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Legumes are unique among plants for their ability to fix atmospheric nitrogen with 

the help of soil bacteria rhizobia. Medicago truncatula is used as a model legume to study 

different aspects of symbiotic nitrogen fixation. M. truncatula, in association with its 

symbiotic partner Sinorhizobium meliloti, fix atmospheric nitrogen into ammonia, which the 

plant uses for amino acid biosynthesis and the bacteria get reduced photosynthate in return. 

M. truncatula NPF1.7 previously called MtNIP/LATD is required for symbiotic 

nitrogen fixing root nodule development and for normal root architecture. Mutations in 

MtNPF1.7 have defects in these processes. MtNPF1.7 encodes a member of the NPF family 

of transporters. Experimental results showing that MtNPF1.7 functioning as a high-affinity 

nitrate transporter are its expression restoring chlorate susceptibility to the Arabidopsis chl1-5 

mutant and high nitrate transport in Xenopus laevis oocyte system.  However, the weakest 

Mtnip-3 mutant allele also displays high-affinity nitrate transport in X. laevis oocytes and 

chlorate susceptibility to the Atchl1-5 mutant, suggesting that MtNPF1.7 might have another 

biochemical function. 

Experimental evidence shows that MtNPF1.7 also functions in hormone signaling. 

Constitutive expression of MtNPF1.7 in several species including M. truncatula results in 

plants with a robust growth phenotype.  Using a synthetic auxin reporter, the presence of 

higher auxin in both the Mtnip-1 mutant and in M. truncatula plants constitutively expressing 

MtNPF1.7 was observed. Previous experiments showed MtNPF1.7 expression is hormone 

regulated and the MtNPF1.7 promoter is active in root and nodule meristems and in the 

vasculature. Two potential binding sites for an auxin response factors (ARFs) were found in 

the MtNPF1.7 promoter. Chromatin immunoprecipitation-qRT-PCR confirmed MtARF1 



binding these sites. Mutating the MtARF1 binding sites increases MtNPF1.7 expression, 

suggesting a mechanism for auxin repression of MtNPF1.7.  Consistent with these results, 

constitutive expression of an ARF in wild-type plants partially phenocopies Mtnip-1 mutants’ 

phenotypes.  
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CHAPTER 1  

INTRODUCTION 

1.1 Importance of Nitrogen Fertilizers in Agriculture 

 Nitrogen is one of the major nutrient plants need to survive. Animals depend on plants 

for their nitrogen supply. Nitrogen is the key ingredient of many biomolecules like DNA, 

amino acids and co-enzymes such as pyridoxal phosphate. Although 78% of our atmosphere 

is composed of nitrogen, it is not bioavailable due to the presence of triple bonds in its 

molecular structure. In order for plants to utilize nitrogen, it needs to be converted into 

bioavailable NH4
+ or NO3

-. This conversion can happen via atmospheric nitrogen fixation, the 

industrial Haber-Bosch process, or via symbiotic nitrogen fixation. Atmospheric nitrogen 

fixation occurs naturally when lightning strikes break nitrogen gas and mixes it with oxygen 

to form nitrates that dissolve in water and become bioavailable in ecosystems.  

  More than a hundred years ago, a laboratory experiment at the University of 

Karlsruhe in Germany set the stage for the Green Revolution. Chemist Fritz Haber was able 

to convert a mix of nitrogen and hydrogen gases with high heat and pressure into ammonia, 

the elusive raw material for producing synthetic fertilizer. This led to industrial scale 

production of synthetic fertilizers via the Haber-Bosch process and enabled the development 

of widespread industrial fertilizer on croplands. The 1940s and 1950s saw the Green 

Revolution, which produced crops with higher yields, but at the expense of industrial 

fertilizer use. The combination of industrial fertilizer availability and dwarfing traits in plants 

led to higher yielding crops. As a result, the world population ballooned from 1.6 billion to 6 

billion during the 20th century.  

 The third kind of nitrogen conversion is mediated by certain soil-living 

microorganisms and known as biological/symbiotic nitrogen fixation. These soil-living 

bacteria are able to convert atmospheric nitrogen into ammonia, using nitrogenase in an ATP-
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dependent manner. 

 While massive application of fertilizers improved crop yield, it also had unintended 

consequences (Howarth et al., 2008). Excessive application of nitrogen fertilizers on crop 

fields led to an influx of nitrogen runoff into bodies of water and polluted coastal rivers and 

bays, leading to harmful algal blooms and dead zones (Howarth et al., 2002).  Over 1% of the 

world’s annual energy supply is expended producing nitrogen fertilizer via the Haber-Bosch 

process (Smith et al., 2002). With increasing costs of energy and global warming concerns, 

there is a need for alternative source of nitrogen fertilizers. 

 In the coming decades, a crucial challenge for us will be meeting future food demands 

without further destroying the Earth’s environment. Global food yield is heavily controlled 

by fertilizer use, irrigation and climate. Large production increase is possible by improving 

management practices and there are important opportunities to reduce the environmental 

impact of agriculture by eliminating nutrient overuse  (Mueller et al., 2012).  

 

1.2 Biological Nitrogen Fixation  

 Biological nitrogen fixation (BNF) is a process where eubacterial and archaeal 

diazotrophs enzymatically convert atmospheric nitrogen into ammonia. While the Haber-

Bosch process produces most of the chemical nitrogen fertilizers used by 40% of crop plants, 

the other 60% of human nitrogen demand is met by BNF (Smil et al., 2001).  

 Atmospheric nitrogen is converted into ammonia by the nitrogenase enzyme; 

nitrogenase requires at least 16 ATP molecules per one fixed molecule of N2. The 

stoichiometry showing the minimal ATP requirement of the reaction is shown below:  

  N2 + 8H+ + 16ATP + 8e- —----------> 2NH3 + H2 + 16ADP + 16Pi  
 
 The highest contribution of fixed nitrogen from BNF comes from symbiotic nitrogen 

fixation (SNF). In SNF, the host plant provides nutrients and an environment conducive for 
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nitrogen fixation and in return the bacteria provide reduced nitrogen. There are three types of 

nitrogen-fixing symbioses.  The first and most important type is between various members of 

the group of soil bacteria, collectively known as rhizobia, and legume host plants (Capoen et 

al., 2011) (Figure 1.1).  

 In nitrogen fixing root nodule cells, symbiotic nitrogen fixation takes place inside the 

symbiosome, where a plant derived symbiosome membrane within plant host nodule cells 

surrounds the bacteria. In the nitrogen fixing symbiosis, the end product of nitrogen fixation 

by bacteria is ammonium, which is transported out of the nodule and assimilated by the plant. 

In return the bacteria get reduced carbon photosynthate as an energy source from the plant 

(Mylona et al., 1995). Nodules are developed to meet the nutrient exchange requirement 

between symbiotic partners. The type of nodule developed depends on the host plant as 

opposed to the rhizobial symbiotic partner (Ferguson et al., 2010). Medicago truncatula 

(barrel medic) makes an indeterminate nodule, which is cylindrical in shape due to the 

presence of a persistent nodule meristem. Lotus japonicus (birdsfoot trefoil) and Glycine max 

(soybean) both makes determinate nodules, which is round in shape because it lacks a 

persistent nodule meristem (Hirsch et al., 1992). Both types of nodules have central tissue 

containing both infected and uninfected cells and are surrounded by peripheral vascular 

tissue. In mature indeterminate nodules there is a distal persistent meristem; followed by an 

infection zone, where infection of cells takes place; a nitrogen fixation zone, where nitrogen 

fixation takes place; and a senescence zone, where plants degrade bacteroids (Vasse et al., 

1990).  

 

1.3 Importance of Legumes  

 Legumes are important crops globally. Almost 27% of world’s primary crop 

production comes from legumes and legumes are grown on 180 million hectares worldwide. 
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Grain legumes contribute 33% of the dietary protein nitrogen requirement in the human diet 

(Graham et al., 2003).  

 The benefits obtained from the global increase in food production as a result of the 

Green Revolution is starting to decline due to the continuous increase of the human 

population. There is a tough challenge ahead for farmers to feed the 9 billion people expected 

by 2050. The application of biotechnology to agriculture will help to ensure global food 

security (Conway et al., 1999).  Because of the decrease in natural energy reserves used for 

industrial nitrogen fertilizer, an increase in the price of nitrogen fertilizer has occurred. 

Additionally nitrogen fertilizer use has a negative environmental impact on areas in which it 

is in use. Because of their ability to thrive without N fertilizer, due to symbiotic nitrogen 

fixation, and their protein-rich seeds, legumes can serve as excellent crops for the changing 

world.   

 With the completion of genomic sequencing of three model legumes, M. truncatula,  

L. japonicus and G. max (Young et a.l, 2011; Sato et al., 2008; Schmutz et al., 2010) there is 

a huge potential for applying this information to translational genomics of other legume 

species. There is also the possibility of transferring biological nitrogen fixation ability to 

grain crops (Cannon et al., 2009). 

 

1.4 M. truncatula (Medicago) as a Model Legume 

 M. truncatula is an annual medic and a close relative of alfalfa and clovers. Medicago 

develops root nodules with Sinorhizobium meliloti, a well-characterized rhizobium species 

(Ane et al., 2008). M. truncatula was chosen as a model legume for studying symbiotic 

nitrogen fixation in association with soil bacteria rhizobia because of its small genome size, 

fast life cycle and amenability for genetic transformation (Cook et al., 1999). The Medicago 

genome sequence was published recently (Young et al., 2011) and a large array of genomics 
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tools is available for studying the nitrogen-fixing symbiosis in Medicago (Benedito et al., 

2008; Tadege et al., 2008; Pislariu et al., 2012,). Beside Medicago, L. japonicus and G. max 

(soybean) are also being developed as complementary major model legume species. The 

Medicago genome shows synteny to economically important legumes that can be exploited 

for agricultural productivity (Udvardi et al., 2009). 

 
Figure 1.1 Outline of nodulation process in legumes (Adapted from Schultze and 
Kondorosi, 1998). Plant secreted flavonoids induce rhizobial nod genes. This leads to the 
production of Nod factors, which bind to the Nod factor receptors on legume root hairs. Then 
rhizobia attach themselves to the root hairs and start an infection thread, which passes 
through the cortex towards a cluster of dividing cells that becomes nodule primordia. This 
exchange of signals between legume plants and rhizobia leads to formation of nodules where 
atmospheric nitrogen is converted into ammonia for plant use. 
 
