., 2013). Although many works have focused on
highly selective ion channels in plants, a variety of cations
are transported via non-selective cation channels (NSCC)
(Davenport, 2002). NSCCs are ion channels that are selec-
tively permeable for cations over anions, but do not
strongly distinguish between monovalent cations
(Demidchik, Davenport, & Tester, 2002). Some of these
putative NSCC genes of plant origin are related to animal
glutamate receptors (Demidchik et al., 2002). Using the
genome sequence and expressed sequence tag database of
the model plant Arabidopsis thaliana (L.) Heynh., (Lam
et al., 1998) identified two complementary DNA clones
known as GLR1 and GLR2 as well as two genomic
sequences known as GLR3 and GLR4. In addition to

primary sequence similarity, the Arabidopsis GLR
(AtGLR) genes are also predicted to be similar to animal
iGluRs (Lam et al., 1998). To date, 20 GLRs have been
identified in the Arabidopsis genome (Davenport, 2002).
Study of glutamate-like receptor homologs from
sequenced genomes of A. thaliana, lycophytes and bryo-
phytes revealed that these plant genes share homology
with mammalian iGluRs, which are involved in neuro-
transmission (Price, Jelesko, & Okumoto, 2012). iGluRs
are NSCC that function predominantly as glutamate-gated
Na+ and Ca2+ influx pathways at neuronal (in vertebrates)
or neuromuscular (in invertebrates) junctions (Dingledine,
Borges, Bowie, & Traynelis, 1999). GLR-like genes have
also been identified in other dicotyledonous and mono-
cotyledonous species as well as in gymnosperms indicat-
ing that these genes are of general importance in plant
physiology (Davenport, 2002).

Following the discovery of the Arabidopsis AtGLR
family, (Dennison & Spalding, 2000) demonstrated that
addition of glutamate (1 mM) to the medium around
Arabidopsis seedlings stimulated a rapid increase in
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cytosolic Ca2+ and caused membrane depolarization of
root tip cells. These effects were attributed to activation
of plasma membrane Ca2+ permeable channels, even
though the possibility of secondary activation of Ca2+

influx by glutamate uptake was not excluded (Davenport,
2002). To date, GLRs are found to be involved in many
biological processes in plants (Price et al., 2012). These
include Carbon/Nitrogen balance (Kang & Turano,
2003), photosynthesis (Teardo, Formentin et al., 2010;
Teardo, Segalla et al., 2011), abiotic stress response
(Kang, Mehta, & Turano, 2004; Meyerhoff et al., 2005),
growth of pollen tube (Michard et al., 2011), morpho-
genesis of root (Li et al., 2006; Miller, Brooks, Assadi,
& Spalding, 2010), plant–pathogen interaction (Kang
et al., 2006; Kwaaitaal, Huisman, Maintz, Reinstädler, &
Panstruga, 2011), and regulation of cellular Ca2+ kinetics
(Cho et al., 2009; Dubos, Huggins, Grant, Knight, &
Campbell, 2003; Kang et al., 2006; Kim, Kwak, Jae,
Wang, & Nam, 2001; Qi, Stephens, & Spalding, 2006;
Vincill, Bieck, & Spalding, 2012).

Similar to the animal GluRs, plant GLRs are pre-
dicted to have a long N-terminal domain of unidentified
function, with homology to the ligand-binding domain of
mGluRs (metabotropic glutamate receptors), GABAB

receptors (receptors of gamma-aminobutyric acid
[GABA]), and extracellular calcium sensors (Davenport,
2002). This domain can be deleted from vertebrate
iGluRs without loss of function, although it has been
implicated in desensitization membrane targeting and
allosteric modulation by Zn2+ (Zheng et al., 2001).
Moreover, plant GLRs preserve the predicted channel
structure of animal iGluRs and show high amino acid
sequence identity in the ligand-binding domains and in
the M1 and M2 transmembrane domains (Chiu, DeSalle,
Lam, Meisel, & Coruzzi, 1999).

