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Abstract 

Nitrogen (N) is frequently a limiting factor for plant growth and development. Therefore, 

understanding how N metabolism is regulated in plants is essential to design effective 

strategies to improve N-use-efficiency and plant yield. Genes encoding glutamine 

synthetase of the prokaryotic type (GSI-like) are widespread in plants, but as the proteins 

do not retain GS activity, their function is currently unknown. However, it has been 

hypothesized that they could operate within the N-signalling pathways. The aim of this 

work was to characterize the expression of one member of the Medicago truncatula GSI-

like gene family (MtNodGSa) and to obtain insights of whether its function could be related 

to the N-regulated networks that control root architectural traits. 

First, the question of whether MtNodGSa was a functional GS enzyme was addressed by 

performing a heterologous complementation assay of an Escherichia coli mutant 

auxotroph for glutamine. This assay showed MtNodGSa is not able to synthesize 

glutamine in bacteria and therefore its function in plant should not be directly related to 

ammonia assimilation. To understand whether MtNodGSa function could nevertheless be 

related to N-metabolism, its expression was characterized in roots, both at transcript and 

protein levels and in response to different N-sources. The treatments indeed affected 

MtNodGSa expression but mostly at protein level, with organic N-sources, particularly 

glutamate, exerting the most significant effects. The localization of MtNodGSa expression 

in root and root nodule cells was also evaluated and it was observed that MtNodGSa is 

expressed in root hairs and infected root nodule cells suggesting a possible association to 

Rhizobium infection. 

Taken together, the results presented in this thesis bring new knowledge regarding the 

expression and function of MtNodGSa protein, which support the hypothesis that 

MtNodGSa is involved in N-signaling pathways, particularly in pathways that sense the 

internal N-status of the plant.  

Keywords 

Glutamine synthetase; GSI-like gene family; nitrogen signalling; root architecture; root 

nodules; MtNodGSa; Medicago truncatula. 
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Resumo 

O azoto é frequentemente um fator limitante para o crescimento e desenvolvimento das 

plantas. Portanto, é essencial compreender como é que o metabolismo do azoto é 

regulado nas plantas de modo a delinear estratégias com o propósito de melhorar a 

eficiência de utilização do azoto e o rendimento das plantas. As plantas, possuem genes 

que codificam proteínas glutamina sintetase (GS) do tipo procariótico (GSI-like), mas a 

sua função é desconhecida porque as proteínas não retêm atividade catalítica de GS. 

Porém, foi levantada a hipótese de que estas proteínas poderiam funcionar nas vias de 

sinalização do azoto. O objetivo deste trabalho era caracterizar a expressão de um 

membro da família de genes GSI-like em Medicago truncatula (MtNodGSa) e obter 

informações indicativas que a sua função pudesse estar relacionada com as vias 

reguladas pelo azoto que controlam a arquitetura dos sistemas radiculares. 

A primeira questão a verificar foi se a proteína MtNodGSa tinha atividade de GS e foi 

abordada através da realização de um ensaio de complementação heteróloga de um 

mutante de Escherichia coli incapaz de crescer sem o fornecimento de glutamina. Este 

ensaio demonstrou que a proteína MtNodGSa não é capaz de sintetizar glutamina em 

bactérias e, portanto, a sua função na planta não deve estar diretamente relacionada com 

a assimilação de amónia. Contudo, para entender se a função da proteína MtNodGSa 

poderia estar relacionada com o metabolismo do azoto, a sua expressão foi caracterizada 

nas raízes, tanto ao nível da transcrição como em termos de quantidade de proteína, e 

em resposta a diferentes fontes de azoto. De facto, verificou-se que os tratamentos 

afetaram a expressão do gene MtNodGSa, essencialmente ao nível da quantidade de 

proteína, com as fontes de azoto orgânico, principalmente glutamato, a exercerem efeitos 

mais significativos. A localização da expressão do gene MtNodGSa em células de raiz e 

nódulos radiculares foi também foi analisada e observou-se que o gene é expresso nos 

pelos radiculares e nas células infetadas dos nódulos, sugerindo assim, que a função da 

proteína poderá estar associada à infecção por Rhizobium. 

No seu conjunto, os resultados apresentados nesta tese trazem novos conhecimentos 

relativos à expressão e à funcionalidade da proteína MtNodGSa, que apoiam a hipótese 

de que esta estará envolvida nas vias de sinalização do azoto, mais especificamente nas 

vias que monitorizam o estado azotado das plantas. 

Palavras-chave 

Arquitetura dos sistemas radiculares; família de genes GSI-like; glutamina sintetase; 

Medicago truncatula; MtNodGSa; nódulos radiculares; vias de sinalização do azoto. 
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1. Introduction 

1.1 Nitrogen 

Nitrogen (N) is frequently a limiting nutrient for plant growth and development (Temple et 

al., 1998) since the most abundant N-sources in the environment are not readily available 

for plant use (Scarsbrook, 1965). The primary N-sources plants can readily use are 

inorganic forms of N, such as ammonium (NH4
+), nitrate (NO3

-) and urea. Some plants, 

like legumes, can use atmospheric nitrogen (N2) as a source of N. This is possible because 

legumes form symbiotic associations with a group of bacteria called Rhizobia (Heldt and 

Piechulla, 2011). Rhizobia can reduce atmospheric nitrogen (N2) to ammonium (NH4
+) by 

the action of nitrogenase, which is then transferred from the microsymbiont to the plant 

host (Temple et al., 1998).  

Plants can also re-assimilate the ammonia produced as a secondary product of processes 

such as photorespiration, lignin biosynthesis, phenylpropanoid biosynthesis, and protein 

catabolism (Lea and Miflin, 2011). Independently of the source, the reduced form of 

nitrogen ultimately available for plant assimilation is always ammonia (NH4
+) (Vance, 

1997). 

Primary assimilation of NH4
+ and its recycling into amino acids occurs through the 

combined work of glutamine synthetase (GS) and glutamate 2-oxoglutarate 

aminotransferase (GOGAT). These enzymes form the GS/GOGAT cycle, which is the 

entry point of inorganic nitrogen into organic pathways (Temple et al., 1998). Being the 

key element in amino acids and nucleotide bases, which in turn are the building blocks of 

proteins, nucleic acids and chlorophyll one can easily envision that nitrogen is particularly 

relevant for nutrition-based plant developmental plasticity. 

1.1.1 Nitrogen regulation of root system architecture and root 

nodulation 

The root system has the primary function of acquiring water and essential nutrients from 

the soil, as well as to provide anchorage to the plant (Osmont et al., 2007).  

Throughout evolution, root organization has gradually progressed from simple to more 

advanced forms, including tissue specialization (Brundrett, 2002). This progress was likely 

driven by the utmost importance of the root system in facing significant restrictions to plant 

growth and reproductive success, such as acquisition of nutrients and water. Therefore, 

differences in root system morphology could affect the ability of one plant to compete with 

another plant for soil resources (Fitter, 1987). 
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The root system can be modulated in several ways, including the promotion or inhibition 

of primary root growth, the growth of lateral roots, the formation of adventitious roots, and 

through an increase in root hairs number (Osmont et al., 2007). This developmental 

plasticity can occur in response to biotic and abiotic properties of the soil. The biotic 

properties comprise the living organisms present in the soil, mutualists as well as 

antagonistic organisms which influence plant development (Vandegehuchte et al., 2010). 

Abiotic properties include the type of soil, the availability of nutrients and water, which are 

necessary for plant growth and development. 

Nitrogen, as a limiting nutrient for plant growth and development is one of the factors that 

can strongly modulate root development. But changes in root morphology must rely on the 

plant’s ability to sense N-availability both externally (local perception) or internally 

(systemic perception). 

1.1.1.1 Root system architecture 

Dicotyledonous plants have root systems usually composed of two root types, primary and 

lateral roots. The primary root is formed during embryogenesis, while lateral roots originate 

inside the endodermis of previously existing roots, in the outermost layer of cells of the 

stele called the pericycle. In dicotyledonous plants, lateral roots originate by anticlinal 

divisions of the pericycle cells adjacent to xylem poles. The development of these roots is 

similar to the organogenesis of the primary root, in matters of tissue composition and 

organization (Dolan et al., 1993).  

Inorganic N-sources are well known to modulate both primary and lateral roots. For 

example, in Arabidopsis, high external nitrate-concentration results in a reduction of 

primary and lateral root elongation but lateral root growth is induced when nitrogen is 

limiting (Linkohr et al., 2002). In turn, ammonium has been described to inhibit root 

elongation, to stimulate lateral root branching and swelling of root hairs (Cao et al., 1993). 

Organic N-sources have also an impact on root architecture. Free amino acids, such as 

glutamate, a natural source of nitrogen which results from the breakdown of organic 

matter, have a significant influence in the root system architecture. It has been reported 

that seedlings treated with L-glutamate have shorter and more branched root systems 

(Walch-Liu et al., 2006).  

Contrary, to the many studies reporting the effect of external N on root system architecture 

(RSA), not much is known about the effects of the internal N-status. One work at least, 

has pointed out that an indicator of the internal N-status, possibly glutamine, was acting in 

concert with nitrate to inhibit the meristem activation of lateral roots (Zhang et al 1999).  
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1.1.1.2 Nodule development 

The association process of leguminous plants with nitrogen-fixing bacteria from the soil is 

called nodulation. This process promotes the formation of new organs called nodules 

(Sougaard, 2001; Limpens and Bisseling, 2003). Lateral roots and nodules share 

developmental characteristics. Both organs are originated in the cells adjacent to xylem 

poles, develop meristems (in case of indeterminate nodules), and break cells layers in 

order to emerge. Indeed, evidence points that lateral root and nodule formation share 

molecular components. For example, M. truncatula lateral root organ-defective mutant 

initiates the formation of both nodules and lateral roots but does not complete neither 

processes (de Billy et al., 2001).  

However, unlike lateral roots, nodule formation is activated by signaling molecules called 

nodulation (Nod) factors and involves the coordination of two independent processes: 

rhizobia infection at the root epidermis and the initiation of cell division in the cortex. 

Bacterial infection generally occurs via root hair invasion initiated by rhizobia adhesion to 

root hairs, which subsequently curl, entrapping the bacteria. Infection threads initiate from 

this infection focus leading to bacterial invasion of the newly-divided cortex cells (Oldroyd 

and Downie, 2008). This cluster of dividing cells is denominated as nodule primordium. 

M. truncatula forms indeterminate nodules with a persistent meristem at the apex, a central 

tissue formed by infected and non-infected cells, and a peripheral tissue, constituted by 

the nodule cortex, endodermis, and parenchyma (Roux et al., 2014). The persistent 

meristem adds cells to the central tissue causing a differentiation gradient with the 

youngest cells close to the apical part and the oldest cells adjacent to the root. The central-

infected tissues can be therefore divided into well-defined zones (Figure 1.1). Zone I 

comprise the meristematic tissue area and is followed by the infection zone (zone II). In 

the distal part of the zone II rhizobia are released, after which they differentiate. The 

transition (interzone II/III) from infection to fixation zone (zone III) is followed by many 

changes, such as the activation of the genes related with nitrogen fixation and amyloplasts 

accumulation. Zone IV is adjacent to the root where cells senesce and bacteria degenerate 

(Vasse et al., 1990).  
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Figure 1.1. Indeterminate Nodule zones, zone I or active meristem, zone II or infection zone, zone III or fixation zone and 

zone IV or senescent zone (Scholte, 2002). 

Nitrogen regulates the nodulation process in multiple steps. Bacterial Nod factors are 

synthesized in response to the secretion of plant-derived flavonoids into the soil, which in 

turn are synthesized under low-nitrogen conditions (Denarie et al., 1996). In fact, in 

legumes nodulation is inhibited at high N-concentrations (van Noorden et al., 2016) and 

the inhibitory effect is different depending on the N-source (Barbulova et al., 2007).  

The internal N-status of the plant has been showed to affect symbiotic competence 

(Heidstra et al., 1997; Omrane et al., 2009) and also modulate nodule functioning and 

activity (Lagunas et al., 2019). 

 

1.1.2 Sensing nitrogen status of plants 

Nitrogen acquisition in plants involves a series of steps comprising uptake, assimilation, 

translocation, and, when the plant is senescent, recycling, and remobilization (Masclaux-

Daubresse et al., 2010). These steps must be tightly balanced and must be regulated by 

the plant’s own nutritional status. As mentioned in the previous sections, the N-status of 

the plant can regulate different processes, for example, nodulation and root system 

architecture. If the plant can respond to changes in its internal N-status, then there must 

be mechanisms that sense those variations accordingly. Namely, a nitrogenated 

compound that functions as a reporter and a sensor molecule that recognizes it and further 

transmit the information to downstream components of a signaling pathway, must exist 

(Gent and Forde, 2017). Attempts to find plant N-sensors have been mainly based on 

finding plant homologs to sensors identified in bacteria, yeast and mammals. This is the 
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case of prokaryotic PII protein, mammalian and yeast target of rapamycin complexes 

(TORCs) and the general amino acid control non-derepressible 2 pathway (GCN2). 

In bacteria, the ratio between glutamine and 2-oxoglutarate (2-OG) is sensed to fine-tune 

nitrogen metabolism. The E. coli genes GlnB and GlnK encode PII proteins, which regulate 

glutamine synthetase activity. The PII-modifying enzyme GlnD, which uridylydates and 

deurylydates PII proteins, has the role of glutamine sensor, and is inhibited by binding to 

glutamine, while GlnB itself is a sensor of 2-OG (Arcondeguy et al., 2001). PII proteins are 

evolutionary conserved and are present in many organisms (Forchhammer and Lüddecke, 

2016). Studies have showed that PII in plants interacts with the N-acetyl-L-glutamate 

kinase, also known as NAGK and not GS. NAGK is responsible for the catalysis of an 

essential rate-limiting step in the biosynthesis of arginine and also interacts with acetyl-

CoA carboxylase, which is a pivotal enzyme in fatty acid biosynthesis (Burillo et al., 2004; 

Sugiyama et al., 2004; Bourrellier et al., 2010). In contrast to bacteria, plant PII protein is 

the glutamine sensor. The amino acid binds to a plant-specific C-terminal extension of the 

PII protein enabling the formation of a complex with NAGK that leads to its activation 

(Chellamuthu et al., 2014). Notwithstanding, the primary function of plant PII seems to be 

limited to the regulation of arginine biosynthesis and fatty acid metabolism (D’Apuzzo et 

al., 2015).  

TORC has been implicated in mediating the signals derived from several amino acids in 

mammals and yeast (Fumarola et al., 2005; Nakajo et al., 2005), however it does not 

directly sense those amino acids. Only one sensor operating upstream of mammalian 

TORC1 has been identified and it senses arginine (Shimobayashi and Hall, 2016). In 

Arabidopsis thaliana, several studies show evidence indicating that TORC is related to the 

regulation the nitrogen metabolism, and also in coordinating nitrogen and carbon 

metabolism (Deprost et al., 2007; Moreau et al., 2012; Caldana et al., 2013) but there is 

no information regarding the mechanism of N-sensing upstream of AtTORC. 