 
1.5 Nod Factor Signaling Pathway and Nodule Development 

 When there is low level of bioavailable nitrogen in soil, legumes secrete flavonoids 

from their roots, which in turn elicit a significant NodD dependent transcriptional response in 

compatible bacteria. NodD is a LysR family transcription factor (Long et al., 1985). 

Flavonoids bind to NodD, activating expression of Nod factor (NF) biosynthesis genes, thus 

the rhizobia subsequently produce Nod factors (Capela et al., 2005).  NFs are complex 
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signaling molecules secreted by bacterial cells as a cocktail of ß- (1,4)-linked N-acetyl-D-

glucosamine (GlcNAc) trimers, tetramers and/ or pentamers (D’Haeze et al., 2002).  All Nod 

factors share a common chitin backbone. Common nodABC genes, which are present in 

nearly all rhizobia, are an absolute requirement for Nod factor chitin backbone biosynthesis 

(Denarie et al., 1996). Proteins encoded by the other nod genes like the rhizobial nodH, 

nodFE, nodPQ, nodL genes, make modifications to Nod factor. These modifications control 

host specificity (Schwedock et al., 1992; van Rhijn et al., 1995; Denarie et al., 1996; Long et 

al., 1996). The chitin backbone is modified on the non-reducing terminal residue at the C2 

position by a fatty acid.  Nod factors are N-acylated and are O-acetylated by specific C-16 

unsaturated fatty acids (Ardourel et al., 1994).  

 The perception of Nod factor by legumes leads to a rapid increase in the intracellular 

calcium level in root hair cells followed by calcium spiking, changes in an array of gene 

expression and subsequent deformations of root hairs. Repeated root hair deformations lead 

to root hair curling.  

 Root hair curling entraps rhizobia and forms a tight colonized curled root hair. From 

this point the rhizobia penetrate into the root hair cell through a specialized host derived 

infection thread (IT). The infection thread proceeds intracellularly towards the root cortex, 

carrying the rhizobia (Gage et al., 2004). The formation of infection threads involves Nod 

factor perception. S. meliloti double mutant nodF, nodL, which produces a Nod factor having 

different modifications at the non-reducing end, shows a strong decrease in IT initiation 

(Ardourel et al., 1994). The nodFL double mutant fails completely to initiate ITs and to 

penetrate into root hairs. However other plant NF responses are present. These results led to a 

hypothesis that there are two different plant NF receptors present at root epidermis: first, a 

signaling receptor, involved in the induction of root hair deformation and second, an entry 

receptor, activated only by specific NF structures and involved in the bacterial entry and IT 
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initiation (Ardourel et al., 1994). Concomitant with the epidermal response, Nod factor 

stimulates the root cortical cells below the site of infection to undergo rapid mitosis and form 

nodule primordia where the invading rhizobia will eventually be released once the IT-

carrying rhizobia reaches them.  

 The rhizobial infection and nodule organogenesis is highly coordinated for 

development of a functional nodule. The IT grows toward the developing nodule primordium 

and rhizobia are released into nodules via an endocytotic type mechanism. Inside the host 

cells, a plant derived symbiosome membrane encapsulates rhizobia. Rhizobia differentiate in 

the symbiosome into bacteroids and fix atmospheric nitrogen (Jones et al., 2007; Oldroyd et 

al., 2008, Oldroyd et al., 2013).  

 In M. truncatula, the gene NFP has been reported to encode a Nod factor receptor 

(Arrighi et al., 2006) whereas in L. japonicus there are two Nod factor receptors reported: 

NFR1 and NFR5 (Radutoiu et al., 2003; Oldroyd et al., 2004). Nod factor receptor proteins 

belong to the LysM receptor family. Binding of Nod factors to Nod factor receptors initiates 

the Nod factor-signaling pathway and is required for root hair curling and Nod factor 

mediated transcriptional changes required for nodule organogenesis. Another Medicago 

LysM family receptor is LYK3/HCL, also reported to be essential for root hair curling and 

Nod factor mediated infection thread formation. LYK3 is required for the so-called “entry 

pathway” and its protein is thought to be more stringent than the NFP receptor for Nod factor 

structure (Smit et al., 2007). Nod factor perception in the root epidermis induces early 

nodulin (ENOD) genes. A particular ENOD, ENOD11 is induced rapidly after the plant 

perceives Nod factor. A promoter-GUS fusion of the ENOD11 gene has been most useful for 

measuring this initial signal transduction response (Journet et al., 2001). During the last 

decade many members of the Nod factor-signaling pathway were cloned and the pathway is 

clearer than before. The Nod factor signal is transduced by DMI1 (Does Not Make 
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Infections1) in M. truncatula, which encodes a nuclear cation channel (Ane et al., 2004) and 

CASTOR/POLLUX in L. japonicus (Imaizumi-Anraku et al., 2005). There was some 

controversy because the CASTOR/POLLUX was initially reported to be plastid localized 

(Imaizumi-Anraku et al., 2005) but its homologue DMI1 in Medicago was localized in the 

nuclear membrane (Riely, 2007). However later on CASTOR and POLLUX were reported in 

the nuclear membrane, consistent with their postulated role in perinuclear calcium spiking 

(Charpentier et al., 2008). Intracellular Ca2+ binds to DMI3, a Ca2+-calmodulin dependent 

protein-kinase (CCaMK) and is required for induction of cell division in root cortex and 

transcriptional changes required for establishment of symbiosis (Mitra et al., 2004; Levy et 

al., 2004). There is a leucine–rich receptor-like kinase, called DMI2 in M. truncatula and 

SymRK in L. japonicus, localized to the plasma membrane (Limpens et al., 2005); it is 

required for tight root hair curling around the bacteria (Esseling et al., 2004). In L. japonicus, 

downstream of DMI3 there is another important gene called CYCLOPS, which interacts with 

DMI3 and is required for intracellular accommodation of rhizobial infection (Yano et al., 

2008). CYCLOPS is an orthologue of M. truncatula IPD3 (Ovchinikova et al., 2011), which 

was isolated on the basis of its interaction with DMI3 (Messinese et al., 2007).  

 For Nod factor mediated transcriptional changes two transcription factors of the 

GRAS family [gibberelin insensitive (GAI), repressor of gal-3 (RGA), SCARECROW 

(SCR)], called NODULATION SIGNALING PATHWAY 1 (NSP1) (Smit et al., 2005) and 

NSP2 (Kalo et al., 2005), are required. NSP1 and NSP2 interact in the plant nucleus and 

directly bind the promoters of early nodulation genes like ENOD11 (Journet et al., 2001) and 

the cytokinin receptor gene CRE1 (Gonzalez-Rizzo et al., 2006) required for cortical cell 

division and transcriptional changes (Hirsch et al., 2009). Further downstream, there is a 

transcription factor named ERN1, which relays the Nod factor signal to induce cortical cell 

division to form nodule (Middleton et al., 2007). 
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  Once the bacteria reach the newly formed cortex tissue layer, they are released from 

the infection thread by a process similar to endocytosis. The rhizobia become surrounded by 

a host-derived membrane called the symbiosome. Inside the symbiosome of indeterminate 

nodules, the bacteria differentiate terminally and fix nitrogen (Figure 1.2).  

 
Figure 1.2 Nod factor signaling pathway in root epidermis (Adapted from Oldroyd and 
Downie, 2008). Nod factor (NF) is perceived by receptor like kinases like NFP and NFR. NF 
perception by receptor gives rise to calcium spiking in nucleus and changes in hoot hair for 
rhizobial attachment. A potassium channel in nuclear membrane, DMI1, may be the target of 
secondary messenger and the potassium ion released may cause membrane hyperpolarization 
and could activate a voltage-gated calcium channel.  Calcium spiking signal is perceived by 
calcium/calmodulin-dependent protein kinase (CCaMK) and transcriptional regulators 
Nodulation Signaling Pathway 1 (NSP1), NSP2, ERF required for nodulation (ERN). This in 
turn leads to activation of early nodulation gene (ENOD) and cell division in root cortex.   
 

 Plant hormones play a significant role in nodule development (Ding et al., 2008). 

Nodule initiation and development is critically dependent on the cytokinin to auxin ratio in 

legume roots (Mathesius, et al., 2003). It is likely that auxin transport proteins are involved in 

nodule development (Frugoli et al., 2004). There are at least 5 genes related to Arabidopsis 

AUX1 (Auxin Resistant 1), named MtLAX present in Medicago, that are involved in local 
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auxin transport (de Billy et al., 2001). It was found that cytokinin plays an essential role in 

nodule development because depletion of the M. truncatula cytokinin receptor gene CRE1 

results in block in reinitiation of cortical cell division and leads to infection thread growth in 

a disoriented manner and IT abortion (Gonzalez-Rizzo et al., 2006). Similar results were 

observed in L. japonicus with mutants in the MtCRE1 orthologue LHK1 (Murray et al., 

2007). In addition to auxins and cytokinins, gibberellins (GA) and brassinosteroids (BR) 

positively regulate nodule formation (Oldroyd et al., 2008). In contrast, ethylene (Penmetsa et 

al., 2008), abscissic acid (Suzuki et al., 2004, Ding et al., 2008), salicylic acid (Stacey et al., 

2006) and jasmonic acid (Sun et al., 2006) are negative regulators of nodule development. 

 Downstream of the cytokinin receptor lies the putative transmembrane-domain-

containing transcription factor MtNIN that is hypothesized to integrate Nod factor signaling 

with cortical cell division (Marsh et al., 2007), (Figure 1.3). The HMGR1 (3-hydroxy-3-

methylglutaryl Coenzyme A Reductase 1) interacts with DMI2 and has been shown to be 

required for nodulation. DMI2 might recruit HMGR1 to produce isoprenoid compounds like 

cytokinin, phytosteroids or isoprenoid signaling molecules or may have another role (Kavei 

et al., 2007). There is another gene discovered recently, MtSYMREM1, which encodes a 

protein thought to function as a scaffolding protein that mediates spatial regulation of 

signaling complexes during symbiosis; it might be required for preinfection and bacterial 

release through regulation of receptor proteins in functional PM subdomains. MtSYMREM1 

interacts with LYK3, DMI2 and NFP and thus enables continuous Ca2+ signaling mediated by 

LysM-RKs (Lefebvre et al., 2009). L. japonicus CEREBRUS (Yano et al., 2009) and its 

Medicago orthologue, LIN (Kiss et al., 2009), are U-box proteins with WD-40 repeats and are 

involved in IT initiation. Cytoskeletal rearrangement is required during the time that rhizobia 

interact with legume root hair cells. NAP1 (NCK-ASSOCIATED PROTEIN 1) and PIR1 

(121F-SPECIFIC P53 INDUCIBLE RNA) have reported to be involved in cytoskeletal 
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rearrangement by actin polymerization but play no role in cortical cell division during 

rhizobial infection (Yokota et al., 2009).  