In spite of several studies concerning Arabidopsis
thaliana glutamate receptor-like genes (AtGLRs), there
are several areas to explore. For example, analysis of cis-
acting elements can throw light on the expression and
possible role of these proteins in response to different
environmental conditions. Moreover, evolutionary history
and functional divergence can be inferred from the study
of gene structure, chromosomal location, and evolutionary
rates along with expression analysis. Additionally, studies
of protein three-dimensional (3D) structures are crucial
for deciphering the actual process of their functioning.

In the post genomic era, several areas of Arabidopsis
research are easy to perform because of the enormous
information and databases associated with Arabidopsis
(Li et al., 2014). Because of the lack of experimental 3D
structural data for AtGLR proteins, it is necessary to use
comparative modeling and structural prediction to study
their molecular properties. The utility of such approaches
in designing experiments and interpreting experimental
results is now widely recognized (Petrey & Honig, 2005;

Zhang, 2009). Therefore, in the present study, we have
carried out detailed in silico analysis of the AtGLR
genes and proteins to gain insights into their structural
and functional attributes. We have analyzed physico-
chemical properties, gene structure, and gene ontology of
AtGLRs. Protein 3D structures were predicted with
homology modeling, which would facilitate deciphering
the molecular function of these proteins. These results
may be helpful in designing of experiments concerning
GLR proteins of A. thaliana for their further characteri-
zation. Subsequently, we analyzed their expression pro-
files in different tissues and developmental stages, which
will further help future studies for elucidating the precise
roles of AtGLRs in growth, development, and environ-
mental interactions.

Materials and methods

Identification, sequence retrieval, and phylogenetic
analysis

The previously reported (Chiu et al., 2002) AtGLR genes
have been retrieved using the BioMart tool (Kinsella
et al., 2011) of EnsemblPlants database (Kersey et al.,
2014). Additionally, the A. thaliana genes data-set of
EnsemblPlants database was searched for the Pfam (Finn
et al., 2016) domain PF00060 (Ligand-gated ion chan-
nel) which is characteristic of iGluRs to find any new
member. However, no new member could be found and
thus, the final data-set was comprised of the previously
reported 20 AtGLR genes. The gene and protein
sequences were retrieved using the BioMart tool of
EnsemblPlants database. Some genes showed more than
one protein products and they were also studied. Multi-
ple sequence alignment was carried out with MUSCLE
(Edgar, 2004). The resulting multiple alignment was con-
verted into nexus format with ALTER (Glez-Peña,
Gómez-Blanco, Reboiro-Jato, Fdez-Riverola, & Posada,
2010). Phylogeny reconstruction using the Bayesian
inference was conducted with MrBayes 3.2.6 (Ronquist
et al., 2012).

Physicochemical characterization, motif, and domain
analysis of the AtGLR proteins

Different physico-chemical parameters viz. amino acid
composition, theoretical pI (isoelectric point) and grand
average of hydropathicity (GRAVY) were measured
using ProtParam (Gasteiger et al., 2005) server (http://
web.expasy.org/protparam/). Different phosphorylation,
Asn-glycosylation, and myristoilation sites have been
predicted using motifscan tool of MyHits (Pagni et al.,
2007). Protein domains were identified with Pfam (Finn
et al., 2016). Protein disorder content has been studied
using IUPred (Dosztányi, Csizmok, Tompa, & Simon,
2005a, 2005b). The different cis-elements of promoter
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regions of the AtGLR genes and corresponding transcrip-
tion factors (TFs) of these binding sites have been pre-
dicted from AGRIS, the Arabidopsis gene regulatory
information server (Yilmaz et al., 2011).