Another mechanism that seems to monitor the internal N-status in yeast and mammals is 

the GCN2. This pathway senses the uncharged tRNAs that hyper accumulate during N 

starvation leading to a general decline in protein synthesis (Chantranupong et al., 2015). 

In plants, the homolog of GCN2 appears to function in a similar way during the response 

against pathogens (Li et al., 2013; Luna et al., 2014).  

Glutamate-like receptors (GLR) have also been investigated as potential N-sensors (Qi et 

al., 2006; Stephens et al., 2008; Michard et al., 2011; Tapken et al., 2013) due to their 

homology to the mammalian ionotropic glutamate receptors crucial for neurotransmission 

processes (Prince et al., 2012). It has been found that plant GLR are not ligand-specific in 
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contrast to their mammalian homologs. Disrupting the expression of AtGLR1.1 leads to 

pleiotropic effects on aspects of carbon, nitrogen and hormone metabolism (Kang and 

Turano, 2003; Kang et al., 2004). Therefore, plant GLRs are probably one of the strongest 

candidates for sensing the internal N-status of plants. 

Although remarkable efforts have been made to elucidate N-sensing mechanisms, there 

is still no overwhelming evidence supporting a specific reporter molecule or a N-status 

sensor in plants. 

 

1.2 Glutamine synthetase 

Glutamine synthetase (GS, E.C.6.3.1.2), is an essential enzyme related to the assimilation 

of ammonia and is the enzyme responsible for the biosynthesis of the amino acid 

glutamine. Glutamine and glutamate are crucial amino acids in plant metabolism. Besides 

being the first product of inorganic nitrogen assimilation, glutamine is one of the most 

abundant amino acids in the phloem sap and glutamate is the primary source for the 

biosynthesis of many amino acids, chlorophylls, tricarboxylic acid cycle intermediates, as 

well as many other metabolic intermediates. GS catalyzes the addition of ammonium into 

a molecule of glutamate.  

This process requires the use of adenosine triphosphate (ATP) and occurs according to 

the following reaction: 

L-glutamate + NH4
+ + ATP → L-glutamine + ADP + Pi + H+ 

In the first step of the glutamine synthetase reaction, the terminal phosphoryl group of the 

ATP is transferred to the gamma-carboxyl group of the glutamate molecule, which results 

in the production of gamma-glutamyl phosphate, an activated intermediate. A bound 

ammonium ion (NH4
+) is deprotonated in the second step, giving origin to ammonia (NH3). 

Ammonia then attacks the carbonyl carbon to form glutamate, releasing phosphate (Unno 

et al., 2006; Lea and Miflin, 2011). 

GS exists as three types of proteins, which can be distinguished by structure, size, and 

are associated with different life domains. GSI is a dodecameric protein, with subunits of 

around 52 kDa and associated to prokaryotic organisms (Yamashita et al., 1989; 

Eisenberg et al., 2000). GSII is a decameric protein, with subunits ranging from 39 to 42 

kDa and are mostly found in eukaryotic organisms (Unno et al., 2006; Torreira et al., 2014). 

GSIII, are only found in a few bacterial species, is also a dodecameric protein but with 

larger subunits that GSI (van Rooyen et al., 2011).  
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Given its pivotal role, GS is an enzyme found in all domains of life but it was first thought 

that genes coding for GS type I were exclusive of prokaryotes and genes coding for GS 

type II were restricted to eukaryotes. However, it is now known that some soil bacteria, 

namely members of the Rhizobiaceae, Frankiaceae, and Streptomycetaceae families, 

have genes encoding GS type II (Kumada et al., 1993). And even though it is clear that in 

plants ammonium assimilation is achieved by GS type II, genes encoding proteins with 

type I domains are widespread in plants (Doskočilová et al., 2011; Seabra and Carvalho, 

2015; Silva et al., 2015). However, their function is still not known. 

 

1.2.1 Glutamine synthetase type I-like in eukaryotes 

The first study reporting the presence of genes encoding proteins with domains similar to 

GS type I in eukaryotes described the product of fluG gene in Aspergillus nidulans (Lee 

and Adams, 1994). fluG encodes a protein with a N-terminal amidohydrolase domain, 

which is related to nodulin 6 protein, linked to a C-terminal domain which shares similarities 

with GS type I. Interestingly, nodulin-encoding genes were first defined as legume genes 

that were induced by Rhizobium bacteria upon nodulation (Legocki and Verma, 1980). 

Homologs of FluG protein have later been reported in vertebrates (Lengsin protein, Grassi 

et al., 2006), in A. thaliana (AtNodGS protein, Doskočilová et al., 2011) and in barley 

(HvGS1_4; Avila-Ospina et al., 2015). Not much is known about the function of these 

proteins, except that they do not have GS activity, hence the denomination of GSI-like 

proteins, and that they have been associated to different biological processes. fluG is 

involved in the stimulation of asexual sporulation under conditions of nitrogen starvation 

(D’Souza et al., 2001). Lengsin, which is short for lens glutamine synthetase-like, could be 

related to the detoxification of hydrophobic amyloid polypeptides (Grassi et al., 2006). 

AtNodGS is possibly related to root morphogenesis, since RNAi-lines for AtNodGS 

presented several developmental effects in the roots, such as short primary root and 

disruption of the root cap (Doskočilová et al., 2011). It was also shown that the expression 

of AtNodGS was enhanced by flagellin, which suggested that the expression of this protein 

was microbially elicited (Doskočilová et al., 2011). Finally, barley NodGS gene was found 

to be repressed during leaf senescence (Avila-Ospina et al., 2015). Interestingly, all these 

different processes can be markedly influenced by nitrogen metabolism.   

In addition to the two-domain fusion protein described above, from now on referred simply 

as NodGS, proteins with a single GSI-like domain are also exceptionally found in M. 

truncatula and few other plant species. Therefore, there are two sub-types of GSI-like 
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proteins in plants (Figure 1.2), one sub-type is comprised of proteins with two-domains 

(NodGS) and the other sub-type is comprised of proteins with a single-domain (GSI).  

 

 

Figure 1.2. GS I-like proteins. Representation the two-domain protein, NodGS, comprising a N-terminal domain similar to 
the Nodulin 6 an amidohydrolase and a C-terminal domain similar to GS I, and the single-domain proteins, GS I, that share 
similarities with the glutamine synthetase type I from prokaryotes. 

GSI-I like proteins appear not to be able to synthesize glutamine. However, the overall 

conservation of the protein sequence suggests that it could still provide binding sites for 

ammonium, glutamate or glutamine, or a substrate similar in structure (Silva et al., 2015). 

Therefore, it has been suggested that GSI-like proteins could function as a nitrogen sensor 

(Gent and Forde, 2017). Indeed, as mentioned above, the proteins are involved in 

processes that are regulated by nitrogen signals, strongly supporting this hypothesis. 

Interestingly, evidence was found that the GS type II enzyme from Fusarium fujikuroi, a 

fungal pathogen of rice could have a regulatory function associated to ammonium sensing, 

that could be separated from its catalytic function (Wagner et al., 2013). Perhaps, GSI-like 

proteins evolved to function exclusively as a N-sensor. 

 

1.2.2 Glutamine synthetase I-like family in M. truncatula 

M. truncatula has one of the smallest GS type II gene families with only four expressed 

genes: MtGS1a and MtGS1b, which encode for cytosolic polypeptides; and MtGS2a and 

MtGS2b, that encode polypeptides located in the plastids (Seabra and Carvalho, 2015). 

However, the GSI-like gene family appears to be rather complex when compared to other 

plant species (Table 1.1) with three genes coding for single-domain proteins (MtGSIa, 

MtGSIb and MtGSIc) and two genes coding for two-domain proteins (MtNodGSa and 

MtNodGSb).   
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Table 1.1. Glutamine synthetase type I-like family in M. truncatula.  

NodGS 

Gene name Locus Orf (aa)* CDS (kDa)* Expression** 

MtNodGSa Medtr1g062620 837 93 Yes 

MtNodGSb Medtr1g062650 843 94 No 

GS I-like 

Gene name Locus Orf (aa)* CDS (kDa)* Expression** 

MtGSIa Medtr0417s0020 453 50 Yes 

MtGSIb Medtr3g035970 452 50 Yes 

MtGSIc Medtr1g062470 448 50 No 

*translation in amino acids (aa) and molecular weight (kDa) of the open reading frame (Orf) 
and coding sequence (CDS), respectively.  
**According to in silico analysis using the M. truncatula gene atlas. (www. mtgea.noble.org) 

 

Recently, it was shown that MtGSIa and MtGSIb lacked GS activity similarly to other GSI-

like proteins. However, the function of the proteins is probably related to N metabolism as 

it was shown that the expression of both genes was modulated by different N-sources 

(Silva et al., 2015). In addition, the genes were found to be expressed in the root-pericycle, 

root-tip, nodule-primordium and uninfected-cells of mature nodules. The expression was 

remarkably strong in the pericycle-cells located in front of the protoxylem-poles, where cell 

divisions are activated to form root nodules (Xiao et al., 2014) and this led to the 

hypothesizes that MtGSIa and MtGSIb could be involved in lateral root or root nodule 

development possibly as components of N sensing/signalling pathways. The function of 

NodGS proteins has not been yet addressed in M. truncatula.  

 

1.3 Thesis Aim 

A complete knowledge of the molecular components regulating nitrogen metabolism in 

plants is essential to design efficient and sustainable breeding strategies with aim of 

improving nitrogen use efficiency and plant yield. Evidence suggest that proteins with 

domains related to glutamine synthetase type I (GSI) are involved in the pathways 

responsible for sensing the internal N-status in M. truncatula. However, the function of 

these proteins has not yet been clearly demonstrated. This study aims to characterize the 

expression of one member of the M. truncatula GSI-like gene family (MtNodGSa) to obtain 

an insight of its role in the model legume M. truncatula and determine its relation to nitrogen 

metabolism and root architectural traits.  
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2. Material and Methods 

2.1 Biological material 

2.1.1 Bacterial strains 

The following bacterial strains were used in this work. 

Table 2.1. Bacterial strains used for the different transformations. 

 Strain Description Reference 

Escherichia coli    

 DH5⍺ 

Δ(argF-lac)169, φ80dlacZ58(M15), ΔphoA8, 

glnX44(AS), λ-, deoR481, rfbC1, gyrA96(NalR), 

recA1, endA1, thiE1, hsdR17 

Hanahan, 

1983 

 ET8894 rbs lacZ::IS1 gyrA hutCx (glnA- ntrC)  
Macneil et al., 

1981 

Agrobacterium rhizogenes    

 ARqua1 streptomycin-resistant derivative of Rm1000 
Quandt et al., 

1993 

Sinorhizobium meliloti    

 Rm2011 
streptomycin-resistant variant of SU47 (wild-

type strain) 

Wais et al., 

2002 

 

2.1.2 Plant material and growth conditions 

Plants of M. truncatula Gaertn. (cv. Jemalong J5) were germinated as described in the M. 

truncatula handbook (https://www.noble.org/medicago-handbook/). Briefly, seeds were 

treated with sulfuric acid until the appearance of small black spots on the tegument surface 

(5 to 12 minutes) and washed with double-distilled water, followed by a 90 seconds 

sterilization step with 12% sodium hypochlorite, and final washing in sterile double-distilled 

water. Seeds were germinated in inverted 0.8% (w/v) agar plates in the dark at 4º C for 

24h. and then transferred to 25 ºC.  

For the studies on the effect of nitrogen nutrition, one day-old seedlings grown on soft 

plant agar media, were transferred to magenta boxes with modified Fahräeus agar (0.9 

mM Calcium chloride, 0.5 mM Magnesium sulfate, 0.7 mM Potassium dihydrogen 

phosphate, 0.8 mM di-Sodium hydrogen phosphate, 0.02 mM Fe-EDTA, in replacement 

of ferric citrate, 100 µg/L Manganese chloride, 100 µg/L Copper sulfate, 100 µg/L Zinc 

sulfate, in replacement of zinc chloride, 100 µg/L Boric acid and 100 µg/L Sodium 

molybdate) without any nitrogen (N-free) or supplemented with 0.5 mM, 5 mM and 25 mM 

of different nitrogen sources: L-glutamine, L-glutamate, L-asparagine, L-arginine, 

ammonium nitrate, ammonium chloride, potassium nitrate, gamma-aminobutyric acid 

https://www.noble.org/medicago-handbook/
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(GABA) and Urea. Plants were grown at 25ºC 16h light/ 8h dark photoperiods for 14 days. 

For gene expression studies four plants growing on the same magenta box were pooled, 

frozen in liquid nitrogen and stored at -80 ºC, for posterior analyses. To register the root 

system architecture plants were grown individually on a magenta box (section 2.15). 

For the histochemical localization of GUS activity in roots and root nodules, plants were 

grown in aeroponic conditions with a light period of 16 h at 22 ºC and at 19 ºC during the 

dark period, in a nutrient solution supplemented with 5.5 mM potassium phosphate 

(pH=7.0), 0.52 mM potassium sulfate, 0.25 mM magnesium sulfate, 1 mM calcium 

chloride, 50 µM iron sulfate, 50 µM sodium EDTA, 30 µM boric acid, 10 µM manganese 

(II) sulfate, 0.7 µM zinc sulfate, 0.2 µM cupric sulfate, 1 µM sodium molybdate, 0.04 µM 

cobalt (II) chloride and 5 mM ammonium nitrate as described by Lullien et al., 1987. For 

nodule induction, the growth medium was replaced with fresh medium lacking a nitrogen 

source three days before inoculation with the Sinorhizobium meliloti strain Rm2011 as 

described in M. truncatula handbook (https://www.noble.org/medicago-handbook/). 

 

2.2 Oligonucleotide sequences 

The following oligonucleotides were used to perform the PCR reactions for the different 

tasks of this work and were all acquired from Sigma-Aldrich. 

Table 2.2. Oligonucleotides  

Primer name 5’<>3’ Tm ºC 

qPCR_NodGSa_F3 TCTCGCGAAGTTGTTTTCTCC 65.5 
qPCR_NodGSa_F3 AATAAATGAAACATCAGTCTCTAAATCG 62.4 
EF1alfa_F CCACCAACCTTGACTGGTAC 61.9 
EF1alfa_R CCACGCTTGAGATCCTTCAC 64.8 
NodGSA_F_1_CDS ATGGATTTGAGTGAGTTAAGAAAAGCGG 69.2 
NodGSA_R_CDS CTAATAACGGTGTATGAGCTGCTTGTATGC 69.2 
pTrc_NodGSA_F GATTTGAGTGAGTTAAGAAAAGCG 62 
pJet1.2 reverse AAGAACATCGATTTTCCATGGCAG 68.7 
pMtNodGSA_EcorI_F TAAGAATTCAGTTCGATTCATAGGATGAAAC 67.3 
pMtNodGSA_NcoI_R TAACTCACTCAAATCCATGGTATCACACC 69 

 

2.3 Cloning procedures 

General considerations about the cloning procedures:  

PCR products were cleaned using the QIAquick gel extraction kit (Qiagen), DNA was 

extracted from agarose fragments using the NZYGelpure kit (NZYTech) and plasmid DNA 

extractions were performed using the NZYMiniprep (NZYTech) according to the 

instructions provided by the manufacturers.  The restriction digest reactions were 

performed using standard conditions also according to the instructions provided by the 

manufacturers. DNA was quantified using a Nanodrop spectrophotometer (Nanodrop 2000 

https://www.noble.org/medicago-handbook/
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Thermo Scientific). The products of ligations were transformed in E. coli DH5α competent 

cells and screening for positive clones was performed by colony PCR. Sanger sequencing 

of positive clones were performed by Stab-Vida (Oeiras, Portugal). 