Figure 1.3 Nod factor signaling pathway in root cortex (Adapted from Oldroyd and 
Downie, 2008). Cortical cell division induction required for nodule meristem formation is 
associated with increase in auxin, cytokinin, gibberelin and brassinosteroid levels. However if 
an epidermal signal is required for induction of cortical cell division is yet elusive. Cytokinin 
receptor, histidine kinase, LHK/CRE1 alone is sufficient to induce cortical cell division. 
Nodule inception (NIN), NSP1 and NSP2 are necessary for cortical response. Auxin 
perception mediated by Transport Inhibitor Response 1 (TIR1) may be involved in the 
induction of the nodule meristem.  
 

Another L. japonicus gene, CRINKLE, has been reported to be required for IT growth and 

trichome development through actin cytoskeletal rearrangement (Tansengco et al., 2003). 

Microtubules are also reported to be involved in IT development but there are not yet mutants 

available demonstrating this (Timmers et al., 1999). In Medicago, RPG (Root Hair Polar 

Growth) encodes a putative coiled coil protein localized in the nucleus and required for 

normal IT development. In Medicago rpg mutants, ITs are mostly arrested in root epidermis 

(Arrighi et al., 2008). 
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1.6 Plant Nitrate Transporters 

 There are 3 main types of nitrate transporter in higher plants classified as NRT1s 

(PTRs), NRT2s and CLC transporters (Tsay et al., 2007). Members of the NRT1 (PTR) 

family genes are mainly low affinity nitrate transporters but some are also reported to 

transport peptides and other ionic species as well. Recently this family was renamed the 

Nitrate Peptide Transporter (NPF) family (Leran et al, 2013). This family comprises 53 

members in Arabidopsis, 93 members in rice (Oryza sativa), 80 members in M. truncatula, 

and similar numbers of members in other plants where sufficient genome sequence is 

available (Leran et al, 2013). NPF family members have been characterized in other species 

as well (Tsay et al., 2007; Criscuolo et al., 2012). Most of them have 12 transmembrane 

domains and are predominantly localized to the plasma membrane. NPF transporters have 

been shown to couple H+ movement across membranes to the transport of nitrate (Tsay et al., 

2007), nitrite (Sugiura et al., 2007), di- or tri-peptides (Waterworth and Bray, 2006; Tegeder 

and Rentsch, 2010), dicarboxylates (Jeong et al., 2004), auxin (Krouk et al., 2010), abscisic 

acid (Kanno et al., 2012) and glucosinolates (Nour-Eldin et al., 2012).  The most well 

characterized member of the NPF family is AtNPF6.3, previously known as AtNRT1.1 or 

CHL1, initially described as a low affinity nitrate transporter (Tsay et al., 1993) but later 

found to be a dual affinity nitrate transporter (Liu et al., 1999). The AtNPF6.3 transporter is 

notable because it has been identified as a transceptor; in addition to functioning as a dual-

affinity bi-directional nitrate transporter (Liu and Tsay, 2003; Léran et al., 2013), it also 

serves as a nitrate sensor (Ho et al., 2009; Gojon et al., 2011).  This latter trait is at least 

partly due to its capacity for nitrate-dependent auxin transport (Krouk et al., 2010). Another 

member of the NPF family, AtNRT1.2/AtNPF4.6, is also responsible for low affinity nitrate 

uptake (Huang et al., 1999). AtNRT1.4/AtNPF6.2 is involved in nitrogen transport for 

storage in petioles (Chiu et al., 2004). AtNRT1.7/AtNPF2.13 protein is involved in 
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remobilization of nitrate from source to sink tissue (Fan et al., 2009). AtNRT1.6/AtNPF2.12 

delivers nitrate for seed development (Almagro et al., 2008). AtNRT1.8/AtNPF7.2 removes 

nitrate from the xylem sap and mediates cadmium tolerance (Yong-Li et al., 2010). 

AtNRT1.9/AtNPF2.9, (Wang and Tsay, 2011) is expressed in the root companion cells where 

it is involved in phloem loading. There are two nitrate efflux carriers discovered in this 

family as well. AtNAXT1/AtNPF2.7 mediates nitrate efflux in root cortex (Segonzac et al., 

2007) and AtNRT1.5/AtNPF7.3 mediates nitrate efflux in xylem loading (Lin et al., 2008).  

 Several NPF transporters have been shown to transport more than one substrate. 

AtNRT1.1/AtNPF6.3 transports nitrate and auxin, AtNRT1.2/AtNPF4.6 transports nitrate and 

ABA, AtNRT1.6/AtNPF2.10 transports nitrate and glucosinolates (Krouk et al., 2010; Kanno 

et al., 2012; Nour-Eldin et al., 2012; Boursiac et al., 2013). In the alder tree (Alnus glutinosa), 

AgDCAT1, a member of NRT1 family is reported to encode a nodule specific dicarboxylate 

(malate) transporter (Jeong et al., 2004). 

 The members of NRT2 family are part of high affinity nitrate uptake system. There 

are seven NRT2 genes in Arabidopsis. Both AtNRT2.1 and AtNRT2.2 encode proteins 

involved in high affinity nitrate uptake (Cerezo et al., 2001; Li et al., 2007). AtNRT2.7 

encodes a tonoplast-localized transporter, reported to be involved in vacuolar nitrate storage 

in seeds (Chopin et al., 2007).  

 Beside NRT1 and NRT2, a third class of nitrate transporter, tonoplast localized 

nitrate/proton antiporter AtCLCa, mediates nitrate accumulation in plant vacuoles (De Angeli 

et al., 2006). 

 

1.7 Nitrate as a Signaling Molecule 

 The main sources of nitrogen for most plants are the bioavailable ammonium and 

nitrate in soil. However, the amount of bioavailable nitrogen in soil varies greatly and to cope 
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with that, plants evolved nitrogen-sensing mechanisms to adapt to different environmental 

conditions (Krouk et al., 2010). In Arabidopsis, AtNRT1.1/AtNPF6.3 and AtNRT2.1 are 

mainly responsible for nitrate uptake from soil. Several studies have shown that different 

aspects of nitrate signaling mediated root development and growth are altered in both 

Atnrt1.1 and Atnrt2.1 mutants. Gene expression of the nitrate assimilation enzymes and the 

nitrate transporters AtNRT1.1/AtNPF6.3 and AtNRT2.1 are rapidly induced by nitrate (Wang 

et al., 2003). Several studies show that in addition to nitrate uptake, AtNRT1.1/AtNPF6.3 is 

also involved in nitrate sensing. Nitrate stimulates lateral root growth through a signaling 

pathway mediated by the AtANR1 transcription factor (Zhang et al., 1998) and the 

AtNRT1.1/AtNPF6.3 nitrate transporter (Remans et al., 2006a). Recently, using a nitrate 

uptake and sensing decoupled mutant chl1-9, Ho et al showed that AtNRT1.1/AtNPF6.3 is a 

nitrate sensor (Ho et al., 2009). AtNRT2.1 might also act as a nitrate sensor or nitrate signal 

transducer that controls root plasticity and can de-repress lateral root growth in Arabidopsis 

(Little et al., 2005). However, in contrast, another study showed reduced lateral root initiation 

in Atnrt2.1 mutants (Remans et al., 2006b). In a different study, Munos et al showed by 

transcript profiling of the Atchl1-5 mutant that AtNRT1.1/AtNPF6.3 gene regulates the 

AtNRT2.1 gene (Munos et al., 2004). These studies clearly show that nitrate uptake mediated 

plant growth is robustly regulated (Vidal et al., 2008).  

 

1.8 Legume Ion Transporters 

 In the legume-rhizobia symbiosis, within the nodule, rhizobia are encapsulated by a 

plant derived symbiosome membrane (SM) and differentiate into nitrogen fixing bacteroids; 

these organelle-like structures are called symbiosomes. The major nutrient exchange between 

legumes and rhizobia, reduced carbon from plant and fixed nitrogen from bacteroids to host, 

occurs through a number of transporters and channels located in the SM (Day et al., 1997; 
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Udvardi et al., 2013). Up to the present, several transporters are reported to be located in the 

symbiosome membrane. Two major families of ammonium transporters: AMT1 and AMT2 

have been identified in L. japonicus. LjAMT2.1 has been cloned and shown to complement a 

yeast mutant defective in ammonia uptake but unable to transport 14C labeled 

methylammonium. Because nodules derive ammonium internally rather than from the soil, 

LjAMT2.1 has been proposed to recover ammonium lost from nodule cells by efflux 

(Udvardi et al., 2003). A sulfate transporter, SST1, reported in L. japonicus, is essential for 

symbiotic nitrogen fixation. LjSST1 is located on the symbiosome membrane of Lotus 

nodules and transports sulfate from plant cell cytoplasm to the intracellular rhizobia (Krussel 

et al., 2005). Nodulin 26 (Nod 26) is a major integral membrane protein of the symbiosome 

membrane of soybean nodules and is proposed to be involved in SM transport (Roberts et al., 

1991). Nod 26 transports both Cl- and NH4
+ and shows a slight preference for NH4