Chromosomal distribution and gene structure
prediction

Using the BioMart tool (Kinsella et al., 2011) of Ensembl-
Plants database (Kersey et al., 2014), the chromosomal
locations of each gene were retrieved. Subsequently, the
genes were displayed onto the five chromosomes of
A. thaliana according to their ascending order of physical
position (Mbp) using MapChart (Voorrips, 2002). Tandem
duplications were characterized on the basis of the criteria
that tandem duplicated genes are placed within 10 pre-
dicted open reading frames or within 30 kb of each other
as described previously (Shiu & Bleecker, 2003). The
exon–intron structures of the genes were determined using
Gene structure display server (http://gsds.cbi.pku.edu.cn/)
(Guo, Zhu, Chen, & Luo, 2007) by comparing the full-
length CDSs (predicted coding sequence) of AtGLRs with
their corresponding genomic sequences.

Estimation of synonymous and non-synonymous
substitution rates and divergence time

For the calculation of the synonymous (dN) and non-
synonymous (dS) substitution rates between the tandemly
duplicated genes, ClustalW-based (Larkin et al., 2007)
multiple sequence alignment was performed using their
amino acid sequences. The aligned amino acid sequences
and their corresponding original cDNA sequences were
analyzed using PAL2NAL (Suyama, Torrents, & Bork,
2006), which used the CODEML program of PAML
(Yang, 2007), to estimate dN and dS. The orthologous
gene pairs (with 1:1 orthology) among A. thaliana,
Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz and
Brassica rapa L. as well as their corresponding dN and
dS values have been retrieved using the BioMart tool
(Kinsella et al., 2011) of EnsemblPlants database (Kersey
et al., 2014). Time (million years ago, Mya) of duplica-
tion and divergence of each gene were calculated using a
synonymous mutation rate of λ substitutions per
synonymous site per year as T = Ks/2λ (Puranik et al.,
2013) where λ = 6.1 × 10−9 (Lynch & Conery, 2000).

Expression analysis and functional annotation

The normalized expression values of the 20 AtGLR genes
have been obtained from PLEXdb (Dash, Van Hemert,
Hong, Wise, & Dickerson, 2012). For obtaining the
expression profiles of these genes in different plant
parts and developmental stages, normalized expression
data of ‘Expression Atlas of Arabidopsis Development

(AtGenExpress)’ (accession No. AT40) (Schmid et al.,
2005) have been downloaded from PLEXdb. To examine
the expression pattern of AtGLRs under different biotic
stresses, we have downloaded the data regarding ‘Tran-
scriptome changes of Arabidopsis during pathogen and
insect attack’ (accession No. AT49) (De Vos et al., 2005)
and ‘Response to Botrytis cinerea infection’ (accession
No. AT51). In AT49, effect of gene expression of
A. thaliana has been studied in response to different
pathogens and insects namely Pseudomonas syringae
pv. tomato (a pathogenic leaf bacterium), Alternaria
brassicicola (a pathogenic leaf fungus), Pieris rapae (a
tissue-chewing caterpillar), Frankliniella occidentalis (a
cell-content-feeding thrip), and Myzus persicae (a phloem-
feeding aphid). To examine the light-dependent expression
pattern, we have downloaded expression data of ‘Gene
expression from Arabidopsis under high light conditions’
(accession No. AT123) (González-Pérez et al., 2011). In
this experiment, Arabidopsis cell suspension cultures were
treated under control light (50 μE/m2/s), high light
(1800 μE/m2/s) and dark conditions.

The tissue specificity index τ of the AtGLR genes
was calculated following Yanai et al. (2005) as follows:

s ¼ RN
i¼1 1� xið Þ
N � 1ð Þ ;

where N is the number of tissues and xi is the expression
profile component normalized by the maximal component
value. The index τ ranges from 0 to 1, with a higher
value suggesting higher tissue specificity (Mukherjee,
Mukherjee, & Ghosh, 2016). ENc (effective number of
codons) (Wright, 1990) and GC3 (Guanine and Cytosine
content of the third codon position) were calculated from
the coding sequences of the corresponding transcripts of
the 20 AtGLR genes using CodonW (Peden, 1999)
obtained from http://codonw.sourceforge.net/.