2.3.1 Amplification and cloning of MtNodGSa coding sequence 

The coding sequence (CDS) of MtNodGSa was amplified from a root nodule cDNA library 

(20 days post-inoculation) using gene specific primers: NodGSA_f_1_CDS and 

NodGSA_R_CDS (Table 2.2). PCR reaction was performed in 50 µL volume, using 100 

ng of the template, 25 pmol of each primer and Phusion Hot Start II DNA polymerase 

(Thermo Fisher Scientific) as described in table 2.3.  

Table 2.3. PCR protocol. 

1 cycle Polymerase activation 98 ºC for 1 min 

30 cycles 
Denaturation 98 ºC for 15 s 
Annealing 64 ºC for 30 s 
Extension 72 ºC for 3 min 

1 cycle Final Extension 72 ºC for 5 min 

 

The reaction was analyzed by agarose gel electrophoresis and a DNA fragment with the 

expected size of MtNodGSa CDS (2517 bp) was extracted and directly inserted into 

pJet1.2/Blunt plasmid using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific) 

according to the manufacturers’ instructions. The resulting construct pJet1.2/Blunt-

NodGSa (Figure S1a) was sequenced and used as template in the subcloning described 

in section 2.3.2. 

 

2.3.2 Construct for MtNodGSa expression in bacteria 

The CDS of MtNodGSa was subcloned into the plasmid pTrc 99A (GE healthcare), which 

allows inducible protein expression in any E. coli host.   The CDS of MtNodGSa (except 

the initial ATG codon) was amplified from pJet1.2/Blunt-NodGSa using the following 

primers: pTrc_NodGSA_F and pJet1.2 reverse (Table 2.1). The reaction was performed 

in 50 µL volume, using 10 ng of the template, 25 pmol of each primer and Phusion Hot 

Start II DNA polymerase (Thermo Fisher Scientific) as described in table 2.4. 
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Table 2.4. PCR protocol. 

1 cycle Polymerase activation 98 ºC for 1 min 

30 cycles 
Denaturation 98 ºC for 10 s 
Annealing 60 ºC for 20 s 
Extension 72 ºC for 2 min 

1 cycle Final Extension 72 ºC for 5 min 

 

The PCR reaction was then cleaned, digested with the restriction enzyme Xba I (New 

England Biolabs), analyzed by agarose gel electrophoresis and a DNA fragment with the 

expected size was further purified.   

The pTrc 99A plasmid was first linearized with the restriction enzyme Nco I (New England 

biolabs). Following Nco I thermal inactivation, the plasmid was treated with the large 

fragment of DNA polymerase I Klenow (Roche) to create blunt ends. The reaction was 

performed at 30 ºC for 15 minutes in 20 µL reaction volume, using 1 unit of the enzyme. 

Following Klenow DNA polymerase thermal inactivation, the plasmid was further digested 

with Xba I enzyme, and a DNA fragment corresponding to the linearized plasmid was 

extracted from an agarose gel.  

The fragment corresponding to the CDS of MtNodGSa digested with Xba I was then 

inserted in frame in the Nco I (Blunt)/Xba I sites of pTrc 99A using T4 DNA ligase (New 

England Biolabs). The reaction was performed using 1 µl of T4 DNA Ligase (400 units) in 

a 20 µl reaction for 2 hours at room temperature with a 3:1 ratio of insert:vector. The 

resulting construct pTrc99a-NodGSA (Figure S1b) was sequenced and used in the 

experiments described in section 2.11.  

2.3.3 Construction of a transcriptional MtNodGSa promoter-gusA 

fusion 

To analyze the cellular sites of MtNodGSa expression in roots and root nodules, the 

promoter region of MtNodGSa (pNodGSa) was fused upstream of the gusA gene, which 

encodes the enzyme β-glucuronidase. pNodGSa was amplified using a forward specific 

primer with a tail that includes an EcoR I site (pMtNodGSA_EcorI_F, Table 2.2) and a 

reverse primer with two modifications upstream of the ATG start codon to introduce a Nco 

I site (pMtNodGSA_NcoI_R; Table 2.2). PCR reactions were performed using 50 ng of M. 

truncatula genomic DNA as template and USB®FideliTaq™ (Thermo Fischer Scientific) 

as described in table 2.5. 
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Table 2.5. PCR protocol. 

1 cycle Polymerase activation 95 ºC for 2 min 

35 cycles 
Denaturation 95 ºC for 30 s 
Annealing 62 ºC for 30 s  
Extension 68 ºC for 3.5 min 

1 cycle Final Extension 68 ºC for 5 min 

 

The reaction was analyzed by agarose gel electrophoresis and a DNA fragment with the 

expected size of pNodGSa CDS (3102 bp) was extracted. The pNodGSa promoter 

fragment and the plasmid pGreenGUS: T (described in Silva et al. 2015) were then 

digested with the restriction enzymes Eco RI-HF (New England Biolabs) and Nco I, 

extracted form agarose gels and ligations were performed as described in section 2.3.1. 

The resulting construct pGreen-pNodGSA::GUS (Figure S2) was sequenced transformed 

into A. rhizogenes (section 2.4.2) and used in the experiments described in section 2.13. 

2.4 Preparation and transformation of bacterial competent cells 

2.4.1 Preparation and transformation of E. coli cells 

To prepare competent cells of E. coli strain ET8894 one colony was used to inoculate 5 

mL of Luria-Bertani broth (LB; 10 g/L bactotryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 

7.0) and grown overnight at 37 ºC. This culture was then used to inoculate 200 mL of fresh 

LB broth, which was then incubated at 37 ºC with shacking until the optical density reached 

0.4. Cultures were then chilled on ice for 15 minutes and centrifuged at 3 000 g, for 10 min 

at 4 ºC. The supernatant was discarded, the cells were resuspended in 15 mL of sterile 

ice-cold 100 mM CaCl2 and further incubated on ice for 15 min. Samples were again 

centrifuged at 3 000 g for 10 min at 4 ºC, the supernatant was discarded and the cells were 

gently resuspended in 4 mL of sterile ice-cold 100 mM CaCl2 supplemented with 15 % 

(v/v) glycerol. The cell suspension was divided into 100 μL aliquots, which were quickly 

frozen in liquid nitrogen and stored at – 80 ºC. 

E. coli cells (strains DH5-⍺ or ET8894) were transformed using the standard heat shock 

method as follows: DNA samples (2 µL) were added to competent cells (100 µL), 

previously thawed on ice, and further incubated on ice for 30 minutes. Then each sample 

was heat-shocked for 60 seconds at 42º C and subsequently incubated again on ice for 2 

minutes. 1 mL of LB medium was added and the cells were allowed to recover for 1 hour 

at 37 ºC. Samples were then spin in a microcentrifuge, the supernatant was removed, and 

150 µL of fresh LB media was added. The cells were gently resuspended and plated on 

Petri dishes containing LB agar medium and the appropriate selection antibiotic (Table 

2.6). The plates with the bacteria were grown overnight at 37º C. 
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Table 2.6. Plasmids used and antibiotic used to perform the selection. 

Plasmid Antibiotic selection 

pJet1.2/Blunt (Thermo Fischer Scientific) Ampicillin (100 mg/mL) 

pTrc 99A (GE Healthcare) Ampicillin (100 mg/mL) 

pGreen:GUS T (Silva et al 2015) Kanamycin (50 mg/mL) 

 

2.4.2 Preparation and transformation of A. rhizogenes cells 

To prepare competent cells of A. rhizogenes strain ARqua1 one colony was used to 

inoculate 2 mL of TY broth (5 g/L bactotryptone, 3 g/L yeast extract, pH 7.0) supplemented 

with 600 mg/mL Streptomycin and 6 mM CaCl2 (TY/Ca/Strep) and grown overnight at 28 

ºC. This culture was then used to inoculate 50 mL of fresh TY/Ca/Strep broth, which was 

then incubated at 28 ºC with shacking until the optical density reached 0.5-1.0 

(approximately 4 hours). Cultures were then chilled on ice and centrifuged at 3 000 g, for 

5 min at 4 ºC. The supernatant was discarded, the cells were resuspended in 1 mL of 

sterile ice-cold 20 mM CaCl2 and the suspension was divided into 100 μL aliquots, which 

were quickly frozen in liquid nitrogen and stored at – 80 ºC. 

A. rhizogenes strain ARqua1 was transformed using a heat shock method as follows: 1 µg 

of pGreen-pNodGSa::GUS plus 1 µg of pSoup plasmid (helper plasmid that provides the 

replicase function for the replication origin of pGreen-based constructs) were added to 

competent cells (200 µL), previously thawed on ice, and incubated on liquid nitrogen for 5 

minutes. Then each sample was heat-shocked for 5 minutes at 37º C. 1 mL of TY broth 

was added and the cells were allowed to recover for 2-4 hour at 28 ºC. Samples were then 

spin in a microcentrifuge, the supernatant was removed, and 150 µL of fresh TY broth was 

added. The cells were gently resuspended and plated on Petri dishes containing 

TY/Ca/Strep agar medium supplemented with 600 mg/L streptomycin, 10 mg/L tetracyclin 

and 50 mg/mL kanamycin. The plates with the bacteria were grown for two days at 28 º C. 

 

2.5 Colony PCR 

Selected bacterial colonies were picked with a sterile toothpick and suspended into 25 µL 

of sterile water. The suspension was then incubated at 99 ºC for 2 min and centrifuged 2 

minutes at maximum speed in a microcentrifuge. 20 µL of the supernatant was transferred 

into a new microcentrifuge tube and 1 µL was used as template in a standard 10 µL PCR 

reaction catalyzed by DreamTaq polymerase (Thermo Fisher Scientific). Primers were 

selected according to the construct tested. 
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2.6 Plant DNA and RNA extraction 

Genomic DNA (gDNA) was extracted and purified from young leaves of M. truncatula using 

the GRS Genomic DNA Kit – Plant (Grisp Research Solutions) according to the 

instructions of the manufacturer. Leaves were first disrupted in liquid nitrogen; samples 

were treated with RNase A and gDNA was eluted in 100 µL of double-distilled water.  

RNA extractions were first performed using the column-based InviTrap® Spin Plant RNA 

(Invitek molecular 1064100300) according to the manufacturer’s instructions, but the RNA 

yield was surprisingly low and not suitable to analyze changes in MtNodGSa expression, 

which is poorly expressed under standard developmental conditions.  Hence, for the 

studies regarding the effect of nitrogen nutrition on MtNodGSa expression, total RNA was 

extracted using a TRI reagent®-based protocol (Sigma T9424), which provided better 

yields that the column-based kit.  Briefly, plant material was ground in liquid nitrogen to a 

fine powder using a pestle and mortar. Approximately 100 mg of this material was quickly 

transferred to a 2 mL centrifuge tube to which 1 mL TRI reagent was immediately added. 

Samples were then vortexed for approximately 15 seconds and incubated for 5 minutes at 

room temperature. Next, 0.2 mL Chloroform (Merck) was added, and samples were again 

vortexed for approximately 15 seconds and incubated for 15 minutes at room temperature. 

The mixture was then centrifuged at 12 000 x g for 15 min at 4 ºC for phase separation. 

The aqueous phase was subsequently transferred to a 1.5 mL tube, and at this point, the 

RNA samples were cleaned using the Rneasy Minelute cleanup kit (Qiagen) according to 

the instructions of the manufacturer. Samples were eluted with 14 µL of RNAse-free water, 

and the RNA was quantified using a Nanodrop spectrophotometer (Nanodrop 2000 

Thermo Scientific). This method resulted in total RNA yields of 200-700 ng/µL. The 

A260/A280 ratios were approximately 2.0, and the A260/A230 ratios were within a 2.0-2.3 

range. RNA integrity was verified visually by electrophoresis. 

 

2.7 cDNA synthesis 

cDNA was obtained from 1 µg of total RNA using the QuantiTect® reverse transcription kit 

(Qiagen 509205311), which provides high cDNA yields for sensitive quantification of low-

abundance transcripts combined with effective genomic DNA elimination. Reverse 

transcription reactions with the elimination of genomic DNA were prepared according to 

the manufacturer’s instructions. 
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2.8 Quantitative real-time PCR 

Quantitative Real-time PCR (qPCR) was performed in a CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad) with SsoAdvanced™ Universal SYBR® Green Supermix (Bio-

Rad). Reactions were performed in 20 µL reaction volume with 50 ng of cDNA and 5 pmol 

of each primer (Table 2.2). 

 

Primers for MtNodGSa were designed manually to avoid amplification of other members 

of the Nod/GSI-like family, and linearized pjet1.2-NodGSa was used to determine primer 

efficiency, which showed an amplification efficiency of 99 %. MtNodGSa expression levels 

were normalized against an Elongation factor gene (Medtr6g021805), which shows 

relatively constant expression levels in our experimental conditions and have been 

described before (Seabra et al., 2012). Reactions were performed using a three-step 

qPCR protocol, as described in Table 2.8. 

Table 2.8. Real-time qPCR protocol to amplify the MtNodGSa gene. 

1 cycle Polymerase activation 98 ºC for 30 s 

40 cycles 
Denaturation 95 ºC for 15 s 
Annealing 60 ºC for 30 s (data acquisition) 
Extension 72 ºC for 30 s 

1 cycle  Melt curve 
Increments of 0.5ºC from 65 ºC – 95ºC for 5 s (data 
acquisition in each increment) 

 

Threshold cycles (Ct) were determined automatically using the CFX Manager™ software 

(Bio-Rad). Data was acquired for only one independent biological experiment, with two 

technical replicates for each condition.  

2.9 Preparation of protein extracts  

Soluble protein extracts were obtained from roots by first grinding the material in liquid 

nitrogen using a mortar and pestle. Pulverized samples were quickly collected without 

defrosting into 1.5 mL centrifuge tubes and tissues were further disrupted in 200 µL of lysis 

buffer (1x PBS, 10% glycerol, 1 mM EDTA, 0.1% Igepal, 0.01% TritonX-100, 5 mM DTT, 

1% protease inhibitor cocktail) using a homogenizer (Glas-col K5424). The homogenates 

were centrifuged at 20000g for 30 minutes at 4ºC and the supernatant. was collected. 