+. It is 

phosphorylated on serine 262 by a novel calcium dependent protein kinase found on the 

symbiosome membrane (Weaver et al., 1994).  Functional Nod 26 forms a low energy 

transport pathway for water, osmolyte and NH4
+ across the symbiosome membrane. Recently 

it was shown that the C-terminal peptide domain of soybean Nod 26 interacts with soybean 

cytosolic glutamine synthetase, GS (Masalkar et al., 2010). This interaction between the C 

terminal peptide of Nod 26, a NH4
+ transporter and GS, the principal ammonia assimilation 

enzyme, is proposed to prevent potential ammonia toxicity by localizing GS to the cytosolic 

side of the symbiosome membrane, where the NH3 produced by N fixation will be 

immediately converted to glutamine (Masalkar et al., 2010). In Medicago, 

MtNPF6.8/MtNRT1.3 is described as involved in the control of root architecture (Morere-Le 

Paven et al., 2011).  
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1.9 Role of Auxin and Cytokinin in Nodulation 

 The involvement of auxin in nodulation has been known for a long time. However, 

direct evidence of this is still missing. There is a local change in the accumulation of local 

auxin levels after inoculation of legumes with rhizobia or application of NF (Mathesius et al., 

1998; Pacios-Bras et al., 2003). Also de Billy et al., 2001 reported the accumulation of the 

putative influx auxin transporter MtAUX1 transcripts after rhizobia inoculation. In the model 

legume, M. truncatula, local disruption of polar auxin transport (PAT) was detected at the 

site where nodule primordia emerge. Flavonoids are secreted during nodulation and 

flavonoids are well characterized for their ability to inhibit polar auxin transport. Silencing 

chalcone synthase, which is involved in flavonoid production and hence inhibition of polar 

auxin transport (PAT), resulted in reduced nodulation and reduced PAT (Mathesius et al., 

1998; Wasson et al., 2006). In the determinate legume soybean, ectopic expression of miR160 

causes auxin hypersensitivity and cytokinin hyposensitivity that leads to inhibition of 

nodulation (Turner et al., 2013). 

 Another classical plant hormone, cytokinin has long been thought to be involved in 

root endosymbiosis. A nonnodulating rhizobial strain expressing a cytokinin biosynthetic 

gene from Agrobacterium tumefaciens was shown to induce nodule like structures on alfalfa 

(Cooper and Long, 1994). Direct involvement of cytokinin for nodule development was very 

clearly shown with the discovery of LHK1 gene in Lotus (Murray et al., 2007; Tirichine et al., 

2007).  The loss-of-function Ljlhk1-1 mutants show a large number of infection threads but 

produce very few nodules (Murray et al., 2007). Contrastingly, the gain-of-function Ljsnf2 

mutant produces nodules spontaneously (Tirichine et al., 2007). There are also recent reports 

that applying low level cytokinin to the entire Lotus root system also leads to formation of 

localized nodule primordia (Heckmann et al., 2011, Desbrosses et al., 2011).  

 It is clear from these studies that both auxin and cytokinin are required for nodulation 
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but the exact mechanism by which they act is unknown. Positional information about at what 

stage and how auxin and cytokinin balance controls nodulation could come from a cytokinin-

modified auxin gradient as observed in Arabidopsis (Dello Ioio et al., 2008). Indeed, PAT is 

modified by cytokinin treatment of wild-type Medicago roots but not in cytokinin receptor 

mutants (Plet et al., 2011). This effect correlated with local modification of the expression 

pattern of the efflux auxin transporter PIN (Plet et al., 2011). Direct links between cytokinins 

and nodule organogenesis, was shown recently as nodulation-related Type-A RR, MtRR4 and 

the MtNSP2 transcription factors (TF) bound to the response regulator binding site (RRBS) 

in the promoters of genes that are rapidly regulated by cytokinins (Ariel et al., 2012). 

 

1.10 Auxin and Cytokinin are Required for Root Development  

 The roles of these two phytohormones in Arabidopsis root development have been 

reviewed recently (Overvoorde et al., 2010; Perilli et al., 2010). Auxin is distributed in a 

gradient with a maximum localized around the quiescent center (QC) and this happens 

mainly from polar transport through a combination of influx transporter (AUX1) and efflux 

transporters or PINs activity. An important component is the SHY2/IAA3 protein, which is a 

repressor of Auxin Responsive Factors (ARFs) (Tian et al, 2002). In Arabidopsis, ARFs can 

act either as transcription activators or repressors. Activator ARFs are rich in glutamine (Q), 

serine (S) and leucine (L) in the activation domain, whereas repressor ARFs are rich in 

proline (P), serine (S) and leucine (L) in the repression domain. AtARF1 is a transcription 

repressor (Guilfoyle and Hagen., 2007). In presence of auxin, the SCFTIR1 receptor binds to 

SHY2/IAA3 protein and forms a complex that targets ubiquitinated SHY2/IAA3 protein for 

degradation. This releases the activity of ARF proteins and consequently triggers auxin 

action. When auxin is abundant, SHY2 is degraded leading to auxin response (Tian et al., 

2002).  
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 Lateral root founder cells are primed by transient auxin accumulation at the site of 

initiation in the meristematic zone. Later, a local auxin accumulation dependent on AUX1 

and PIN activity, together with the nuclear protein ALF4, will switch founder cells toward a 

lateral root primordium. Then two auxin pathways are activated: the Solitary Root 

SLR/IAA14 Aux/IAA repressor will be degraded by SCFTIR1, thus releasing the activity of 

ARF7 and ARF9 transcriptional regulators. In the same time, degradation of the BDL/IAA12 

auxin repressor alleviates repression of the MP/ ARF5 transcriptional regulator (Hamann et 

al., 2002). This auxin activation leads to successions of anticlinal and periclinal cell divisions, 

the building of an auxin maximum, and eventually the formation of a lateral root meristem 

that will later emerge from the root (Overvoorde et al., 2010).  

 Cytokinins are essential for the control of the meristem size and for lateral root 

development. Cytokinins produced locally or distributed via the vascular system (Hirose et 

al., 2008) are perceived by the AHK2, 3, and 4 receptors. Binding of cytokinin results in 

phosphorylation of phosphotransfer proteins (AHP) and transfer to the nuclei, where type B 

and type A Arabidopsis Response Regulator (ARR) proteins are then phosphorylated. While 

type B-ARR mediates positive response to cytokinin; A-type ARR represses the signaling 

pathway. During root development, cytokinins interact with the auxin pathway. Cytokinins 

stimulate the transcription of the SHY2/IAA3 gene, resulting in increased SHY2 protein 

abundance. SHY2 represses the expression of PIN1, 3, and 7 auxin efflux transporter genes, 

as well as the major cytokinin biosynthetic gene IPT5. Consequently, cytokinin prevents the 

establishment of a PIN-dependent auxin gradient and simultaneously inhibits its own 

biosynthesis. The balance between cytokinin and auxin controls SHY2 abundance and thus 

contributes to defining the size of the root meristem. While auxin positively regulates lateral 

root development, cytokinin inhibition of PIN auxin efflux transporter prevents the elongation 

of lateral root primordia without affecting the fate of founder cells. (Heckmann et al., 2011).  
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1.11 Characteristics of Mutants of MtNPF1.7 

 A novel symbiotic mutant of M. truncatula, nip (numerous infections and 

polyphenolics) was reported earlier from our lab. The Mtnip mutant, now called Mtnip-1, fails 

to develop normal pink colored nodules; instead the plant develops small bump-like nodules, 

which are blocked in an early stage of development (Veereshlingam et al., 2004; Haynes et 

al., 2004). Nodules in Mtnip-1 mutants have abnormally thick and proliferated infection 

threads and fail to release rhizobia into cortical cells, thus failing to differentiate into nitrogen 

fixing bacteroids. There is an accumulation of brown defense related polyphenolic pigments 

in Mtnip-1 nodules. The transcript level of phenylalanine lyase (PAL), a key enzyme of 

phenylpropanoid biosynthesis, which is involved in defense response, is high in Mtnip-1 

mutants. Lateral root development is also arrested in Mtnip-1 mutants (Veereshlingam et al., 

2004). The Mtlatd (lateral defective) mutant (Bright et al., 2005), defective in maintaining 

lateral root and nodule meristems was found to be allelic to Mtnip-1 (Veereshlingam et al., 

2004). Later another mutant, Mtnip-3, was also found to be allelic to Mtnip-1 and Mtlatd 

(Teillet et al., 2008). Out of these three mutants, Mtlatd has strongest phenotype and Mtnip-3 

weakest phenotype. The primary root is very short and there are almost no lateral roots in 

Mtlatd, whereas in Mtnip-1 the lateral roots are much shorter than in wild-type A17 and the 

nodules have no meristem. In Mtnip-3, there are longer lateral roots than in Mtnip-1 and the 

nodules have some meristematic activity, are invaded and fix a small amount of nitrogen 

(Teillet et al., 2008). Abscisic acid (ABA), a plant hormone associated with drought stress, 

rescued the lateral root meristem defect in Mtlatd but not the nodule phenotype (Liang et al., 

2007).  

 

1.12 Research Objectives 

 The MtNIP/LATD gene was cloned positionally and found to be a member of NRT1 
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(PTR) transporter family (Yendrek et al., 2010). Recently the NRT1 (PTR) family was 

renamed as the NPF family and MtNIP/LATD is renamed as MtNPF1.7 (Leran et al., 2013). 

MtNPF1.7 is negatively regulated by ABA and auxin and positively regulated by cytokinin 

(Yendrek et al., 2010). However, when this project began, the function of MtNPF1.7 or how 

MtNPF1.7 is regulated was unclear. 

 Overall, the aim of this research was to demonstrate that MtNPF1.7 was cloned and to 

determine the function of MtNPF1.7 gene. Nitrate at concentration above 0.5 mM inhibits 

nodulation and MtNPF1.7 was predicted to be a nitrate transporter, so it was important to 

determine whether MtNPF1.7 transports nitrate and how a defect in nitrate transport is 

correlated with the Mtnip-1 phenotype.  Expression patterns and subcellular localization 

provides essential hints into the function of a gene. So, another aim of this study was to 

determine the expression pattern of MtNPF1.7 gene using MtNPF1.7 promoter-reporter 

fusion and subcellular localization of MtNPF1.7 using an eGFP fusion. Previously it was 

reported that MtNPF1.7 expression is negatively regulated by auxin (Yendrek et al., 2010). 

