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           Symbiotic nitrogen fixation occurs in plants harboring nitrogen-fixing bacteria within the 

plant tissue. The most widely studied association is between the legumes and rhizobia. In this 

relationship the plant (legumes) provides the bacteria (rhizobia) with reduced carbon derived 

from photosynthesis in exchange for reduced atmospheric nitrogen. This allows the plant to 

survive in soil, which is low in available of nitrogen. Rhizobia infect and enter plant root and 

reside in organs known as nodules. In the nodules the bacteria fix atmospheric nitrogen. 

          The association between the legume, Medicago truncatula and the bacteria Sinorhizobium 

meliloti, has been studied in detail. Medicago mutants that have defects in nodulation help us 

understand the process of nitrogen fixation better. One such mutant is the Mtnip-1. Mtnip-1 

plants respond to S. meliloti by producing abnormal nodules in which numerous aberrant 

infection threads are produced, with very rare rhizobial release into host plant cells. The mutant 

plant Mtnip-1 has an abnormal defense-like response in root nodules as well as defects in lateral 

root development. Three alleles of the Mtnip/latd mutants, Mtnip-1, Mtlatd and Mtnip-3 show 

different degrees of severity in their phenotype.  

          Phylogenetic analysis showed that MtNIP/LATD encodes a protein belonging to the 

NRT1(PTR) family of nitrate, peptide, dicarboxylate and phytohprmone transporters. 

Experiments with Mtnip/latd mutants demonstrats a defective nitrate response associated with 

low (250 μM) external nitrate concentration rather than high (5 mM) nitrate concentration. This 

suggests that the mutants have defective nitrate transport. To test if MtNIP/LATD was a nitrate 

transporter, Xenopus laevis oocytes and Arabidopsis thaliana mutant plants Atchl1-5, defective 



in a major nitrate transporter AtNRT1.1(CHL1), were used as surrogate expression systems. 

Heterologous expression of MtNIP/LATD in X. laevis oocytes and Atchl1-5 mutant plants 

conferred on them the ability to take up nitrate from external media with high affinity, thus 

demonstrating that MtNIP/LATD was a high affinity nitrate transporter. Km for MtNIP/LATD 

was determined to be approximately160 μM in the X. laevis system and 113 μM in the 

Arabidopsis Atchl1-5 mutant lines thus supporting the previous observation of MtNIP/LATD 

being a high affinity nitrate transporter. X. laevis expressing the mutant Mtnip-1 and Mtlatd, 

were unable to transport nitrate. However X. laevis oocytes, expressing the less severe mutant 

allele Mtnip-3 were able to transport nitrate suggesting another role of the Mtnip/latd besides 

high affinity nitrate transport.  

           Experimental evidence suggested that MtNIP/LATD might transport another substrate 

beside nitrate. MtNIP/LATD levels are regulated by phytohormones. Experiments performed 

with ABA (abscisic acid), IAA (indole acetic acid) and histidine as substrates in X. laevis system 

show that the MtNIP/LATD mRNA injected oocytes efflux IAA but do not transport histidine or 

ABA.  

          When wild type A17 and mutant Mtnip-1 and Mtnip-3 plants, grown in the presence of 

different sources of nitrogen were screened in herbicide chlorate, a structural analog of nitrate, 

the A17 and Mtnip-3 mutant showed levels of susceptibility that was different from mutant 

Mtnip-1 lines. Evidence suggested that the amount of chlorate transported into the plants were 

regulated by the C:N status of the A17 and Mtnip-3 plants. This regulation was missing in the 

Mtnip-1 lines thus suggesting a sensor function of MtNIP/LATD gene. 
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CHAPTER 1 

INTRODUCTION 

1.1 Importance of Nitrogen Fixation 

 Approximately 78 percent of the atmosphere is made up of nitrogen gas (N2). Yet this is 

one of the elements that limit plant and animal development (Oldroyd et al., 2011). Due to the 

presence of N triple bond in nitrogen gas, organisms like plants and animals cannot use nitrogen 

gas directly from the atmosphere. In order for the plants to use N2 gas, it needs to be made 

bioavailable or “fixed,” which can be achieved both chemically and biologically. This is essential 

for life because fixed nitrogen is required to biosynthesize the basic building blocks of living cells, 

for example: nucleotides for DNA and RNA and amino acids for proteins. N2 fixation can occur in 

three ways: a. atmospheric N2 fixation b. chemical N2 fixation c. biological N2 fixation.  

 

1.2 Atmospheric and Industrial N2 Fixation 

            Atmospheric N2 fixation takes place during lightning when a powerful electric arc is set up 

in the air, causing nitrogen and oxygen to combine and form nitrogen oxides. Water in the form of 

rain dissolves the nitrogen oxides and brings them down to the earth.             

Chemically synthesized bioavailable nitrogen is in the form of nitrogenous fertilizers, 

containing ammonium and nitrate. Ammonia is generated via the Haber-Bosch process in which 

N2 and H2 gases are precursors to ammonia. The Haber Bosch process is energy intensive. To meet 

the need for nitrogen, agriculture uses a large amount of chemically synthesized nitrogen-based 

fertilizers. Intensive use of  chemically synthesized N- based fertilizers have led to an increase in 

water and soil pollution (Nosengo, 2003). The same nutrients in fertilizers that nourish crops cause 
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rapid growth of algae in rivers and estuaries. Dying algae in turn feed bacteria, which consume so 

much dissolved oxygen that fish cannot survive (Nosengo, 2003).  

 

1.3 Biological N2 Fixation  

An alternative to application of nitrogen fertilizers is the process of biological nitrogen 

fixation (BNF). BNF is exclusively a prokaryotic process carried out by certain classes of bacteria 

(Eady et al., 1974). These bacteria are either free-living or associated with plants. Free-living 

nitrogen fixing bacteria include those belonging to the genera Methanococcus, Clostridium, 

Erwinia, Klebsiella, Arthrobacter, Azospirillum, Azotobacter, Rhodobacter, Nostoc and Anabaena. 

Some of these bacteria are closely associated with plants but do not participate in symbiosis with 

plants. Other bacteria, which are able to associate symbiotically with leguminous plants, belong to 

the genera Rhizobium, Bradyrhizobium, Azorhizobium, Mesorhizobium, and Sinorhizobium, and 

are collectively called rhizobia. Rhizobia penetrate the roots of leguminous host plants and trigger 

them to form new root organs called nodules. Once inside plant host cells in nodules, the rhizobia 

differentiate into specific forms called bacteroids where they are able to reduce atmospheric 

nitrogen into ammonia. The ammonia is given to the plants in exchange for reduced carbon 

(Spaink, 1995). Another type of symbiotic association is between the actinomycetes of the genus 

Frankia and 25 genera of woody non-leguminous plants (Tjepkema and Torrey, 1979).  

All these prokaryotes use the nitrogenase enzyme complex to break the triple bond of 

nitrogen and convert it into reduced ammonia that can be easily used by their host plant. The plant 

in turn provides the bacteria with energy derived from photosynthesis in the form of reduced 

carbon. 
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1.4 Symbiotic Nitrogen Fixing Root Nodule Development  

Plants initiate the process of nodulation under low N conditions. It starts with the exchange 

of molecular signals between the plant and the rhizobia that populate the rhizosphere of the plant. 

Plant roots exude flavonoids, including luteolin, genistein or daidzein under N stress. This triggers 

the expression of the rhizobial transcriptional regulator NodD, which in turn induces the 

transcription of other bacterial nodulation genes like nodA, nodB, and nodC. These genes encode 

enzymes that are responsible for the synthesis of the nodulation signals known as Nod factors 

(Long, 1996).  

The host plant perceives Nod factor as the primary signal to initiate nodule morphogenesis 

(see the schematics in Fig 1.1). Nod factor is also responsible for the onset of physiological 

changes in the plant that precede nodule development. In the root hair cell, within minutes of Nod 

factor application there is root hair plasma membrane depolarization, cytoplasmic Ca2+ spiking, 

rearrangements of cytoskeletal machinery and changes in Ca2+ gradients (Marsh et al., 2007; Peck 

et al., 2006). As early as six hours after Nod factor application, the expression of plant genes 

termed early nodulins (ENODs) is initiated in the root epidermal cells as well as the nearby cells. 

(Downie and Walker, 1999). Root cortical cell division is first detected between 20 and 30 hours 

post-inoculation. Thus, Nod factors initiate signal transduction cascades that lay the foundation for 

rhizobial invasion and nitrogen fixation. At the end of the growing of root hair, rhizobia colonize 

the root surface and induce curling of the root hair tips. This is followed by cell wall invagination 

and the formation of an infection thread within the root hair. Concomitantly root cortical cells in 

the inner root cortex are stimulated to re-initiate mitosis leading to the formation of nodule 

primordia. The infection thread traverses the outer root cortical cell layers to reach the nodule 

primordia. Within the infection thread (IT) the rhizobia multiply but remain confined by the IT 
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(Fig 1.2). As the IT reaches the primordia, bacteria are released from the tip of the infection thread 

by endocytosis into the host plant cells, which then differentiate into bacteroids surrounded by the 

symbiosome membrane (M. Schultze and A. Kondorosi, 1998) (Fig 1.3). 

 

Fig 1.1 Chemical Communication between the Host Legume and Rhizobia.  
Under low nitrogen conditions, the host legume exudes flavonoids which act as chemoattractants 
that are perceived by the rhizobia. The perceived flavonoids activate the Nod genes, which encode 
proteins that ultimately produce Nod factor. Nod factor is in turn perceived by the host 
legume,which activates a signal cascade and the end result is formation of a nodule (Adapted from 
M. Schultze and A. Kondorosi, 1998) 
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Fig 1.2 Overview of Rhizobial Infection. 
In response to the flavonoids produced by the plant under N starved conditions, Rhizobia attach to 
root hair of the plant. Nod factor produced by the rhizobia initiates calcium spiking, root hair 
curling and cortical cell division in the inner cortex. Infection thread pathway begins to be laid out 
by the pre-infection thread. Bacteria is entrapped into the tightly curled root hair structure called 
the shephers’s crook. This is followed by infection thread which travels down towards the nodule 
primordium (Adapted from Oldroyd and Downie, 2008).  

 
Figure 1.3 Rhizobial Release from Infection Threads.  
As the rhizobia reach the inner cortical cells which makes up the nodule primordia, the cell wall 
breaks down releasing the rhizobia in the form of infection droplet to the plant cell plasma 
membrane. Released rhizobia get surrounded by a plant-derived membrane to form a structure 
called “symbiosomes”. Finally endocytosed rhizobia mature and elongate into bacteroids that are 
capable of nitrogen fixation. 
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1.5 Nod Factor Biosynthesis and Structure 

 Flavonoids and isoflavonoids secreted by the plant induce transcription of rhizobial nod, 

nol or noe genes (Spaink, 1995). The promoters of these genes, mostly but not always, contain a 

consensus sequence called a Nod box (Mills et al., 1994). Following induction of these genes and 

biosynthesis of their encoded enzyme, the rhizobia produce Nod factor, a lipochotooligosaccharide 

(LCO) (Fig 1.4). Nod factor has an oligosaccharide backbone, made up of three to five 1,4-linked 

N-acetyl-D-glucosamine units. A fatty acid group is attached to the N of the non-reducing sugar of 

the Nod factor (Spaink et al., 1991). There are substitutions at other positions depending on the 

rhizobial strain (Spaink,1995). Several genes are required for Nod factor synthesis. nodA, nodB 

and nodC genes are required for the formation of basic LCO structure. nodB (John et al., 1993) and 

nodD and nodC (Geremia et al., 1994) code for chitin synthase and chitin deacytylase respectively. 

The nodB gene product synthesizes chitin from UDP-N-acetyl glucosamine and the nodC gene 

product removes the actyl group from the terminal non-reducing sugar. nodF and nodE code for an 

acyl carrier protein and a β-ketoacyl synthase respectively (Denarie J, Debelle F and Prome JC, 

1996). Both nodF and nodE are required for the biosynthesis of a poly- unsaturated fatty acid. 

NodA protein codes for an acyl transferase, that helps transfer the fatty acid moiety to the chitin 

backbone (Atkinson et al., 1994). NodP and nodQ proteins function as a sulphurylase and kinase 

respectively. Both of these proteins are required for the production of sulfate group donor 

3’phospho-adenosine 5’ phosphosulphate (PAPS) (Schwedock and Long, 1992). PAPS is a 

substrate for the protein product of nodH which transfers the sulfate to the reducing terminal of 

LCO (Schwedock and Long, 1992).  
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Figure 1.4 Nod Factor Structure 
“Top” Nod factor structure with side chain substitution as follows  
R1 fatty acid;  R2 carbamoyl, methyl; R3 carbamoyl; R4 acetyl, carbamoyl; 
R5 acetyl, sulphate or sugar; R6 glycerol. 
“Bottom” Each individual subunit of n-acetylglucosamine that makes up Nod factor. 
 

 

1.6 Nitrogenase Complex 

During biological nitrogen fixation, two moles of ammonia are produced from one mole of 

nitrogen gas, at the expense of a minimum of 16 moles of ATP and a supply of electrons and 

protons (Udvardi and Poole, 2013). The equation can be summarized as 

N2 + 8H+ + 8e- + 16 ATP  2NH3 + H2 + 16ADP + 16 Pi.  

Two metalloprotein constitute the entire 60-kD nitrogenase complex (Kim and Rees, 1994): a) Fe-

protein or nitrogenase reductase and b) MoFe-protein or the nitrogenase. The complex possesses a 

single [4Fe-4S] prosthetic group. The reactions occur when N2 binds to the nitrogenase enzyme 
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complex. Electrons donated by ferredoxin first reduce the Fe protein. The reduced Fe protein binds 

ATP and reduces the molybdenum-iron protein, which ultimately donates electrons to N2, 

producing reduced nitrogen, HN=NH. In two further cycles of this process (each requiring 

electrons donated by ferredoxin) HN=NH is reduced to H2N-NH2, and finally to 2 molecules of 

NH3. Depending on the type of microorganism, the reduced ferredoxin, which supplies electrons 

during this process, is regenerated by photosynthesis, respiration or fermentation (Peters et al., 

1995).    

Nitrogenase is inactivated in the presence of oxygen. Thus, to limit its exposure to oxygen, 

the N2 fixing bacteria live in anaerobic or microaerobic habitats where they rely on nitrogen 

fixation for their nitrogen need. In the case of cyanobacteria, nitrogenase is present in hererocysts, 

which are spatially separated from photosynthetic cyanobacterial cells. In the case of symbiotic N 

fixation in nodules, the presence of a barrier to gaseous diffusion in the outer cell layers of a 

mature nodule limits the rate of oxygen influx into the central infected nodule tissue where the 

rhizobia reside inside the host plant cells. A high concentration of bacteroids and plant 

mitochondria in nodule cells help nodules consume oxygen as fast as it can enter the nodules. 

Finally plant leghemoglobins scavenge oxygen in the cytoplasm and deliver it rapidly to 

mitochondria and the respiring bacteria to be used in the process of ATP biosynthesis, thus 

reducing free oxygen levels in the infected zones of legumes (Udvardi and Poole, 2013). 

 

1.7 Importance of Legumes 

 Grain and forage legumes farms make up 12 to 15% of the arable surface on earth. They 

contribute approximately 27% of the world's primary crop production (Graham and Vance, 2003). 

The grains alone constitute 33% of the dietary protein nitrogen (N) needs of humans. In rank order, 
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beans like pea (Pisum sativum), chickpea (Cicer arietinum), broad bean (Vicia faba), pigeon pea 

(Cajanus cajan), cowpea (Vigna unguiculata), and lentils (Lens culinaris) constitute the primary 

dietary legumes. Other legumes like soybean (Glycine max) and peanut (Arachis hypogeae) 

provide over 35% of the world's processed vegetable oil. Soybean and peanut are also rich sources 

of dietary protein for the chicken and pork industries. (Graham and Vance, 2003). Small seeded 

legumes such as the clovers, trefoil and alfalfa produce herbage to be used for forage. 

 

1.8 Medicago truncatula as a Model Legume  

Medicago truncatula is an annual plant. This plant is closely related to economically 

important crops like alfalfa and clovers (Ane et al., 2008). It has the capacity to associate with soil 

rhizobia Sinorhizobium meliloti to form nodules (Long, 1989). It is a self-fertilizing, diploid (2n = 

16) with a relatively small genome size, which has been sequenced (Young et al., 2011) and has a 

short generation time. M. truncatula is genetically well characterized with numerous classical 

genetic markers and well developed DNA marker maps (Choi et al., 2004; Bonin, Prosperi and 

Olivieri, 1996). M. truncatula is able to be transformed with both Agrobacterium rhizogenes and 

Agrobacterium tumefaciens. (Cook, 1999). The Medicago genome sequence is complete and a 

large array of genomics tools are available for studying symbiosis in Medicago. In addition to M. 

truncatula, Lotus japonicus is also being developed as the major complementary model legume 

species. The annotated genomes are having tremendous impact on advances in legumes (Cannon, 

2009). The Medicago genome shows synteny to economically important legumes, which can be 

exploited to increase agricultural productivity (Young, 2009).   
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1.9 Nod Factor Signaling 

Molecular identification of Nod factor (Lerouge et al., 1990) and successive progress in the 

understanding of the bacterial genes controlling bacterial side of nodulation has prompted the 

investigation of host legume genes involved in the development of symbiotic nitrogen fixing root 

nodules. Nod factor is perceived by putative Nod factor receptors. They have been tentatively 

identified as NFR1 (Madsen et al., 2003) and NFR5 (Radutoiu et al., 2003) in L. japonicus; LYK3 

(Limpens et al., 2003) and NFP (Arrighi et al., 2006) in M. truncatula; SYM37 and SYM10 

(Zhukov et al., 2008) in Pisum sativum. Putative Nod factor receptors are single pass 

transmembrane protein with a lysine motif (LysM) receptor domain and an intracellular kinase 

domain and hence are called LysM receptor-like kinases (LykM-RKs). It is thought that binding to 

Nod factor is mediated by the LysM domain. There is evidence that NFR1 and NFR5 in L. 

japonicus form a receptor complex in response to Nod factor released by Mesorhizobium loti 

(Radutoiu et al., 2003). This NFRI/NFR5 complex is responsible for the activation of infection and 

nodulation process by Nod factor. In M. truncatula, NFP is an ortholog of NFR5 and LYK3 is an 

ortholog of NFR1 (Arrighi et al., 2006). However whether MtNFP and MtLYK3 function in the 

same way as LjNFR1 and LjNFR5  is still not clear (Kouchi et al., 2010). In M. truncatula, Nod 

factor perception and bacterial entry are mediated by NFP and LYK3 respectively (Ardourel et al., 

1994; Smit et al., 2007). 