Soluble protein concentration was determined using Bio-Rad’s protein assay dye reagent 

Table 2.7. Target genes, primers and amplicon size of the products MtNodGSa gene qPCR. 

Target  Gene ID (Mtv4.0) Oligonucleotides Amplicon  bp 

MtNodGSa Medtr1g062620 
qPCR_NodGSa_F3 

210 
qPCR_NodGSa_F3 

GTP-binding elongation factor 
Tu family  

Medtr6g021805 
EF1alfa_F 

319 
EF1alfa_R 
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according to the manufacturer’s instructions using 1 mL of diluted reagent and 2 µL of 

each sample. Reactions were incubated at room temperature for 5 minutes and the 

absorbance was measured at 595 nm. Protein concentration was determined based on a 

bovine serum albumin (BSA) standard curve.  

Total protein extracts from E. coli were obtained by resuspending the equivalent of 1 mL 

of culture expressing MtNodGSa with an optical density of 2 in 200 µL of Laemmli sample 

buffer and incubating the samples at 99 ºC for 5 min (Laemmli, 1970).  

 

2.10 Western blot analysis 

Soluble protein extracts of roots (15 µg) or total protein extracts of E. coli (0.5 µL) were 

separated by 10% acrylamide (w/v) Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and electroblotted onto PVDF membranes (0.45 µm, merck) 

using a criterion blotter (Bio-Rad) as described by Laemmli and Towbin (Laemmli, 1970 

and Towbin et al., 1979). The molecular weight ladder used was the NZYColour protein 

marker, which covers a wide range of molecular weights from 11 and 245 kDa.  

Immunodetection of MtNodGSa was performed using an antibody raised against A. 

thaliana AtNodGS (Doskočilová et al., 2011) as primary antibody and goat anti-rabbit 

peroxidase-conjugated antibody (Santa Cruz Biotechnology) as secondary antibody. The 

immunocomplexes were detected in a photographic film by chemiluminescence and the 

membrane was stained with coomassie brilliant blue R-250 as loading control. 

 

2.11 Expression of MtNodGSa recombinant protein in E. coli 

The ability of MtNodGSa to synthesize glutamine was tested by transforming the E. coli 

strain ET8894, which is a glutamine auxotroph caused by a deletion of glnA gene, with the 

pTrc99A-NodGSa construct described in section 2.3.2. Complementation assays and 

MtNodGSa recombinant protein expression was performed as described by Carvalho et 

al., 1997. Bacteria transformed with the pTrc 99A vector was used as negative control and 

bacteria transformed with the coding sequence for functional MtGS1a protein was used as 

positive control. Protein expression was induced by adding Isopropyl β- D -1-

thiogalactopyranoside (IPTG) to minimal media agar plates with and without glutamine 

supplement (0.25 mg/L). The minimal media was prepared mixing 20 g/L Agar, 5x M9 salts 

(64 g/L Na2HPO4·7H2O, 15 g/L KH2PO4, 2.5 g/L NaCl; 5 g/L NH4Cl), 1 M MgSO4, 1 M 

CaCl2, 20% Glucose, 100 mg/mL ampicillin, and other necessary supplements (glutamine 

and/or IPTG).  
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2.12 A. rhizogenes-mediated transformation of M. truncatula 

roots 

M. truncatula root transformation with A. rhizogenes was performed as described by 

Boisson-Dernier et al., 2001. The seeds were germinated in inverted 0.8% (w/v) agar 

plates in the dark at 18º C for 30 h. At this point, the radicle of the seedlings had a length 

of approximately 1 cm. The radicle was then cut with a sterile scalpel about 3 mm from the 

root tip and inoculated with A. rhizogenes strain ARqua1 transformed with pGreen-

pNodGSA::GUS construct described in section 2.3.3 by coating the freshly cut section of 

the root tip.  After that, the inoculated seedlings were transferred to square plate dishes 

with Fahräeus agar supplemented with 20 mg/L kanamycin. The dishes were sealed with 

micropore tape (surgical paper tape), which allowed gas exchange. The root area was 

covered with aluminum foil, and the dishes were placed in a growth chamber for seven 

days at 20º C with a 16 h photoperiod. After one week the temperature of the growth 

chamber was increased to 25 ºC. The transgenic hairy roots were obtained under 

kanamycin selection, and at approximately three weeks after inoculation by A. rhizogenes, 

composite M. truncatula plants were transferred to aeroponic growth chambers for 

nodulation.  

 

2.13 Histochemical localization of GUS activity 

The histochemical reaction to detect GUS activity was performed as described by 

Carvalho et al., 2000. Transgenic roots or root nodules of M. truncatula composite plants 

in different stages of development, were cut into sections of 80-100 µm thickness using a 

vibratome (Leica VT 1000M) and incubated with GUS substrate solution containing 0.5 

mg/mL  X-Gluc (5-Bromo-4-chloro-3-indolyl-β-D-glucuronide, cyclohexylammonium salt), 

10 mM EDTA, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide and 0.1 M 

potassium phosphate buffer pH 7.0. The tissue sections were incubated in the dark at 37º 

C from 1h to 24 h, depending on the intensity of the coloration. Samples were mounted on 

glass microscope slides in water and observed under a light microscope (Olympus BX50). 

Photographs were taken using a digital camera (Olympus DP21). 
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2.14 Accessions and sequence analysis 

All sequences were retrieved from the Medicago truncatula genome database 

(http://www.medicagogenome.org; MTGD, Krishnakumar et al., 2014). Pairwise 

alignments were performed using the EMBOSS tools at EMBL-EBI 

(https://www.ebi.ac.uk/Tools/psa/). 

 

2.15 Root system architectural analysis 

For image acquisition of the root system, plants were removed from the magenta boxes 

and laid on a scanner (Epson Perfection 4490 Photo). The color images were then cropped 

and converted to a greyscale format. Lateral root number was counted manually and 

includes all the roots emerging from the primary root plus the ramifications on lateral roots. 

The length of primary roots and total length of lateral roots was computed using the 

RootReader2D software (Clark et al., 2013). Values are presented as means with standard 

errors of two independent plants. Graphic representations were made using the Prism5® 

software (Graphpad software Inc.). 

 

  

http://www.medicagogenome.org/
https://www.ebi.ac.uk/Tools/psa/
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3. Results 

The work performed aimed to characterize MtNodGSa expression and to provide some 

insight into the function of this protein. This involved the assessment of whether 

MtNodGSa could synthesize glutamine, to determine whether its expression would change 

in relation to different nitrogen sources, and to localize its sites of expression. The catalytic 

function of the protein was evaluated by a heterologous complementation assay using an 

E. coli mutant auxotroph for glutamine. The sites of expression of MtNodGSa was 

determined by fusing the promoter with the reporter gene gusA, and analyzing the 

expression of this construct in transgenic roots. Finally, the response of MtNodGSa to 

different N-sources was analyzed by qPCR and western blot and associated to root 

architectural traits.  

3.1 Cloning procedures 

3.1.1 Isolation of MtNodGSa Coding Sequence 

Many resources have been developed for the model legume M. truncatula. The M. 

truncatula genome database (MTGD, Krishnakumar et al., 2014) currently hosts the latest 

version of the M. truncatula genome (Mt4.0; Tang et al., 2014), and integrates a set of 

open-source web-based tools that facilitate the access to several genomic elements, 

including, exon and intron sequences, mRNA sequences and coding sequences. Four 

putative mRNAs are assigned to MtNodGSa (gene identifier: Medtr1g062620), which 

encode 4 coding sequences (CDS) of different sizes (Table 3.1). 

Table 3.1 Putative MtNodGSa CDS according to MTGD 

mRNA identifier Length 

Medtr1g062620.1 2517 bp 

Medtr1g062620.2 2217 bp 

Medtr1g062620.3 2373 bp 

Medtr1g062620.4 2055 bp 

 

Specific primers were designed for the longest CDS (Medtr1g062620.1) and an amplicon 

with the predicted size was isolated from a root nodule cDNA library (Figure 3.1), cloned 

into the plasmid pJetBlunt/1.2 (Figure S1a) and sequenced.  
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Sequence analysis showed that MtNodGSa CDS differs from Medtr1g062620.1 in a few 

nucleotides (Figure S3).  

Figure 3.2 (upper panel) illustrates the gene structure of MtNodGSa (Medtr1g062620) as 

predicted in MTGD. Models that define exons and introns are obtained using algorithms 

that generally assume that introns are defined by and excised at conserved GT-AG 

dinucleotide sequences. Indeed, most introns are, but a few are excised at non-canonical 

AT-AC sequences (Pucker and Brockington, 2018). Nucleotide sequence alignments 

between real and putative MtNodGSa CDS (Figure S3) revealed that intron 3 is likely 

spliced at an unconventional AT-AC border (Figure 3.2 lower panel).  

 

.  

 

 

Figure 3.1 Amplification of MtNodGSa CDS from root and root nodule cDNA 
library. An amplicon of approximately 2500 bp was obtained in both organs using 
primers specifically designed for Medtr1g062620.1. The molecular weights 
markers of 3000 bp and 2000 bp are indicated. 

Medtr1g062620

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

ATG

Exon 3 Exon 4
Intron 3

GT AG
AT AC

TTCGTCTCTAAGTTGAAATCATATCCTTCACATGTATTACTATATCTCTCTCTTTACACACACAACAAAAGCTTTTATCTTTACAAAAATATTCAACCACATACCTATGTTCCT TAGCATCAGCTTAACAGTTGCT

0.5 kb

25 bp

STOP

2000
3000 NodGSa CDS

~ 2500 bp

Root Nodule

Figure 3.2 MtNodGSa gene structure. MtNodGSa is composed of 18 exons (blue boxes) and 17 introns. A 
detailed view of exon 3 to 4 is shown in the lower panel depicting the putative boundaries of intron 3. Common 
GT-AG dinucleotide boundaries are highlighted in red and non-canonical AT-AC dinucleotide boundaries are 
shown in green. 
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These nucleotide differences do not significantly alter the open reading frame, being 

translated into only a few amino acidic differences as can be seen in Figure S4. MtNodGSa 

polypeptide is therefore expected to be comprised of 837 amino acids with an approximate 

molecular mass of 93 kDa (Table 3.2).  

Table 3.2 Prediction of MtNodGSa polypeptide properties 

 kDa Amino acid nº pI 

MtNodGSa 92.9 837 5.74 

 

The CDS of MtNodGSa was then subsequently cloned into the plasmid pTrc 99A (Figure 

S1b), which allows inducible protein expression in bacteria. The catalytic function of 

MtNodGSa will be address in section 3.2 of the Results.   

3.1.2 Isolation of the promoter fragment of MtNodGSa 

A MtNodGSa promoter fragment (pNodGSa) was amplified from M. truncatula genomic 

DNA using specific primers, which were designed based on the upstream sequence of 

Medtr1g062620. A fragment was isolated with the expected size of approximately 3.1 kb 

(Figure 3.3), cloned into the plasmid pGreenGus:T (Figure S2) and sequenced. Analysis 

of the nucleotide sequence of pNodGSa showed some differences relative to the 

sequence available at MTGD (Figure S5).  

Figure 3.3 – Amplification of MtNodGSa promoter fragment (pNodGSa). An amplicon of 
approximately 3100 bp was obtained from M. truncatula genomic DNA (gDNA). The molecular 
weights markers of 3000 bp and 2000 bp are indicated. 

 

2000

3000
pNodGSa

~ 3100 bp

gDNA
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The resulting pNodGSa::gusA fusion allow the analysis of MtNodGSa sites of expression. 

The results are described in section 3.3. 

3.2 Evaluation of the catalytic activity of MtNodGSa 

Heterologous complementation assays (Figure 3.4a) were performed in order to 

investigate whether the protein encoded by MtNodGSa was catalytically active for 

glutamine synthesis. MtNodGSa coding sequence was cloned into the expression vector 

pTrc 99A and was transformed into E. coli glnA mutant strain ET8894, which is auxotroph 

for glutamine. Bacteria expressing functional MtGS1a protein was used as a positive 

control, while bacteria transformed with the empty plasmid was used as the negative 

control. Complementation was clearly observed for the bacteria expressing the functional 

GSII isoform MtGS1a, which were able to grow on minimal media containing ammonium 

as N-source, while the bacteria transformed with MtNodGSa or the vector alone, only grew 

if the culture media was supplemented with glutamine (Figure 3.4a). To confirm whether 

MtNodGSa was indeed expressed in this heterologous system, total protein extracts from 

bacteria transformed with pTrc99A-NodGSa construct and soluble protein extracts from 

M. truncatula roots were analyzed by western blot (Figure 3.4b) using an anti-NodGS 

antibody, raised against the C-terminal sequence of A. thaliana NodGS (Doskočilová et 

al., 2011). This antibody recognizes a polypeptide with the expected molecular mass of 

MtNodGSa (92.9 kDa) in bacteria and plant extracts (Figure 3.4b). Together, these results 

suggest that the MtNodGSa is not able to synthesize glutamine in bacteria.  

 

Figure 3.4. (a.) Complementation analysis of an E. coli glnA mutant expressing MtNodGSa coding sequence. Controls were 

transformed with the vector (Negative Control) or with the coding sequence of the functional enzyme MtGS1a (Positive 

Control). Bacteria were grown on minimal medium (M9) with and without glutamine supplements (0.25 mg/mL. (b.) Western 

blot analysis of soluble proteins of roots collected from plants grown in aeroponic conditions in medium supplemented with 

5mM NH4NO3 and E. coli glnA extract expressing recombinant MtNodGSa protein (92.9 kDa), probed with anti-NodGS 

antibody (Doskočilová et al., 2011). 
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It was shown in a previous study that E. coli ET8894 expressing two other members of the 

GSI-like gene family (MtGSIa or MtGSIb), which are also not functional for glutamine 

synthesis, grew unexpectedly poorly in minimal media supplemented with glutamine when 

compared to controls (Silva et al. 2015). In contrast, bacteria expressing MtNodGSa 

showed similar growth kinetics to controls (Figure 3.4a low panel). To rule out that this 

interference in the growth could be caused by the lack of endogenous GS activity in the E. 

coli  ET8894  strain, the growth of E. coli DH5α strains expressing GSI-like proteins was 

also evaluated in LB media (Figure S6) A similar result was observed, MtGSIa and MtGSIb 

expression led to poor bacterial growth but not MtNodGSa expression. Overall, the 

domains of GSI-like proteins do not differ considerably from functional GS proteins that 

are able to synthesize glutamine from glutamate and ammonium. Thus, one could 

hypothesize that the putative substrates of GSI-like proteins are similar in structure to 

glutamate. Therefore, the growth of E. coli DH5α strains expressing GSI-like proteins was 

evaluated in LB media supplemented with high concentrations of other amino acids 

(glutamate, arginine, asparagine, and GABA) to inspect for a possible enhancement or 

inversion of the phenotype. However, no differences were observed in any of tests (Figure 

S6). 