So exploring the molecular mechanisms of this repression and its connection with the Mtnip-

1 mutant phenotype was of special interest.  
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CHAPTER 2  

COMPLEMENTATION OF Mtnip-1 MUTANT, MtNPF1.7 PROMOTER ACTIVITY AND 

SUBCELLULAR LOCALIZATION OF MtNPF1.7 PROTEIN* 

2.1 MtNPF1.7 Gene is a NPF (NRT1 (PTR)) Family Member  

 The MtNPF1.7 gene, previously called MtNIP/LATD (Leran et al., 2013), is a member 

of the NPF (NRT1/PTR Family) and therefore, from here onward the gene will be called 

MtNPF1.7. Plants having mutations in MtNPF1.7 will be called by their original 

designations: Mtnip-1 (Veereshlingam et al., 2004; Haynes et al., 2004), Mtlatd (Bright et al., 

2005) and Mtnip-3 (Teillet et al., 2008).   

 

2.2 Comparison of Mtnip/latd Mutant Alleles 

 The Mtnip-1 mutant (Veereshlingam et al., 2004) is allelic to Mtlatd or Mtnip-2 

(Bright et al., 2005) and Mtnip-3 (Teillet et al., 2008). However, the three alleles of 

Mtnip/latd mutants were never compared in one study with wild type A17 plants to highlight 

the degree of similarity or difference in lateral root or nodule defects among them. In order to 

compare the Mtnip/latd alleles, all three alleles were grown in an aeroponic chamber 

(caisson) with wild-type A17 as control, and the phenotype of lateral roots and nodules were 

analyzed 15 days after inoculation with Sinorhizobium meliloti. The result was similar to 

what had been described previously (Haynes et al., 2004, Veereshlingam et al., 2004; Bright 

et al., 2005; Teillet et al., 2008). In Mtnip-1 the lateral roots are shorter than in A17 and the 

nodules have no visible meristem (Figure 2.1, panels D, E and F). In Mtlatd, the primary root 

is very short, there are almost no lateral roots and there is no visible nodule meristem (Figure 

2.1, panels G, H and I).  

                                                        
* Parts of this chapter were published in Yendrek et al., 2010. The Plant Journal 62:100-112. 
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Figure 2.1 Phenotypes of different alleles of Mtnip/latd. Phenotype of three alleles of 
Mtnpf1.7 was analyzed after growing for 15 days in aeroponic chamber after inoculation with 
S. meliloti ABS7 strain. A-Lateral root in wild type A17 plant. B-Nodule section of lacZ 
stained A17 nodule. C-Nodule section of SYTO-13 stained A17 nodule. D-Lateral root in 
Mtnip-1 mutant. E-Nodule section of lacZ stained Mtnip-1 mutant nodule. F-Nodule section 
of SYTO-13 stained Mtnip-1 mutant nodule. G-Lateral root in Mtlatd mutant. H-Nodule 
section of lacZ stained Mtlatd mutant nodule. I-Nodule section of SYTO-13 stained Mtlatd 
mutant nodule. J-Lateral root in Mtnip-3 mutant. K-Nodule section of lacZ stained Mtnip-3 
mutant nodule. L-Nodule section of SYTO-13 stained Mtnip-3 mutant nodule. Bar-Panel A, 
D, G, J-1mm; anel B, E, H, K-200 µM and panel C, F, I, L is 10 µM. Some of these pictures 
are submitted for publishing in a book chapter (Salehin et al., 2013, F. deBruijn’s Eds. 
Submitted) 
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In Mtnip-3, there are longer lateral roots than in Mtnip-1, but shorter than wild-type, the 

nodules have meristems and bacterial release is evident (Figure 2.1, panels J, K and L). 

By SYTO-13 staining (Haynes et al., 2004) it was evident that there is release of bacteria in 

A17 and Mtnip-3 nodules but no release of bacteria from infection threads in Mtnip-1 and 

Mtlatd nodules (Figure 2.1, panels C, L, F and I). Thus, the phenotypes of the MtNPF1.7 

alleles are similar in our hands and our growth conditions, as they were reported when first 

investigated (Haynes et al., 2004, Veerehlingam et al., 2004; Bright et al., 2005; Teillet et al., 

2008). 

 

2.3 Complementation of Mtnip-1 Mutant   

 MtNPF1.7 was cloned by positional cloning approach (Yendrek et al., 2010). BLAST 

searches revealed that MtNPF1.7 gene is a member of NPF transporter family (Figure 2.2). 

That nodulation and lateral root phenotype of Mtnip-1 was due to mutation in the MtNPF1.7 

gene was confirmed when the Mtnip-1 mutant was complemented by MtNPF1.7 genomic 

DNA (Figure 2.3). MtNPF1.7 transformed Mtnip-1 roots had wild-type root tip morphology 

and functional nodules. Out of nine Mtnip-1 plants transformed with MtNPF1.7 genomic 

DNA, seven showed wild type lateral root and nodule development, whereas out of eight 

Mtnip-1 plants transformed with empty vector, none of them were restored to wild type 

(Figure 2.4). Sequence analysis confirmed that Mtnip-1 and Mtnip-3 have missense 

mutations, causing amino acid sequence changes A497V and E171K respectively, while 

Mtlatd has a nonsense mutation, W341Stop, in the MtNPF1.7 gene (Yendrek et al., 2010). 

 In a second test to confirm that the Mtnip-1 mutant phenotype was indeed due to a 

mutation in the coding sequence of MtNPF1.7 gene, MtNPF1.7 cDNA was constitutively 

expressed under the AtEF1α promoter (Auriac et al., 2007; Figure 2.3, A) in the Mtnip-1 

mutant by Agrobacterium mediated hairy root transformation.  
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Figure 2.2 Phylogenetic tree of Arabidopsis NPF transporter family with M. truncatula 
NPF1.7. The proteins labeled in red transport nitrate, those in green transport peptides and 
those in blue transport ABA, those in purple transport glucosinolates.  
CHL1/NRT1.1/NPF6.3 transports auxin (orange) in addition to nitrate.  MtNPF1.7 is in 
yellow. MtNPF1.7 is a close homologue with At1g52190, which has been reported to have 
the ability to transport nitrate (Tsay et al., 2007). Note that the nomenclature used in this 
phylogeny is the “old” nomenclature, which has been superseded by Leran et al., 2013. 
Figure previously published in Yendrek et al., 2010. The Plant Journal 62:100-112. 
 

The resulting eight independently transformed plants were checked to determine if the nodule 

and root phenotype of Mtnip-1 mutant was rescued. This overexpression construct 

complemented the Mtnip-1 lateral root and nodule defects (Figure 2.5, panels D, E and F). 

This finding paved the way for using AtEF1α promoter driven MtNPF1.7 cDNA expression 

to tag MtNPF1.7 protein for localization. 
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Figure 2.3 Recombinant DNA constructs used in this chapter. A-1776 bp MtNPF1.7 
cDNA (Gen Bank ID-GQ401665.1) expressed under a 900 bp AtEF1α promoter 
(NC_003076.8); B-MtNPF1.7 cDNA expressed under a 2760 bp MtNPF1.7 promoter; C-A 
2200 bp MtNPF1.7 promoter was fused in front of 239 amino acid coding enhanced GFP 
(AAB02572); D-620 amino acid gusA (AAF65404) expressed under a 2760 bp MtNPF1.7 
promoter; E-MtNPF1.7 promoter driven expression gusA in a vector that has a 636 bp 
AtUbq10 promoter (HQ693235.1) driven DsRed1 (226 amino acid protein, AEC11555) as 
selection marker; F-Free eGFP expressed under control of  AtEF1α  promoter; G-MtNPF1.7 
cDNA fused to eGFP at C terminal end via 10 Alanine linker and expressed under control of  
AtEF1α  promoter; H-MtNPF1.7 cDNA fused to eGFP  at N terminal via 10 Alanine linker 
and expressed under control of AtEF1α  promoter; I-MtNPF1.7 cDNA fused to eGFP via 7 
Alanine linker and expressed under control of  MtNPF1.7  promoter; J-MtNPF1.7 cDNA 
fused to eGFP via 14 Alanine linker and expressed under control of  AtEF1α  promoter; K-
MtNPF1.7 cDNA fused to eGFP at C-terminal end via 7 Alanine linker and expressed under 
control of  MtNPF1.7 promoter. 
 

A control construct expressing MtNPF1.7 cDNA downstream of MtNPF1.7 promoter was 
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made and the resulting pMtNPF1.7-MtNPF1.7 construct complemented Mtnip-1 mutant 

(Figure 2.6, panels D, E and F). At the same time MtNPF1.7 cDNA under the MtNPF1.7 

promoter (Figure 2.3, B) was used to compare the effects of normal expression and 

overexpression of MtNPF1.7 gene in the Mtnip-1 mutant (Figure 2.6). Thus complementation 

experiments demonstrated that it was feasible for us to use either the AtEF1α or the 

MtNPF1.7 promoter to drive expression of MtNPF1.7 cDNA in future experiments to 

examine aspects of MtNPF1.7 functionality. 