 

1.10 Common Symbiotic Genes 

Plants enter a symbiosis with fungi of the group Glomeromycota, which facilitates 

acquisition of phosphate and other minerals from the soil. (Parniske, 2008; Kistner and Parniske 

2002). Fungal hyphae invade the plant root and form highly-branched intracellular intrusions into 
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cortical cells, called the arbuscules. Nutrient exchamge takes place in the arbuscules. It has been 

seen that many of the non-nodulating Medicago and Lotus mutants are also defective in arbuscular 

mycorrhizal symbiosis (Zhu et al., 2006). This demonstrates that there are many genes that are 

common for bacterial root nodulation (RN) and arbuscular mycorrhization (AM) (Kouchi et al., 

2010). The signal transduction pathway maintained by these genes are called the common 

symbiotic pathway (CSP). It is thought that the CSP starts with the activation of a membrane 

localized protein possibly DMI2 (M. truncatula) (Stracke et al., 2002). In L. japonicus its ortholog 

is SYMRK (Endre et al., 2002). Both DMI2 and SYMRK belong to a family of LRR (leucine rich 

repeat) receptor kinases. A screening experiment showed that SYMRK/DMI2 kinase domains 

interacts with HMGR1 in M. truncatula and SIP from L. japonicus (Kevei et al., 2007). The 

HMGR1 gene encodes a mevalonate synthase and is involved in the synthesis of isoprenoid 

compounds (Kevei et al., 2007). Pharmacological inhibition of HMGR1 activity in M. truncatula 

decreased nodule number and delayed nodulation, suggesting its involvement in the rhizobial 

infection process and nodule organogenesis (Kevei et al., 2007). SIP from L. japonicus, on the 

other hand is a novel DNA-binding protein with an AT-rich domain (ARID), which specifically 

binds to the promoter of the NIN gene in L. japonicus (Zhu et al., 2008). These results suggest that 

SYMRK participates directly or indirectly in nodulation-specific pathways that follow the CSP 

(Endre et al., 2002; Stracke et al., 2002; Limpens et al., 2005). Perception of Nod factor leads to 

induction of biphasic Ca2+ signaling in root hair cells (Peck et al., 2006). There is a rapid influx of 

Ca2+ into the root hair cells followed by periodical oscillation of cytosolic Ca2+ concentrations at 

the perinuclear region (Ca2+ spiking). Ca2+ spiking is also induced in response to AM infection 

(Kosuta et al., 2008).  
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CASTOR and POLLUX in L. japonicus and DMI1 in M. truncatula code for Ca2+gated ion 

channels (Imaizumi et al., 2005; Charpentier et al., 2008). These ion channels are reported to be 

localized to the nuclear membrane (Charpentier et al., 2008). Mutation of CASTOR and POLLUX 

or DMI1 causes symbiosis defective mutants. Nod factor induced Ca2+ spiking is associated with 

the root hair cell nucleus and two proteins NUP85 and NUP133 in L. japonicus are predicted to be 

involved in the transport or localization of the factors needed for induction of Ca2+spiking. Because 

of sequence similarity to mammalian nucleoporins, NUP85 and NUP133 are predicted to be 

components of NUP107-NUP160 sub-complex, which is located on both sides of the nuclear pore 

((Meier and Brkljacic, 2009). L. japonicus nup85 and nup133 mutants are defective in both 

rhizobial and AM symbiosis (Kanamore et al., 2006). Both of the symbioses are aborted at the 

epidermis at high temperature in nup85 and nup133 mutants. However it was seen that at normal 

temperature the invasion is normal (Kanamore et al., 2006, Saito et al., 2007).  

The Nod factor dependent Ca2+ signal is decoded by a calcium-dependent calmodulin 

kinase (CCaMK). This protein consists of three functional domains; a Ser-Thr kinase domain, a 

CaM binding (auto inhibitory) domain (CaMBD) and three EF hands that interact with Ca2+. 

Mutants defective in CCaMK are dmi3 in M. truncatula and ccamk in L. japonicus. These mutants 

are defective in both the root nodulation and arbuscular mycorrhizal symbiosis although 

Ca2+spiking is still intact in these mutants. This implies that CCaMK plays a very important role in 

nodulation. A gain of function mutation of CCaMK in which the kinase domain become auto 

active due to substitution of amino acid Thr265 with Ile, I (T265I) (snf1) (Titichine et al., 2006) or 

Asp,D (T265D) (Gleason et al., 2006), leads to spontaneous nodulation even in absence of rhizobia 

or Nod factor. In L. japonicus, introduction of the auto active mutant genetic background of 

CCaMK (snf1 or CCaMKT265D) into mutants having defects in the central signalling pathway genes 
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(symrk, castor, pollux, nup85  and nup133) suppressed the loss of-function mutation of these 

mutants in the rhizobial and AM infection pathway (Hayashi et al., 2010 , Madsen et al., 2010). 

This indicates that SYMRK, CASTOR, POLLUX, NUP85 and NUP133 genes are solely required 

for the generation of Ca2+ spiking. However, the expression of auto active CCaMK (CCaMKT265D) 

in either nfr1 or nfr5 mutants of L. japonicus did not alter their infection defects. However the 

CCaMKT265D could still induce nodule organogenesis in these mutants even in the absence of its 

symbiont, Mesorhizibium loti  (Hayashi et al., 2010). Thus these experimental results have been 

interpreted to mean that the gain-of function CCaMK mutation alone is able to induce nodule 

organ development; in contrast, infection of rhizobia through root the hair initiated infection thread 

requires an additional signaling pathway derived from NFR1 and NFR5 (Hayashi et al., 2010). 

Similarly, the introduction of the kinase-only CCaMK into M. truncatula dmi3 mutants resulted in 

induction of spontaneous nodulation without rhizobial infection when inoculated with S. meliloti  

(Gleason et al., 2006). 

MtSYMREM1 (Lefebvre et al., 2010), a remorin protein expressed during the nodulation 

process, has been isolated from M. truncatula. Remorins are filamentous proteins, shown to have 

scaffolding functions mostly in the cell membrane (Lefebvre et al., 2010). MtSYMREM1 is 

suggested to interact with LYK3, NFP and DMI2 (Lefebvre et al., 2010). It has been localized to 

the plasma membrane enclosing ITs and the symbiosome membrane (Lefebvre et al., 2010). These 

findings suggest that SYMREM1 may play a role in retaining LysMRKs (lysine motif receptor 

kinase) and SYMRK in the plasma membrane at the growing IT tips. Thus MtSYMREM1 enables 

continuous operation of Ca2+ signaling mediated by LysMRKs and components of the central 

signalling pathway (Lefebvre et al., 2010). Continuation of the Ca2+ signaling at the interface with 
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rhizobia would allows the host cells to continue to support the steps of IT elongation and 

penetration as it proceeds into cortical cells.  

CYCLOPS in L. japonicus interacts with DMI3 and is required to establish rhizobial 

infection (Yano et al., 2008). CYCLOPS, which is an orthologue of M. truncatula IPD3, interacts 

with DMI3 (Messinese et al., 2007). TE7, a M. truncatula mutant defective in IPD3 (Horvath et al., 

2011) was reported to make two types of defective nodules: the first type was observed to resemble 

small nodule primordia with infection threads arrested at the outer cortical cells. The second type 

were elongated nodules filled with an extensive network of infection threads with thick infection 

thread walls (Benaben et al., 1995). Occasionally, bacteria release was observed in these second 

type nodules but subsequent symbiosome differentiation fails to occur and the plant cells 

underwent early senescence (Benaben et al., 1995).  

Nod factor mediated transcriptional changes requires two transcription factors of the GRAS 

family (gibberelin insensitive (GAI), repressor of gal-3 (RGA), SCARECROW) called nodulation 

signaling pathway 1 (NSP1) (Smit et al., 2005) and NSP2 (Kalo et al., 2005). NSP1 and NSP2 have 

been shown to bind the promoters of early nodulation genes like ENOD11 (Journet et al., 2001) 

and the cytokinin receptor gene CRE1 (Gonzalez-Rizro et al., 2006) that is required for cortical cell 

division and transcriptional changes (Hirsch et al., 2009).  

 

1.11 Transporters in Legumes 

Carbon metabolite transporters are important in nitrogen fixing nodules. Sucrose derived 

from photosynthesis is the primary source of reduced carbon for nodule metabolism (Kouchi et al., 

1985). In the nodule, sucrose is cleaved by sucrose synthases and metabolized in the cytoplasm of 

the infected plant cells via the glycolytic pathway. (Udvardi and Poole, 2013). In nodules, enzymes 
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like phosphoenolpyruvate carboxylase (PEPC) and malate dehydrogenase activities divert carbon 

flux away from glycolysis to form malate, which is considered to be the primary source of carbon 

transported to bacteroids (Colebatch et al., 2004). A putative malate transporter is thought to 

transport malate across the symbiotic membrane to the bacteroids (Udvardi et al., 1997). A 

dicarboxylate transporter gene AgDCAT1 belonging to the NRT1/PTR (nitrate and peptide 

transporter) family (Tsay et al., 2007) has been cloned and characterized in the nodulating non-

legume Alnus glutinosa. Its protein product AgDCAT localizes to the  symbiosome membrane 

(Jeong et al., 2004). Many genes belonging to the NRT1/PTR family have been shown to be 

induced strongly during legume nodule development (Benedito et al., 2010; Colebatch et al., 

2004). 

Bacteroids present in symbiosomes fix nitrogen to ammonia, which is then assimilated by 

the plant. A number of plant genes including those encoding glutamine synthetase (GS), glutamate 

synthase (GOGAT), and aspartate amino transferase are induced during nodule development and 

facilitate incorporation of ammonia into amino acids. Ammonia is then exported from nodules 

(Vance et al., 1992). Nodules of G. max and Vigna unguiculata export fixed nitrogen in the form of 

ureides (Pate et al., 1980). A ureide transporter, PvUPS1, has been isolated and characterized in 

Phaseolus vulgaris (Pelissier et al., 2004). Ammonia synthesized within the bacteroid moves 

across the symbiosome membrane to the plant host cell cytoplasm via simple diffusion or through 

protein channels that exist in the symbiosome membrane (Niemietz and Tyerman et al., 2000), as 

illustrated in Fig 1.5. Alternately ammonium may use a cation channel that can transport K+, Na+, 

or NH4
+ (Tyerman et al., 1995). Ammonia is also transported via aquaporin-like channels present 

on the symbiosome membrane. One candidate aquaporin from soybean is NODULIN 26 (Dean et 
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al., 1999). Ammonia may also be transported by the members of AMT (ammonia transporters) 

family of transporters that are present at the symbiosome membrane (Simon-Rosin et al., 2003).  

The plant symbiosome membrane controls not only carbon and nitrogen fluxes to and from 

the bacteroids, but also fluxes of other elements like phosphorus, sulfur, potassium, sodium, 

calcium, vanadium, iron, molybdenum, nickel, and cobalt, required for rhizobial metabolism 

(Rosendalh et al., 1991). Iron, sulfur, and molybdenum constitute nitrogenase cofactors and are 

transported to the rhizobia via the symbiosome membrane. A nodule-induced transporter of the 

symbiosome membrane in soybean GmDMT1 has been cloned and shown to transport Fe2+, Zn2+, 

Mn2+ and Cu2+ (Kaiser et al., 2003). Another putative nodule-specific Fe3+ transporter of the OPT 

(oligopeptide transporter) family in soybean GmYSL7A is localized to the symbiosome membrane 

soybean (Udvardi and Poole 2013). A protein belonging to the SulP family of transporters, has 

been shown to transport sulfate and possibly molybdate to the rhizobial bacteroids (Krusell e al., 

2005).  

Homocitrate is an essential component of the iron-molybdenum cofactor of nitrogenase. 

Rhizobia cannot produce it.  FEN1 encodes a homocitrate synthase in L. japonicus. The fen1 

mutant is unable to fix nitrogen, which strongly suggests that the plant provides bacteroids with 

homocitrate (Hakoyama at al., 2009). This also implies the existence of homocitrate transporters on 

both the SM and bacteroid inner membrane, which transport homocitrate across the membranes 

(Hakoyama at al., 2009). 
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Fig 1.5 Transporters in the Symbiosome and Bacteroid Membranes 
 Sucrose from the shoot is converted to malate in the plant and imported across the symbiosome 
and into bacteroids, where it fuels nitrogen fixation. The product of the nitrogen fixation is then 
exported back to the plant. The plant also provides metals and ions, which is transported to the 
bacteroid through various transporters. Homocitrate, which is required by the bacteria for N 
fixation is transported across the symbiotic and bacteroid membrane to be assimilated in the 
bacteroids (Adapted from Udvardi and Poole, 2013) 
 

 

1.12 Regulation of Root and Nodule Development 

Legumes form two kinds of root organs: nodules and lateral roots. Lateral root formation 

and nodule development are tightly regulated by various cues like nutritional status of the plants, 

hormonal signals, environmental inputs and signals exchanged between the root and the rhizobia 

(Yendrek et al., 2010). For both types of lateral root organ, the presence of appropriate signals 

initiates cell division, that ultimately results in the formation of an organ primordium. 

Subsequently, the organ primordium develops into an organ meristem. In determinate nodules, the 
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meristem is transient, while in lateral root and indeterminate nodules, such as those formed by M. 

truncatula, the meristem is persistent (Mathesius, 2008).  

Hormones differentially regulate lateral root and nodule development. They coordinate 

organismal responses to their environment and regulate meristem function. Auxin is an important 

plant hormone that specifies meristem cell fates. In the root system, it is responsible for patterning 

at the root tip and promoting lateral root initiation (Sabatini et al., 1999; Thimann, 1936 ). 

Cytokinin, another plant hormone, functions to limit root meristem size and activity (Werner et al., 

2001). Abscisic acid (ABA), which is shown to mediate environmental responses like drought, 

cold, and high salinity stress, has increasingly been implicated in the regulation of meristem fate 

and activity. It regulates axillary buds in the shoot (Knox and Wareing, 1984; Pei et al., 1998), 

inhibits potato stolon growth (Xu et al., 1998 ) and intercalary meristem growth in rice (Hoffmann-

Benning and Kende, 1992). These hormones have opposite effects on root and nodule formation 

making it possible for the plant to increase of lateral roots without increasing of nodule number. 

Thus the plant is able to expand its root system without adding more nodules, which consume 

energy from the photosynthate (Yendrek et al., 2010). Maintenance of auxin and cytokinin levels 

are critical for nodulation. In the absence of rhizobia, exogenous application of polar auxin 

transport inhibitors like NPA (napthyl pthalamic acid) and TIBA (2,3,5 triidobenbenzoic acid), 

induce the formation of pseudonodules (Allen et al., 1953) and the expression of ENOD40, a gene 

associated with the nodule primordium (Oldroyd and Downie, 2008). In a study with white clover 

using the GH3 promoter reporter gene for auxin levels, it was shown that the Nod factor was able 

to perturb auxin flow (Mathesius et al., 1998). A further study showed that M. truncatula, 

engineered so that its root had a deficiency in flavonoids, in turn inhibited auxin transport, caused a 
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reduction in nodule number (Wasson et al., 2006). These studies implicate auxin transport or auxin 

levels, per se, in nodule development. 

Cytokinin has also been implicated in nodule development. Transferring the ability to make 

a cytokinin, transzeatin, to Rhizobia, which are Nod- (due to the defect in nodA, nodB or nodC 

genes) or even to Escherichia coli, gives these bacteria the ability to activate nodulation in legumes 

(Cooper et al., 1994). The genetic study of cytokinin function during nodule development was 

facilitated by use of a gain in function mutation at the snf2 locus which is associated with 

spontaneous nodule development. SNF2 encodes LOTUS HISTIDINE KINASE1 (LHK1), which is 

closely related to the Arabidopsis cytokinin receptor, CYTOKININ RESPONSE1 

(CRE1)/ARABIDOPSIS HISTIDINE KINASE 4 (Inoue et al., 2001; Tirichine et al., 2007). The 

mutant histidine kinase receptor can activate an E. coli two-component phospho relay system 

without exogenous cytokinin treatment (Tirichine et al., 2007). Systematic RNAi targeting of the 

M. truncatula cytokinin receptor MtCRE1’s (Cytokinin Response 1) histidine kinase showed that it 

controls nodule formation (Gonzalez-Rizzo et al., 2006). MtCRE1 dependent cytokinin signaling 

integrates signaling from exogenous Nod factors as well as endogenous cues, such as auxin, to 

regulate indeterminate nodule organogenesis (Plet et al., 2011). This observation strongly indicated 

that activation of cytokinin signaling is essential for nodule development. 

The plant hormones ABA (abcissic acid), JA (jasmonic acid), ethylene, and salicylic acid 

have been shown to repress nodulation. Ethylene regulates nodulation at multiple steps. It affects 

the sensitivity of the plant to Nod factor by affecting the number of root hair cells that can induce 

calcium spiking (Oldryod et al., 2001). Ethylene is thought to act by regulating a component of 

Nod factor signal transduction pathway upstream of calcium spiking (Oldryod et al., 2001). It also 

regulates infection thread growth. JA was shown to decrease Nod factor induced calcium spiking 
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and nodulation (Miwa et al., 2006). In Arabidopsis, a lateral root meristem is activated only after 

the emergence of primary root (Yendrek et al., 2010). ABA is shown to play a negative role in 

lateral root meristem activation in Arabidopsis (Zhang et al., 2007). However, in M. truncatula, 

ABA promotes activation of lateral root meristems. This was consistent with the demonstration in 

the Mtnip/latd (M. truncatula numerous infections and polyphenolics/ M. truncatula lateral root 

development) mutant allele Mtlatd, where application of ABA rescued lateral root development 

(Liang et al., 2007). Application of exogenous SA resulted in both reduced and delayed nodule 

formation on alfalfa wild-type when inoculated with S. meliloti (Martinez et al., 1998). Transgenic 

plants which were engineered to express salicylate hydroxylase, encoded by the bacterial nahG 

gene and thus lower endogenous salicylic levels resulted in a significant increase in the number of 

infections and mean nodule number compared to wild-type controls (Stacey et al., 2006) 

demonstrating a role of SA in controlling nodulation. 

 

1.13 Nitrate Transporters in Plants 

Nitrogen is an essential nutrient for plants. Plants acquire N in the form of nitrate or 

ammonium from the soil. Nitrate transporters present in the roots of plant facilitate acquisition of 

nitrate from the rhizosphere. They also help in the transport of nitrate from one part of the plant to 

another (Tsay et al., 2007). Once inside, nitrate is either stored inside vacuoles or converted into 

ammonium by nitrate reductase and nitrite reductase, and then into amino acids by enzymes such 

as glutamine synthetase/glutamate synthase (Crawford et al., 1995). Nitrate concentrations vary by 

several orders of magnitude from one soil to another (Crawford, 1995). In order to acclimatize with 

this huge variation, plants have evolved both high-affinity (HATS) and low-affinity (LATS) 

transport systems. Nitrate transporters are encoded by two classes of nitrate transporter genes, 
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NRT1, which are low affinity transporters, and NRT2, which encode high affinity transporters. 