3.3 Localization of the expression of MtNodGSa  

The localization of MtNodGSa was performed by analyzing the expression of a reporter 

gene encoding β-glucuronidase (gusA) driven by the promoter of MtNodGSa (pNodGSa) 

in M. truncatula. A 3.1 kb fragment of the 5’ upstream region of MtNodGSa gene was fused 

to gusA and the construct (pNodGSa::GUS) was then used to obtain transgenic M. 

truncatula roots via A. rhizogenes mediated transformation. Plants with transgenic roots 

were grown in aeroponic conditions and pNodGSa::GUS expression was analyzed in roots 

and root nodules of plants grown in media supplemented with NH4NO3, without any 

nitrogen and at 1, 2, 3, 7, 14, 20 and 28 days after S. meliloti inoculation (DPI). 

In the root, GUS activity was detected in the tips, vascular bundles, cortex and epidermis 

(Figure 3.5). Expression was particularly strong in the root tips (Figure 3.5b), inside the 

stele (3.5e and 3.5f) and in lateral root primordia (Figure 3.5a). The sites of MtNodGSa 

expression in roots did not change significantly in relation to the presence or absence of 

an inorganic N-source or throughout nodule development with the interesting exception of 

root hairs. GUS activity was detected in root hairs until 2 DPI (Figure 3.5c) but not during 

later stages of nodulation (3,7,14, 20 or 28 DPI).  

In root nodules, GUS activity was detected in the early stages of nodulation as depicted in 

Figure 3.6b. Gene expression was also analyzed in mature root nodules at 28 DPI and 



FCUP       26 

Study of a new signalling protein in nitrogen metabolism in the model legume Medicago truncatula Gaert.  

 

 

GUS activity was detected in vascular bundles, in zone II, interzone II/III and zone III 

(Figure 3.6a). Interestingly, MtNodGSa expression was also detected in the infected cells 

of the nodule (Figure 3.6c and 3.6d), contrary to what was previously observed for the 

other members of the GSI-like family (MtGSIa and MtGSIb), which are only expressed in 

the uninfected cells of nodules (Silva et al., 2015).  
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Figure 3.5. Localization of GUS activity in transgenic roots of M. truncatula, expressing the gusA reporter gene under the 
control of the 3.1 kb MtNodGSa promoter fragment. (a) Lateral root primordium in roots of plants grown in media 
supplemented with NH4NO3. (b) Root tip; (c) Root hair at 2 DPI; (d) GUS activity absent in root hairs at 7 DPI; (e) Transversal 
section of a lateral root of plants grown in media supplemented with NH4NO3; (f) Transversal section of a lateral root at 2 
DPI. LRP: lateral root primordium; NP: nodule primordium; X: xylem; P: pericycle. 
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Figure 3.6. Localization of GUS activity in transgenic root nodules of M. truncatula, expressing the gusA reporter gene under 
the control of the 3.1kb MtNodGSa promoter fragment. (a) Longitudinal section of a root nodule 28 days after inoculation 
with S. meliloti. (b) Nodule primordium 2 DPI with S. meliloti (c) Longitudinal section of a 28 DPI root nodule specifying the 
expression of the reporter gene in infected cells; (d) Transversal section a 28 DPI root nodule. I to IV: Nodule differentiation 
zones; IC: Infected cells. 

 

3.4 Characterization of MtNodGSa expression in response to 

different Nitrogen sources 

M. truncatula plants were grown in different organic and inorganic nitrogen regimens to 

determine whether MtNodGSa expression is regulated by distinct nitrogen sources. 

Seedlings of M. truncatula were grown for two weeks in modified Fahräeus media 

containing 0.5 mM, 5 mM, and 25 mM ammonium nitrate (NH4NO3), ammonium chloride 

(NH4Cl), potassium nitrate (KNO3), urea, L-glutamine (GLN), L-glutamate (GLU), L-

arginine (ARG), L-asparagine (ASN) or gamma-amino butanoic acid (GABA) and 
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compared to plants grown in nitrogen-free medium.  Representative images of the plants 

are shown in Figure 3.7 and 3.8 which demonstrate the developmental adaptations of 

aerial parts and root systems to different N-sources, which in some cases is dose-

dependent. 

 

Figure 3.7. Root architecture traits in M. truncatula growth in different nitrogen inorganic sources. The plants were grown in 
magenta boxes in modified Fahräeus media for 14 days supplemented with 0.5 mM; 5 mM and 25 mM of Ammonium nitrate 
(NH4NO3), potassium nitrate (KNO3), ammonium chloride (NH4Cl) and Urea. All plants are compared with the control, which 
was grown without any nitrogen supplemented.    

 

It was observed that in general nitrogen induced root branching and increased shoot 

development of plants. However, there was an obvious deleterious effect of 25 mM NH4Cl 

on the aerial parts of the plant (Figure 3.7) and plants grown in 5 and 25 mM of ARG were 

clearly debilitated (Figure 3.8). 
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Figure 3.8. Root architecture traits in M. truncatula growth in different nitrogen organic sources. The plants were                                                                                
grown in magenta boxes in modified Fahräeus media for 14 days, supplemented with 0.5 mM; 5 mM and 25 mM of L-
glutamine, L-glutamate, L-Arginine, L-Asparagine and gamma-aminobutyric acid (GABA). All plants are compared with the 
control, which was grown without any nitrogen supplemented.   

 

Specific root traits were then quantified to perform a clear analysis of the changes imposed 

by the distinct nitrogen sources on root architecture. The root traits analyzed were: the 

length of the primary root and total lateral root length, which were determined using the 

software RootReader 2 (Clark et al., 2013), and the number of lateral roots, which was 

quantified manually (Figure 3.9).  



FCUP       31 

Study of a new signalling protein in nitrogen metabolism in the model legume Medicago truncatula Gaert.  

 

 

 

Figure 3.9. M. truncatula root architecture comparison between plants grown in different regimens of N sources. (a.) Primary 
toot length comparison. (b.) Lateral root number with ramifications. (c.) Total lateral root length comparison.  

 

A dose dependent decrease of the primary root length was clearly observed in plants 

grown on NH4Cl, NH4NO3, GLU, GLN and GABA when compared to the N-free situation 

(Figure 3.9a). Other N-sources did not show a clear effect on this trait. The number of 

lateral roots increased in response to all nitrogen sources (Figure 3.9b) but the effect was 

stronger in response to the inorganic sources: KNO3, NH4Cl, NH4NO3. Differences 

regarding the total length of lateral roots were not so obvious (Figure 3.9c). A small 

increase was observed for NH4Cl and NH4NO3 at 5 mM concentration and oppositely a 

short decrease was observed for 25 mM of GLU and GABA. Plants grown on L-arginine 

as sole N-source showed a dose-dependent reduction on the three root traits measured. 

These strong effects can be justified by an increase in the media pH at 25 mM 

concentration but not at 5 mM.  

The expression of MtNodGSa was then determined in the roots of plants grown in different 

nitrogen regiments by qPCR and western blot (Figure 3.10 and 3.11).  
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Figure 3.10 - MtNodGSa expression analysis in relation to inorganic nitrogen sources. Roots were collected from two-

week-old M. truncatula plants grown on Fahräeus medium without any external nitrogen source (0) or supplemented with 

0.5, 5 or 25 mM of potassium nitrate (KNO3), ammonium chloride (NH4Cl), ammonium nitrate (NH4NO3) and urea and 

analyzed for MtNodGSa transcript and protein expression. MtNodGSa transcript expression was determined by qPCR and 

normalized using MtElf1⍺ as a reference gene. MtNodGSa polypeptide content was analyzed by western blot (15 µg load) 

using the anti-NodGS antibody. The Coomassie-stained membrane is shown as the loading control. 

 

Figure 3.10 shows that MtNodGSa polypeptide content clearly increased in response to 

inorganic nitrogen sources, with the exception of 0.5 mM NH4Cl, but this was clearly due 

to some technical problem. However, the effect of urea is markedly weaker than the effect 

of KNO3, NH4Cl or NH4NO3. Interestingly, the transcript level did not increase accordingly.   

 



FCUP       33 

Study of a new signalling protein in nitrogen metabolism in the model legume Medicago truncatula Gaert.  

 

 

 

Figure 3.11 - MtNodGSa expression analysis in relation to organic nitrogen sources. Roots were collected from two-
week-old M. truncatula plants grown on Fahräeus medium without any external nitrogen source (0) or supplemented with 
0.5, 5 or 25 mM of L-glutamate (GLU), 𝛄-aminobutyric acid (GABA), L-glutamine (GLN), L-asparagine (ASN) and L-arginine 
(ARG) and analyzed for MtNodGSa transcript and protein expression. MtNodGSa transcript expression was determined by 
qPCR and normalized using MtElf1⍺ as a reference gene. MtNodGSa polypeptide content was analyzed by western blot 

(15 µg load) using the anti-NodGS antibody. The Coomassie-stained membrane is shown as the loading control. 

 

As observed for inorganic N-sources, MtNodGSa polypeptide content also clearly 

increased in response to organic N-sources (Figure 3.11). Protein expression was 

upregulated in response to GLU, ASN, and GABA in a dose-dependent way. Interestingly, 

the expression of MtNodGSa is stronger at 25 mM of GLU. Compared to N-free conditions, 

MtNodGSa transcription in roots was up-regulated in all situations except for 25 mM ARG. 

As mention previously, results concerning the 25 mM ARG sample should not be taken in 

consideration as plants were possibly affected by an increase in media pH. Despite the 

observation that MtNodGSa expression was increased in roots of plants grown with 

organic N-sources when compared to N-free situation, there is again not a direct 

correlation between changes in transcript and polypeptide level. This is quite interesting 

taking in consideration the putative function of MtNodGSa as a sensor. 

 



FCUP       34 

Study of a new signalling protein in nitrogen metabolism in the model legume Medicago truncatula Gaert.  

 

 

Unfortunately, the results regarding the quantification of root architectural traits and the 

western blot analysis of MtNodGSa expression are only representative of 2 experiments 

and the qPCR data of only one experiment. Thus, all interpretations are highly subjective 

and merely indicative.  
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4. Discussion  

The glutamine synthetase type I-like (GSI-like) family of M. truncatula is comprised of three 

expressed genes MtGSIa, MtGSIb, and MtNodGSa. The expression of the genes 

encoding proteins with the GSI domain alone (MtGSIa and MtGSIb) has been previously 

characterized and it was proposed that the proteins could be involved in the N-signaling 

pathways that control root nodule development (Silva et al., 2015). In the thesis project it 

was proposed to investigate the function of MtNodGSa, which encodes a GSI-like fusion 

protein with two domains: a N-terminal amidohydrolase domain homologous to nodulin 6 

protein and a C-terminal GSI domain. The function of MtNodGSa homologs has been 

investigated in fungi and in a non-nodulating plant (Lee and Adams, 1994; Doskočilová et 

al., 2011) but these studies failed to clearly elucidate the function of these proteins. 

However, it was important to evaluate the relevance of these NodGS proteins in the 

context of the legume-rhizobium symbiosis to understand whether there was gene 

redundancy within the GSI-like gene family in M. truncatula, that is, to understand whether 

the function of MtNodGSa could be similar to MtGSIa and MtGSIb. 

MtNodGSa protein, similarly to MtGSIa and MtGSIb shows an overall conservation of the 

glutamine synthetase catalytic domain, namely conservation of the substrate binding sites, 

but it lacks some of the amino acid residues required for GS activity (Figure S7). 

MtNodGSa failure to produce glutamine was confirmed in bacteria as its expression in the 

E. coli strain ET8894, which is an auxotroph for glutamine, is unable to complement the 

mutant phenotype (Figure 3.4). The fact that GSI-like proteins do not retain GS catalytic 

activity but the binding sites of ammonia and glutamate are mostly conserved led to the 

proposal that these proteins could still bind these substrates or other structurally similar 

metabolites. Glutamate and glutamine are the first organic N-metabolites produced from 

inorganic-N. These amino acids then enter several pathways leading to the synthesis of 

all essential nitrogenous molecules in the cell (Lea and Miflin, 2011). Thus, glutamate and 

glutamine are putative reporters of the internal N-status of the plant (Forde, 2014). The 

work performed during this study aimed to understand whether MtNodGSa could function 

as molecular sensor for these amino acids and transmit the information to downstream N-

signaling pathways perhaps by producing a signal that induces changes in development. 

In fact, the C-terminal domain of A. nidulans FluG protein is responsible for producing a 

diffusible signal (Lee and Adams, 1994) that leads to the initiation of asexual sporulation. 

Recently, it was show that the signal could be a 𝛄-glutamylated compound (Iradi-Serrano 

et al., 2019). Therefore, to provide some insights on whether MtNodGSa could also 

function as sensor for the internal N-status of the plant, the expression of MtNodGSa was 
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characterized in roots in response to different N-sources. It is however important to 

highlight that to investigate the effect of an internal N-metabolite independently from its 

external supply is quite challenging and for now we lack the genetic tools to appropriately 

address this. To circumvent this point, plants were grown in media supplemented with 3 

different concentrations range (from low to high) of distinct inorganic and organic N-

sources. It was expected that at least the highest concentration supplement would induce 

a significant increase in the internal levels of that particular metabolite.  Interestingly, it 

was observed that MtNodGSa transcript levels did not changed significantly in response 

to the treatments but a clear increase of the polypeptide content was observed in response 

to the addition of all N-sources, but it was particularly strong in response to the highest 

concentration of glutamate and GABA. GABA is a non-protein amino acid that acts as a 

signaling molecule to modulate plant development (Ramesh et al., 2015) and glutamate 

and GABA can be interconverted into each other via the GABA shunt (Michaeli and Shunt, 

2015). At the point is not possible to know whether the high increase of MtNodGSa 

polypeptide content is due to one of these metabolites or both.  Nevertheless, either 

MtNodGSa translation is enhanced in response to one of these amino acids, or they greatly 

enhance protein stability.  

A metabolite sensor should be able to transform a nutrient signal into a biological effect. 

Therefore, it was evaluated whether changes in MtNodGSa expression could be correlated 

to N-induced adaptations of the root architectural system. It is well known that ammonium 

and nitrate species are able to modulate the root system architecture and the molecular 

pathways involved in such process have been well studied in the model plant Arabidopsis 

(Lima et al., 2010; Bouguyon, 2015). The effect of organic N-sources has not been so well 

addressed mainly because the concentrations of such metabolites in the soil are very low 

compared to nitrate or ammonium. Interestingly, it was observed that the total length of 

lateral roots and primary root length was decreased in plants grown on the highest 

concentration tested of glutamate and GABA. It has been reported that L-glutamate exerts 

a similar effect on Arabidopsis roots (Walch-Liu et al., 2006). Considering that the internal 

glutamate level is putatively indicative of the plant N-nutritional status, raising glutamate 

concentration in cells would mimic a status of high-N, therefore plants would not need to 

expand their root system for N-foraging. Of course, this quite speculative because as 

mentioned in the results section, not enough data was analyzed and the internal levels of 

glutamate were not actually measured.  