 

Figure 2.4 Complementation of Mtnip-1 by MtNPF1.7 genomic DNA. A17 (wild-type) 
and Mtnip-1 composite plants were transformed with pRD100, containing MtNPF1.7 
(Previously called as NIP), or pCAMBIA2300 vector only, via Agrobacterium rhizogenes 
transformation. A-Mtnip-1 root transformed with pCAMBIA2300. B-Close up of A. C-Lateral 
root in A17. D-Nodule in A17. E-Composite plants transformed with pMtNPF1.7 shows 
rescue in lateral root phenotype. F-Composite plants transformed with pMtNPF1.7 shows 
rescue in nodule phenotype. G-Wild type lateral roots in A17 transformed with 
pCAMBIA2300. H-Wild type nodules in A17 transformed with pCAMBIA2300. I-Mtnip-1 
nodules transformed with pCAMBIA2300 vector only have brown pigmentation. J-Mtnip-1 
nodules transformed with wild type genomic NPF1.7 DNA looks like wild type nodule. K-
Wild type nodule transformed with pCAMBIA2300. Size Bars in panel A to H are 0.5 mm 
and 0.2 mm in I-K. 
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Figure 2.5 Mtnip-1 complementation by MtNPF1.7 overexpression. A17 (wild-type) and 
Mtnip-1 composite plants were transformed with pAtEF1α-MtNPF1.7 or pCAMBIA2301 
vector only, via Agrobacterium rhizogenes transformation. A-Root of Mtnip-1 transformed 
with pCAMBIA2301 empty vector. B-Nodule bumps of Mtnip-1 transformed with 
pCAMBIA2301 empty vector. C-Mtnip-1 nodules transformed with pCAMBIA2301 empty 
vector. D-Root of Mtnip-1 plants transformed with pAtEF1α-MtNPF1.7. Shows rescue of 
lateral root phenotype. E-Nodules in Mtnip-1 plants transformed with pAtEF1α-MtNPF1.7. 
Shows rescue in nodule phenotype. F-lacZ stained nodule of Mtnip-1 mutant transformed 
with overexpressor of MtNPF1.7 cDNA. It forms wild type like nodule, where bacteria are 
released from infection thread. Size bars-1 mm in panel A, B, D, E and 200 µM in panel C 
and F. Panel A, B and C-Same pictures are also used in figure 2.6 as controls. 
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Figure 2.6 Mtnip-1 complementation by MtNPF1.7 expression under native promoter. 
A17 (wild-type) and Mtnip-1 plants were transformed with pMtNPF1.7-MtNPF1.7 or 
pCAMBIA2301 vector only, via Agrobacterium rhizogenes mediated hairy root 
transformation. A-Root of Mtnip-1 transformed with pCAMBIA2301, empty vector. B-
Nodule bump of Mtnip-1 transformed with pCAMBIA2301, empty vector. C-Mtnip-1 nodules 
transformed with pCAMBIA2301, empty vector. Shows brown pigmentation, characteristic of 
Mtnip-1 nodules. D-Roots of Mtnip-1 plants transformed with pMtNPF1.7-MtNPF1.7 shows 
rescue in lateral root phenotype. E-Nodule of Mtnip-1 plants transformed with pMtNPF1.7-
MtNPF1.7. It shows rescue of Mtnip-1 nodule phenotype to wild type level. F-lacZ stained 
nodules of Mtnip-1 mutant transformed with MtNPF1.7 cDNA under control of MtNPF1.7 
promoter. It forms wild type nodule, where bacteria are released from infection thread. Size 
bars-1 mm in panel A, B, D, E and 200 µM in panel C and F. Panel A, B and C-Same 
pictures are also used in figure 2.6 as controls. 
 

2.4 MtNPF1.7 Expression Pattern  

  Studying the expression pattern of gene helps to understand its role in expressed 

tissues or cell types. Using the Medicago Genome Affymetrix GeneChip array (Beneditto et 

al., 2008), MtNPF1.7 was found to be expressed in roots and nodules and in other organs like 
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leaves, seeds and flowers at high levels (Yendrek et al., 2010). The expression pattern of 

MtNPF1.7 gene was further explored by fusing a 2200 bp MtNPF1.7 promoter fragment to 

eGFP as a reporter (Yendrek et al., 2010 Figure 2.3, C) and also fusing a 2760 bp MtNPF1.7 

promoter fragment to GUS (Figure 2.3, D) and studying the reporter enes in transformed 

tissue. MtNPF1.7 promoter-GUS reporter and MtNPF1.7 promoter-eGFP reporter fusions 

were transformed into hairy roots of composite Medicago plants. Both pMtNPF1.7-eGFP and 

pMtNPF1.7-GUS showed MtNPF1.7 expression in root and nodules.  In roots, high 

expression was seen in the lateral root meristem and in the root vasculature; in nodules 

MtNPF1.7 expression localizes to the nodule meristem and the nodule vasculature (Figure 

2.7). 

 To localize MtNPF1.7 promoter activity in permanent transgenic plants, a 2760 bp 

promoter fragment was fused to the GUS gene in the pMDC123: AtUbq10: DsRed vector 

(Figure 2.3, E) and permanent A17 transgenic plants were created at the UC Davis Ralph 

Pearson Plant Transformation facility. Analysis of T0 plants revealed that MtNPF1.7 

promoter is highly active in the primary root tip, root vasculature, nodule meristem, nodule 

vasculature, and leaf veins and in the seeds (Figure 2.8). However in the next generation, the 

MtNPF1.7: GUS  transgene was unexpectedly silenced (not shown).  

 Expression studies hints that MtNPF1.7 gene is biologically active in meristems and 

vascular bundles. In these areas MtNPF1.7 might be involved in meristem maintainance and 

transport of some nutrient, as it is a transporter protein. 
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Figure 2.7 pMtNPF1.7-eGFP expression in nodules. Roots were transformed with the 
RedRootII vector containing pMtNPF1.7-eGFP (A) or with RedRootII alone (B), infected 
with S. meliloti, and sectioned at 12 days post-inoculation. The dsRed marker in RedRootII 
allows visualization of transformed tissue. Left, brightfield images of pMtNPF1.7-eGFP 
transformed and control nodule sections. Middle, red and green channel confocal images for 
dsRed and GFP respectively. Right, merged confocal images. MtNPF1.7 is expressed in 
nodule meristems and in the nodule infection zone. Size bars-100 µm. Figure previously 
published in Yendrek et al., 2010. The Plant Journal 62:100-112. 
 

 

Figure 2.8 pMtNPF1.7-GUS expressions in transgenic A17 plants. A17 plants were 
transformed with the pMtNPF1.7-GUS vector by tissue culture. Tissues were stained 
overnight with X-Gluc at 370C to visualize where MtNPF1.7 promoter is active. A-Leaf 
veins; B-Primary root; C-Nodules; D-Horizontal root section; E-Cross root section; F-Nodule 
section; G-Seed pod; H-Seed and I-Primary root tip. 
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2.5 Subcellular Localization of MtNPF1.7 Using an eGFP Fusion 

 Finding precise subcellular localization of a protein helps to understand its biological 

role. So, I tagged MtNPF1.7 with eGFP to find its subcellular localization. According to the 

TransMembrane prediction using Hidden Markov Models (TMHMM; Krogh et al., 2001) 

prediction, the MtNPF1.7 protein contains 11 transmembrane domains and is predicted to be 

a plasma membrane protein. In order to experimentally determine the correct subcellular 

localization of MtNPF1.7 protein, an eGFP fusion to the C-terminal end of the MtNPF1.7 

protein under the control of AtEF1α was made. The C-terminal MtNPF1.7-eGFP fusion with 

10 Alanine linker construct (Figure 2.3, panel G) failed to complement Mtnip-1 suggesting 

that the eGFP fusion was interfering with the function of the MtNPF1.7 protein. Then a N-

terminal MtNPF1.7-eGFP fusion with 10 Alanine linker construct was made (Figure 2.3, H) 

and it complemented Mtnip-1 but a GFP signal was absent under confocal microscope as 

eGFP was cleaved from MtNPF1.7 (data not shown). Finally two different C-terminal 

MtNPF1.7-eGFP fusions with 7 and 14 Alanine residues respectively, linking MtNPF1.7 and 

eGFP, were made (Figure 2.3, panel I and J) and found to complement the Mtnip-1 mutant. 

Another MtNPF1.7-7 Ala-eGFP construct driven by MtNPF1.7 promoter was made (Figure 

2.3, panel K) and it complemented the Mtnip-1 mutants nodule defect (Figure 2.9, panel A). 

 Vibratome cut 80 µm sections from complemented lateral roots expressing AtEF1α-

MtNPF1.7-7 Ala-eGFP (Figure 2.3, panel I) were observed under a spinning disk confocal 

microscope and GFP fluorescence was detected on the plasma membrane of root epidermal 

cells, suggesting MtNPF1.7 is plasma membrane localized protein. MtNPF1.7 promoter 

driven eGFP-MtNPF1.7 fusion along with AtEF1α promoter driven eGFP-MtNPF1.7  

(Figure 2.3, panel K) validated that overexpression is not affecting correct localization of 

MtNPF1.7 protein. MtNPF1.7 protein was detected in the plasma membrane of transgenic 

hairy roots expressing MtNPF1.7-MtNPF1.7-eGFP (Figure 2.9, panel E), whereas free GFP 
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(Figure 2.3, panel F) was found in the cytoplasm and nucleus (Figure 2.9, panel F). 

Vibratome cut 80 µm sections from complemented nodules expressing MtNPF1.7-

MtNPF1.7-7Ala-eGFP, were observed at spinning disk confocal microscope set with 488 nm 

excitation and 530 nm emission filters. In nodules, MtNPF1.7-eGFP protein was detected in 

the symbiosome and colocalization with S. meliloti expressing RFP (Limpens et al., 2009) 

was observed under the spinning disk confocal microscope (Figure 2.9, panels B, C and D). 

 

 
Figure 2.9 Subcellular localization of MtNPF1.7. A17 plants were transformed with the 
pMtNPF1.7-MtNPF1.7-eGFP, pAtEF1α-MtNPF1.7-eGFP or pAtEF1α-eGFP constructs by 
hairy root transformation method. A-Nodule section of Mtnip-1 plants transformed with 
pMtNPF1.7-MtNPF1.7-eGFP in the bright field; B-Nodule section of Mtnip-1 plants 
transformed with pMtNPF1.7-MtNPF1.7-eGFP in the green channel; C-Nodule section of 
Mtnip-1 plants transformed with pMtNPF1.7-MtNPF1.7-eGFP in the red channel; D-Nodule 
section of Mtnip-1 plants transformed with pMtNPF1.7-MtNPF1.7-eGFP in the merged red 
and green channel; E-Root section of Mtnip-1 plants transformed with pAtEF1α-MtNPF1.7-
eGFP in the green channel; F-Root section of A17 plants transformed with pAtEF1α-eGFP 
in the green channel. 
 

2.6 Immunolocalization of MtNPF1.7 

 In a complementary approach to protein tagging with fluoresent markers, detection of 
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MtNPF1.7-eGFP was attempted with anti-GFP antibody by immunolocalization.  

Figure 2.10 Immunolocalization of MtNPF1.7. A17 plants were transformed with 
pAtEF1α-MtNPF1.7-eGFP or pCAMBIA2301 empty vector constructs by hairy root 
transformation method. Vibratome cut 80 µM nodule sections were obtained using 
vibratome. Sections were immunostained with anti-GFP primary antibody and Alexa-Fluor 
488 goat anti-rabbit IgG secondary antibody for MtNPF1.7-eGFP and counterstained with 
DAPI for plant or bacterial nuclei. A-Section of A17 nodule transformed with empty vector 
seen in the green channel; B-Section of A17 nodule transformed with empty vector seen in 
the blue channel; C-Section of A17 nodule transformed with empty vector seen in the merged 
blue and green channel together; D-Section of A17 nodule transformed with pAtEF1α-
MtNPF1.7-eGFP seen in the green channel; E-Section of A17 nodule transformed with 
pAtEF1α-MtNPF1.7-eGFP seen in the blue channel; F-Section of A17 nodule transformed 
with pAtEF1α-MtNPF1.7-eGFP seen in the merged blue and green channel. 
 