NRT1 transporter belong to the NRT1/PTR large family of transporters, which also include amino 

acid and oligo-peptide transporters referred to as PTR (peptide transporters) and OPT (oligo-

peptide transporters) (Tsay et al., 2007). Nitrate transporters are both influx and efflux transporters 

(Segonzac et al., 2007; Tsay et al., 2007; Almagro et al., 2008). There are 53 NRT1/PTR genes in 

Arabidopsis.  AtNRT1.1(CHL1), which belongs to NRT1 family of nitrate transporters, is a dual-

affinity nitrate transporter in Arabidopsis (Liu et al., 2003). Many other nitrate transporters have 

been identified in Arabidopsis. AtNRT1.2 is a low affinity nitrate transporter (Huang et al., 1999) 

in Arabidopsis. AtNRT1.5, a low affinity transporter, is involved in root to shoot transport of 

nitrate (Lin et al., 2008). AtNRT1.6, another low affinity transporter, is only detectable in 

reproductive tissues like the vascular tissue of the silique and funiculus. Its expression increases 

immediately after pollination, suggesting that AtNRT1.6 is involved in delivering nitrate from 

maternal tissue to the developing embryo (Almagro et al., 2008). AtNRT1.7 is involved in moving 

of nitrate from source to sink tissue (Fan et al., 2009). AtNRT1.8 functions in xylem nitrate 

unloading (Li et al., 2010) whereas AtNRT1.9 functions in phloem nitrate transport (Yun Wang et 

al., 2011). Nitrate transport of most of these transporters are coupled to the transport of protons. 

The NRT1/PTR family of nitrate transporters also includes NAXT1 (nitrate excretion transporter 1) 

which is involved in nitrate efflux (Segonzac et al., 2007). 

Transporters in the NRT2 family are generally high affinity nitrate transporters. There are 

seven NRT2 genes in Arabidopsis. Both AtNRT2.1 and AtNRT2.2 are involved in high affinity 

nitrate uptake (Cerezo et al., 2001; Li et al., 2007). AtNRT2.1 which co-localizes with AtNRT3.1, 

has been shown to transport nitrate as a AtNRT2.1-AtNRT3.1 heterodimeric complex. In the 

absence of AtNRT3.1, AtNRT2.1 loses its high affinity nitrate transport (Laugier et al., 2012). 
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AtNRT2.7 is a tonoplast localized transporter and is reported to be involved in vacuolar nitrate 

storage in seeds (Chopin, 2007). NRT2.4 has been shown to play a role in nitrate transport in roots 

and shoots in response to N starvation. It is involved in the uptake of nitrate by the root at very low 

external concentration. In the shoot it participates in nitrate loading into the phloem (Kiba et al., 

2012). One member of the CLC (chloride channel) transporter family which is a tonoplast 

membrane localized nitrate/proton antiporter, AtCLCa. It mediates nitrate accumulation in plant 

vacuoles (De Angeli, 2006).  

Leran et al., (2013) analyzed the phylogenetic relationship of the members of the 

NRT1/PTR family in 31 fully sequenced plant genomes and divided them into eight subfamilies. 

Further, the phylogenetic tree was used to determine a unified nomenclature of this family named 

NPF (NRT1/PTR family) and MtNIP/LATD was renamed as MtNFP1.7 (Leran et al., 2013). 

However in this thesis, I shall refer to MtNIP/LATD by that name.   

 

1.14 Nitrate Transceptors in Plants 

Ions in the soil, besides serving as essential nutrients, also act as signal molecules. Nutrient 

concentrations in the external environment of plants changes with time and plants must have the 

ability to sense and respond to these changes. The plasma membrane sensors that detect these 

changes in nutrient concentration in the soil are beginning to be identified in plants (Ho et al., 

2009). It has been shown experimentally that nitrate in the external medium acts as a signal 

element in plants (Krouk et al., 2010; Ho et al., 2009) and controls many aspects of plant 

metabolism and development (Crawford et al., 1995; Stitt et al., 1999) like gene expression (Wang 

et al., 2003), protein accumulation (Prinsi et al., 2009), phosphorylation of proteins (Liu and Tsay, 

2003, Ho et al., 2009), germination (Alboresi et al., 2005), stomatal movements (Guo et al., 2003), 
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and shoot and root development (Walch-Liu et al., 2000, Forde et al., 2002,  Vidal and Gutierrez, 

2008). The nature of these nitrate sensors has been elusive for a long time. However recent 

evidence has suggested the presence of two nitrate sensors: AtNRT1.1(CHL1) and AtNRT2.1 in 

Arabidopsis. AtNRT1.1(CHL1) was initially reported to be an influx carrier participating in the 

low-affinity nitrate transport (Tsay et al., 1993; Huang et al., 1996). Later studies demonstrated that 

AtNRT1.1(CHL1) was a dual-affinity transport activity (Wang et al., 1998; Liu et al., 1999). 

AtNRT1.1(CHL1) activity as a high affinity nitrate transporter was dependent on the 

phosphorylation of Thr residue by CIPK23 (CBL- interacting protein kinase) (Liu and Tsay, 2003; 

Ho et al., 2009). The phosphorylated form of AtNRT1.1(CHL1) is a high-affinity nitrate 

transporter, whereas the non-phosphorylated form is a low-affinity nitrate transporter (Liu and 

Tsay, 2003; Ho et al., 2009). Recently AtNRT1.1(CHL1) was also shown to be a bi-direction 

nitrate transporter (Leran et al., 2013). This is important because nitrate is not always assimilated 

in the roots, but is secreted into the xylem sap for translocation to the shoot where it enters the cells 

to be metabolized or stored in the vacuoles. AtNRT1.1(CHL1) has been shown to be involved in 

nitrate signaling.  The root architecture in Arabidopsis is highly responsive to small changes in the 

external nitrogen supply. Nitrate has been shown to stimulate lateral root growth when it is 

provided in patches in patches. The Atchl1-5 mutant, containing a deletion in the AtNRT1.1(CHL1)  

genes, displays a strongly decreased root colonization of nitrate-rich patches, resulting from 

reduced lateral root elongation. This phenotype was shown to be due to lower uptake of nitrate in 

the mutants (Remans et al., 2006). It was not suppressed when the nitrate was supplemented with 

an alternative N source. However the phenotype was associated with dramatically decreased 

AtANR1 expression. AtANR1 (Arabidopsis nitrate regulated 1) is a MADS box transcription factor 

that regulates the nitrate response. AtNRT1.1 (CHL1) was shown to be a key component of the 
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nitrate sensing system that enables the plant to detect and exploit nitrate rich soil patches (Remans 

et al., 2006).  

The application of exogenous L-glutamate at the primary root tip slows primary root 

growth and also stimulates root branching. However, when nitrate is present in conjunction with 

glutamate, nitrate stimulates primary root growth by directly antagonizing the inhibitory effect of 

glutamate (Remans et al., 2006). The Atchl1-5 mutant is defective in this above response. 

Expression of constitutively active AtNRT1.1(CHL1) in the mutant background restores this nitrate 

sensitivity, thus demonstrating that AtNRT1.1(CHL1) is involved in nitrate sensing and signaling 

(Walch Liu and Forde, 2008). An experiment that used large-scale transcript profiling for gene 

expression analysis in the roots of the Atchl1-5 deletion mutant compared to wild type grown on 

NH4NO3 showed that several hundred genes were differentially expressed between the two 

genotypes. AtNRT2.1, a gene encoding a major component of the root high-affinity nitrate 

transporter, was found to be strongly derepressed in the Atchl1-5 mutant compared to wild type 

plants. This showed that normal regulation of AtNRT2.1 expression is strongly altered in the 

Atchl1-5 mutant indicating that AtNRT1.1(CHL1) plays an important role in the regulation of both 

AtNRT2.1 expression and high affinity nitrate transport (HATS) activity (Munos et al., 2004). It 

has also been shown that nitrate- induced seed germination requires the participation of 

AtNRT1.1(CHL1) gene (Alboresi et al., 2005). Further by characterizing an uptake- and sensing 

decoupled mutant Atchl1-9, Ho et al., (2009) demonstrated that AtNRT1.1(CHL1) is a nitrate 

sensor responsible for the primary nitrate response and that uptake activity is not required for 

sensor function (Ho et al., 2009). 
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1.15 Arabidopsis NRT1/PTR Family Members Transport More than One Substrate.  

Krouk et al., (2010) showed that AtNRT1.1(CHL1) not only transports nitrate but also 

facilitates uptake of the phytohormone auxin. They further demonstrated that nitrate inhibits 

AtNRT1.1(CHL1)-dependent auxin uptake, using the Xenopus laevis oocyte system. It is known 

that auxin can stimulate lateral root development. Mutation of AtNRT1.1(CHL1) enhances both 

auxin accumulations in lateral roots and accelerated growth of lateral root (Krouk et al., 2010). 

Krouk et al., (2010) suggested that nitrate signal transduction by AtNRT1.1(CHL1) is could be 

associated with a modification of auxin transport. They proposed that AtNRT1.1(CHL1) represses 

lateral root growth at external low nitrate conditions by promoting basipetal auxin transport out of 

these roots (Krouk et al., 2010). Another member of the NRT1/PTR member family, AtNRT1.2 is 

a low affinity nitrate transporter with a Km of 5.9 mM (Huang et al., 1999). It can also import 

abscisic acid  with a high affinity, with a Km of approximately 5 μM (Kanno et al., 2012) 

AtNRT1.7 and AtNRT1.9 are other examples of dual substrate transporters. Both of these 

transporters were shown earlier to a low affinity nitrate transporter (Fan et al., 2009; Wang et al., 

2011). These transporters transport glucosinolates in Arabidopsis with very low Km values of 18 

μM and 20 μM respectively indicating very high affinity for glucosinolates (Nour-Eldin et al., 

2012). 

 

1.16 M. truncatula Mtnip/latd Mutants 

Veereshlingam et al (2004) and Haynes et al (2004) reported a novel symbiotic mutant 

Mtnip-1 (numerous infection and polyphenolics) in the Jemalong A17 background, that was 

defective in nodulation. This mutant was blocked in the early stages of nodulation. Instead of 

developing normal nodules and lateral roots, it developed small bump-like nodules and was 
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arrested in lateral root elongation. Mutant nodules showed the presence of abnormally thick and 

proliferated infection threads that fail to release rhizobia into cortical cells. Mtnip-1 mutants also 

showed accumulation of brown defense related polyphenolic pigments in the nodules 

(Veereshlingam et al., 2004). This mutant was found to be allelic to the Mtnip-2/latd (lateral 

defective) mutant (Bright et al., 2005) and Mtnip-3 (Teillet et al., 2008). Of these three mutants 

Mtnip-2/latd has a nonsense mutation (W341- STOP) and hence shows the most severe phenotype 

(Yendrek et al., 2010).  Mtnip-3, which has the weakest phenotype has a missense mutation 

(Yendrek et al., 2010). Abscisic acid (ABA), a plant hormone associated with drought stress, was 

found to rescue the lateral root meristem defect but not the nodulation defect of Mtnip-2/latd plants 

(Liang et al., 2007). The MtNIP/LATD gene was mapped to linkage group one (Bright et al., 2005) 

and was later positionally cloned. (Yendrek et al., 2010). The M. truncatula expression atlas shows 

that this gene is active throughout the plant (Benedito et al., 2008). A promoter-GFP study shows 

high expression in and around the primary root, lateral root and nodule meristems. The expression 

level of MtNIP/LATD is negatively regulated by ABA and auxin and positively regulated by 

cytokinin (Yendrek et al., 2010). In the wild type A17 plants, primary root length decreases with 

increase of external ammonium or nitrate concentration. Mtnip-1 and Mtnip-2/latd mutants do not 

respond normally to external nitrate while they respond normally to ammonium (Yendrek et al., 

2010). Phylogeny analysis shows that the closest homologs of MtNIP/LATD are putative nitrate 

transporters in the NRTI/PTR family of nitrate transporters in Arabidopsis, as shown in Fig 1.5. 
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Fig 1.6 Phylogeny of Arabidiosis NRT1/PTR (Nitrate and Peptide Transporters) and 
MtNIP/LATD Proteins. 
This phylogeny was created using ClustalW. Proteins in red have been shown to transport nitrate, 
those in green have been shown to transport transport di- and tri- peptides, those in blue have been 
shown to transport ABA, those in purple can transport glucosinolates. AtNRT1.1(CHL1) shown in 
the figure as CHL1(NRT1.1) transport auxin (in orange) in addition to nitrate. AIT1/NRT1.2 
shown in half blue and red can transport both ABA and nitrate. NRT1.7 and NRT1.9 shown in half 
red and purple can transport glucosinolates in addition to nitrate. MtNIP/LATD is represented in 
yellow. 
 

 

1.17 Objective of the Research 

Phylogenetic analysis showed that MtNIP/LATD is a member of NRT1/PTR family. A 

mutation in this gene results in plants that have defective lateral root and nodule development. The 

objective of this research was to characterize the function of this gene and its encoded protein. A 

special focus of the research was to determine if MtNIP/LATD protein was able to transport 
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nitrate, as suggested by its phylogenetic position. Once this was established, attention was focused 

on other potential activities of MtNIP/LATD, because nitrate transport defects do not adequately 

explain the pleotropic defects observed in Mtnip/latd mutants.  
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CHAPTER 2 

CHARACTERIZATION OF MtNIP/LATD’s FUNCTION AS A NITRATE TRANSPORTER* 

2.1 Introduction 

Phylogenetic analysis of MtNIP/LATD’s amino acid sequence demonstrated that its closest 

homologs in the NRT1/PTR family are nitrate transporters (Fig 1.5). As noted earlier in this thesis, 

the NRT1/PTR family of transporters transport a wide variety of substrates including nitrate, 

peptides, amino acids, dicarboxylates, glucosinolates, auxin, and abscisic acid.  

However at the point of MtNIP/LATD’s identification, members of the NRT1/PTR family 

were only shown to transport nitrate, peptide or dicarboxylates. We hypothesized that 

MtNIP/LATD protein is a nitrate transporter. Thus a major question was whether this protein could 

transport nitrate and a defect in the putative nitrate transporter was responsible for the mutant 

phenotype in the Mtnip/latd mutants.  

 

2.2 Comparison of the Mtnip/latd Mutant’s Nitrate Phenotype 

If MtNIP/LATD is a nitrate transporter, mutants containing the defective MtNIP/LATD 

might be expected to show differences to how they respond to nitrate. One well characterized 

response of plants to nitrate is to increase the lateral root length (Zhang and Forde, 2000). Thus I 

set out to test how mutants defective in the MtNIP/LATD gene differed in this response to nitrate.  

At first I examined whether Mtnip mutant plants responded differently to different 

concentration of nitrate. To do that, Mtnip-1, Mtnip-3, and A17 plants were grown in the presence 

of no KNO3, 250 μM and 5 mM KNO3
 for two weeks and root architecture was examined. The 

*Sections  2.2, 2.3, 2.4, 2.5, 2.6, 2.8 and 2.9 are reproduced from Bagchi, R., Salehin, M., Adeyemo, O.S., Salazar, 
C., Shulaev, V., Sherrier, D.J. and Dickstein, R. (2012) Functional assessment of the Medicago truncatula 
NIP/LATD protein demonstrates that it is a high-affinity nitrate transporter. Plant Physiol 160, 906–916, with 
permission from the American Society of Plant Biologists.  
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result is shown in Fig 2.1. At all concentrations of nitrate (0 mM, 250 μM and 5 mM), wild type 

A17 plants had longer lateral roots (LRs) compared to mutant Mtnip-1 and Mtnip-3 plants. 

However lateral roots were longer in A17 at 250 μM and 5 mM KNO3
- than in no nitrate. Also, of 

the two concentrations of KNO3
-, 250 μM and 5 mM, LRs of A17 were slightly shorter at 5 mM 

concentration as compared with 250 μM. 

Both, Mtnip-1 and Mtnip-3 mutants had longer LRs when grown in high 5 mM KNO3 than 

they did at 250 μM KNO3 or in the absence of KNO3 (Fig. 2A, B and C). The lateral root defect 

observed in Mtnip-3 was almost fully rescued at high KNO3 concentration (Fig 2C). At 250 μM 

KNO3 the lateral root defect was either not rescued in Mtnip-1, or partially rescued in Mtnip-3 (Fig. 

2B) as compared to when plants are grown in the absence of NO3
- (Fig. 2A). The above data 

suggest that the Mtnip-1 mutant plant is defective in sensing external nitrate at low concentration. 

However the defect was partially rescued when Mtnip-1 was grown in high external nitrate 

concentration. Mtnip-3, which is a less severe allele, retains a partial capacity to sense nitrate at 

low external concentrations but was fully rescued at high external concentration. Overall these data 

suggests that MtNIP/LATD protein may function in a high-affinity, low-concentration nitrate 

response. 
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Figure 2.1 LR Lengths of M. truncatula Plants Grown in Different Conditions.  
Wild-type A17 (black bars), Mtnip-1 (gray bars), and Mtnip-3 (horizontally striped bars) were 
grown in liquid buffered nodulation medium with no added KNO3

- 5 (A), with 250 μM KNO3
-  

(B), or with 5 mM KNO3
- (C), with the medium changed every other day. LR lengths were 

measured after 2 weeks. Data are shown for one biological replicate 6 SE (n = 5). Replicates gave 
similar results. Asterisks mark LR lengths from plants grown at 250 μM KNO3

- and 5 mM KNO3
- 

that are significantly different from the same genotype grown at 0 mM KNO3
-, using Student’s t 

test at P, 0.05. Previously published as Fig 2 in Bagchi et al., 2012.  
 
 
 
2.3 Expression of MtNIP/LATD in pSP64T Expression Vector; Nitrate Transport Analysis 

Xenopus laevis Oocyte  

 
The Xenopus laevis oocyte system has been used extensively to test transporter activity 

(Papke and Maxwell, 2009). It has been used to establish biochemical properties of many plant 

nitrate transporters including many in NRT1/PRT family. Thus I set up transport analysis in X. 

laevis oocyte.  

MtNIP/LATD cDNA was cloned downstream of the SP6 bacteriophage promoter in an 

expression vector pSP64T (Krieg and Melton, 1984) (Fig 2.2a). pSP64T is an expression vector 
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with a SP6 promotor, 5’ and 3’ untranslated region and a poly A terminator that produced mRNA 

transcript for translation in X. laevis oocytes.  Its 5’ and 3’ UTRs (un-translated region) were 

shown to increase the stability of RNA in the oocyte (Krieg and Melton, 1984). The poly A tail 

increases the stability of the RNA and prevents it from degrading (Krieg and Melton, 1984). The 

resulting vector, called pSP64T-nipc, is diagrammed in Fig 2.2b. MtNIP/LATD RNA was then 

transcribed in vitro using SP6 promoter, and fifty ng of the RNA was microinjected into X. laevis 

oocytes, with water-injected oocytes serving as control. Both MtNIP/LATD RNA injected and 

water-injected oocytes were incubated in Barth’s solution (Tsay et al., 1993).  At 2-3 days after 

injection, the oocytes were placed in Barth’s solution containing 250 µM and 5 mM nitrate, at pH 

5.5 or pH 7.4, for 3 h or 6 h. The oocytes were then washed with Barth’s solution without nitrate to 

remove external nitrate, lysed, and the lysate was assayed for nitrate that has been transported 

inside using a colorimetric nitrate assay method. It used a convenient method to measure the total 

nitrate/nitrite concentration in a simple two-step process as shown in the schematic in Fig 2.2c. The 

first step is the conversion of nitrate to nitrite utilizing nitrate reductase. The second step is the 

addition of the Griess reagents, which convert nitrite into a deep purple azo compound. 