N-signals also influence root nodule development. MtGSIa and MtGSIb genes were 

previously found to be expressed in the root-pericycle, root-tip, nodule-primordium and 

uninfected-cells of mature nodules (Silva et al., 2015). The expression was remarkably 



FCUP       37 

Study of a new signalling protein in nitrogen metabolism in the model legume Medicago truncatula Gaert.  

 

 

strong in the pericycle-cells located in front of the protoxylem-poles, where cell divisions 

are activated to form root nodules or lateral roots (Xiao et al., 2014).  However, cellular 

expression of MtNodGSa was not as restricted as the genes encoding single-domain 

proteins. One of the most important differences observed was that MtNodGSa is 

expressed in the root hairs and in the infected cells of the nodules (Figure 3.5c, 3.6c, and 

3.6d), suggesting a relation of MtNodGSa with Rhizobium infection. The root hairs are 

involved with interactions with soil microorganisms (Bais et al., 2006) and in legumes, root 

hairs are particularly important for rhizobia invasion of plant cells (Gage, 2004). 

Plant immunity plays a role in different steps of nodulation for example plant-defence 

genes are activated during the earliest stages of the symbiotic interaction but are then 

rapidly suppressed (Lohar et al., 2005; Jones et al. 2008). Considering that the interaction 

between plants and rhizobia may have begun as a pathogenic association (Cao et al., 

2017), it is possible that the expression of MtNodGSa in root hairs is not specifically 

relevant for the symbiotic interaction but is rather a consequence of microbial elicitation. 

Arguing against this view is the fact that the expression of defence genes is reduced in the 

infected cells of the nitrogen fixing zone (Zone III) of M. truncatula nodules in comparison 

to non-infected cells (Limpens et al., 2013) and MtNodGSa is localized in the infected cells 

of zone III and not in the uninfected cells. However, MtNodGSa is expressed in all organs 

of the plant (data not shown) and A. thaliana AtNodGS expression is enhanced by flagellin, 

the structural component of the flagellum mostly associated with gram-negative bacteria 

(Hajam et al., 2017). Thus, it is more likely that MtNodGSa expression is indeed induced 

by microbial elicitation and not specifically by Rhizobium infection. Interestingly, it is clear 

that N-availability also affects the infection processes that lead to disease but the 

underlying mechanisms remain uncertain (Fagard et al., 2014). 

Altogether, the results indicate that MtNodGSa, similarly to the previously characterized 

MtGSIa and MtGSIb (Silva et al., 2015), function within the N-signaling pathways. Looking 

only into the putative role of these proteins in the legume-Rhizobium symbiosis, while the 

genes encoding single-domain GSI-like proteins appear to be associated to the 

development of nodule primordium, MtNodGSa protein is more likely related to Rhizobium 

infection. The results presented in this thesis builds up the evidence that suggest that GSI-

like proteins could function as a sensor for glutamate or a metabolite structurally similar to 

glutamate, but this has not been clearly demonstrated. Glutamate like receptors (GLRs), 

which are widely present in plants (Philippe et al., 2019) have been proposed to also 

function as glutamate sensors (Forde, 2014) controlling several aspects of plant 

development (Kang and Turano, 2003; Singh et al., 2016). Despite the unlikelihood of 
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plants having a single master sensor for the internal N-status of the plant it is possible that 

MtNodGSa functions as a component of N-signaling pathways and not a as sensor per se.  
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5. Final Remarks and Future Prospects  

This study characterized the expression of MtNodGSa gene, a member of the GSI-like 

family of M. truncatula in roots and root nodules. 

The legume-Rhizobium symbiosis is likely the most environmentally sustainable N-source 

in agro-ecosystems. Therefore, it is important to elucidate how root nodulation is governed 

at the molecular level. Previously, it was shown that two genes encoding single-domain 

GSI-like proteins were associated to the development of root nodules in M. truncatula. 

However, the expression of NodGS protein had not been investigated in this legume plant.  

Thus, to understand whether there was gene redundancy within the GSI-like gene family 

in M. truncatula it was important to characterize MtNodGSa expression as well. The 

studies regarding the localization of gene expression show that it is unlikely that the two 

sub-types of GSI-like proteins play overlapping roles because the results suggest that 

while MtGSIa and MtGSIb are associated to the formation of nodule primodium (Silva et 

al., 2015), MtNodGSa is associated to Rhizobium infection (this study). In the future it will 

be important to analyze changes of MtNodGSa expression in response to plant pathogens 

and other microbes to understand whether this gene is responsive to microbial elicitation 

or specifically to Rhizobium. 

This work also addressed the question of whether MtNodGSa proteins could function as a 

sensor of the internal N-status of plants. It is expected that a metabolite sensor can bind 

specifically and dynamically to a metabolite via a structurally recognizable domain and that 

the binding and dissociation of the metabolite would directly influence the activity of the 

sensor by modulating its structural conformation or by mediating protein–protein 

interactions (Wang and Lei, 2018). This work provided important lines of evidence 

indicative that MtNodGSa could function as a sensor for glutamate or a glutamate derived-

metabolite with similar structure, namely: (i) MtNodGSa do not appear to retain GS activity 

but it has the conserved amino acid residues necessary to bind glutamate or a metabolite 

with the same physical properties as glutamate; (ii) High-glutamate treatment induces the 

accumulation of MtNodGSa polypeptide by either affecting the translation of the gene and 

not its transcription, or post-translationally by inducing protein stabilization. It is possible 

that this increase in MtNodGSa polypeptide content can be correlated to a decrease in 

total length of root systems of plants grown in 25 mM of glutamate but more data is 

necessary to conclude whether MtNodGSa is associated to the modulation of RSA in M. 

truncatula.  

Despite these important insights, this works lacks of biochemical and genetic proof. 

Therefore, in the future it would be important to analyze in the one hand the phenotype of 
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plants knockout for the GSI-like genes. And on the other hand, whether MtNodGSa 

proteins can bind to glutamate or any other reporter candidates of the internal N-status of 

plants and whether the dissociation constant of this binding lies within the physiological 

range of the metabolite. Other future studies could include the investigation of MtNodGSa 

expression in M. truncatula ecotypes displaying differences in root system architecture in 

response to N, or ecotypes displaying different susceptibilities to distinct rhizobia strains.  
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b.  

a.  

Figure S1. Cloned coding sequence into the vector pJET1.2 and pTrc 99a, prepared for the isolation of MtNodGSa coding sequence. (a.) Construct of pJET1.2-MtNodGSa; 

(b.) pTrc99a-MtNodGSa. 
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Figure - S2.  MtNodGSa promoter. 
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Medtr1g062620      1 ATGGATTTGAGTGAGTTAAGAAAAGCGGTGGAAGAAGTTGAACTTGTGGA     50 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA           1 atggatttgagtgagttaagaaaagcggtggaagaagttgaacttgtgga     50 

 

Medtr1g062620     51 TGGTCATGCCCACAACATAGTTTCTCTTCAATCCAACTTGCCCTTTATTC    100 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA          51 tggtcatgcccacaacatagtttctcttcaatccaacttgccctttattc    100 

 

Medtr1g062620    101 ATGCCTTTTCTGAAGCTCAAGGTGATGCTCTTGCTTCTTCACAACACTCT    150 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         101 atgccttttctgaagctcaaggtgatgctcttgcttcttcacaacactct    150 

 

Medtr1g062620    151 CTATCCTTCAAGAGAAATCTAAGGGATTTAGCTGAGCTATATGGATGTGA    200 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         151 ctatccttcaagagaaatctaagggatttagctgagctatatggatgtga    200 

 

Medtr1g062620    201 GTTATCTTTGCAAGGTGTTGAAGAACACCGAAAAGTCTCTGGATTGGAAT    250 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         201 gttatctttgcaaggtgttgaagaacaccgaaaagtctctggattggaat    250 

 

Medtr1g062620    251 TGTCATGTTCAACATGTTTCAAAGCTGCAAGAATCTCTGCTATACTCATG    300 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         251 tgtcatgttcaacatgtttcaaagctgcaagaatctctgctatactcatg    300 

 

Medtr1g062620    301 GATGATGGGTTTGAATTGGACAAAATGCATGATATAGAATGGCATAAGAG    350 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         301 gatgatgggtttgaattggacaaaatgcatgatatagaatggcataagag    350 

 

Medtr1g062620    351 TTTTGTACCTCTTGTTGGTAGAATCTTAAGAATTGAAAAAGTAGCCGAGG    400 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         351 ttttgtacctcttgttggtagaatcttaagaattgaaaaagtagccgagg    400 

 

Medtr1g062620    401 AAATCCTTGATCAAGATTTGCCTGATGGATCTTGCTGGACATTGGATTCA    450 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         401 aaatccttgatcaagatttgcctgatggatcttgctggacattggattca    450 

 

Medtr1g062620    451 TTCACTAAAGCATTCGTCTCTAACATCAGCTTAA--CAGTTGCTGGTGAG    498 

                     ||||||||||||||||||||||     ||.|.||  |||||||||||||| 

MtNodGSA         451 ttcactaaagcattcgtctcta-----agttgaaatcagttgctggtgag    495 

 

Medtr1g062620    499 ATCTATGGATTAAAAAGTATAGCTGCATACCGCAGTGGCCTAGAAATCAA    548 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         496 atctatggattaaaaagtatagctgcataccgcagtggcctagaaatcaa    545 

 

Medtr1g062620    549 TACAAATGTCACTAACCAAGATGCCGAGGAAGGTCTCGGACAGGTGTTAC    598 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         546 tacaaatgtcactaaccaagatgccgaggaaggtctcggacaggtgttac    595 

 

Medtr1g062620    599 TTGCTCGGAAGCCTGTCCGTATTGCAAACAAGAATCTTATCGACTACATC    648 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         596 ttgctcggaagcctgtccgtattgcaaacaagaatcttatcgactacatc    645 

 

Medtr1g062620    649 TTCTTGCAAAGTCTGGATGTTGCTCAATCCTATGACTTGCCAATGCAGAT    698 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         646 ttcttgcaaagtctggatgttgctcaatcctatgacttgccaatgcagat    695 

 

Medtr1g062620    699 ACACACAGGGTTTGGGGACAAAGATTTGGATATGCGACTCGCAAATCCTC    748 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         696 acacacagggtttggggacaaagatttggatatgcgactcgcaaatcctc    745 

 

Medtr1g062620    749 TTCATCTCCGTTCAGTTTTCGAGGACAAGAGATACTCAAAATCTCGGATC    798 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         746 ttcatctccgttcagttttcgaggacaagagatactcaaaatctcggatc    795 

 

Medtr1g062620    799 GTTCTTTTACATGCATCCTATCCATTCTCAAGGGAAGCATCATATCTAGC    848 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         796 gttcttttacatgcatcctatccattctcaagggaagcatcatatctagc    845 

Figure S3 - Nucleotide sequence alignment between the predicted CDS (Medtr1g062620) and MtNodGSa CDS 
amplified from root nodule cDNA library. The different nucleotides are highlighted in green.  
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Medtr1g062620    849 ATCTGTGTACCCTCAGGTTTACCTTGATTTTGGTCTGGCAATTCCAAAGC    898 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         846 atctgtgtaccctcaggtttaccttgattttggtctggcaattccaaagc    895 

 

Medtr1g062620    899 TGAGTGTACATGGGATGATTTCATCATTGAAAGAGCTTTTAGAGCTGGCT    948 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         896 tgagtgtacatgggatgatttcatcattgaaagagcttttagagctggct    945 

 

Medtr1g062620    949 CCAATAAATAAGGTGATGTTTAGTACCGATGGATGTATATTTCCAGAAAC    998 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         946 ccaataaataaggtgatgtttagtaccgatggatgtatatttccagaaac    995 

 

Medtr1g062620    999 CTTCTACTTAGGTGCAAAGAAGTCTCGCGAAGTTGTTTTCTCCGTTCTGC   1048 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA         996 cttctacttaggtgcaaagaagtctcgcgaagttgttttctccgttctgc   1045 

 

Medtr1g062620   1049 GTGATTCATGCCTTGATGGTGATCTCACTGTTCCCGAGGCTGTGGAAGCT   1098 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1046 gtgattcatgccttgatggtgatctcactgttcccgaggctgtggaagct   1095 

 

Medtr1g062620   1099 GCAAAAGGCATCCTTGCAAGAAATTCAATTCATTTCTATAAGATTAATCT   1148 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1096 gcaaaaggcatccttgcaagaaattcaattcatttctataagattaatct   1145 

 

Medtr1g062620   1149 TGCTAACAGTGTTATTAGTTCAGATAATAATTTACAACTAAATGTGATTG   1198 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1146 tgctaacagtgttattagttcagataataatttacaactaaatgtgattg   1195 

 

Medtr1g062620   1199 ATGACGATTTAGAGACTGATGTTTCATTTATTCGTATAATGTGGGTTGAT   1248 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1196 atgacgatttagagactgatgtttcatttattcgtataatgtgggttgat   1245 

 

Medtr1g062620   1249 AACTCGGGACAGCACAGATGTCGTGCTGTTCCTAGGAAGCGTTTCAATGA   1298 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1246 aactcgggacagcacagatgtcgtgctgttcctaggaagcgtttcaatga   1295 

 

Medtr1g062620   1299 TTTTGTTTCGAAGAATGGCGTTGGTTTAGCTTTTGCGACTATGGGAATGA   1348 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1296 ttttgtttcgaagaatggcgttggtttagcttttgcgactatgggaatga   1345 

 

Medtr1g062620   1349 CCTCTTTTTTAGATGGACCTGCAGCTGGGTCAGGGTTAGGTGCAGTTGGA   1398 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1346 cctcttttttagatggacctgcagctgggtcagggttaggtgcagttgga   1395 

 

Medtr1g062620   1399 GAAACAAGATTAACACCTGATTTGTCTACTAAAAGGAGGATTCCTTGGAG   1448 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1396 gaaacaagattaacacctgatttgtctactaaaaggaggattccttggag   1445 

 

Medtr1g062620   1449 CAAGGAAGATGAAATGGTTTTAGGTGATCTAAATGTTAAACCTGGCCAAG   1498 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1446 caaggaagatgaaatggttttaggtgatctaaatgttaaacctggccaag   1495 

 

Medtr1g062620   1499 CATGGGAGTATTGCCCAAGAGACGCCTTAAGAAGAGTTTCCAAAATTCTG   1548 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1496 catgggagtattgcccaagagacgccttaagaagagtttccaaaattctg   1545 

 

Medtr1g062620   1549 AAAGATGAATTTAACTTGGTAATGAATGCAGGTTTTGAGAATGAGTTTTT   1598 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1546 aaagatgaatttaacttggtaatgaatgcaggttttgagaatgagttttt   1595 

 

Medtr1g062620   1599 TCTCTTGAAGAGCATAACAAGGGAGGGGAAAGAAGAATGGATACCATTTG   1648 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1596 tctcttgaagagcataacaagggaggggaaagaagaatggataccatttg   1645 

 