Symbiosome localization of MtNPF1.7-eGFP protein was confirmed by immunolocalization 

with anti-GFP antibody on transgenic nodules expressing MtNPF1.7-eGFP. A17 plants were 

transformed with pAtEF1α-MtNPF1.7-eGFP or pCAMBIA2301 empty vector constructs by 

the hairy root transformation method. Nodule sections were immunostained with anti-GFP 

primary antibody (AbCam) and Alexa-Fluor 488 goat anti-rabbit IgG secondary antibody 

(Molecular Probes) for MtNPF1.7-eGFP. Nodule sections were counterstained with DAPI for 
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plant or bacterial nuclei visualization. MtNPF1.7 protein was detected in symbiosome under a 

spinning disk confocal microscope, set with 488 nm excitation and 530 nm emission filters 

(Figure 2.10). 

 

2.7 Significance of Findings 

 Cloning of MtNPF1.7 was confirmed by complementation experiments. Studies on 

the expression pattern of MtNPF1.7 revealed that it is active in the primary root tip, root 

vasculature, nodule meristem, nodule vasculature, and leaf veins and in the seeds, suggesting 

it might be biologically active in those tissues. Subcellular localization of MtNPF1.7 

supported the idea of MtNPF1.7 as a membrane localized protein as predicted 

computationally. 
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CHAPTER 3  

FUNCTIONAL STUDIES OF MtNPF1.7*  

3.1 MtNPF1.7 Complements the Arabidopsis thaliana chl1-5 Mutant  

 MtNPF1.7 was cloned positionally and rescued Mtnip-1 mutnats lateral root and 

nodule defects (Chapter 2). Since the MtNPF1.7 was found to be a member of NPF 

transporter family in a clade with know low-affinity nitrate transporters (Yendrek et al., 

2010), one immediate hypothesis was that it could encode a nitrate transporter. Experiments 

that were done to express MtNPF1.7 protein in Xenopus laevis oocytes showed that 

MtNPF1.7’s expression conferred nitrate transport activity (Bagchi, Salehin et al., 2012). 

However, MtNPF1.7 transports nitrate in oocytes, it could be argued that it may not function 

as a nitrate transporter in planta. It was reasoned that demonstrating nitrate transport in an in 

planta system would be a more convincing test of MtNPF1.7’s ability to transport nitrate than 

simply in oocytes. The chosen system was the Arabidopsis thaliana chl1-5 mutant. The 

nitrate transporter activity of MtNPF1.7 was further tested by studying its ability to 

complement the well-characterized Arabidopsis chl1-5 mutant. In A. thaliana, the chl1-5 

mutant was isolated based on its resistance to chlorate, a nitrate analog (Tsay et al., 1993).  A. 

thaliana chl1-5 mutant has a deletion spanning the AtNRT1.1/AtNPF6.3/CHL1 gene (Munos 

et al, 2004), encoding a major dual affinity nitrate transporter. It cannot take up chlorate, 

which is converted into the toxic chlorite by nitrate reductase (Doddema et al., 1978; Tsay et 

al., 1993; Munos et al., 2004).  

 A construct containing MtNPF1.7 cDNA under the control of the constitutive 

Arabidopsis EF1α promoter (pAtEF1α-MtNPF1.7, Figure 3.1, A) was introduced into 

Atchl1-5 plants by the Agrobacterium mediated floral dip method. Control plants were 

generated by transforming AtNRT1.1/AtNPF6.3/CHL1 cDNA regulated by the same promoter 

                                                        
* Parts of this chapter were published in Bagchi, Salehin et al., 2012, Plant Physiology 160:906-916 and Salehin 
et al., 2013, Plant Signaling & Behavior 8:1-5. 
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(pAtEF1α-AtNRT1.1, Figure 3.1, D) and served as a positive control.  At least 5 independent 

homozygous plants were selected either in the T2 or T3 generation by selection on kanamycin. 

Kanamycin selects plants that have integrated the vector containing the MtNPF1.7 or 

AtNRT1.1/AtNPF6.3/CHL1 genes. Homozygous transgenic plants expressing either 

MtNPF1.7 or AtNRT1.1/AtNRT6.3/CHL1 along with wild type Col-0 and Atchl1-5 were 

grown in vermiculite: perlite (1:1 mixture) under continuous illumination at 250C to 270C and 

were irrigated every 2 days with a nutrient medium containing 5mM KNO3. At 5 days post 

germination, plants were irrigated twice with nutrient medium containing 2 mM KClO3 at one 

day’s interval. After chlorate treatment, plants were irrigated with nutrient media without 

nitrate. One week after KClO3 treatment, plants were checked for necrosis and bleaching 

symptoms characteristic of chlorate toxicity. Atchl1-5/pAtEF1α-MtNPF1.7 was found to be 

sensitive to chlorate. Atchl1-5 plants transformed with pAtEF1α-AtNRT1.1/AtNPF6.3/CHL1 

and wild type Col-0 served as control. Mutant Atchl1-5 plants were resistant to chlorate as 

expected (Figure 3.2).  Wild-type Col-0 and the Atchl1-5 plants constitutively expressing 

either AtNRT1.1 or MtNPF1.7 showed a reduction in fresh weight and chlorophyll content 

after chlorate treatment compared to the resistant Atchl1-5 plants (Table 3.1). We therefore 

conclude that MtNPF1.7 transports the nitrate analog chlorate in planta and is extremely 

likely to transport nitrate in planta as well.   

 

3.2 Restoration of Chlorate Sensitivity of Atchl1-5 Mutant by Mtnip-3 but Not Mtnip-1  

 Mutant Mtnip-1 and Mtlatd proteins were unable to promote nitrate transport when 

expressed in Xenopus oocyte system but Mtnip-3 was able to promote nitrate transport 

(Bagchi, Salehin et al., 2012). To examine transport properties of the mutant MtNPF1.7 

allelic proteins in planta, the mutant alleles were expressed (Figure 3.1, B and C) separately 

in the Atchl1-5 mutant to test their ability to restore chlorate sensitivity. Since Mtlatd has a 
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stop codon in the middle of the MtNPF1.7 gene and found found not to confer nitrate 

transport in oocytes (Bagchi, Salehin et al., 2012). The experimental strategy was similar to 

that employed for MtNPF1.7. Two Atchl1-5 lines independently transformed with a 

constitutively expressed Mtnip-1 and three independent chl1-5 lines expressing Mtnip-3 

cDNA were selected for further analysis. After chlorate treatment, plant vigor was 

determined by documenting overall plant mass and chlorophyll content. 

Figure 3.1 Recombinat DNA constructs used in this study. A-1776 bp MtNPF1.7 cDNA 
(Gen Bank ID-GQ401665.1) expressed under a 900 bp AtEF1α promoter (NC_003076.8); B-
1776 bp Mtnip-1 cDNA expressed under a 900 bp AtEF1α promoter (NC_003076.8); C-1776 
bp Mtnip-3 cDNA expressed under a 900 bp AtEF1α promoter (NC_003076.8); D-1773 bp 
AtNRT1.1 cDNA (NM_101083) expressed under a 900 bp AtEF1α promoter (NC_003076.8); 
E-1752 bp AgDCAT1 cDNA (EF694056) expressed under a 900 bp AtEF1α promoter 
(NC_003076.8); F-1593 bp AtNRT2.1 cDNA (NM_100684.2) expressed under a 2900 bp 
MtNPF1.7 promoter (GQ401665.1). 
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Figure 3.2 MtNPF1.7 complements the chlorate insensitivity phenotype of the 
Arabidopsis chl1-5 mutant. Arabidopsis chl1-5 plants were transformed with a construct 
containing MtNPF1.7 cDNA under the control of the Arabidopsis EF1α promoter, pAtEF1α-
MtNPF1.7 or a positive control construct containing the Arabidopsis AtNRT1.1 gene under 
the same promoter, pAtEF1-AtNRT1.1. All plants were treated with chlorate as described in 
Tsay et al. 1993 and analyzed after 7 days. Plants in panels A-D were handled together as 
were plants in panels E-H. A, Arabidopsis Col-0. B, Arabidopsis chl1-5. C, Arabidopsis chl1-
5/pAtEF1α-AtNRT1.1. D, Arabidopsis chl1-5/pAtEF1α-MtNPF1.7, transformant. E, 
Arabidopsis Col-0. F, Arabidopsis chl1-5. G, Arabidopsis chl1-5/pAtEF1α-MtNPF1.7. H, 
Arabidopsis chl1-5/pAtEF1α-MtNPF1.7 transformant. The MtNPF1.7 gene was able to 
confer chlorate sensitivity on Arabidopsis chl1-5 plants, similar to the AtNRT1.1 gene. Bars = 
0.6 cm. Figure previously published in Bagchi, Salehin et al., 2012. Plant Physiology 160, 
906-916. 
 
Table 3.1 Fresh weight and chlorophyll contents of chlorate treated Arabidopsis plants. 
Plants were grown in vermiculite: perlite (1:1) and irrigated with media containing 5mM NO3 
for 5-7 days. Plants were then irrigated with ClO3 containing media without NO3 for 3 days, 
and subsequently with media lacking both ClO3 and NO3. Fresh weight and chlorophyll 
content were obtained from plants 7 days after ClO3 treatment.  
 