Spectrophotometric measurement of the absorbance of this azo chromophore determines nitrate 

concentration. The result from the experiment is shown in Fig 2.2d: MtNIP/LATD RNA injected 

oocytes took up more nitrate the water injected controls, suggesting MtNIP/LATD is a nitrate 

transporter Further, the nitrate taken up by oocytes injected with MtNIP/LATD RNA was higher at 

the lower pH of 5.5 than at the higher pH of 7.4 which is consistant with nitrate transport driven by 

protons. It also showed that the nitrate taken up at the lower concentration of 250 µM was 

comparable to nitrate taken up at the higher concentration of 5 mM. In other words a twenty-fold 

change in concentration did not increase the nitrate uptake by that proportion. This is consistant 
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with nitrate transport mediated by MtNIP/LATD being close to saturation at 250 μM nitrate. 

Overall these results suggest that MtNIP/LATD protein is a pH-driven high affinity nitrate 

transporter. 

 

 
 
 
Figure 2.2a & b Vector Map of pSP64T and pSP64T Containing MtNIP/LATD cDNA. 
Above, a) Diagram of pSP64T.  
Below, b) Vector (pSP64T-nipc) showing the presence of NIP/LATD downstream of the SP-6 
promoter.  
 
 

SP6 NIP/LATD  3’ 
 

5’ 
 

Poly 
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Fig 2.2c Mechanism of Reaction of Colorimetric Nitrite/ Nitrate Assay Kit. 
The first step is the conversion of nitrate to nitrite by nitrate reductase. The second step is the 
addition of the griess reagent 1 and 2, which convert nitrite into a deep purple azo compound. 
Spectrophotometric measurement of the absorbance due to this azo chromophore at 540 nm 
wavelength of light determines nitrate concentration. 
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Figure 2.2d Nitrate Uptake in X. laevis Oocytes Expressing MtNIP/LATD. 
 Oocytes were microinjected with MtNIP/LATD mRNA (black bars) or water as a negative control 
(gray bars), incubated for 3 d, and then placed for the indicated times in medium containing 250 
μM or 5 mM NO3

- at pH 5.5 or 7.4. The oocytes were rinsed, lysed, and assayed for NO3
- content. 

Data are shown for one biological replicate ± SD (n = 3–5 batches of 4–6 oocytes per batch). 
Asterisks mark nitrate uptake in MtNip RNA injected oocytes incubated at 250 μM KNO3 and 5 
mM KNO3 that are significantly different from the water injected oocytes subjected to the same 
external nitrate concentration using Student’s t test at P, 0.05. 
 

 

2.4 Expression of MtNIP/LATD in pcDNA3.1 and Nitrate Transport Analysis 

The pSP64T plasmid is a low copy number plasmid. Hence plasmid extraction of the 

recombinant pSP64T-nipc yielded a very low amount of product. Unfortunately the concentration 

of MtNIP/LATD RNA generated by in vitro transcription is directly proportional to the 

concentration of the recombinant plasmid and hence the MtNIP/LATD RNA yield was low. In 
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order to maximize RNA yield, MtNIP/LATD cDNA was recloned into a high copy number 

expression vector, pcDNA3.1- (Fig 2.3a), provided kindly by Dr. Tina Machu, UNT Health 

Science Center. pcDNA3.1- is a mammalian expression vector with a phage RNA polymerase T7 

promoter. It has a BGH (Bovine growth hormone) polyadenylation signal for efficient 

transcriptional termination. MtNIP/LATD cDNA was cloned downstream of the T7 bacteriophage 

promoter in pcDNA3.1- and the recombinant vector was called pcDNA3.1-nipc (Fig 2.3b). Due to 

the increase in the plasmid copy number, the concentration of the recombinant plasmid in the 

plasmid preparation increased. Use of higher plasmid concentration increased the yields of the in 

vitro transcribed RNA. Fifty ng of MtNIP/LATD RNA was microinjected into X. laevis oocytes, 

with water-injected oocytes serving as control. Both were incubated in ND96 solution (Huang et 

al., 1999) allowing the protein to be expressed. ND96 solution does not contain nitrate that was 

present in Barth’s solution. This nitrate could have confounded the results obtained with Barth’s 

solution. At 2-3 days after injection, the oocytes were placed in ND96 solution containing 250 µM 

and 5 mM nitrate, at pH 5.5 or pH 7.4, for 3 h or 6 h. The oocytes were then washed in ice-cold 

ND96 solution to remove external nitrate, lysed, and the lysate was assayed for nitrate that has 

been transported inside as before. The results are shown in Fig 2.3c. These results are substantially 

similar to those observed in the case of RNA transcribed from the pSP64T-nipc recombinant 

vector and incubated in Barth’s solution, section 2.3.  
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Figure 2.3 a & b Vector Map of pcDNA3.1- and pcDNA3.1- Containing MtNIP/LATD cDNA. 
Above, a) Vector diagram of pcDNA3.1-.   
Below, b) Vector (pcDNA3.1-nipc) showing the presence of NIP/LATD downstream of the T-7 
promoter.  
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Figure 2.3c Nitrate Uptake in X. laevis oocytes Expressing MtNIP/LATD. 
 Oocytes were microinjected with MtNIP/LATD mRNA (black bars) or water as a negative control 
(gray bars), incubated for 3 d, and then placed for the indicated times in medium containing 250 
μM or 5 mM NO3

- at pH 5.5 or 7.4. The oocytes were rinsed, lysed, and assayed for NO3
- content. 

A and C, Treatment with 250 μM NO3
-. B and D, Treatment with 5 mM NO3

-. A and B, pH 5.5. C 
and D, pH = 7.4. Data are shown for one biological replicate ± SD (n = 3–5 batches of 4–6 oocytes 
per batch). Asterisks mark NO3

- uptake significantly different from the negative control, using 
Student’s t test at P <0.05. Similar results were obtained in more than five repetitions of the 
experiment. Previously published as Fig 3 A,B,C and D in Bagchi et al., 2012.  
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2.5 Comparison of Nitrate Uptake in Oocytes Expressing MtNIP/LATD versus AtNRT1.1(CHL1). 

MtNIP/LATD cDNA was also cloned into the pOO2/GW vector, kindly provided by Dr. 

John Ward at University Minnesota. pOO2/GW has a phage SP6 phage promoter and a X. laevis 

oocyte 5’ and 3’ untranslated betaglobin sequences flanking the position of the gene to be 

transcribed. It also has attR1 and attR2 sites to facilitate homologous recombination using gateway 

technology (Life tech, Grand island, New York) (Fig 2.4a). pOO2/GW encodes a long poly A tail; 

the longer polyA tail is better for the stability of the transcribed RNA once injected into the oocyte. 

All these above features were thought to promote higher stability of the transcribed mRNA in X. 

laevis oocyte. AtNRT1.1(CHL1), expressing a highly characterized dual affinity nitrate transporter, 

was cloned into the same pOO2/GW vector, as a positive control.  

AtNRT1.1(CHL1) and MtNIP/LATD cDNA were cloned downstream of the SP6 

bacteriophage promoter and the recombinant plasmids are diagrammed in Fig 2.4b. 

AtNRT1.1(CHL1) and MtNIP/LATD RNA were then transcribed in vitro and fifty ng RNA was 

microinjected into X. laevis oocytes, with water-injected oocytes serving as control, and incubated 

in ND96 solution. At 2-3 days after injection, the oocytes were placed in ND96 solution containing 

250 µM and 5 mM nitrate, at pH 5.5 for 2 hr. The oocytes were then washed to remove external 

nitrate, lysed, and the lysate was assayed for nitrate that has been transported inside. The results 

demonstrated that nitrate uptake in MtNIP/LATD injected oocytes were comparable to 

AtNRT1.1(CHL1) RNA injected oocytes when the oocytes were incubated in the low 250 µM 

nitrate concentration. However, at the higher nitrate concentration of 5 mM nitrate, the nitrate 

taken up by AtNRT1.1(CHL1) RNA injected oocytes is much higher than that of  MtNIP/LATD 

RNA injected oocytes. This result, shown in Fig 2.4c, is consistent with the observation that 

AtNRT1.1(CHL1) is a dual affinity nitrate transporter and can transport nitrate with different 

 39 



affinities at both low and high concentration of nitrate (Liu et al., 2003). In contrast, the data in this 

experiment demonstrates that MtNIP/LATD is solely a high affinity nitrate transporter. 

  

 

 

 
Figure 2.4a & b Vector Map of pOO2/GW and pOO2/GW Containing MtNIP/LATD cDNA 
and AtNRT1.1(CHL1)  cDNA. 
Above, a) Vector diagram of pOO2/GW. 
Below, b) Vector (pOO2-nipc) & pOO2nrt1.1c showing the presence of NIP/LATD and 
AtNRT1.1(CHL1) downstream of the SP-6 promoter.  
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Fig 2.4c Nitrate Uptake in X. laevis Oocytes Expressing MtNIP/LATD and AtNRT1.1(CHL1) 
 Oocytes were microinjected with MtNIP/LATD mRNA (black bars), AtNRT1.1(CHL1)  mRNA 
(horizontally striped bars) or water as a negative control (gray bars), incubated for 2 days, then 
placed in media containing 250 μM or 5 mM NO3

- at pH 5.5. The oocytes were rinsed, lysed and 
assayed for NO3

- uptake. Panel A, 250 μM NO3
- Panel B, 5 mM NO3

- Data is shown for one 
biological replicate ± standard deviation; n = 5 batches of 4-6 oocytes per batch. Asterisks mark 
NO3

- uptake significantly different from the negative control, using Student’s t-test at p < 0.05. 
Similar results were obtained in two repetitions of the experiment. Previously published as Fig S1 
in Bagchi et al., 2012.  
 

 

2.6 Kinetics of Nitrate Uptake: 

Experiments using two different nitrate concentrations of 250 μM and 5 mM suggested that 

MtNIP/LATD was a high affinity nitrate transporter because the nitrate taken up at the higher 

concentration of 5 mM did not increase significantly compared to that taken up at lower 

concentration of 250 μM nitrate. In order to define the ability of MtNIP/LATD as a nitrate 

transporter, we measured uptake at a range of concentration from very low to very high 

concentration in a given time. X. laevis oocytes were injected with fifty ng MtNIP/LATD RNA or 
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water as control and incubated for 3 hrs in media containing 50 μM to 10 mM nitrate and the 

amount of nitrate taken up was measured as described previously. The results (Fig 2.5, above) 

showed that at lower nitrate concentrations, the nitrate taken up increased with an increase of 

concentration. With further increase of concentration the nitrate taken up reaches a plateau. In 

order to calculate the Km for the transport, net nitrate uptake at individual nitrate concentration was 

calculated by subtracting nitrate taken up by control oocytes from nitrate taken up in MtNIP/LATD 

RNA injected oocytes. These values were incorporated into Hanes-Woolf plot which was used to 

determine the Km. The Km was found to be 160 μM (Fig 2.5).  
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Figure 2.5 Kinetics of Nitrate Uptake 
Above Michaelis-Menten plot of oocyte NO3

- uptake. MtNIP/LATD injected oocytes (squares) or 
water-injected oocytes (circles) as control were incubated for 3 h in 50 μM to 10 mM NO3

- in 
batches of five and assayed for NO3

-uptake. Results for two biological replicates are indicated by 
the black and gray symbols, with error bars showing SD. All NO3

- uptake was significantly 
different from the negative control, using Student’s t test at P <0.05, except for that at 50 μM. 
Below Hanes-Woolf plot of averaged NO3

- uptake data, in MtNIP/LATD injected oocytes 
substracted from water-injected oocytes. These data were used to calculate the Km of 160 μM. 
Previously published as Fig 3 E and F in Bagchi et al., 2012.  
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2.7 Localization of MtNIP/LATD Protein in X. laevis Oocytes. 

MtNIP/LATD promoter-GUS (M. Salehin, Ph.D thesis) and MtNIP/LATD promoter-GFP 

have demonstrated the expression of the MtNIP/LATD gene in primary, lateral root and nodule 

meristems (Yendrek et al., 2010; M. Salehin, Ph.D thesis) and the root and nodule vasculature (M. 

Salehin, Ph.D thesis). Localization studies of the MtNIP/LATD protein in M. truncatula have 

shown it to be membrane bound (M. Salehin, Ph.D thesis). In addition to localization of 

MtNIP/LATD in planta, we were interested its localization in X. laevis oocyes. Because the 

MtNIP/LATD expressing oocytes were able to transport nitrate (Fig 2.2-2.5), we predicted that 

MtNIP/LATD protein would localize to the X. laevis oocyte plasma membrane. This was tested by 

MtNIP/LATD-GFP fusion construct in X. laevis oocytes and then examining the oocytes for GFP 

localization. The same oocytes were also tested for nitrate transport, thus linking localization to 

function of MtNIP/LATD.MtNIP/LATD protein localization studies in oocytes were performed in 

collaboration with M. Salehin. In order to localize MtNIP/LATD protein in X. laevis, the 

MtNIP/LATD-7A-eGFP (MtNIP/LATD cDNA fused to DNA encoding seven alanine residue fused 

to GFP) cassette was amplified out of pMS212, (a translational expression vector containing 

AtEF1α MtNIP/LATD-7A-eGFP, made by M. Salehin) and cloned into the pOO2/GW vector 

downstream of  the SP6 promoter (Fig 2.6a) and RNA was transcribed. Fifty ng of MtNIP/LATD-

7A-GFP RNA was injected into the X. laevis oocytes. After 2-3 days, oocytes injected with 

MtNIP/LATD-7A-GFP mRNA were screened for green fluorescence under an epifluorescence 

microscope using the GFP filter (Fig 2.6b). They were further stained with FM-464, a dye that 

binds to the membrane, and examined under a red filter. Fluorescence of GFP and FM-464 were 

found to co-localize. This is consistent with the MtNIP/LATD protein localization to the 

membrane in the X. laevis oocytes expressing the recombinant MtNIP/LATD protein. The green 
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fluorescing oocytes were hand picked and studied for nitrate uptake along with AtNRT1.1(CHL1) 

and MtNIP/LATD expressing oocytes. Nitrate uptake was checked at pH 5.5 at 250 µM external 

nitrate concentration. The result (Fig 2.6c) shows that the recombinant MtNIP/LATD-GFP 

expressing oocytes took up nitrate, although with a lower efficiency than the MtNIP/LATD 

expressing oocytes . This demonstrates that the recombinant construct was functional in X. laevis 

system, and thus MtNIP/LATD-7A-GFP construct encoded a functional product. 
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Figure 2.6 a & b Localization Study of MtNIP/LATD-GFP in Oocytes 
Above, a) Vector map of MtNIP/LATD-7A-GFP-pOO2/GW. MtNIP/LATD cDNA was fused to 
GFP using a linker coding for seven alanine. The MtNIP/LATD-7A-GFP cloned into a 
pCAMBIA2301 based binary vector (Cambia, Canberra, Australia) was shown to complement 
Mtnip-1 mutant plants. 
Below, b) MtNIP/LATD-7A-GFP RNA injected oocyte system showing green fluorescence under 
an epifluorescence microscope using GFP filter. Oocytes stained with FM-464 localizes to the 
membrane as seen under red filter. Colocalization data demonstrates that green and red 
fluorescence colocalizes with each other (100 μm scale bar). 
 

NIP/latd-eGFP FM4-64 

MERGED 

7A 
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Figure 2.6 c Nitrate Uptake Study in X. laevis Oocytes 
Oocytes were microinjected with MtNIP/LATD RNA (red and blue bars), AtNRT1.1(CHL1) 
mRNA (purple bar), MtNIP/LATD-7A-GFP mRNA (green bar) or water (yellow bar) as a negative 
control, incubated for 2 days, then placed in media containing 250 μM NO3

- at pH 5.5. The oocytes 
were rinsed, lysed and assayed for NO3

- uptake. Similar results were obtained in two repetitions of 
the experiment. Asterisks mark NO3

- uptake significantly different from the negative control, using 
Student’s t-test at p < 0.05. 
 

 

2.8 Nitrate Transport Study in X. laevis Oocytes Expressing Mutant Mtnip/latd Proteins 

Three characterized alleles of MtNIP/LATD are known. Mtnip/latd mutants have 

pleiotropic deficiencies in root architecture and symbiotic nitrogen-fixing root nodule development 

(Veereshlingam et al., 2004; Bright et al., 2005; Teillet et al., 2008). The Mtlatd mutant, which has 

a stop codon (W341STOP) in the middle of the predicted MtNIP/LATD protein (Yendrek et al., 

2010), exhibits the most severe phenotype. Mtlatd mutant lateral roots (LRs) initiate growth, but do 

not elongate further. Mtlatd primary roots look normal after germination, but slowly stop growing. 

Both LRs and primary roots show an abnormal root tip (Bright et al., 2005).  Mtnip-1 plants are 
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less severely defective than Mtlatd plants.  However they, like the Mtlatd mutant, display defective 

root architecture and develop nodule bumps lacking meristems.  A close look at Mtnip-1 mutant 

nodule sections show that they contains abnormal proliferative infection threads from which 

rhizobia fail to release (Veereshlingam et al., 2004 ). Mtnip-1 contains a missense (A497V) 

mutation in one of MtNIP/LATD predicted transmembrane domains (Yendrek et al., 2010). The 

least severe allele, Mtnip-3, has a missense E171K mutation in a cytosolic domain (Yendrek et al., 

2010).  It has nearly normal root architecture and forms nodules with rhizobia released from 

infection thread. These nodules fix approximately 6% of the nitrogen that wild type does (Teillet et 

al., 2008).  

In order to determine if the mutant proteins of these alleles had defects in nitrate transport, 

the mutant gene cDNAs were cloned into the expression vector pcDNA3.1 (Fig 2.7a) and mutant 

RNA were transcribed in vitro. The mutant RNA was microinjected into X. laevis, with wild type 

MtNIP/LATD RNA injected oocytes serving as positive control and water injected oocytes serving 

as negative control. Both RNA injected and water injected oocytes were incubated in ND96 

solution (Huang et al., 1999). Two to three days after injection, the oocytes were placed in ND96 

solution containing 250 µM and 5 mM nitrate, at pH 5.5 or pH 7.4, for 2 or 4 hrs. The oocytes 

were then washed, as described previously, to remove external nitrate, lysed, and the lysate was 

assayed for nitrate that has been transported inside. The result (Fig 2.7b) demonstrated that mutant 

proteins Mtnip-1 and Mtlatd are unable to transport external nitrate at pH of 5.5. However, the 

least defective Mtnip-3 mutant protein transports nitrate at both low and high nitrate concentration. 

This was unexpected because Mtnip-3 has a phenotype (Teillet et al., 2008). Mtnip-3 has defective 

root architecture and Fix+/- nodules (Teillet et al., 2008). The result of Mtnip-3 protein being as 
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proficient as wildtype MtNIP/LATD protein at transporting nitrate opens the possibility that 

MtNIP/LATD has another function, one that is defective in Mtnip-3 protein.  

  

 

 
Figure 2.7a Vector Map of pcDNA3.1- and pcDNA3.1- Containing MtNIP/LATD cDNA and 
the Mutant cDNA Cloned in the Same Way. 
Vectors pcDNA3.1-nipc, pcDNA3.1-nip-1, pcDNA3.1-latd and pcDNA3.1-nip-3, showing the 
presence of NIP/LATD or the mutant versions downstream of the T-7 promoter. 
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 Fig 2.7 b. Nitrate Uptake in X. laevis Oocytes Expressing MtNIP/LATD or Mutant 
Mtnip/latd mRNAs.  
 