Medtr1g062620   1649 ACTCGAGTCCTTACTGTTCCTCATCAGCATTTGATGCAGCTACCCCAGTA   1698 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1646 actcgagtccttactgttcctcatcagcatttgatgcagctaccccagta   1695 

 

Figure S3 - Nucleotide sequence alignment between the predicted CDS (Medtr1g062620) and MtNodGSa CDS 
amplified from root nodule cDNA library. (Continuation) 
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Medtr1g062620   1699 CTTCGCGAAGTTGCTTCTGCTTTACATTCCATGGGCATTCCTGTAGAACA   1748 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1696 cttcgcgaagttgcttctgctttacattccatgggcattcctgtagaaca   1745 

 

Medtr1g062620   1749 GTTACACGCAGAAGCTGGAAAAGGTCAATTTGAGCTGGTTTTGGGACATA   1798 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1746 gttacacgcagaagctggaaaaggtcaatttgagctggttttgggacata   1795 

 

Medtr1g062620   1799 CCATTTGTACTAAATCTGCAGACAACTTAGTTTATACACGTGAAACTGTT   1848 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1796 ccatttgtactaaatctgcagacaacttagtttatacacgtgaaactgtt   1845 

 

Medtr1g062620   1849 CGGGCAATTGCCAGAAAACATGGCTTGCTTGCTACTTTTATTCCAAAGTA   1898 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1846 cgggcaattgccagaaaacatggcttgcttgctacttttattccaaagta   1895 

 

Medtr1g062620   1899 CAAATTAGATGATTTGGGTTCTGGATGCCATGTTCATCTAAGTTTGTGGC   1948 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1896 caaattagatgatttgggttctggatgccatgttcatctaagtttgtggc   1945 

 

Medtr1g062620   1949 AGAATGGTAAAAATGTATTTATGGCATCTGATGGATCATCAAAGTATGGA   1998 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1946 agaatggtaaaaatgtatttatggcatctgatggatcatcaaagtatgga   1995 

 

Medtr1g062620   1999 ATATCAACTTTGGGAAAAGAATTTATGGCTGGAGTTCTTTATCATCTTCC   2048 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        1996 atatcaactttgggaaaagaatttatggctggagttctttatcatcttcc   2045 

 

Medtr1g062620   2049 TTCAATTTTGCCATTTGTTGCACCACTTCCTTCAAGTTATGATCGGTTGC   2098 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2046 ttcaattttgccatttgttgcaccacttccttcaagttatgatcggttgc   2095 

 

Medtr1g062620   2099 AGCCCAACACATGGAGTGGTGCATACTTGTTCTGGGGAAATGAAAATAAG   2148 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2096 agcccaacacatggagtggtgcatacttgttctggggaaatgaaaataag   2145 

 

Medtr1g062620   2149 GAGGCTCCACTGCGCGCTACATCGCCGCCCGGAACTCCCGGTGGTCTAAC   2198 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2146 gaggctccactgcgcgctacatcgccgcccggaactcccggtggtctaac   2195 

 

Medtr1g062620   2199 GAGTAACTTTGAGGTTAAATCATTTGATGGTTCTGCAAATCCATACTTGG   2248 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2196 gagtaactttgaggttaaatcatttgatggttctgcaaatccatacttgg   2245 

 

Medtr1g062620   2249 GCTTAGCTGCTATAATTTCTGCTGGCATTGATGGGCTTCGTCGGCATCTT   2298 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2246 gcttagctgctataatttctgctggcattgatgggcttcgtcggcatctt   2295 

 

Medtr1g062620   2299 TCTCTTCCTGAACCTGTCGATACAGATCCAAATCCAGAAAACCTTCAGAG   2348 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2296 tctcttcctgaacctgtcgatacagatccaaatccagaaaaccttcagag   2345 

 

Medtr1g062620   2349 ATTGCCAATATCACTTTCTGAATCTTTAGAAGCTCTCCATAAGGCCGACT   2398 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2346 attgccaatatcactttctgaatctttagaagctctccataaggccgact   2395 

 

Medtr1g062620   2399 TTCTTGAGGAATTTATCGGTGATAAGTTGCTGACTTGCATAAAAGCAATT   2448 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2396 ttcttgaggaatttatcggtgataagttgctgacttgcataaaagcaatt   2445 

 

Medtr1g062620   2449 CGAAAGGCTGAAATTGATCATTACTCGGAGAACAAGGAAGCATACAAGCA   2498 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtNodGSA        2446 cgaaaggctgaaattgatcattactcggagaacaaggaagcatacaagca   2495 

 

Medtr1g062620   2499 GCTCATACACCGTTATTAG   2517 

                     ||||||||||||||||||| 

MtNodGSA        2496 gctcatacaccgttattag   2514 

Figure S3 - Nucleotide sequence alignment between the predicted CDS (Medtr1g062620) and MtNodGSa CDS 
amplified from root nodule cDNA library. (Continuation) 
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Medtr1g062620      1 MDLSELRKAVEEVELVDGHAHNIVSLQSNLPFIHAFSEAQGDALASSQHS     50 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA             1 MDLSELRKAVEEVELVDGHAHNIVSLQSNLPFIHAFSEAQGDALASSQHS     50 

 

Medtr1g062620     51 LSFKRNLRDLAELYGCELSLQGVEEHRKVSGLELSCSTCFKAARISAILM    100 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA            51 LSFKRNLRDLAELYGCELSLQGVEEHRKVSGLELSCSTCFKAARISAILM    100 

 

Medtr1g062620    101 DDGFELDKMHDIEWHKSFVPLVGRILRIEKVAEEILDQDLPDGSCWTLDS    150 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           101 DDGFELDKMHDIEWHKSFVPLVGRILRIEKVAEEILDQDLPDGSCWTLDS    150 

 

Medtr1g062620    151 FTKAFVSNISLTVAGEIYGLKSIAAYRSGLEINTNVTNQDAEEGLGQVLL    200 

                     |||||||.:. :|||||||||||||||||||||||||||||||||||||| 

NodGSA           151 FTKAFVSKLK-SVAGEIYGLKSIAAYRSGLEINTNVTNQDAEEGLGQVLL    199 

 

Medtr1g062620    201 ARKPVRIANKNLIDYIFLQSLDVAQSYDLPMQIHTGFGDKDLDMRLANPL    250 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           200 ARKPVRIANKNLIDYIFLQSLDVAQSYDLPMQIHTGFGDKDLDMRLANPL    249 

 

Medtr1g062620    251 HLRSVFEDKRYSKSRIVLLHASYPFSREASYLASVYPQVYLDFGLAIPKL    300 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           250 HLRSVFEDKRYSKSRIVLLHASYPFSREASYLASVYPQVYLDFGLAIPKL    299 

 

Medtr1g062620    301 SVHGMISSLKELLELAPINKVMFSTDGCIFPETFYLGAKKSREVVFSVLR    350 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           300 SVHGMISSLKELLELAPINKVMFSTDGCIFPETFYLGAKKSREVVFSVLR    349 

 

Medtr1g062620    351 DSCLDGDLTVPEAVEAAKGILARNSIHFYKINLANSVISSDNNLQLNVID    400 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           350 DSCLDGDLTVPEAVEAAKGILARNSIHFYKINLANSVISSDNNLQLNVID    399 

 

Medtr1g062620    401 DDLETDVSFIRIMWVDNSGQHRCRAVPRKRFNDFVSKNGVGLAFATMGMT    450 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           400 DDLETDVSFIRIMWVDNSGQHRCRAVPRKRFNDFVSKNGVGLAFATMGMT    449 

 

Medtr1g062620    451 SFLDGPAAGSGLGAVGETRLTPDLSTKRRIPWSKEDEMVLGDLNVKPGQA    500 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           450 SFLDGPAAGSGLGAVGETRLTPDLSTKRRIPWSKEDEMVLGDLNVKPGQA    499 

 

Medtr1g062620    501 WEYCPRDALRRVSKILKDEFNLVMNAGFENEFFLLKSITREGKEEWIPFD    550 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           500 WEYCPRDALRRVSKILKDEFNLVMNAGFENEFFLLKSITREGKEEWIPFD    549 

 

Medtr1g062620    551 SSPYCSSSAFDAATPVLREVASALHSMGIPVEQLHAEAGKGQFELVLGHT    600 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           550 SSPYCSSSAFDAATPVLREVASALHSMGIPVEQLHAEAGKGQFELVLGHT    599 

 

Medtr1g062620    601 ICTKSADNLVYTRETVRAIARKHGLLATFIPKYKLDDLGSGCHVHLSLWQ    650 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           600 ICTKSADNLVYTRETVRAIARKHGLLATFIPKYKLDDLGSGCHVHLSLWQ    649 

 

Medtr1g062620    651 NGKNVFMASDGSSKYGISTLGKEFMAGVLYHLPSILPFVAPLPSSYDRLQ    700 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           650 NGKNVFMASDGSSKYGISTLGKEFMAGVLYHLPSILPFVAPLPSSYDRLQ    699 

 

Medtr1g062620    701 PNTWSGAYLFWGNENKEAPLRATSPPGTPGGLTSNFEVKSFDGSANPYLG    750 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           700 PNTWSGAYLFWGNENKEAPLRATSPPGTPGGLTSNFEVKSFDGSANPYLG    749 

 

Medtr1g062620    751 LAAIISAGIDGLRRHLSLPEPVDTDPNPENLQRLPISLSESLEALHKADF    800 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

NodGSA           750 LAAIISAGIDGLRRHLSLPEPVDTDPNPENLQRLPISLSESLEALHKADF    799 

 

Medtr1g062620    801 LEEFIGDKLLTCIKAIRKAEIDHYSENKEAYKQLIHRY    838 

                     |||||||||||||||||||||||||||||||||||||| 

NodGSA           800 LEEFIGDKLLTCIKAIRKAEIDHYSENKEAYKQLIHRY    837 

 

Figure S4 - Amino acidic sequence alignment between the predicted product of Medtr1g062620 and the product 

of MtNodGSa amplified from a root nodule cDNA library. The different amino acids are highlighted in blue. 
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Figure S5 - Sequence of the MtNodGSa promoter isolated from M. truncatula gDNA. The nucleotides highlighted in blue 
are present in the upstream region of Medtr1g062620 gDNA sequence but were not detected by sanger sequencing. The 
thymine highlighted in pink was detected in three different clones but in the upstream region of Medtr1g062620 this 
nucleotide is an adenine. The cytosines highlighted in yellow were mutated from guanine and adenine to facilitate the cloning 
procedures. Nucleotides in red are part of the plasmid backbone. The promoter fragment was inserted between the Eco RI 
(GAATTC) and the Nco I (CCATGG) sites of the pGreen:GUS-T plasmid in frame of the start codon (ATG; highlighted in 
green) of the gusA gene. 

GAATTCAGTTCGATTCATAGGATGAAACTTTTTTAACCAGTTTTATTTACCTTCTAATGAAACATTGGATTATTAACGTTCCCTTCCCCTTAAAACA

TAGAGTTAACAAAAACCAAAAAAACACTTGATATTCAATTTAGTTTAGTCTGGTGTGCATTGAAGCAAACAATTTGAAATTTACTTCTCTCGTCTTA

CGAGACAATTTCCACCGTATATTCGCCATTCAGTCTTAAAATTAACAGTAAATGATTTTTTTATCAAATAGCTTAGTAGATAAAGCTCACACAATTT

AATTATGAAAATTGAAGTGTCGAAGGTTTGAACCCCGACCCCTACATATAAAATGCAATATCCCTGTATATTTGATCTTGAAATTAACCGTAAATAA

TGATTATATATATATATATATATATATATATATGTGTGTGTTCTCTCTCATTTATAATTACAATAACTAAATCCTATTTATAAGAAGTGTTGACGAA

ATAAAATTTAATTTTTTTGATTTTTTTATTTCTTATAATAGTAAATATTGATTATTTTTACAATAAAATGTAAAAATTTATAATGATTCTTAACTAA

CAAAGTAATTGGACTCAAGTGATTGATAATTTTACCAAAGAACAAATTGTTTAGGAAAACTTGAGTTCAATTCCTATGTAGAATAATTCTTTGTCGA

ACTTTACTTACTTTATGAGACTCAAGTGATTTTTAACAATTCTTGGAGAGAATTAGATGGTTAACAAAAATAAAAAATTCTTATAAACAATGAACTG

AAGTTTTATCTTATGAATGATACTCCCTAGAATATTAAAGTCGAAAAATAACTCTTTATTTCATACAAATTATTGTTAATTTTTTTTAAAAGAAGTC

AAAGACAAAATAGATTTGAAAACACTTATTTGAAACCCAAGTGTGCCTAGAAGGGAATAAATTCAGTACACATTACAAACAAGCTAGAGTGAGCAAC

CGAAAAACGAAAAGAAAAACATTAGAGAGTAATATTACTCATACAAACCAACAAACTAGATCACCATGAATTAAAGTTGAAGAAGAAATTTTGTATG

TGCGTCTTCAACCATTACCATGAATGAAACTTAATGTAATCTTGTAACCAGACATTCGGTAATTTCTTGTTGTTAAAGATATGTGTGTTGTGCTCTT

TCCATCTACTCCAAACATATGCCAGCCATATTAACCGAAGACAAAACTTGATATCCTTCCTAAACAAATCCAAGGCACCAAATTGTAAAGCATGGAC

CCAAATTTTAGATGGTGGTACCATTGAAACTCCGAATGAGCGGAGAAGAAAATTCCAAATACCGCTGCAGAAATCACACCTCTAGAAAAATATGATT

AATTGATTCCTTCATCCCACAACCTCCAGAAGATAATAACAAAACTCCAGATAACACGCCACGCCAAATTTTTTTTTTGTAGGAATCCTTTTTTAAA

ACATTCTCCAGGCGAATAATGACACTTTCACATTCATAGTTTTGTTCTAGATTAATATGGAATGAGCGTTATCACGAGGTTTCTAAGTTTGGGTGAA

GATTTCATGAGAATCTTTAATCGTACATTCCTTAAAAGAGTTATGATACCAAATCCATTTATCTACGCTAGTATCCTGCAAAAAATATCATCTAAAA

GAAAAATACACTTATTCAACTCAACTGCTTTTCCTCCCAAGCAACAAATACCTTCTCCACCGCCACGCATGTCAATCTACCCACCACCCTTGCCGCC

TCATCTTTGCAACTGTAAAGTTATTGTTAACACATAAATCAAACAGACGCCTAAATCTAGACCGCAAGCACCCCCCATTCATCCAAGGACCACGCCC

AAAAGATGGGTCAGATATGGGCCTTAAAATGCGTACGAAGTTTGGACCAAGTCATATTCTAAAATGGCCATTACTTTTCCCACCCTATCCATTTCTC

GCGTCTTATCTTTTCTGCAAAAATGTCTATGAGGTTTCAGATTATATATGAGCAGCAATTCGAACTCTCTCATTTCAGTAATTTCGAATTTCGTTTT

TGAAAGAAACAACAAAAAAACACAGTAAATTGATAAAATTTGTCAAATAAAATAAAAAAATATAAAAATACCACTAACTTGATCATATGAAAAATGC

AAAAAAAAAAAATGAAAAAGGATTTAAACGATAAAATTTTCGATTTTGAGGGGCGGAGTCCTGTAAGAAGTTCCTTCTAGTGGAGTATTGATCCTTA

ATTTTTTTTTCTTATGATTTTCGAAAAAAGTTTCGGAACAATATGATTAAGTAGCCCGAAAACTGGATTTTCGTCCGGGAACAATTAACAGGCTCAT

AAAACTGAATGATGGAAGTTAGGAAGATTAATGTGGTCCTTATACTAGCTATCCACATTATAAACAAACTAATAATTATGAAGATATAGTTTATATT

ATATAATCCGAACTATTTTTCCTTTGAATAAGCGTGTTTAAAGGGTGTTTGAATTTTATAATCAGACAAAAAACAAAGAATGTGTCCTATTTTTTGA

GTATTCGGAATATAAAATCCAACAACTCATTTTTTTTTATCCTAAAACATGGTAAAACTCGTTTCAGATTGTAGAATCCGAATATTTATATTGATAT

GCCGTAGCCCAAACACTATTTAATCACACATACAAGGCACTACATACAAGGCATATAATCTGACCTTCTGTTTCACACATACATATGAACCATAACA

GTTACCAATAATATCAGTCACTATTTAATCATAATACATTAACAAGGCATAAGACTAAAATGATACTAATAAATAAAGTTAGAGGACCCACATAACA

CAAACCCTAACGTTTATTTGAATAAAACTAACAGAAATGACTAAATGTAGTAACGGTGAGAAATTTAGAGGAACAAAATAAATCAATTTTTATTAAA

TAGTTAGAGGACAAAAAATTTAATTTAGCCTATATAATATAAGTATATATATAAAAAATTTCCTTAAAAGAAAAACTGTACGTATAAAATATTCTGC

CAACAACCAAGCACAAAGATAGAAAAAAAGGATTTTGTCTCTAAGCACTTCAGACAAGACAAAGGTGTGATACCATGG 
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Figure S6 - Bacterial growth assays different N sources E. coli DH5α expressing MtNodGSa (a), MtGSI-like a (b), MtGSI-