The functional annotation of AtGLR gene sequences
and subsequent analyses were performed using Blast2GO
(Conesa & Götz, 2008; Conesa et al., 2005). The gene
sequences of AtGLRs were submitted into Blast2GO
program to perform three subsequent steps namely
(i) BLASTx search (Altschul, Gish, Miller, Myers, &
Lipman, 1990) against the nucleotide database of NCBI,
(ii) mapping of GO (Gene Ontology Consortium, 2004)
terms associated with the BLAST results, and (iii) anno-
tation of GO terms associated with each query to relate
the sequences to known function. Three categories of
GO classification namely biological processes, molecular
functions, and cellular components were then analyzed
and graphically represented.

Homology modeling and structure validation

Secondary structure prediction was carried out with
SOPMA (Geourjon & Deléage, 1995). 3D structures of
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Abstract
Ionotropic glutamate receptors are ligand-gated nonselective cation channels that mediate neurotransmission in the central 
nervous system of animals. Plants possess homologous proteins called glutamate receptor-like channels (GLRs) which are 
involved in vital physiological processes including seed germination, long-distance signaling, chemotaxis, Ca2+ signaling 
etc. Till now, a comprehensive genome-wide analysis of the GLR gene family members in different economically important 
species of Brassica is missing. Considering the origin of allotetraploid Brassica napus from the hybridization between the 
diploid Brassica oleracea and Brassica rapa, we have identified 11, 27 and 65 GLR genes in B. oleracea, B. rapa and B. 
napus, respectively showing an expansion of this gene family in B. napus. Chromosomal locations revealed several tandemly 
duplicated GLR genes in all the three species. Moreover, the gene family expanded in B. napus after allopolyploidization. 
The phylogenetic analysis showed that the 103 GLRs are classified into three main groups. The exon-intron structures of 
these genes are not very conserved and showed wide variation in intron numbers. However, protein sequences are much 
conserved as shown by the presence of ten short amino acid sequence motifs. Predicted cis-acting elements in 1 kb promot-
ers of GLR genes are mainly involved in light, stress and hormone responses. RNA-seq analysis showed that in B. oleracea 
and B. rapa, some GLRs are more tissue specific than others. In B. napus, some GLRs are downregulated under cold stress, 
while others are upregulated. In summary, this bioinformatic study of the GLR gene family of the three Brassica species 
provides evidence for the expansion of this gene family in B. napus and also provided useful information for in-depth studies 
of their biological functions in Brassica.

Keywords  Allopolyploidy · cis-acting elements · Expression · Orthology · Phylogeny

Introduction

In mammalian central nervous systems, ionotropic gluta-
mate receptors mediate rapid excitatory neuronal transmis-
sion (Naz et al. 2022). The plant glutamate receptor-like 

homologs (GLRs) are homologs of mammalian ionotropic 
glutamate receptors (iGluRs) and are hypothesized to be 
potential amino acid sensors in plants (Price et al. 2012). 
Arabidopsis thaliana possesses 20 glutamate receptor-
like genes (AtGLRs) in its genome which are involved in 
many functions including light signal transduction and 
calcium homeostasis (Roy and Mukherjee 2017). In Arabi-
dopsis, AtGLR1.2 and AtGLR1.3 play vital roles in the 
plant response to cold stress (Zheng et al. 2018). Recent 
studies reporting the localization of GLRs in chloroplasts 
indicate an additional role of GLRs in this organelle (Price 
et al. 2012). Indeed, plants carrying T-DNA insertions in 
AtGLR3.4 showed weak photosynthetic phenotypes (Teardo 
et al. 2010, 2011). Similarly, it was shown that AtGLR3.1 
was expressed preferentially in guard cells and over-expres-
sion of this gene leads to the impairment of stomatal closure 
that is induced by external Ca2+ (Cho et al. 2009). Many 
studies showed that plant GLRs play many roles including 
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plant reproduction, seed germination, root growth, regula-
tion of stomatal aperture, plant defense and others (Grenzi 
et al. 2022). The moss Physcomitrium patens contains one 
GLR (PpGLR1) which plays a pivotal role in ABA-mediated 
growth regulation (Wang et al. 2022). In rice, OsGLR3.4 
plays a vital role in plant growth as well as mechanical 
wound response (Yu et al. 2022). In another study, it has 
been shown that OsGLR3.4 controls rice root growth and 
tropism towards nutrient source (Yu et al. 2023). Thus, GLR 
genes should be studied in detail in other crop species for 
better understanding of their roles in various physiological 
processes.