Oocytes were microinjected with MtNIP/LATD mRNA, mutant mRNA, or water as a negative 
control, incubated for 3 d, and then placed for the indicated times in medium containing 5 mM or 
250 μM nitrate, at pH 5.5, and assayed for nitrate uptake. A, Treatment with 5 mM nitrate. B, 
Treatment with 250 μM nitrate. C, Treatment with 5 mM nitrate. Oocytes expressing wild-type 
(WT) MtNIP/LATD (black bars), Mtnip-1 (dark gray bars), Mtnip-3 (horizontally striped bars), 
Mtlatd (hatched bars), or water as a negative control (gray bars) are shown. Data are shown for one 
biological replicate ± SD (n = 3–5 batches of 4–6 oocytes per batch). Asterisks mark nitrate uptake 
that is significantly different from the negative control, using Student’s t test at P <0.05. Similar 
results were obtained in more than three repetitions of the experiment. Previously published as Fig 
4 in Bagchi et al., 2012 
 

 

2.9 Functional Characterization of MtNIP/LATD’s Nitrate Transport in A. thaliana System 

In addition to measuring nitrate transport in X. laevis oocytes, it was important to see if see 

if MtNIP/LATD is capable of transporting nitrate in any other system. The strategy we chose was 

to determine if MtNIP/LATD could complement an Arabidopsis mutant that had major defects in 

nitrate transport. The Arabidopsis mutant selected was Atchl1-5, defective in AtNRT1.1(CHL1) 

gene encoding a major nitrate transporter The Arabidopsis Atchl1-5 mutant was isolated on the 

basis of its resistance to the herbicide chlorate (Doddema et al., 1978). It was found that this 
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mutant has a 11Kb deletion in its genome which includes AtNRT1.1(CHL1) gene (Munos et al., 

2004). AtNRT1.1(CHL1) codes for a dual affinity nitrate transporter (Liu et al., 1999). A construct 

containing MtNIP/LATD cDNA under the control of the constitutive Arabidopsis EF1α promoter 

(pAtEF1α -MtNIP/LATD) was able to rescue the chlorate sensitivity of Atchl1-5 mutants indicating 

that MtNIP/LATD is likely to be transporting nitrate in the Arabidopsis Atchl1-5 background 

(Salehin et al., 2013). To examine how MtNIP/LATD transports nitrate in planta, two 

independently transformed Atchl1-5 lines constitutively expressing MtNIP/LATD were grown in 

media containing 5 mM ammonium succinate as the nitrogen source, and then transferred to 2 ml 

liquid media containing nitrate at concentrations ranging from 50 μM to 5 mM. In every case, the 

amount of nitrate taken up by the plants were calculated by measuring the amount of nitrate 

depleted from the media. The two Atchl1-5:MtNIP/LATD lines were compared to wild type Col-0, 

Atchl1-5 and Atchl1-5 constitutively expressing AtNRT1.1(CHL1) grown under same conditions.  

The results (Fig 2.8a) showed that MtNIP/LATD complements Atchl1-5 for nitrate transport at low 

nitrate concentrations and becomes saturable, also at low concentrations.  In order to determine the 

kinetic values for nitrate uptake of MtNIP/LATD in planta, the values of uptake at each 

concentration of nitrate in Atchl1-5 were subtracted from values obtained for Atchl1-

5:MtNIP/LATD plants. These data were plotted on a Hanes –Woolf plot and the Km was calculated. 

The apparent Km was determined to be 113 μM (Fig 2.8b). This value agrees favorably with that 

found in X. laevis oocytes, a Km of 160 μM. This data shows that MtNIP/LATD protein functions 

as a high affinity nitrate transporter in planta as well as in X. laevis oocytes. 
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Figure 2.8 a Nitrate Uptakes in Arabidopsis Atch1-5 Plants Transformed with MtNIP/LATD 
and Native AtNRT1.1(CHL1) Gene. 
Atch1-5 mutant plants were transformed with MtNIP/LATD and native AtNRT1.1 
gene.Transformed plants were suspended in media containing the indicated nitrate concentration 
for one hour and nitrate depletion from the media was analyzed. Arabidopsis chl1-5 plants 
expressing MtNIP/LATD are complemented for high affinity nitrate transport.   
 
 

  

Figure 2.8 b Hanes Woolf Plot of Net Nitrate Uptake by Atchl1-5/MtNIP/LATD Plants Hanes 
Woolf plot of net nitrate uptake by Atchl1-5/MtNIP/LATD plants were calculated by subtracting 
uptake in non-transformed Atchl1-5 plants. Two lines of transformed plants were tested with one 
represented as circles and other by squares. Each time point represent three biological replicates 
which were averaged and plotted. The Km was determined to be 113 μM. 
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2.10 Expression MtNIP/LATD in Wild Type Arabidopsis Col-0 

Arabidopsis Atchl1-5 mutant lines constitutively expressing MtNIP/LATD were generated 

in order to investigate its biochemical functions in planta (Section 2.9;) (Bagchi et al., 2012; 

Salehin et al., 2013). Unexpectedly it was observed that the Atchl1-5 mutants constitutively 

expressing MtNIP/LATD were larger than non-transformed plants and also larger than control 

Atchl1-5 plants constitutively expressing AtNRT1.1(CHL1) (M. Salehin Ph.D thesis).  To see if the 

phenomenon of enhanced growth following constitutive MtNIP/LATD expression also occurred in 

wild-type Arabidopsis plants, wild type Col-0 plants were transformed with the previously 

described construct containing MtNIP/LATD downstream of Arabidopsis EF1α promoter (Section 

2.9;). Two independently transformed lines expressing MtNIP/LATD were generated. These plants 

were found to grow larger than wild-type Col-0 plants. This led us to hypothesize that perhaps the 

Col-0 plants constitutively expressing MtNIP/LATD were larger because they had higher nitrate 

uptake. 

To assess whether the larger phenotype in the Col-0 lines constitutively expressing 

MtNIP/LATD was caused by higher uptake of nitrate. Two independently transformed lines of Col-

0 expressing MtNIP/LATD were grown in media containing 5 mM ammonium succinate as the 

nitrogen source and then transferred to 2 ml liquid media containing nitrate at concentrations 

ranging from 50 μM to 5 mM for 1 hr. This was compared to wild type Col-0 grown under similar 

conditions. The rate of nitrate uptake was calculated by measuring nitrate depletion from the media 

over 1 hr time period and then normalized to the total fresh weight of the root. The result is shown 

in Fig 2.9. It was observed that nitrate uptake per gram root tissue of the two independent Col 0 

lines expressing MtNIP/LATD were similar to the non transformed Col-0 plants under all 

concentrations of nitrate.  
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Figure 2.9 Nitrate Uptakes in Arabidopsis Col-0 plants transformed with MtNIP/LATD. 
Nitrate uptake in Arabidopsis plants transformed with MtNIP/LATD. Plants were suspended in 
media containing the indicated nitrate concentration for one hour and nitrate depletion was 
analyzed. Constitutive MtNIP/LATD expression had no effect on nitrate uptake in wild-type Col-0 
plants, calculated on per gram root weight basis.  
 

 

2.11 Comparison of Biomass of Arabidopsis Col-0 Plants Expressing MtNIP/LATD    

As previously noted, it was observed that the Atchl1-5 mutants constitutively expressing 

MtNIP/LATD were larger than non-transformed control plants. To determine if this growth effect 

was correlated with the high-affinity nitrate transport, wild-type Arabidopsis plants expressing 

MtNIP/LATD were generated. Both Col-0 and Col-0 expressing MtNIP/LATD plants were grown 

and growth was investigated on defined media on petri dishes, in which the nitrate concentration 

was varied.  Col-0 expressing MtNIP/LATD versus Col-0 were germinated on nitrate-rich media 

and transferred after two days to basal media supplemented with 0, 0.1, 1.0 or 10 mM KNO3, with 

growth on KCl serving as control for the salt effects.  Growth parameters were measured at 11 

days post germination (dpg). Total weight of Col-0 plants expressing MtNIP/LATD was found to 

be more than twice as large as control Col-0 plants in 0.1 mM and 1 mM KNO3 (Fig 2.10a). Col-0 

plants expressing MtNIP/LATD were larger than Col-0 plants also at 10 mM KNO3, although at 
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this concentration of nitrate, the differences were smaller than those observed at lower nitrate 

concentrations.  Shoot (rosette) and root weights were individually measured at the different nitrate 

concentrations (Fig 2.10b & c). It was found that although shoots were more massive in the Col-0 

expressing MtNIP/LATD plants compared to control Col-0, in all three nitrate conditions tested, 

roots were significantly larger in the Col-0 plants expressing MtNIP/LATD at 0.1 mM and 1.0 mM 

KNO3 conditions, and not at 10 mM KNO3.  It is also interesting to note that in the control plants 

grown on KCl as controls, the Col-0 plants expressing MtNIP/LATD had somewhat larger roots. 

Primary and lateral root length was measured and found to significantly larger in Col-0 expressing 

MtNIP/LATD compared to Col-0 at low nitrate concentration of 0.1 mM. The difference was less 

significant at the higher nitrate concentration (Fig 2.10d). Lateral root number was also found to be 

significantly different at the low 0.1 mM and 1.0 mM concentrations of nitrate but not at the 10 

mM nitrate concentration (Fig 2.10e). 

Arabidopsis thaliana Col-0 plants expressing MtNIP/LATD have a higher biomass than the 

Col-0 plants. It is also reported that the rate to nitrate uptake per unit root mass is same in Col-0 

plants expressing MtNIP/LATD and Col-0 plants. However the net nitrate taken up per plant on an 

average is higher in Col-0 plants expressing MtNIP/LATD due to their more robust biomass. Hence 

the bigger size could be an effect of increased nitrate taken up by the plant. 
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Fig 2.10 a, b and c Total Plant, Rosette and Root Weights Show Increased Mass of Both 
Rosettes and Roots in Col-0 Plants Expressing MtNPF1.7, Especially at Lower Nitrate 
Concentrations.   
Plants were germinated on half MS media and transferred after 2 days to basal media containing no  
nitrogen source except for that indicated for an additional 9 days. Fresh weights of Col-0 (white 
bars) and Col-0 expressing MtNPF1.7 (gray bars) were averaged and reported plus/minus their 
standard deviations.  n = 5.  Independently replicated experiments gave similar results. 
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Fig 2.10 d Total Plant, Primary and Lateral and Root Length Show Increased Length in Col-
0 Plants Expressing MtNPF1.7, Especially at Lower Nitrate Concentrations.   
Plants were germinated on half MS media and transferred after 2 days to basal media containing no 
nitrogen source except for that indicated for an additional 9 days. Length of Col-0 (black bars) and 
Col-0 expressing MtNPF1.7 (gray bars) were averaged and reported plus/minus their standard 
deviations.  n = 5.  Independently replicated experiments gave similar results.        
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Fig 2.10 e Total Plant, Lateral Root Number and Density Show Increased Length in Col-0 
Plants Expressing MtNPF1.7.  
Plants were germinated on half MS media and transferred after 2 days to basal media containing no 
nitrogen source except for that indicated for an additional 9 days. Length of Col-0 (black bars) and 
Col-0 expressing MtNPF1.7 (gray bars) were averaged and reported plus/minus their standard 
deviations.  n = 5.  Independently replicated experiments gave 
 

 

2.12 Conclusion 

MtNIP/LATD protein is a high affinity nitrate transporter and transport activity partially 

correlates with root architecture development. Evidence for this came from two complementary 

experimental approaches. When MtNIP/LATD is expressed in the heterologous X. laevis oocyte 

system, it enables the oocytes to transport nitrate in a pH-dependent manner from outside in, 
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demonstrating that MtNIP/LATD is a proton coupled nitrate transporter. Kinetics experiments 

established that MtNIP/LATD is a high affinity nitrate transporter. In a parallel approach, nitrate 

uptake was also demonstrated in Atchl1-5 lines constitutively expressing MtNIP/LATD. The nitrate 

uptake defect in Atchl1-5 plants containing a deletion spanning the AtNRT1.1(CHL1) gene (Muños 

et al., 2004) was complemented by expression of MtNIP/LATD at low concentration but not high 

concentration of nitrate. Both approaches support the model that the MtNIP/LATD transporter 

transports nitrate from outside to inside cells. The expression of functional MtNIP/LATD-GFP in 

X. laevis oocytes confirmed plasma membrane localization of MtNIP/LATD in oocytes. It was also 

observed that constitutive expression of MtNIP/LATD in Arabidopsis Atchl1-5 (Bagchi et al., 2012; 

Salehin et al., 2013) and Arabidopsis Col-0 wild type plants results in their enhanced growth. The 

enhanced growth phenotype could be due to increased nitrate transport.  The MtNIP/LATD CE 

plants take up nitrate at the same rate as the control Col-0 lines. However, due to their higher 

biomass they end up taking more nitrate from the external media. Hence higher uptake of nitrate 

from the media per plant may lead to observed growth phenotype. 
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CHAPTER 3 

†∗Xenopus laevis ASSAYS FOR UPTAKE OF SECOND SUBSTRATE* 

3.1 Introduction 

Nitrate uptake experiments in the Xenopus laevis oocyte system demonstrated that the 

protein encoded by MtNIP/LATD is a high affinity nitrate transporter. It also demonstrated the 

proteins encoded by the more severe alleles Mtlatd and Mtnip-1 did not transport nitrate. However 

the protein encoded by the weakest allele, Mtnip-3, transported nitrate at rates that were 

indistinguishable from wild type MtNIP/LATD protein. Mtnip-3, the weak allele, has much more 

normal lateral roots. Mtnip-3 plants for form Fix+/-nodules while Mtlatd and Mtnip-1 have 

severely defective Fix- nodules (Veereshlingam et al., 2004; Bright et al., 2005; Teillet et al., 

2008). These nodules have 6% of the nitrogen fixation activity measured by ARA (acetylene 

reduction assay) assay but still accumulate polyphenolics as seen in the more severe mutant 

nodules (Teillet et al., 2008; Yendrek et al., 2010). Several NRT1/PTR genes that transport nitrate 

also transport other substrates. AtNRT1.1(CHL1) can transport auxin beside nitrate (Krouk et al., 

2010). AtNRT1.2 can transport abscisic acid as well as nitrate (Kanno et al., 2012). AtNRT1.7 and 

AtNRT1.9 are low affinity nitrate transporters which can also transport glucosinolates (Nour-Eldin 

et al., 2012). 

Thus it was postulated that MtNIP/LATD could transport another substrate. In order to test 

that hypothesis, we tried other substrates. Substrates chosen were histidine, abscisic acid (ABA) 

and indole acetic acid (IAA). 

 

∗ Section  3.2 is reproduced from Bagchi, R., Salehin, M., Adeyemo, O.S., Salazar, C., Shulaev, V., Sherrier, D.J. 
and Dickstein, R. (2012) Functional assessment of the Medicago truncatula NIP/LATD protein demonstrates 
that it is a high-affinity nitrate transporter. Plant Physiol 160, 906–916, with permission from the American 
Society of Plant Biologists. 
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3.2 Can MtNIP/LATD Transport Histidine in X. laevis System? 

Histidine was chosen as a potential substrate for the reason that MtNIP/LATD belongs to 

the family of nitrate and peptide transporter (NRT1/PTR) family of transporters. Some of the di- 

and tri- peptide transporters like AtPTR1 and AtPTR2 have observed to transport histidine 

(Yamashita et al, 1997). Thus we tried histidine.  

In vitro transcribed MtNIP/LATD RNA, or water as a control, was injected into collagenase 

treated X. laevis oocytes, which were then incubated in ND96 solution for 2-4 days. Following 

that, the MtNIP/LATD injected oocytes and water injected control oocytes were incubated in ND96 

solution containing 1 mM uniformly 13C-labeled His (Cambridge Isotope, Tewksbury, MA). After 

incubation, oocytes were washed five times with the same medium containing 10 mM unlabeled 

His (Sigma-Aldrich, St. Louis, MO). Batches of eight oocytes were lysed in 100 mL of water, 

centrifuged at 13,500g for 20 min and the supernatant was lyophilized to 15 mL. It was then 

analyzed using ultra performance liquid chromatography electrosprayionization-tandem mass 

spectrometry (UPLC-ESI-MS/MS) in collaboration with Dr. Vladimir Shulaev and Dr. Carolina 

Salazar (Bagchi et al., 2012). The results, shown in Table 3.1, demonstrate that MtNIP/LATD does 

not transport histidine.  

 

Table 3.1. Histidine Detection Assay 
For each replicate, eight MtNIP/LATD RNA or water injected oocytes were incubated with 
uniformly labeled 13C-histidine. Oocytes were lysed and supernatants from lysed oocytes were 
derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. Histidine was quantified 
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using ultra performance liquid chromatography electrospray ionization-tandem mass spectrometry. 
Previously published as supplemental Table 1 in Bagchi et al., 2012 

 
Fig 3.1. ABA Detection Assay 
MtNIP/LATD RNA or water injected oocytes were incubated with 1μM tritiated ABA for 1 hour. 
Oocytes were lysed and amount of radioactivity incorporated per oocyte was analyzed for ABA 
using Beckman scintillation counter. No significant difference was seen in the MtNIP/LATD RNA 
injected oocytes from the negative control, using Student’s t test at P <0.05.  
 

 

3.3 Can MtNIP/LATD Transport ABA in X. laevis System? 

AtNRT1.2, another low affinity nitrate transporter of the NRT1/PTR family transports 

ABA in addition to nitrate (Kanno et al., 2012). In Medicago truncatula, ABA was shown to 

promote the activation of lateral root meristems. Further it was demonstrated that application of 

ABA rescued lateral root  development in the Mtlatd mutant, the most severe of the Mtnip/latd 

mutants (Liang et al., 2007). Thus, a reasonable hypotheses is that MtNIP/LATD could be an ABA 

transporter. In order to test that hypothesis, X. laevis oocytes injected with MtNIP/LATD RNA or 

water were incubated in a solution containing 1μM [3H] ABA (950 nM of unlabeled ABA; Sigma 

Aldrich and 50 nM labeled ABA; Perkin Elmer) for 1 hour in ND96 solution (pH 5.6). They were 

then washed five times in 50 ml of ice-cold ND96 solution, pH 7.4 containing 10 mM unlabeled 
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ABA to remove the external H3 labeledABA and the net incorporated radioactivity was analyzed. 

The results are shown in Fig 3.1. They demonstrate that MtNIP/LATD expressing oocytes do not 

take up ABA in the conditions tested. 