like b (c) CDS. Controls were transformed with the empty pTrc99a vector (-), or with the CDS of the functional enzyme 

MtGS1a (+). Bacteria were grown on LB medium, with and without different amino acids supplements (0.25 mg/ml). 
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MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ------------------------------------------------------------ 0

MtGSI-c        ------------------------------------------------------------ 0
NodGS-a         MDLSELRKAVEEVELVDGHAHNIVSLQSNLPFIHAFSEAQGDALASSQHSLSFKRNLRDL 60

NodGS-b         MDLSELRKAVEEVELVDGHAHNIVSLQSNLPFIHSFSEAHGDALASSQHSLSFKRNLRDL 60

GLNA_SALTY      ------------------------------------------------------------ 0

MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ------------------------------------ ------------------------ 0

MtGSI-c         ------------------------------------------------------------ 0

NodGS-a         AELYGCELSLQGVEEHRKVSGLELSCSTCFKAARISAILMDDGFELDKMHDIEWHKSFVP 120

NodGS-b         AELYGCELSLQGVEEHRKVSGLELSCSTCFKAARISAILMDDGLELDKMYDIEWHKSFIP 120

GLNA_SALTY      ------------------------------------------------------------ 0

MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ------------------------------------------------------------ 0

MtGSI-c         ------------------------------------------------------------ 0

NodGS-a         LVGRILRIEKVAEEILDQDLP DGSCWTLDSFTKAFVSNISLTVAGEIYGLKSIAAYRSGL 180

NodGS-b         LVGRILRIERVAEKILDQDLPDGSCWTLDSLTEAFLSNDTLTAAAEIYGLKSIAAYRSGL 180
GLNA_SALTY      ------------------------------------------------------------ 0

MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ------------------------------------------------------------ 0

MtGSI-c         -------------------------------------------------------- ---- 0

NodGS-a         EINTNVTNQDAEEGLGQVLLARKPVRIANKNLIDYIFLQSLDVAQSYDLPMQIHTGFGDK 240

NodGS-b         EINTNVTEKDAEEGLRQVLLSGKPIRIANKNLIDYIFLQSLEVAQSYDLPMQIHTGFRDK 240

GLNA_SALTY      ------------------------------------------------------------ 0

MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ------------------------------------------------------------ 0

MtGSI-c         ------------------------------------------------------------ 0

NodGS-a         DLDMRLANPLHLRSVFEDKRYSKSRIVLLHASYPFSREASYLASVYPQVYLDFGLAIPKL 300

NodGS-b         DLDMRLANPLHLRSIFEDKKYSKSRIVLLHASYPFSKEASYLASVYPQVYLDFGLAIPKL 300

GLNA_SALTY      --------------------------- --------------------------------- 0

MtGSI-a         ------------------------------------------------------------ 0

MtGSI-b         ---------------------------------------- MRDALYKWVKEF-------- 12

MtGSI-c         ------------------------------------------------------------ 0

NodGS-a         SVHGMISSLKELLELAPINKVMFSTDGCIFPETFYLGAKKSREVVFSVLRDSCLDGDLTV 360

NodGS-b         SVHGMISSLKDILELAPINKVMFSTDGYAFPESFYLGAKKSREVVFSVLRDSCLDGDLTV 360

GLNA_SALTY      ------------------------------------------------------------ 0

MtGSI-a         ------------------------MDLIELSKAVENVELVDTLD-TDVSFVRILWVDNSG 35

MtGSI-b         -----------DYEST----PIERMDLIELSKAVKEVELVDELESDNVSFVRILWVNISG 57

MtGSI-c         ------------------------ MDLSELRKAVEEVEDVDDL--ENASFVRIIWVNFLG 34

NodGS-a         PEAVEAAKGILARNSIHFYKINLANSVISSDNNL QLNVIDDDLE-TDVSFIRIMWVDNSG 419

NodGS-b         TEAVEASKDILARNSIHFYKINLANSNINSDNNLQLNVIDDDLE -TDVSFVRIIWVDNSG 419

GLNA_SALTY      --------------------------------- MSAEHVLTMLNEHEVKFVDLRFTDTKG 27

:.       *   :..*: : :.:  *

MtGSI-a         QHRCRAIPRKRFYDVVTKNGVGLAFVSMVMTSFLDGSPAGSGLG -SVGEARLTPDLSTKR 94
MtGSI-b         QHRCRAIPRKHFYDVVKKNGIGLAFVSIVMTSVLDRPAPGSGLG -LVGDARVAPDLSTIR 116

MtGSI-c         QHRCRAIPRKRFYDVVTKNGVAVPFGSMALTSILGKLAPDCGLG -YVGEARLTPDLSTKR 93

NodGS-a         QHRCRAVPRKRFNDFVSKNGVGLAFATMGMTSFLDGPAAGSGLG -AVGETRLTPDLSTKR 478

NodGS-b         QHRCRAVPRKRFNDVVSKNGVGLAFAPMGMSSLIDGPAAGSGLG -AVGETRLTPDLSTKR 478

GLNA_SALTY      KEQHVTIPAHQVNAEFFEEGK -----------MFDGSSIGGWKGINESDMVLMPDASTAV 76

:.:  ::* ::.   . ::*            .:         *   .:  : ** **  

MtGSI-a         TIPWSKQDEIVLGDLNLQPGQ --AWEYCPREALRRVSKILKD-EFDLAMNAGFENEFFLL 151

MtGSI-b         TIPWCKQDEMVLGDLNVKPGQ --AWEYCPREAFRRVTKILKD-EFDLVVNAGFEIEFFLL 173

MtGSI-c         TIPWCKQDEMVLGDL NVKPGQ--AWEQCPREALRKVSKILKD-EFDLVVNAGFENEFFLL 150

NodGS-a         RIPWSKEDEMVLGDLNVKPGQ --AWEYCPRDALRRVSKILKD-EFNLVMNAGFENEFFLL 535

NodGS-b         RIPWSKEDEMVLGDLNVKPCQ --AWEYCPREALRRVSKILKD-EFDLVVNAGFENEFFLL 535

GLNA_SALTY      IDPFFADSTLIIRCDILEPGTLQGYDRDPRSIAKRAEDYLRATGIADTVLFGPEPEFFLF 136

*:  :. :::    ::*    .::  **.  ::. . *:   :  .:  * * ****:

MtGSI-a         KSAIRE------------GKEEWIQ-------------FDSTPYCSSSAFDVASPILREV 186

MtGSI-b         KSTMRE------------GKEEWIQ-------------FDSSPYGCSSAFDVASPILREV 208

MtGSI-c         K---RE------------TKEEWIE-------------FDSSPYCCSSSFDDASPILREV 182
NodGS-a         KSITRE------------GKEEWIP-------------FDSSPYCSSSAFDAATPVLREV 570

NodGS-b         KSMTRE------------GKEEWIP-------------FDSSPYCSASAFDAASPILREV 570

GLNA_SALTY      DDIRFGASISGSHVAIDDIEGAWNSSTKYEGGNKGHRPGVKGGYFPVPPVDSAQDIRSEM 196

.                  :  *                 .  *     .* *  :  *:

MtGSI-a         TSALHSMGIPVEQLHAEA -GKGQFELVLGHMVCTKSADNLVYTRETVRAIARKHGLLATF 245

MtGSI-b         TYALHSMGIPVEQLHVET -GKGQFELVLGHTICTKAADNLVYTREAVRAIARKHGLLATF 267

MtGSI-c         TSALLSMGITVEQLHAES -GKGQFEIVLGHTICSEAADNLVYTRETVRAIARKHGLLATF 241

NodGS-a         ASALHSMGIPVEQLHAEA -GKGQFELVLGHTICTKSADNLVY TRETVRAIARKHGLLATF 629

NodGS-b         ASALHSIGIPVEQLHAES -GKGQFELVLGHTIYTKAADNLVYTRETVRAIARKHGLLATF 629

GLNA_SALTY      CLVMEQMGLVVEAHHHEVATAGQNEVATRFNTMTKKADEIQIYKYVVHNVAHRFGKTATF 256

.: .:*: **  * *    ** *:.  .   :: **::   : .*: :*::.* ***

MtGSI-a         VPKYTLD------DLGSGCHVHLSLWQNGRNVFMASDESSKYGISTLGKEFMAGVLHHLP 299
MtGSI-b         IPKYTLD------DVGSGCHVHLSLWQNGQNVFMSSDESSKYGISTLGKEFMAGILHHLP 321

MtGSI-c         VPKYKLD------DVGSGCHVHLSLWQNGQNVFMASDGSSKYGISTLGKEFMAGVLYHLP 295

NodGS-a         IPKYKLD------DLGSGCHVHLSLWQNGKNVFMASDGSSKYGISTLGKEFMAGVLYHLP 683

NodGS-b         VPKVDKLLFFITAQIKVNILKCISLWQNGQNVFMASDGSSKYGISTLGKEFMAGVLYHLP 689

GLNA_SALTY      MPKPMFG ------DNGSGMHCHMSLAKNGTNLFSGD ---KYAGLSEQALYYIGGVIKHAK 307

:** :        :** :** *:* ..   .  *:*  .  ::.*:: *  

MtGSI-a         SILSFVAPLPISYDRLQPNTWSGAYMFWGNENREAPLRASTPPGTPNGFASNFEFKSFDG 359

MtGSI-b         SILPFVAPLPISYDRLNPTTW -GSYLLWGNENRNAPLRTC-SPGIPGGLVSNFEFKPFDG 379

MtGSI-c         SIFPFLAPLAISYDRLQPTTW -GSYLLWGNENRAAPLRASSPPGTPDGLVSNFELKLLDG 354

NodGS-a         SILPFVAPLPSSYDRLQPNTWSGAYLFWGNENKEAPLRATSPPGTPGGLTSNFEVKSFDG 743

NodGS-b         SILPFLAPLPISYDRLQPNTWSGAYLFWGNENKEAPLRAASPPGTPGGLVSNFEVKSFDG 749

GLNA_SALTY   AINALANPTTNSYKRLVPGYEAPVMLAYSARNRSASIRIPV ---VASPKARRIEVRFPDP 364

:*  :  *   **.** *       : :. .*: * :*           . .:*.:  * 

MtGSI-a         CANPYLGLSAIIAAGIDGLRRHLSLPEPVDTNP ---DPEKLQRLPKSLSESLEALHKADF 416

MtGSI-b         TANPYLGLAATIA AGIDGLRRHLSLPEPIDIDP---NLDNLQRLPKSLSESLEALHKTDF 436

MtGSI-c         IANPYLALAATIAAGIDGLRQHLPLPEPVDGNP ---NLENLQKLPKSLSESLEALHKADF 411
NodGS-a         SANPYLGLAAIISAGIDGLRRHLSLPEPVDTDP ---NPENLQRLPISLSESLEALHKADF 800

NodGS-b         SANPYLGLSAIIAAGIDGLRRHHSLP EPIDTDP---NPNNLQRLPKSLSESLEALHKADF 806

GLNA_SALTY      AANPYLCFAALLMAGLDGIKNKIHPGEAMDKNLYDLPPEEAKEIPQVAGSLEEALNALDL 424

***** ::* : **:**::.:    * :* :      :: :.:*   ..  ***.  *:

MtGSI-a         LEEFIGDKLLTAIKAIRKAEIDHYSKNKD ----AYKQLIHR-----Y--- 454

MtGSI-b         FDEFIGQKLLTIIEAIGKAEIDQYSKNKD ----AYKQLIHR-----Y--- 474

MtGSI-c         LKEFIGDKLLTAIKGIGMAEVDQYSKNKD ----AYKQLIHR-----Y--- 449

NodGS-a         LEEFIGDKLLTCIKAIRKAEIDHYSENKE ----AYKQLIHR-----Y--- 838

NodGS-b         LEEFIGDNLLTAIK AIRKAEIDHYLENKD----AYKQLIHR-----Y--- 844

GLNA_SALTY      DREFLKAGGVF -----TDEAIDAYIALRREEDDRVRMTPHPVEFELYYSV 469

IV

III

III

II

I

**:    :          :* *   :       :   *      *  

Figure S7 - Multiple Alignment of 
M. truncatula GSI-like deduced 
amino acid sequences (MtGSIa, 
MtGSIb, MtGSIc, MtNodGSa and 
MtNodGSb) and Salmonella 
typhimurium GLNA. Residues 
involved in binding of glutamate 
(red), ATP (blue) and ammonia 
(green) are indicated. The 
adenylation site, characteristic of 
prokaryotic GSs is highlighted in 
yellow. Boxes I to IV indicates the 
conserved regions between GS 
proteins as defined by Eisenberg et 
al., 1987. The dashed box 
represents the conserved 
“Glutamate-flap”. (*) Residues fully 
conserved; (:) highly conserved; (.) 
poorly conserved and ( ) and not 
conserved. 