Several crop species of the genus Brassica such as B. 
rapa L. (Chinese cabbage, turnip and pak choi), B. oleracea 
L. (broccoli, cabbage, cauliflower, Brussels sprouts etc.) as 
well as the oilseed crop such as B. napus L. (rapeseed) are 
widely used worldwide (Wang et al. 2011; Sun et al. 2022). 
Brassica oleracea not only comprises many important 
vegetable crops including cauliflower, broccoli, cabbages, 
Brussels sprouts, Kohlrabi and kales; the species demon-
strates extreme morphological diversity and crop forms, 
with various members grown for their leaves, flowers and 
stems (Mabry et al. 2021). Most B. oleracea crops are high 
in protein (Liu et al. 2014), carotenoids (Kopsell and Kopsell 
2006) and contain diverse glucosinolates (GSLs) that func-
tion as unique phytochemicals for plant defence against fun-
gal and bacterial pathogens (Halkier and Gershenzon 2006). 
B. rapa also shows morphological diversity among the cul-
tivated types and includes both oil and vegetable crops (Sun 
2015). B. napus is the second most important oilseed crop 
species in the world and there is a growing interest in rape-
seed protein as human nutrition (Friedt et al. 2018).

Moreover, these three species along with B. juncea, B. 
carinata and B. nigra provide opportunities for the study of 
Brassica genome evolution as these six widely cultivated 
Brassica species are a classical example of the importance of 
polyploidy in botanical evolution, described by the ‘U’s tri-
angle’ (Nagaharu and Nagaharu 1935; Wang et al. 2011). Of 
these, B. napus (A and C subgenomes, n = 19) was formed 
by recent allopolyploidy between ancestors of B. rapa (A 
genome, n = 10) and B. oleracea (C genome, n = 9) and is 
probably polyphyletic (Nagaharu and Nagaharu 1935; Allen-
der and King 2010). Comparative physical mapping studies 
have confirmed genome triplication in a common ances-
tor of B. oleracea (O’neill and Bancroft 2000) and B. rapa 
(Park et al. 2005) since its divergence from the A. thaliana 
lineage at least 13–17 MYA (Yang et al. 1999; Town et al. 
2006; Beilstein et al. 2010). The Brassica genomes retain 
evidence of recursive whole-genome duplication (WGD) 
events (Bowers et al. 2003; Jiao et al. 2011) and have under-
gone a Brassiceae-lineage-specific whole-genome triplica-
tion (WGT) (Lysak et al. 2005; Wang et al. 2011) since their 
divergence from the Arabidopsis lineage (Liu et al. 2014).

In this study, considering the importance of plant GLR 
genes as well as the economic importance of Brassica, we 
made use of the publicly available sequenced genomes of the 
allotetraploid B. napus and its diploid progenitors B. olera-
cea and B. rapa to trace the evolution of the GLR genes in 
these species. We have studied the phylogeny, chromosomal 
distribution, protein motif analysis, gene structure, orthology 
analysis, expression patterns and promoter analysis, subcel-
lular localization and miRNA targeting of these GLR genes. 
This study enhances our understanding of the effect of poly-
ploidisation events on the evolution of the GLR gene family 
in Brassica as well as their structural and functional aspects.