 

3.4 IAA Transport Assay for MtNIP/LATD Expressing Oocytes. 

The plant hormone auxin has emerged as a central regulator of lateral root development 

(Fukaki et al., 2007). It also plays a very important role in nodule development. Auxin levels were 

shown to be high in legume nodules as early 1936 (Thimann 1936) and optimum levels of auxin 

promote nodulation (Mathesius et al., 1998). Mtnip/latd mutants are defective in both nodule and 

lateral root development. AtNRT1.1(CHL1), a member of the NRT1/PTR family, characterized as 

a dual affinity nitrate transporter, was also shown to transport auxin from outside in (Kouk et al., 

2010).  AtNRT1.1(CHL1) has been shown to complement the lateral root defect but not the nodule 

defect of Mtnip-1 mutant (Bagchi et al., 2012). Atchl1-5 mutant lines transformed with 

MtNIP/LATD are complemented for their root defective phenotype (Ying Sheng Huang 

unpublished data). All these observations led us to postulate that the MtNIP/LATD protein might 

be able to influx auxin. In order to test this, X. laevis oocytes injected with of MtNIP/LATD RNA 

or water were incubated in a solution containing 1μM [3H] ABA (900 nM of unlabeled IAA; 

Sigma Aldrich and 100 nM labeled IAA; Perkin Elmer) for 15 minutes in ND96 solution (pH 5.5). 

They were then washed five times in 50 ml of ice cold ND96 solution, pH 7.4, containing 10 mM 

unlabeled IAA to remove the external 3H labeled IAA and the net incorporated radio-labeled was 

quantified. The results are shown in Fig 3.2. It was observed that the retained radioactivity in 

MtNIP/LATD RNA injected oocytes was significantly lower than that in water injected control 

oocytes. The auxin uptake experiment was performed at a pH of 5.5, which is fairly acidic. At this 
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pH, auxin is able to diffuse into the oocytes. This is because it has a pKa of 4.8 and at low pH, a 

significant portion of the IAA is not charged. Once inside, auxin is subjected to a pH of 7.4 and is 

becomes 100% charged. Hence it requires a functional transporter to efflux the auxin out of the 

system. Thus this data strongly suggest that MtNIP/LATD protein encodes a auxin efflux carrier. 

 
Fig 3.2. IAA Detection Assay 
MtNIP/LATD RNA or water injected oocytes were incubated with 1μM H3 labeled IAA for 15 
minutes. Oocytes were lysed and amount of radioactivity incorporated per oocyte was analyzed for 
ABA using Beckman scintillation counter. Asterisks mark auxin measurement that is significantly 
different from the negative control, using Student’s t test at P <0.05. Similar results were obtained 
in more than three repetitions of the experiment. 
 

 

3.5 Conclusion 

The above results suggest MtNIP/LATD can efflux auxin. However MtNIP/LATD fails to 

transport ABA and histidine under the above conditions tested. Since MtNIP/LATD can also influx 

nitrate, it could mean that the transport of auxin is regulated by nitrate or vice versa. In plants 

MtNIP/LATD could function as an auxin efflux carrier from one cell to another. 
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 CHAPTER 4 

NITROGEN SENSING FOR MtNIP/LATD 

4.1 Introduction 

In vivo assay results from the Xenopus laevis oocyte system and in planta assay results in 

Arabidopsis chl1-5 plants demonstrate that MtNIP/LATD encodes a proton coupled nitrate 

transporter (Chapter 2). We showed that protein encoded by Mtnip-1 mutant is defective for nitrate 

transport. It is known that bioavailable N in relative high concentration suppresses nodulation and 

inhibits N2 fixation in mature nodules (Streeter 1988). When Mtnip-1 mutant plants inoculated with 

Sinorhizobium meliloti were cultivated either in the presence of 1 mM and 10 mM KNO3 or 5 mM 

NH4NO3, suppression of nodulation was observed similar to wild type A17 nodules (Bagchi et al., 

2012) thus demonstrating that nitrate mediated repression of nodulation was intact in the mutant. 

Nitrate is not only a form of plant nutrient but it also a signaling molecule (Forde et al, 2002).  In 

Arabidopsis, growth of plants in different nitrate concentrations is known to affect root architecture 

(Zhang and Forde., 2000; Linkohr et al., 2002).  

 

4.2 Comparison of Chlorate Responsiveness between Wild Type A17 M. truncatula and Mtnip-1 
and Mtnip-3 Mutants 
 

Chlorate is an herbicide and defoliant (Humburg et al., 1989; Stimmann and Ferguson, 

1990). Its mode of action is that it is a nitrate analog that can be taken up by plants and then 

reduced by nitrate reductase to chlorite, which is toxic to the plants (Doddema et al., 1978, Aberg 

et al., 1947). In A. thaliana, the Atchl1-5 mutant that is defective in nitrate transport was isolated 

based on its resistance to chlorate (Tsay et al., 1993). We hypothesized that if MtNIP/LATD was a 

major nitrate transporter, then the wild type A17 plants would be more susceptible to chlorate than 

the mutant Mtnip/latd. A construct containing MtNIP/LATD cDNA under the control of the 
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constitutive Arabidopsis EF1α promoter (pAtEF1α -MtNIP/LATD) was able to rescue the chlorate 

sensitivity of Atchl1-5 mutants indicating that MtNIP/LATD was able to transport nitrate in 

Arabidopsis background (Salehin et al., 2013).   

If MtNIP/LATD was a major nitrate transporter in M. truncatula, one would expect 

Mtnip/latd mutants to be chlorate resistant similar to Atchl1-5 mutant in Arabidopsis. In order to 

test this experimentally, wild type A17 and mutant Mtnip-1 and Mtnip-3 germinated seedlings 

were grown in a media buffered nodulation media (BNM) with and without 2 mM Ammonium 

succinate. After 7 days, the seedlings were exposed to 2.5 mM nitrate overnight followed by 1 mM 

chlorate the next day. The rationale is that the pulse of nitrate is perceived by the plants, activating 

different nitrate transporters and other genes like nitrate reductase (NR) and nitrite reductase (NiR). 

The activated nitrate transporters are able to transport chlorate. Once the chlorate is inside the 

plant, the activated NR converts chlorate into chlorite, which is toxic. The plants were then grown 

in media containing 2.5 mM of nitrate until the signs of chlorosis appeared. When the plants were 

grown in the absence of any external nitrogen source, A17, Mtnip-1 and Mtnip-3 showed similar 

sensitivity to chlorate (Fig 4.1a). All the leaves showed signs of chlorosis. In order to quantify the 

chlorosis in terms of total chlorophyll content (i,e., Chlorophyll-a + Chlorophyll-b), chlorophyll 

was extracted and measured (Lichtenthaler, 1987). The result is shown in Fig 4.1b. 

The net chlorophyll content of Mtnip-1 was found to be lower than that of both of A17 and 

Mtnip-3. This is consistent with the phenotype of Mtnip-1 as a more severe allele than Mtnip-3 

compared to wild type. Mtnip-1 shows signs of nitrate deprivation. We also observed that the 

average chlorophyll content of chlorate treated plant was reduced to less than 50%. Most of the 

plants were severely stressed and dying. When the plants were grown in the presence of 

ammonium succinate before the nitrate pulse followed by chlorate, A17 and Mtnip-3 showed less 
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sensitivity to chlorate. However the sensitivity of Mtnip-1 to chlorate is comparable to when it is 

grown in the absence of nitrate. In other words, Mtnip-1 shows higher chlorotic response (Fig 4.2 

a). The chlorophyll content of chlorate treated A17 and Mtnip-3 was about 80% and 85% of the 

untreated control plants. However the chlorophyll content of Mtnip-1 was less than 40 % of the 

untreated Mtnip-1 control plants (Fig 4.2b). One possibility consistent with the observation is that 

Mtnip-1 has a defect in sensing the nitrogen provided as ammonium succinate. Alternatively 

Mtnip-1 may not be able to take up ammonium as the nitrogen source. This data also demonstrate 

that MtNIP/LATD in Medicago is not the functional equivalent of AtNRT1.1(CHL1) in 

Arabidopsis. 
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Figure 4.1 a) A17, Mtnip-1 and Mtnip-3 are Susceptible to Chlorate When Grown in the 
Absence of N Source.  
A17, Mtnip-3 and Mtnip-1 plants were treated with chlorate, a NO3

2- analog that can be converted 
to toxic chlorite after uptake, as described by Tsay et al., (1993). A and B, A17 plants without and 
with chlorate. C and D, Mtnip-3 plants without and with chlorate. E and F, Mtnip-1 plants without 
and with chlorate. 
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Figure 4.1 b) Chlorophyll Content of Chlorate-Treated Medicago truncatula Plant.  
Plants were grown in buffered nodulation media (BNM) for a week and then transferred to BNM 
medium containing 2.5 mM NO3

- over night followed by BNM media containing 1 mM chlorate. 
Next day the plants were transferred into BNM media containing 2.5 mM NO3

- and fresh media 
was added every day. Plants were grown till signs of chlorosis were visible. A fixed amount of 
plant leaf tissue was taken and chlorophyll content measured by the method described in 
(Lichtenthaler, 1987). The genotypes of the M. truncatula plants are shown on the X- axis. 
                                

              A17            A17 + chlorate      Mtnip-1    Mtnip-1 + chlorate        Mtnip-3   Mtnip-3 + chlorate 
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Figure 4.2 a) Mtnip-1 but not A17 and Mtnip-3 are Susceptible to Chlorate when Grown in 
the Presence of Ammonium Succinate.  
A17, Mtnip-1 and Mtnip-3 plants grown in Ammonium succinate were treated with chlorate, A and 
B, A17 plants without and with chlorate. C and D, Mtnip-3 plants without and with chlorate. E and 
F, Mtnip-1 plants without and with chlorate. 
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Fig 4.2 b) Chlorophyll Content of Chlorate-Treated Medicago truncatula Plant.  
Plants were grown in buffered nodulation media (BNM) replenished with 2.5 mM ammonium 
succinate for a week and then transferred to BNM medium containing 2.5 mM NO3

- over night 
followed by BNM media containing 1 mM chlorate. Next day the plants were transferred into 
BNM media containing 2.5 mM NO3

- and fresh media was added every day. Plants were grown till 
signs of chlorosis were visible. A fixed amount of plant leaf tissue was taken and chlorophyll 
content measured by the method described in (Lichtenthaler, 1987). The genotypes of the M. 
truncatula plants are shown on the X- axis. 
 

 

4.3 Chlorate Responsiveness of Plants Growing in Different Sources of N. 

In order to understand the difference in chlorate responsiveness of Mtnip-1 mutants as 

compared to Mtnip-3 and wild type, and how it relates to the total nitrogen status, plants were 

grown in different sources of N before they were transferred to chlorate media. A17, Mtnip-1 and 

Mtnip-3 plants were grown in BNM containing 2.5 mM ammonium succinate, 2.5 mM ammonium 

chloride and 2.5 mM glutamine as the nitrogen source or on no nitrogen media for 7 days before 

being transferred to 2.5 mM nitrate media for overnight incubation. Following that, they are 

transferred to BNM media containing 1 mM chlorate overnight. Next, the plants were grown in 

                      A17             A17 + chlorate        Mtnip-1    Mtnip-1 + chlorate        Mtnip-3      Mtnip-3 + 
chlorate 
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media containing 2.5 mM nitrate for five to six days until the signs of chlorosis appeared. The 

result is shown in Fig 4.3. Each panel consists a representative plants grown in different conditions. 

In the case of A17 (Fig 4.3 a and b) and Mtnip-3 (Fig 4.3 c and d) plants, when grown initially in 

ammonium and glutamine, the plants are not as sensitive to chlorate as those grown without a 

nitrogen source. However Mtnip-1 was just as sensitive to chlorate when it was grown in 

ammonium or glutamine as when grown in absence of nitrogen.  

Chlorophyll content was used as a measure of chlorosis. The final chlorophyll content of 

plants in the presence of ammonium succinate and glutamine is 72% and 69% in A17, 68% and 

52% in case of Mtnip-3. The final chlorophyll content in the case of Mtnip-1 (Fig 4.3 e and f) 

averages 30%. When grown without a nitrogen source, the final chlorophyll content was almost 

same in case of A17 (28%), the mutant Mtnip-1 (24%) and in the Mtnip-3 (22%) lines. It was also 

observed that plants grown in the presence ammonium chloride as the ammonium source offered 

lower protection against chlorate when compared to ammonium succinate. The final chlorophyll 

content in case of A17 and Mtnip-3 was 52% and 44%. However this was higher than Mtnip-1 

(25%).   

The above experimental results suggest that Mtnip-1 has a defect in sensing the nitrogen 

provided as ammonium or glutamine. We postulate that this is the reason that it is just as sensitive 

to chlorate when grown with or without any nitrogen source. However it is also possible that 

Mtnip-1 may not be able to take up the provided nitrogen from sources as ammonium and 

glutamine and this nitrogen starvation is not experienced by wild type A17 and Mtnip-3 mutant 

plants.  
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Fig 4.3 a Chlorophyll Content of Chlorate-Treated Medicago truncatula A17 Plants. 
a) A17 were grown in buffered nodulation media (BNM) replenished with 2.5 mM ammonium 
succinate, ammonium chloride glutamine or no nitrate for a week and then transferred to BNM 
medium containing 2.5 mM NO3

- over night followed by BNM media containing 1 mM chlorate. 
Next day the plants were transferred into BNM media containing 2.5 mM NO3

- and fresh media 
was added every day. Plants were grown till signs of chlorosis were visible (size bar 1cm).  
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Fig 4.3 b Chlorophyll Content of Chlorate-Treated Medicago truncatula A17 Plants. 
A fixed amount of plant leaf tissue was taken and chlorophyll content measured by the method 
described in (Lichtenthaler, 1987). The genotypes of the M. truncatula plants and corresponding 
treatment are shown on the X- axis. 
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Fig 4.3 c Chlorophyll Content of Chlorate-Treated Medicago truncatula Mtnip-3 Plants. 
Mtnip-3 were grown in buffered nodulation media (BNM) replenished with 2.5 mM ammonium 
succinate, ammonium chloride glutamine or no nitrate for a week and then transferred to BNM 
medium containing 2.5 mM NO3

- over night followed by BNM media containing 1 mM chlorate. 
Next day the plants were transferred into BNM media containing 2.5 mM NO3

- and fresh media 
was added every day. Plants were grown till signs of chlorosis were visible (size bar 1cm).  
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Fig 4.3 d Chlorophyll Content of Chlorate-Treated Medicago truncatula Mtnip-3 Plants. 
A fixed amount of plant leaf tissue was taken and chlorophyll content measured by the method 
described in (Lichtenthaler, 1987). The genotypes of the M. truncatula plants and corresponding 
treatment are shown on the X- axis 
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Fig 4.3 e Chlorophyll Content of Chlorate-Treated Medicago truncatula Mtnip-1 Plants. 
 Mtnip-1 were grown in buffered nodulation media (BNM) replenished with 2.5 mM ammonium 
succinate, ammonium chloride glutamine or no nitrate for a week and then transferred to BNM 
medium containing 2.5 mM NO3

- over night followed by BNM media containing 1 mM chlorate. 
Next day the plants were transferred into BNM media containing 2.5 mM NO3

- and fresh media 
was added every day. Plants were grown till signs of chlorosis were visible.  
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Fig 4.3 f Chlorophyll Content of Chlorate-Treated Medicago truncatula Mtnip-1 Plants. 
 A fixed amount of plant leaf tissue was taken and chlorophyll content measured by the method 
described in (Lichtenthaler, 1987). The genotypes of the M. truncatula plants and corresponding 
treatment are shown on the X- axis 
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CHAPTER 5  

DISCUSSION 

There are several major findings reported in this thesis. One major finding of this work is 

that MtNIP/LATD protein is a membrane expressed nitrate transporter, and transport activity 

partially correlated with root architecture development. Evidence for the MtNIP/LATD nitrate 

transport came from two complementary experimental approaches. When MtNIP/LATD was 

expressed in the heterologous X. laevis oocyte system, it enabled the oocytes to transport nitrate in 

a pH-dependent manner from outside in, demonstrating that MtNIP/LATD is a proton coupled 

nitrate transporter. In a parallel experiment nitrate uptake was also demonstrated in Atchl1-5 lines 

constitutively expressing MtNIP/LATD. The nitrate uptake defect in Atchl1-5 plants containing a 

deletion spanning the major nitrate transporter AtNRT1.1(CHL1) gene (Munos et al., 2004) was 

complemented by expression of MtNIP/LATD. Both approaches showed that MtNIP/LATD 

transporter transported nitrate from outside to inside cells in case of X. laevis oocyte and from 

outside to inside the plant in case of A. thaliana Atchl1-5 mutant plants. In X. laevis, MtNIP/LATD 

was demonstrated to be plasma membrane localized when fused with GFP. GFP fluorescence was 

detected on the plasma membrane, which co-localized with FM464 a membrane binding dye. 

These GFP tagged oocytes were also demonstrated to be competent for nitrate uptake.  

When MtNIP/LATD expressing heterologous X. laevis oocytes were exposed to nitrate at 

250 μM and 5 mM, the nitrate taken up at the lower concentration was only slightly less than the 

uptake at high concentration (Fig 2.2d, 2.3c and 2.4c). An increase of concentration by twenty-fold 

did not increase the uptake by the same proportion. Further, the nitrate taken up at the low pH of 

5.5 was higher at all concentrations than that taken up at pH 7.4. These two pieces of evidence 

together demonstrated that MtNIP/LATD was a proton-driven high affinity nitrate transporter 
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similar to other nitrate transporters in the NRT1/PTR family (Tsay et al., 1993). X laevis 

transformed with a different expression vector containing MtNIP/LATD resulted in a similar 

outcome. In all cases the oocytes expressing MtNIP/LATD transported nitrate in a proton-coupled 

manner, while controls did not. In order to ascertain kinetic parameter of MtNIP/LATD mediated 

nitrate transport, MtNIP/LATD expressing oocytes were exposed to nitrate of concentrations 

ranging from 50 μM to 10 mM. Nitrate taken up at lower concentrations increased proportionally 

with an increase of concentration. However, the nitrate taken up did plateau at higher 

concentrations of nitrate. When the Km was calculated, it was found to be 160 μM (Fig 2.5). This 

value confirms that MtNIP/LATD is a high affinity nitrate transporter (HATS). It was interesting 

to note that this concentration of nitrate (160 μM) does not inhibit nodulation in M. truncatula. (Fei 

and Vasse, 2009) 

The evidence that the MtNIP/LATD-GFP protein is expressed in the plasma membrane of 

the X. laevis oocyte (Fig 2.6b) supports that conclusion that MtNIP/LATD is a transporter that 

moves nitrate across the plasma membrane. Independent experiments done by M. Salehin in M. 

truncatula transgenic roots expressing MtNIP/LATD-GFP fusion demonstrated that the protein is 

membrane localized (M. Salehin, Ph.D thesis). 

In order to determine if nitrate uptake by MtNIP/LATD was limited to oocytes or nitrate 

transport could be replicated in other systems, Atchl1-5 mutant lines constitutively expressing 

MtNIP/LATD were tested. The transformed plants were exposed to different nitrate concentrations 

ranging from 50 μM to 5 mM. The results show that MtNIP/LATD transports nitrate in planta with 

an apparent Km of 113 μM (Fig 2.8), which is in good agreement with the Km of 160 μM found by 

expression in oocytes expressing MtNIP/LATD.  
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The phenotype of Mtnip mutant plants was examined after the plants were grown in 

different concentrations of nitrate. LR lengths of Mtnip-1 and Mtnip-3 versus wild type A17 plants 

grown in 0 mM, 250 μM, or 5 mM nitrate were examined. I found that the LR length phenotype 

was rescued for Mtnip-3 and partially rescued for Mtnip-1 at the high concentration of 5 mM 

nitrate but not at the low concentration of 250 μM nitrate (Fig 2.1). This suggests that the 

biological function of MtNIP/LATD is more important at the low concentration than at the higher 

concentration of nitrate. However, the effect of salt concentrations on root architecture was not 

taken into account. The salt concentration could have the affected levels of ABA leading to 

changes in LR lengths (Liang and Harris, 2005; Liang et al., 2007). 

A second major finding of this thesis is that the proteins encoded by different Mtnip/latd 

alleles differ in their ability to transport nitrate (Fig 2.7b). X. laevis oocytes expressing mutant 

proteins were examined for nitrate uptake. The result showed that the protein encoded by the 

weakest allele, Mtnip-3, transported nitrate indistinguishably from the wild type MtNIP/LATD, 

while the proteins encoded by the two more severe alleles, Mtnip-1 and Mtlatd, did not. The Mtnip-

3 mutant forms nodules which are Fix+/- and accumulate polyphenolics. The mutant Mtnip-3 plant 

also has defects in root architecture. Its primary root length (Teillet et al., 2008; Yendrek et al., 

2010) and lateral root length are shorter than wild type. Thus, there could be a correlation between 

the phenotype and MtNIP/LATD’ s ability to transport nitrate. Mtnip-3, which has an intact ability 

to transport nitrate is a less severe mutant forming nodules that have retained 6% ability to fix 

nitrate (Teillet et al., 2008). The more severe alleles like Mtnip-1 and Mtlatd code for proteins that 

fail to transport nitrate, also form nonfunctional nodules that fail to fix nitrogen. However, even 

though nitrate transport by Mtnip-3 protein is indistinguishable from the nitrate transport by wild 
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type MtNIP/LATD proteins, Mtnip-3 is a mutant with a root and nodule phenotype. This suggests 

that MtNIP/LATD may have another function besides nitrate transport. 

Because the MtNIP/LATD protein is a nitrate transporter one might expect Mtnip/latd 

mutants to exhibit defects in nitrate uptake. In order to address this possibility plants were screened 

by growing on the herbicide chlorate. Chlorate mimics the structure of nitrate. Hence it is 

transported by nitrate transporters into wild-type plants (Tsay et al., 1993). Once chlorate is inside 

plants, nitrate reductase converts chlorate to toxic chlorite, which kills the plant. MtNIP/LATD’s 

nitrate transport function was independently confirmed by experiments where the Atchl1-5 lines 

expressing MtNIP/LATD were subjected to chlorate. Atchl1-5 mutant, which had the deletion in 

functional AtNRT1.1(CHL1) gene (Munos et al., 2004) was rescued for chlorate susceptibility 

while the wild type Col-0 plants died in the presence of chlorate (Bagchi et al., 2012; Salehin et al., 

2013). Wild-type MtNIP/LATD was found to restore chlorate susceptibility to Atchl1-5 plants, 

while the strong Mtnip-1 allele was not.  However, the weaker allele Mtnip-3 was also found to 

restore chlorate susceptibility (Bagchi et al., 2012; Salehin et al., 2013).  

By extending the same idea, it might be expected that wild type A17 plants and Mtnip-3, 

which have a functional MtNIP/LATD transporter would be susceptible to chlorate while Mtnip-1 

with the mutant protein should be resistant to chlorate. However this was not what was observed, 

which showed that MtNIP/LATD protein is not the functional equivalent of AtNRT1.1(CHL1) 

protein. When wild type A17 and the mutant Mtnip/latd plants were grown in the no nitrogen 

media for 7 days and then transferred to a medium containing 1 mM chlorate, both A17 and the 

mutant plants were susceptible to chlorate to the same extent (Figure 4.1).  This finding is 

consistent with an experiment done by a colleague, M. Salehin. When nitrate uptake from media 

by Mtnip-1 and Mtnip-3 mutants and control wild type M. truncatula was analyzed under same 
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conditions no difference was observed between the plants at both low (250 μM) and high nitrate (5 

mM) concentration (Bagchi et al., 2012). This indicates that MtNIP/LATD is not a rate-limiting 

transporter for nitrate uptake into plant tissue. MtNIP/LATD expression is observed in primary and 

LR tips (Yendrek et al., 2010; M. Salehin, Ph.D thesis) and the vasculature. (M. Salehin, Ph.D 

thesis). If the primary biological role of MtNIP/LATD is to transport nitrate, then it may constitute 

only a small portion of nitrate transport in M. truncatula roots. It is also possible that 

MtNIP/LATD functions in re-distributing nitrate within the plant. Another possibility is that in 

Mtnip/latd mutants, the plant compensates by up-regulating the activity of another transporter. 

Another finding of this work relates to MtNIP/LATD’s possible function as a sensor. It was 

speculated that MtNIP/LATD may be a nitrate transceptor or sensor (Harris and Dickstein, 2010; 

Yendrek et al., 2010; Gojon et al., 2011). If it is a nitrate transceptor or sensor, we predict that it 

may be responsible for high affinity nitrate sensing. This is because it is a high affinity transporter 

and because the root architecture phenotypes of Mtnip-1 and Mtnip-3 are partially rescued by high, 

but not low, nitrate concentrations (Bagchi et al., 2012). In order to determine if the N status of the 

plant has an effect on the nitrate transport activity of the MtNIP/LATD protein, A17 wild-type, and 

the mutant lines were grown on different sources of N along with plants grown on no nitrogen 

source and then subjected to chlorate screening. It was found both A17 and Mtnip-3 plants grown 

for 7 days in the presence of ammonium succinate or glutamine were not very susceptible to 

chlorate. However Mtnip-1 was not (Fig 4.2). One explanation possible is that in A17 wild-type an 

intact MtNIP/LATD transceptor could sense a high N status of the plant. When the N status of the 

plant is high, and no more nitrogen is required, nitrate transporters fail to be activated when the 

plants are placed in 2.5 mM nitrate for one day prior to being placed in chlorate containing media. 

Since the sensing is intact in wild-type A17 and partially intact in the mutant Mtnip-3, they were 
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less susceptible to chlorate. Mtnip-1, on the other hand, is just as susceptible to chlorate regardless 

to whether it had been grown on ammonium succinate, glutamine or no nitrogen source. We 

postulated that Mtnip-1 has defective sensing and fails to sense the high N status and thus 

activating nitrate transporters when activated by nitrate, allowing chlorate to enter the plants. 

Ammonium or a derived metabolite could serve as signal molecules in plants. This idea came from 

studies on the regulation of ammonium transport. It has been shown that N starvation induced 

ammonium uptake in chlorella and wheat (Glass and Siddiqi, 1995). Ammonium and its 

assimilation products (Glu/Gln) have each been implicated as negative regulators of nitrate and 

ammonium uptake in plants (Daniel-Vedele et al., 1998; Forde and Clarkson, 1999). Treatment 

with ammonia has been shown to down regulate genes encoding ammonia transporters like AMT1 

(Wiren et al., 2000). It was shown that glutamine (Gln), a product of ammonium assimilation, may 

affect the repression of AMT1-mediated ammonium transport in Arabidopsis roots (Rawat et al., 

1999) thus acting as a signal molecule. N-assimilation products like Gln or Glu might act as signals 

whose levels are sensed as an indicator for a high internal N status. The Mtnip-1 mutant responded 

differently to nitrate/chlorate when grown in presence of ammonium succinate. A similar 

phenomenon was observed when the plants were grown in the presence of a different N source like 

glutamine. Plants were grown in the presence of Gln for seven days and then subjected to chlorate 

screening. The results showed the A17 and Mtnip-3 plants were rescued from chlorate toxicity but 

Mtnip-1 was not (Fig 4.3). However, the results also showed that the chlorate susceptibility was 

much higher when the plants were grown in the presence of ammonium chloride.  

However, it is puzzling that the plants respond differently to the two sources of ammonium: 

ammonium chloride and ammonium succinate. One explanation for this phenomenon could be that 

MtNIP/LATD protein is a sensor of the total C:N status of the plant and not just N. Ammonium 
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succinate forms two ionic species in solution, ammonium (NH4
+) and succinate (-OOCH2CH2COO-

).  Both ammonium succinate and glutamine provide C moieties as well as N. Both N and C 

metabolism are tightly linked in biochemical pathways in the plant. It has been observed that C 

metabolites regulate genes involved in N acquisition and metabolism. Studies on nitrate reductase 

and nitrite reductase showed that their expression levels were affected by glucose and sucrose 

levels (Crawford, 1995; Daniel-Vedele et al., 1998). Those observations were also supported by 

experiments that showed sugars induced the nitrate reductase (NR) transcript level in dark-adapted, 

green Arabidopsis seedlings (Cheng et al., 1992). It was also reported that C and N sources may 

have antagonistic relationships as signaling molecules. Induction of NR activity and NR mRNA 

levels in the presence of light could be mimicked by C metabolites. It was also seen that N-

metabolites caused repression of NR induction in tobacco (Vincentz et al., 1993). Despite the fact 

that C:N status of the plant has been shown to regulate a number of N-metabolic genes (Stitt,1999), 

the mechanistic basis for this regulation is unknown. I suggest the possibility that MtNIP/LATD 

may play a role in this process in M. truncatula. 

When provided at high concentration, nitrate inhibits nodulation. However, low 

concentrations of nitrate promotes nodulation. (Streeter, 1988; Fei and Vessey, 2009). The results 

in this thesis indicate for the first time that a defective nitrate transporter has a role in nodule 

development. The MtNIP/LATD promoter was demonstrated to be active in primary root and 

lateral root meristems and surrounding tissue. (Yendrek et al., 2010) It is possible that the 

MtNIP/LATD transporter could supply N in the form of nitrate required for active call division 

thus possibly facilitating the transition from primordium to meristem by these nascent lateral root 

organs. 
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MtNIP/LATD could transport N in the form of low concentration of nitrate to dividing 

cells in the legume host in preparation for bacterial invasion. It could also supply N to the bacterial 

cells during early nodulation, and also to differentiated nodule cells present in zones I and II, where 

MtNIP/LATD’ s promoter is active (Yendreket al., 2010).  

Alternately, nitrate transported by MtNIP/LATD could be a precursor to the signaling 

molecule nitric oxide (NO), which is required early in nodulation and LR development. NO is 

present in M. truncatula in infection threads and nodule primordia that do not contain rhizobia (del 

Giudice et al., 2011). So MtNIP/LATD nitrate transport could play a role in a postulated NO3
--NO 

respiration pathway in nodules (Horchani et al., 2011; Meilhoc et al., 2011). One way to verify this 

hypothesis is to see if absence of any nitrate inhibits nodulation. In the experimental set ups done 

on aeroponic chambers where no nitrate is supplied, trace amounts of nitrate in the micro molar 

range present as contaminants in nutrient media and glassware could support nodulation. 

MtNIP/LATD could have a role in the transport of nitrate from nitrate stored in seeds or other N-

rich components within the plant to the dividing nodule cells. However, Mtnip-3, which has intact 

nitrate transport, still has abnormal nodules (Teillet et al., 2008) indicating that this hypothesis that 

MtNIP/LATD transport as essential for nodulation may be an over simplification. 

Another finding in the thesis is MtNIP/LATD’s growth phenotype upon its constitutive 

expression in Arabidopsis. It was observed that constitutive expression of MtNIP/LATD in 

Arabidopsis Col-0 (Fig 2.10) and Atchl1-5 (Bagchi et al., 2012; Salehin et al., 2013) results in an 

enhanced growth phenotype. The enhanced growth is characterized by plant rosettes with larger 

leaves (Fig 2.10), more leaves, and earlier flowering (M. Salehin, Ph.D thesis) suggesting that the 

Arabidopsis plants constitutively expressing MtNIP/LATD (MtNIP/LATD CE) are developmentally 

advanced compared to control wild-type Col-0 plants. Both rosettes and roots were found to be 
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larger in MtNIP/LATD CE plants as compared to Col-0 (Fig 2.10).  We noted that the 

MtNIP/LATD CE plants roots were slightly, but significantly, larger than controls even in plants 

that were treated with the KCl (as a control for salt) and grown in absence of nitrate (Fig 2.10). 

One hypothesis for the observed growth phenotype is that MtNIP/LATD plants have 

increased nitrate transport. In experiments done independently by M. Salehin and Ying Sheng 

Huang, they were able to show that Atchl1-5 plants expressing the Mtnip-3 mutant gene had higher 

biomass, which was comparable to that found in the MtNIP/LATD CE line. However the Atchl1-5 

line expressing Mtnip-1 in its background did not show any significant increase of biomass. So it 

was hypothesized that the mechanism causing enhanced growth of MtNIP/LATD CE and Mtnip-3 

plants was due to increased high-affinity nitrate transport. The results in this thesis show that the  

high-affinity nitrate transport activity of MtNIP/LATD protein is also intact in the Mtnip-3 mutant 

protein but not Mtnip-1 mutant protein in X. laevis system (Bagchi et al., 2012). It has already been 

demonstrated in the MtNIP/LATD CE lines in the Atchl1-5 genetic background transport nitrate 

with a Km of 113 μM. To verify further MtNIP/LATD CE lines in Col-0 background were 

subjected to different concentration of nitrate and found that MtNIP/LATDCE plants showed no 

increased nitrate transport compared to wild-type Col-0 (Fig 2.9). It was evident from the 

phenotype that Arabidopsis thaliana Col-0 plants expressing MtNIP/LATD had a higher biomass 

than the Col-0 plants. So, in spite of having a similar rate of nitrate uptake, Col-0 plants expressing 

MtNIP/LATD take up more nitrate that the wild-type Col-0 plants. Hence the bigger size could be 

an effect of increased nitrate transport into by the plant. 

MtNIP/LATD may have another function besides nitrate transport and the absence of this 

other function could be responsible for some of the Mtnip/latd mutants’ phenotypes. It is possible 

that MtNIP/LATD protein transports more than one substrate. Potential metabolites include 
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sucrose, glucosinolates or dicarboxylates. MtNIP/LATD could transport hormones like that 

observed for other NRT1/PTR member proteins (Krouk et al., 2010; Kanno et al., 2012). The 

substrates tested in this work were histidine, ABA and IAA. Histidine was chosen for the reason 

that MtNIP/LATD belonged to the NRT/PTR family of nitrate and peptide transporters. Some of 

the di- and tri- peptide transporters like AtPTR1 and AtPTR2 have been shown to transport 

histidine (Yamashita et al., 1997). In M. truncatula, ABA was shown to promote the activation of 

lateral root meristems. Further it was demonstrated that application of ABA rescued lateral root 

number in Mtnip/latd mutant (Liang et al., 2007).  So one of the hypotheses was that 

MtNIP/LATD was an histidine or ABA transporter. When MtNIP/LATD RNA injected oocytes 

were exposed to histidine or ABA, their uptake were no different than the water injected control 

oocytes (Table 3.1 anf Fig 3.1). Hence MtNIP/LATD protein did not transport histidine of ABA 

under the conditions tested. 

Auxin plays a very important role in nodule development. Its levels were shown to be high 

in legume nodules as early 1936 (Thimann 1936). Optimum levels of auxin promote nodulation 

(Mathesius et al., 1998). Mtnip-1 is defective in both nodule and lateral root development. 

AtNRT1.1(CHL1) which was demonstrated to be a auxin influx carrier (Krouk et al., 2010) has 

been shown to complement the lateral root defect of Mtnip-1 mutant (Bagchi et al., 2012). The 

Atchl1-5 mutant lines transformed with MtNIP/LATD are complemented for their defective root 

phenotype. So we hypothesized that MtNIP/LATD protein can influx auxin. Surprisingly, the 

experimental results, under the conditions tested showed that oocytes expressing MtNIP/LATD 

protein could efflux auxin. Yendrek et al., (2010) demonstrated that MtNIP/LATD mRNA levels at 

the root tip are down regulated when auxin is added externally (Yendrik et al., 2010). Hence it is 

possible that MtNIP/LATD is an intermediary in auxin distribution and regulation.  
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In conclusion, the major findings of this research are as follows, 

1. X. laevis oocytes expressing MtNIP/LATD transport nitrate transport. This transport 

starts to reach saturation at 250 μM nitrate indicating MtNIP/LATD is a high affinity 

nitrate transporter. 

2. The transport of nitrate is higher in a lower pH of 5.5 than at a pH of 7.4. This indicates 

that MtNIP/LATD protein is a pH driven high affinity nitrate transporter. 

3. The Km of nitrate uptake by NIP/LATD protein in X. laevis oocyte system is 160 μM. 

This concentration of nitrate is below the concentration of nitrate that inhibits nitrate 

transport.  

4. MtNIP/LATD protein is localized to the plasma membrane in the X. laevis oocytes. 

This was shown by GFP fluorescence from the expressed MtNIP/LATD-GFP construct, 

which was visible in the plasma membrane. The recombinant construct was functional 

in X. laevis system because MtNIP/LATD-GFP expressing oocytes were functional for 

nitrate uptake. 

5. The mutant proteins Mtnip-1 and Mtlatd are unable to transport external nitrate at pH of 

5.5. However, the least defective Mtnip-3 mutant protein transports nitrate at both low 

and high nitrate concentration.  

6. MtNIP/LATD CE lines complement Atchl1-5 for nitrate transport at low external nitrate 

concentrations and becomes saturable, also at low concentrations. 

7. The Km of nitrate uptake by MtNIP/LATD protein in the Arabidopsis Atchl1-5 

background is 113 μM. This agrees favourably with the values in X. laevis system. 

8. MtNIP/LATD CE lines in the Col-0 background has the same rate of nitrate uptake as 

the  wild type Arabidopsis plants when compared on a per gram fresh weight basis. 
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However, because the MtNIP/LATD CE lines are larger than the wild type, 

MtNIP/LATD CE plants take up more nitrate per plant than wild type. 

9. The total weight, root weight, rosette weight, primary and lateral root length, lateral 

root number and lateral root density is significantly higher in MtNIP/LATD CE lines in 

the  Arabidopsis Col-0 background in comparison to the WT Col-0 lines when grown 

in low concentrations of nitrate. This difference disappears with increase of external 

nitrate concentration. 

10. The lateral root defect of Mtnip-3 was almost fully rescued and partially rescued in case 

of Mtnip-1 when the plants were grown in high KNO3
 concentration. This defect is 

either not recued in Mtnip-1 or partially rescued in Mtnip-3 at a low KNO3
 

concentration of 250 μM. These data were consistent with an MtNIP/LATD protein 

function in high-affinity, low-concentration nitrate response. 

11. Experimental evidence suggest MtNIP/LATD protein is a sensor of the total C:N status 

of the plant although other possible explanations cannot be ruled out. This potential 

regulation is defective in the Mtnip-1 lines. 

12. X. laevis oocytes injected with MtNIP/LATD RNA oocytes transport IAA but fail to 

transport ABA or histidine. 
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CHAPTER 6 

MATERIALS AND METHOD 

6.1 Plant Material and Growth Conditions. 

Wild type A17, Mtnip-1 and MtNIP/LATD-CE seedpods were ground to remove the seeds. 