Materials and methods

Identification of GLR genes

The genome data (gene, cds and protein data) of allopol-
yploid B. napus and its two diploid progenitors, B. rapa 
and B. oleracea, were obtained from the BRAD database 
(http://​brass​icadB.​org/​brad/) (Wang et al. 2015). The pre-
viously analysed (Roy and Mukherjee 2017) Arabidopsis 
thaliana GLR (AtGLR) proteins have been retrieved using 
the BioMart tool (Kinsella et al. 2011) of Ensembl Plants 
database (Kersey et al. 2014). These proteins were used as 
queries to perform BLASTp (Altschul et al. 1990) searches 
(E-value < 1e-5) with all proteins from the three Bras-
sica species. To identify the GLR genes in three Brassica 
genomes accurately, all putative protein sequences obtained 
from the BLASTp search, were confirmed by searching for 
the conserved domains using CD-search in the NCBI Con-
served Domain Database (CDD; https://​www.​ncbi.​nlm.​nih.​
gov/​Struc​ture/​cdd/​wrpsb.​cgi) (Marchler-Bauer et al. 2017) 
and Pfam (http://​pfam.​sanger.​ac.​uk/) (El-Gebali et al. 2019)
database. The conserved domain analysis helped to make the 
shortlisting of the best candidate to be the GLR members in 
the Brassica genomes. We have retained those genes which 
showed the presence of PBP1_GABAb_receptor (accesion: 
cd06366) and GluR_Plant (cd13686) by NCBI-CD search 
and also showed the pfam domains ANF_receptor (extracel-
lular ligand-binding domain; PF01094), SBP_bac_3 (bacte-
rial extracellular solute-binding proteins, family 3; PF00497) 
and Lig_chan (ligand-gated ion channel; PF00060). These 
pfam domains were considered because these are present in 
A. thaliana GLRs (Roy and Mukherjee 2017). Moreover, the 
shortlisted genes have been searched in Ensembl Plants (for 
B. rapa and B. napus) and Phytozome 12 (Goodstein et al. 
2012) (for B. oleracea) for confirmation of their identity as 
glutamate receptors. The subcellular location of GLR genes 
was predicted using the CELLO (Yu et al. 2006) web tool 
(http://​cello.​life.​nctu.​edu.​tw/).

http://brassicadB.org/brad/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://pfam.sanger.ac.uk/
http://cello.life.nctu.edu.tw/
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Phylogenetic relationship analysis

The full-length GLR protein sequences of the three Brassica 
species were aligned with MUSCLE (Edgar 2004) and sub-
sequently, a phylogenetic tree was constructed by MEGAX 
(Kumar et al. 2018) based on Maximum Likelihood (ML) 
method with 1000 bootstrap replicates. The tree was visual-
ized with FigTree (http://​tree.​bio.​ed.​ac.​uk/​softw​are/​figtr​ee/).

Chromosomal location and gene structure analysis

The chromosomal location information of GLR genes in 
the three Brassica species were collected from the BRAD 
database and their physical positions were drafted to the 
corresponding chromosomes by TBTools (Chen et al. 2020). 
Some genes showed scaffold information only and loca-
tions of some of them were confirmed with NCBI Genome 
database (https://​www.​ncbi.​nlm.​nih.​gov/​genome/). Tandem 
duplication events were defined as adjacent homologous 
GLR genes on the same chromosome with no more than 
one intervening gene following Li et al. (2020). The exon/
intron structures of GLR genes were analyzed using Gene 
Structure Display Server (GSDS) 2.0 (http://​gsds.​gao-​lab.​
org/) (Hu et al. 2015) by aligning the cDNAs with their cor-
responding gene sequences.

Conserved motif analysis

Conserved motifs in GLR proteins were investigated by 
online MEME server (https://​meme-​suite.​org/​meme/​tools/​
meme) (Bailey et al. 2009), with keeping the maximum 
motif number as 10 and the other parameters at their default 
values.