They were scarified in concentrated sulfuric acid for 5- 6 minutes, rinsed 5 times in autoclaved 

water, surface sterilized in commercial bleach for 2 maximum minutes, and rinsed 6 times in 

autoclaved water.  The seeds were then placed on a shaker and rinsed with autoclaved water every 

30 minutes for 4-6 hours to imbibe them with water. Seeds were plated on 100 mm x 15 mm round 

petri dishes, then inverted and placed in the dark at 4 ºC for 2 days for vernalization. 

In case of Arabidopsis, seeds are taken in centrifuge tubes and labeled. They are then put in 

a desiccator jar containing 100ml of bleach and 3ml HCl in a 250ml beaker and left for 4hours. 

The seeds are then sterilized by chlorine vapors. After vapor treatment, seeds were plated on petri 

dishes containing half MS media with 0.5 % sucrose and 0.5% agar.  Seeds were cold-treated at 4 

ºC for 3 days and then transferred to growth rooms.   

 

6.2 Vector Cloning 

Frozen plant material from Medicago truncatula A17, Mtnip-1, Mtlatd/nip-2 and Mtnip-3 

plants were ground in liquid nitrogen using mortar and pestle and immediately transferred to a 

microcentrifuge tube. RNA was extracted using Ambion Plant RNA kit (catalog no 

CAT12183018A). RNA was treated with Ambion Turbo DNase to remove genomic DNA 

contamination (AM2238) and checked for DNA contamination through PCR. RNA was then 

cleaned and concentrated. Two μg of total RNA was reverse transcribed into first strand cDNA 

using Invitrogen SuperScriptIII kit. Then two μL of the above was taken in a PCR mix and a 1776-
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bp product was amplified using gene specific primer sets, Nipc-exp1F (engineered with BamH1 

restriction site) and Nipc-exp1R (engineered with BamH1 restriction site) or NipcDNANhe_F 

(engineered with Nhe1 restriction site) and Nipc-exp1F (engineered with BamH1 restriction site). 

The PCR program used was either  

1. Denaturation at 95OC for 5 min followed by 30 cycles of 95OC for 30 sec, 60OC for 30 

sec, and 72OC for 50 sec using EX taq DNA polymerase provided by Takara (catalog 

no RP001A). 

2. Denaturation at 98OC for 30 sec followed by 30 cycles of 98OC for 10 sec, 60OC for 30 

sec, and 72OC for 50 sec using Phusion DNA polymerase provided by New England 

Biolabs (catalog no MO535S). 

The final products were then cleaned and restriction digested with BamH1 or BamH1 and Nhe1 for 

2 hours. They were then cleaned using Wizard plus SV minipreps from promega (catalog no 

A1460). The resulting 1,776-bp cDNAs (amplified using Nipc-exp1F and Nipc-exp1R) was cloned 

into Bgl1 site of vector pSP64T (Krieg and Melton, 1984) and cDNAs (amplified using 

NipcDNANhe_F and Nipc-exp1R) was cloned into Nhe1 and BamH1 digested pcDNA3.1 

(Invitrogen). Clones were then selected and sequenced. The clones were names as pSP64T-Nipc 

and pcDNA3.1-NipC. The plasmids containing the mutants were pcDNA3.1-nip-1, pcDNA3.1-

nip-3 and pcDNA3.1-latd. pSP64T is a mammalian expression vector. It has a phage RNA 

polymerase SP6 whose sequence is GATTTAGGTGACACTATAGAAGNG. This also has 

Xenopus laevis oocyte 5’ and 3’ untranslated betaglobin sequences required to enhance efficiency 

of translation of synthetic mRNA. pcDNA3.1 is another mammalian expression vector with a 

phage RNA polymerase T7 promoter whose sequence is GATTTAGGTGACACTATAG. It also 

has a BGH (Bovine growth hormone) polyadenylation signal for efficient termination of signal. 

 92 



1776-bp product amplified using gene specific primer sets, Nipc-exp1F and Nipc-exp1R or 

NipcDNANhe_F and Nipc-exp1F was cloned into pCR8/GW/TOPO (invitrogen). Clones were 

then selected and sequenced for the right orientation. MtNIP/LATDc DNA was finally cloned into 

gateway destination vector pOO2/GW (gift from Dr. John Ward) through LR recombination. The 

plasmid was named pOO2-Nipc. pOO2/GW has a phage SP6 phage promoter and a Xenopus 

laevis oocyte 5’ and 3’ untranslated betaglobin sequences flanking the cDNA. It also has a poly A 

tail. 

Arabidopsis plant leaves were ground in liquid nitrogen and RNA was extracted as above. 

Two μg of total RNA was reverse transcribed into first strand cDNA using Invitrogen 

SuperScriptIII kit. 2 μL of the above was taken in a PCR mix and a 1776-bp product was amplified 

using gene specific primer sets, Chl1_F (engineered with Nco1 restriction site) and Chl1_R 

(engineered with BstEII restriction site). 1773-bp was cloned into pCR8/GW/TOPO (invitrogen). 

Clones were then selected and sequenced for the right orientation. AtNRT1.1(CHL1) DNA was 

finally cloned into gateway destination vector pOO2/GW (gift from Dr. John Ward) through LR 

recombination. The clone was named pOO2-NRT1.1. 

 

6.3 In vitro Transcription of RNA. 

All above pcDNA3.1 based vectors were linearized using restriction enzyme PvuI. pOO2 

based vectors were linearized using MluI. The linearized product was then run on a gel, purified 

and concentrated to a final concentration of 200 ng to 1μg of DNA. mMESSAGE mMACHINE 

invitro RNA transcription kit with T7 (cat No AM1344) or SP6 RNA polymerase cocktail (cat No 

AM1340) was used to transcribe MtNIP/LATD RNA or AtNRT1.1(CHL1) RNA in-vitro. RNA 

concentration was ascertained using Nanodrop 2000 (Thermofisher). 
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6.4 Xenopus laevis Oocyte Preparation 

Ovarian tissue was removed from the frog surgically after euthanizing it and immediately 

transfered to a falcon containing solution Barth's solution (88 mM Nacl, 2.4 mM NaHCO3, 0.33 

mM Ca(NO3)2 4H2O, 0.41 mM CaCl2 2H2O, 0.82 MgSO4 7H2O, 1 mM KCl and 5 mM HEPES , 

pH 7.4) (Tsay et al., 1993) without Ca2+ (88 mM Nacl, 2.4 mM NaHCO3, 0.82 MgSO4 7H2O, 1 

mM KCl and 5 mM HEPES , pH 7.4) (Tsay et al., 1993) Isolated oocytes are enveloped in a tough 

follicle cell layer called collagen. The oocytes are the treated with a Barth’s solution without 

calcium containing 1mg/ml collagense obtained from sigma for one half hour. If all the oocytes are 

isolated, they are washed five times with Barth’s solution and five times with ND96 solution to 

remove remaining collagenase. Individual oocytes are then transferred to a 96 well plate and 

incubated overnight in an ND96 (93.5 mM NaCl, 1.8 mM CaCl2 2H2O, 2 mM MgCl2 6H2O, 2 mM 

KCl and 5 mM HEPES, pH 7.4) (Huang et al., 1999) solution containing 50mg/ml Gentamycin. 

 

6.5 Xenopus laevis Injection, Incubation and Assay 

Individual oocytes were injected with 50 ng of RNA using a micromanipulator 

(Picospritzer III Parker precision sluidics; Hollis,NH). Control oocytes were either un-injected or 

water injected. Injected oocytes were then taken and incubated at 16-18oC in ND96 solution with 

gentamycin for two to four days. Then, they were assayed for nitrate and auxin.  

  

6.6 Nitrate and Histidine Uptake Assay 

For NO3
- uptake, oocytes were incubated in a solution containing 230 mM mannitol, 15 

mM CaCl2, and 10 mM HEPES (pH 7.4), containing various nitrate concentrations at pH 5.5 or 

7.4, at 16°C for the indicated times. After incubation for different times, ranging from one half 
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hour to six hours in different experiments, oocytes were washed five times with an ice cold 

solution containing 230 mM mannitol, 15 mM CaCl2, and 10 mM HEPES.  Batches of four to six 

oocytes were then taken, lysed in 40 μL of water, centrifuged at 13,500 g for 20 min, and the 

supernatant was analyzed for nitrate content. 10 μL of cell lysate supernatant was taken and 

assayed for NO3
 using the Cayman (no. 780001) NO3

- / nitrate assay kit following the 

manufacturer’s instructions.  

For Histidine uptake, oocytes were incubated in ND96 medium, pH 5.5, at 25°C containing 

1 mM uniformly 13C-labeled His (Cambridge Isotope). After incubation, oocytes were washed five 

times with the same medium containing 10 mM unlabeled His (Sigma-Aldrich). Batches of eight 

oocytes were lysed in hundred mL of water, centrifuged at 13,500 g for twenty min and the 

supernatant was lyophilized to fifteen mL. It was then analyzed using ultra performance liquid 

chromatography-electrosprayionization-tandem mass spectrometry (UPLC-ESI-MS/MS). 

 

6.7 UPLC-ESI-MS/MS Analysis 

[13C6]His was quantified using a precolumn derivatization method with 6-aminoquinolyl-

N-hydroxysuccinimidyl carbamate (AQC) combined with UPLC-ESI-MS/MS. AQC derivatization 

was performed using the AccQcTag derivatization kit (Waters) according to the manufacturer’s 

protocol. UPLC-ESIMS/ MS analysis was carried out on a Waters Acquity UPLC system 

interfaced to a Waters Xevo TQ mass spectrometer as described (Salazar et al., 2012). Briefly, the 

AQC-derivatized [13C6]His was separated on a Waters AccQcTag Ultra column (2.1 mm i.d. 3 

100 mm, 1.7-mm particles) using AccQcTag Ultra eluents (Waters) and a gradient described 

earlier (Salazar et al., 2012). The sample injection volume was one mL, the UPLC column flow 

rate was 0.7 mL min twenty one, and the column temperature was 55°C. Mass spectra were 
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acquired using positive ESI and the multiple reaction monitoring mode, with the following 

ionization source settings: capillary voltage, 1.99 kV (ESI+); desolvation temperature, 650°C; 

desolvation gas flow rate, 1,000 L h-1; source temperature, 150°C. Argon was used as the collision 

gas at a flow rate of 0.15 mL min-1. The collision energy and cone voltage were optimized for the 

derivatized [13C6]His using the IntelliStart software (collision energy = 26 eV; cone voltage = 20 

V). The most sensitive parent-daughter ion transition of derivatized His (mass-tocharge ratio 

332.1>171.0) was selected for quantitation. The mass spectrometer response was calibrated by 

injecting AQC-derivatized [13C6]His standard solutions of known concentration. The UPLC-ESI-

MS/MS system control and data acquisition were performed with Waters MassLynx software. 

Data analysis was conducted with Target Lynx software (Waters). 

 

6.8 Auxin (IAA) Efflux Assay 

Oocytes injected with 50 ng of MtNIP/LATD RNA or water were incubated in a solution 

containing 1μM [3H]IAA (900nM of unlabeled IAA; sigma catalog no 12886  and 100nM labeled 

IAA (specific activity 15-30 Ci/mmol); Perkin Elmer catalog no NET1175250UC) Yang et al., 

(2006), for 15 minutes in ND96 solution (pH 5.6). They were then washed five times in 50 ml of 

ice unlabeled ND96 solution, pH 7.4 containing 10 mM unlabeled IAA to remove the external 3H 

labeled IAA. Each oocyte was then dissolved in 100 μL of 2% SDS. Lysis solution was then mixed 

with three ml of scintillating solution. Incorporated radioactivity was measured using Beckman 

liquid scintillation analyzer.   

 

6.9 Abscisic acid (ABA) Uptake Assay 

Oocytes injected with fifty ng MtNIP/LATD RNA or water were incubated in a solution 
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containing 1 μM [3H] ABA (950 nM of unlabeled ABA unlabeled sigma catalog no A1049 and 50 

nM labeled ABA Perkin Elmer catalog no NET1184050UC (specific activity 35-65 Ci/mmol)); 

and 50 nM labeled ABA; Perkin for 1 hour in ND96 solution (pH 5.6). They were then washed 

five times in 50 ml of ice-cold ND96 solution, pH 7.4 containing 10 mM unlabeled ABA to 

remove the external 3H labeled ABA and the net incorporated radioactivity was analyzed using 

Beckman scintillation counter. 

 

6.10 Nitrate Kinetics in Arabidopsis 

To examine how MtNIP/LATD transports nitrate in planta, two independent Atchl1-5 line 

expressing MtNIP/LATD, one line expressing AtNRT1.1(CHL1) own stream of EF1α promoter 

were compared to wild-type Col-0 and Atchl1-5 at concentrations ranging from 50 μM to 5 mM. 

Arabidopsis seed were plated on 810 micron polyester mesh (Parts@componentSupply), on media 

containing 5 mM ammonium succinate, pH 6.5 as the nitrogen source, along with a 10 mM 

K2HPO4-KH2HPO4 buffer containing 2 mM MgSO4, 0.1 mM FeSO4·EDTA, 1 mM CaCl2, 50 μM 

H3BO4, 12 μM MnSO4·H2O, 1 μM ZnCl2, 1 μM CuSO4·5H2O, 0.2 μM Na2MoO4·2H2O, 1 g/L 

MES, 0.25% sucrose and 0.4% of phytoagar (caisson laboratories). The plants grew on the media 

with their roots penetrating the media downward for ten days under sixteen hours light and eight 

hours darkness. Then the polyester mesh containing the plants were transferred in two ml liquid 

media containing K2HPO4-KH2HPO4 buffer pH 5.5, 2 mM MgSO4, 0.1 mM FeSO4·EDTA, 1 mM 

CaCl2, 50 μM H3BO4, 12 μM MnSO4·H2O, 1 μM ZnCl2, 1 μM CuSO4·5H2O, 0.2 μM 

Na2MoO4·2H2O, 1 g/L MES along with different concentrations of nitrate ranging from fifty μM 

to 5 mM of nitrate for one hour. Plants were then taken out of the mesh carefully, dried and 
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calculated for root and shoot weight. The amount of nitrate taken up was measured by calculating 

nitrate depletion from the media.  

 

6.11 Nitrate Uptake Kinetics in Col-0 versus Col-0 Over Expressing MtNIP/LATD. 

In order to compare nitrate uptake kinetics in Col-0 and Col-0 over expressing 

MtNIP/LATD, two independent Col-0 lines expressing MtNIP/LATD down stream of EF1α 

promoter were compared to wild-type Col-0 and Atchl1-5 at concentrations ranging from 50 μM to 

5 mM. Arabidopsis seed were plated on 810 micron polyester mesh (parts@componentsupply), on 

media containing 5 mM ammonium succinate, pH 6.5 as the nitrogen source, along with a 10 mM 

K2HPO4-KH2HPO4 buffer containing 2 mM MgSO4, 0.1 mM FeSO4·EDTA, 1 mM CaCl2, 50 μM 

H3BO4, 12 μM MnSO4·H2O, 1 μM ZnCl2, 1 μM CuSO4·5H2O, 0.2 μM Na2MoO4·2H2O, 1 g/L 

MES, 0.25% sucrose and 0.4% of phytoaga (caisson laboratories). The plants grew on the media 

with their roots penetrating the media downward for 10 days under 16 hours light and 8 hours 

darkness. Then the polyester mesh containing the plants were transferred in 2ml liquid media 

containing K2HPO4-KH2HPO4 buffer pH 5.5, 2 mM MgSO4, 0.1 mM FeSO4·EDTA, 1 mM CaCl2, 

50 mM H3BO4, 12 mM MnSO4·H2O, 1 mM ZnCl2, 1 mM CuSO4·5H2O, 0.2 mM Na2MoO4·2H2O, 

1 g/L Mes along with different concentrations of nitrate ranging from 50 μM to 5 mM of nitrate for 

1 hour. Plants were then taken out of the mesh carefully, dried and calculated for root and shoot 

weight. The amount of nitrate taken up was measured by calculating nitrate depletion from the 

media.  

 

6.12 Col-0 versus Col-0 Over Expressing MtNIP/LATD Phenotype Study. 

Col-0 and Col-0 constitutively expressing MtNIP/LATD were germinated on half MS 
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media containing 0.25% sucrose for 2 days and then transferred to basal half media without 

nitrogen (pH 5.5) supplemented with no, 0.1 mM, 1 mM or 10 mM of nitrate or chloride for an 

additional 9 days. Photographs of the plants were then taken using Nikon SLR camera and 

recorded. Primary and lateral root lengths and lateral root number was calculated using Image J 

(Abramoff et al., 2004). Lateral root density was then evaluated from that. At the end, the plants 

were taken and rosette weight, root weight and total weight were calculated.   

 

6.13 Chlorate Assay 

Chlorate is an herbicide and defoliant (Tsay et al., 1993). It is also a nitrate analog that can 

be taken up by plants and then reduced by nitrate reductase to chlorite, which is toxic to the plants 

(Tsay et al., 1993). In A. thaliana, the Atchl1-5 mutant that is defective in nitrate transport (Tsay et 

al., 1993) was isolated based on its resistance to chlorate.  For chlorate assay, A17 wild type, 

mutant Mtnip-1 and Mtnip-3 germinated seedlings were grown in buffered nodulation media 

(BNM) containing 2 mM ammonium succinate or 2 mM ammonium chloride or 2 mM glutamine 

as the N source or without N. After seven days, they were then exposed to BNM media containing 

2.5 mM nitrate overnight followed by 1 mM KClO3
- the day after. The plants were then grown in 

media containing 2.5 mM of nitrate until the signs of chlorosis appeared.  BNM media (1L) 

contains CaSO4 • 2H2O = 344 mg, MES =390 mg, Nod Majors (200x stock) = 5 ml, Nod Minors I 

(200x stock) = 5 ml, Nod Minors II (200x stock) = 5 ml and Fe-EDTA (200x stock) = 5 ml.  

200x Nod Majors contains MgSO4 • 7 H20 (24.4 g/L) and  KH2PO4 1(3.6 g/L). 200x Nod Minors I 

contains H3BO3 (620 mg/L), MnSO4 • H20 (1.69 g/L) and ZnSO4 • 7 H20 (920 mg/L). 200x Nod 

Minors II contains CoCl2 • 6 H20 (5.0 mg/L), Na2MoO4 • 2 H20 (50.0 mg/L) and CuSO4 (3.2 

mg/L). 200x Fe-EDTA contains Na2EDTA (3.73 g/L) and FeSO4 • 7H20 (2.78 g/L )    
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In order to quantify the chlorosis in terms of total chlorophyll content (ie Chlorophyll-a + 

Chlorophyll-b), 10-15 mg leaf disks were obtained and grinded in pestle ad mortar with liquid 

nitrogen. Grinded powder was mixed with 8 ml 96% ethanol and kept over night in the dark. Next 

day, the liquid mix was centrifuged to pellet the debris an the absorbance of the clear solution was 

measured at OD665 and OD648 were measured. Total chlorophyll content were calculated using 

this formula 

 Chl-a+b (μg/mg FW)= {(6.24xA665+22.48xA648) x 8.1}/Fresh Leaf weight (mg) (Lichtenthaler, 

1987).  
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