Gene expression studies using RNA‑seq data

For gene expression profiling of the GLR genes in the three 
species of Brassica, publicly available RNA-seq data were 
obtained from NCBI GEO database (https://​www.​ncbi.​nlm.​
nih.​gov/​geo/) and analyzed. The following bio project acces-
sion numbers were analyzed: PRJNA530549 (He et al. 2019, 
2020) for B. napus, PRJNA183713 (Liu et al. 2014; Yu et al. 
2014) for B. oleracea and PRJNA185152(Tong et al. 2013; 
Liu et al. 2014; Wu et al. 2022) for B. rapa. Gene expression 
patterns of each tissue were analyzed and log2 transformed 
FPKM values (fragments per kilobase of exon model per 
million mapped reads) were visualized as heat maps using 
TBtools (Chen et al. 2020).

Promoter analysis

The promoter sequences, which were the 1000 bp upstream 
of the transcription start site (TSS) of the GLR genes, were 

acquired from the BRAD database, and the cis-elements 
in the promoters were analyzed using the Plant Cis-Acting 
Regulatory Element (PlantCARE) server (http://​bioin​forma​
tics.​psb.​ugent.​be/​webto​ols/​plant​care/​html/) (Lescot et al. 
2002).

Sequence‑based identification of orthologous GLR 
genes

The orthologous genes in B. oleracea, B. rapa and B. napus 
were identified using OrthoVenn2 (Xu et al. 2019) (http://​
www.​bioin​fogen​ome.​net/​Ortho​Venn). The protein sequences 
of the identified GLR genes from all the three species of 
Brassica were used. The chromosomal position of the iden-
tified orthologous gene pairs were visualized using the 
TBTools program (Chen et al. 2020).for the analysis.

Prediction of miRNAs targeting GLR genes

All of the gene sequences of GLR family genes were sub-
mitted as candidate genes for predicting potential miRNAs 
by searching against the available reference of miRNA 
sequences of the respective species using psRNATarget (Dai 
et al. 2011, 2018; Dai and Zhao 2011) server with default 
parameters. Cytoscape software (Shannon et al. 2003) was 
used to visualize the interactions between the predicted miR-
NAs and the corresponding target GLR genes.

Results

Identification of GLR genes in B. napus, B. oleracea 
and B. rapa and phylogenetic analysis

We have identified 65, 11 and 27 genes as GLRs in B. 
napus, B. oleracea, and B. rapa, respectively and named 
them species-wise according to their distribution on chro-
mosomes (BnGLRs for B. napus, BoGLRs for B. olera-
cea and BrGLRs for B. rapa) (Table 1). We analyzed the 
molecular characteristics of these GLR genes in B. olera-
cea, B. rapa and B. napus. In B. napus, the gene length of 
BnGLR genes ranged from 1206 bp (BnaAnng35320D) to 
8949 bp (BnaA04g14620D), the peptide length ranged from 
318 amino acids (BnaC04g40280D) to 1426 amino acids 
(BnaA10g26130D) and the GC content of gene ranged from 
30.83% (BnaA04g14620D) to 47.24% (BnaA01g02120D). In 
B. oleracea, the Gene length of BoGLR genes ranged from 
2931 bp (Bol033269) to 7882 bp (Bol013454), the peptide 
length ranged from 739 amino acids (Bol033267) to 1787 
amino acids (Bol013454) and the GC content of gene ranged 
from 36.02% (Bol033267) to 46.77% (Bol040960). In B. 
rapa, the gene length of BrGLR genes ranged from 2220 bp 
(Bra040758) to 9574 bp (Bra020703), the peptide length 

http://tree.bio.ed.ac.uk/software/figtree/
https://www.ncbi.nlm.nih.gov/genome/
http://gsds.gao-lab.org/
http://gsds.gao-lab.org/
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://www.bioinfogenome.net/OrthoVenn
http://www.bioinfogenome.net/OrthoVenn
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