Genotype Fresh weight/plant (mg) Chlorophyll content 
(mg/g fresh weight) 

Col-0 18.4 +/- 1.6 1.05 +/- 0.07 

Atchl1-5 150.4 +/- 6.7 2.08 +/- 0.08 
Atchl1-5/pAtEF1α-
AtNRT1.1 20.9 +/- 1.5 0.92 +/- 0.06 

Atchl1-5/pAtEF1α-
MtNPF1.7 21.7 +/- 0.9 1.15 +/- 0.15 
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 Mtnip-3 cDNA expression in Atchl1-5 restored chlorate sensitivity (representative 

plants are in Figure 3.3) and resulted in a dramatic reduction in plant mass, as did the 

expression of positive controls, AtNRT1.1/AtNPF6.3/CHL1 cDNA and MtNPF1.7 cDNA 

(Figure 3.3). In contrast, Mtnip-1 expressing Atchl1-5 plants were found to be chlorate 

resistant and was indistinguishable from Atchl1-5 plants (Figure 3.3). The fresh weights of 

the three lines of Atchl1-5 expressing Mtnip-3 cDNA were indistinguishable (lines 1 and 2) or 

slightly larger than (line 3) the weights of Atchl1-5 plants transformed with 

AtNRT1.1/AtNPF6.3/CHL1 or MtNPF1.7 expression constructs (Figure 3.4). In contrast, the 

masses of plants from the two independent Atchl1-5/Mtnip-1 lines were indistinguishable 

from those of negative control Atchl1-5 plants, indicating that they retained chlorate 

resistance (Figure 3.4).  

 Chlorophyll content was also measured in extracts from chlorate treated plants 

expressing the control or test genes, as an indicator of degree of chlorosis in plants. The 

chlorophyll content of Atchl1-5/Mtnip-3 lines 1 and 2 were similar to those of the Atchl1-5 

lines expressing the positive control AtNRT1.1/AtNPF6.3/CHL1 or wild type MtNPF1.7 and 

to wild type Col-0, while the third line, Atchl1-5 line 3, had a slightly higher chlorophyll 

content than the positive controls (Figure 3.4). Both Atchl1-5/Mtnip-1 plants had higher 

chlorophyll content than Atchl1-5 plants expressing AtNRT1.1/AtNPF6.3/CHL1, MtNPF1.7 

or Mtnip-3, but slightly lower than Atchl1-5 control plants (Figure 3.4).  

  Collectively, these data indicate that MtNPF1.7 and Mtnip-3 proteins transport 

chlorate in planta (Figure 3.2 and 3.3), although transport by Mtnip-3 protein may be slightly 

less efficient than wild-type MtNPF1.7 (Figure 3.3). Similarly, the data indicate that Mtnip-1 

protein has non-functional chlorate transport (Figure 3.3 and 3.4) or retains a very small 

fraction of transport activity (Figure 3.3 and 3.4). This is consistent with oocyte data and 

supports a model where MtNPF1.7 is in planta nitrate transporter. 
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Figure 3.3 Mtnip-3, but not Mtnip-1, complements the chlorate-insensitivity phenotype 
of the Arabidopsis chl1-5 mutant. A cartoon showing effect of chlorate treatment on 
Arabidopsis plants. B-Arabidopsis control and test plants were treated with chlorate, a nitrate 
analog that can be converted to toxic chlorite after uptake. Two independent Atchl1-5/Mtnip-
1 lines and three independent Atchl1-5/Mtnip-3 lines were tested; representative plants are 
shown. The genotype and transgene in each plant is indicated. The Mtnip-3 gene was able to 
confer chlorate sensitivity on Arabidopsis chl1-5 plants, similar to the MtNPF1.7 and 
AtNRT1.1/AtNPF6.3 genes. Bar = 1cm. Figure previously published in Bagchi, Salehin et al., 
2012. Plant Physiology 160, 906-916. 
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Figure 3.4 Fresh weight and chlorophyll content of chlorate-treated Arabidopsis plants. 
The fresh weights and chlorophyll content of the Arabidopsis Col-0, Atchl1-5, and Atchl1-5 
plants transformed with constructs and treated with chlorate, as in Figure 1, were measured. 
Asterisks mark values that are significantly different at the 1% level from the Atchl1-5 value, 
using the paired t-test. Panel A, the fresh weights of Atchl1-5 plants transformed with the 
Mtnip-1 gene were indistinguishable from Atchl1-5 plants, and the fresh weights of two of the 
Atchl1-5 lines transformed with Mtnip-3 were indistinguishable from those of Col-0 or 
Atchl1-5 transformed with either MtNPF1.7 and AtNRT1.1/AtNPF6.3 genes. The third 
Atchl1-5/Mtnip-3 line has similar, but not identical, fresh weight to the other two. Panel B, 
the chlorophyll contents of Atchl1-5 plants transformed with the Mtnip-1 gene were similar to 
Atchl1-5 plants, and the chlorophyll contents of two of the Atchl1-5 lines transformed with 
Mtnip-3 were similar to those of Col-0 and to chlorophyll contents of Atchl1-5 transformed 
with either MtNPF1.7 and AtNRT1.1 genes. The third Atchl1-5/Mtnip-3 line had intermediate 
chlorophyll content. Error bar represents standard deviation from three independent 
replicates. Figure previously published in Bagchi, Salehin et al., 2012. Plant Physiology 160, 
906-916. 
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3.3 Complementation Attempt of Mtnip-1 by AtNRT1.1/AtNPF6.3 and AgDCAT1 

  Since MtNPF1.7 restored chlorate sensitivity to the Atchl1-5 mutant, I tested whether 

AtNRT1.1/AtNPF6.3 would restore the Mtnip-1 mutant to a wild-type phenotype level for 

lateral root and nodule development. At the time this experiment was performed, 

AtNRT1.1/AtNPF6.3 was the only known NPF member known to be a high affinity (dual 

affinity) nitrate transporter (Tsay et al., 2007). Since MtNPF1.7 was shown to transport 

nitrate with high affinity in oocytes (Bagchi, Salehin et al., 2012), we chose 

AtNRT1.1/AtNPF6.3 as a high affinity nitrate transporter. 

  I used composite Medicago plant hairy roots (Boisson-Dernier et al., 2001) 

transformed with pAtEF1α-AtNRT1.1/AtNPF6.3 (Figure 3.1, D) as our test system.  

Composite plants were grown in aeroponic chambers in the absence of nitrate, inoculated 

with Sinorhizobium meliloti/phemA:lacZ (Boivin et al., 1990), and root architecture and 

nodulation were evaluated at 15 days post inoculation (dpi). The results showed that 

AtNRT1.1/AtNPF6.3 partially restored Mtnip-1 root architecture (Figure 3.5). The Mtnip-1 

mutants transformed with the AtNRT1.1/AtNPf6.3 expression construct had longer primary 

roots, more elongated LRs and longer LRs than Mtnip-1 mutants transformed with empty 

vector (Figure 3.5).  

 However, the nodules in Mtnip-1 plants transformed with the pAtEF1α-

AtNRT1.1/AtNPF6.3 construct had an Mtnip-1 phenotype, with the presence of brown 

pigments, no obvious meristem, and did not differentiate into the zones that are the hallmark 

of nitrogen fixing nodules (Figure 3.6).  Control plants transformed with pAtEF1α -

MtNPF1.7 had wild-type phenotype nodules (Figure 3.6), and show comparable rescue of 

nodulation and root architecture phenotypes as those transformed with pMtNPF1.7-

MtNPF1.7 (Figure 3.5) showing that use of the Arabidopsis EF1α promoter is not a limiting 

factor for complementation of the Mtnip-1 phenotype. Overall, the experiment shows that 
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although AtNRT1.1/AtNPF6.3 partially restores the root architecture phenotype, it is not able 

to restore normal nodulation to the Mtnip-1 plants. 

Figure 3.5 Arabidopsis NRT1.1 partially complements the M. truncatula Mtnip-1 mutant 
for its root architecture phenotype. M. truncatula Mtnip-1 and control wild-type composite 
plants transformed with pAtEF1α-AtNRT1.1 or empty pCAMBIA2301 vector, as a control, 
were grown in aeroponic chambers, inoculated with S. meliloti containing a constitutive lacZ 
gene, and grown in a 16/8-h light/dark cycle at 22°C. At 15 dpi, root architecture 
characteristics were evaluated. A to D, Appearance of the roots. Bars = 10 mm. A, A17, 
empty vector. B, A17, pAtEF1α-AtNRT1.1. C, Mtnip-1, empty vector. D, Mtnip-1, pAtEF1α-
AtNRT1.1. E to G, Quantitation of primary root length (E), LR number (F), and LR length 
(G). Averaged values with SD are plotted (n = 5). Asterisks mark root attributes that are 
significantly different from the negative control, using Student’s t test at P, 0.01. Black bars, 
A17, empty vector; vertically striped bars, A17, pAtEF1α-AtNRT1.1/AtNPF6.3; dark gray 
bars, Mtnip-1, empty vector; light gray bars, Mtnip-1, pAtEF1α-AtNRT1.1/AtNPF6.3. Bars = 
1 mm. Figure previously published in Bagchi, Salehin et al., 2012. Plant Physiology 160, 
906-916. 
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Figure 3.6 Arabidopsis NRT1.1 does not complement the M. truncatula Mtnip-1 nodule 
phenotype. M. truncatula Mtnip-1 and control wild-type composite plants transformed with 
pAtEF1a-AtNRT1.1/AtNPF6.3, empty vector pCAMBIA2301 as a negative control, or 
pAtEF1a-MtNPF1.7 were grown as in Figure 5 with S. meliloti containing a constitutive lacZ 
gene. At 15 dpi, nodule characteristics were evaluated after staining with X-Gal for 
localization of rhizobia, which stain blue. A, A17 transformed with empty vector. B, A17 
transformed with pAtEF1α-AtNRT1.1/AtNPF6.3. C, A17 transformed with pAtEF1α-
MtNPF1.7. D, Mtnip-1 transformed with empty vector. E, Mtnip-1 transformed with 
pAtEF1α-AtNRT1.1/AtNPF6.3. F, Mtnip-1 transformed with pAtEF1α-MtNPF1.7. Bars = 200 
µm. Figure previously published in Bagchi, Salehin et al., 2012. Plant Physiology 160, 906-
916. 
 

 We also tested whether the gene encoding the alder symbiotic AgDCAT1 

dicarboxylate transporter (Figure 3.1, E) could restore normal root development or nodulation 

to Mtnip-1 plants, using a similar approach as for AtNRT1.1/AtNPF6.3 using the composite A. 

rhizogenes with transformed roots and normal shoots plant. Mtnip-1 plants expressing 

AgDCAT1 had a phenotype indistinguishable from Mtnip-1 plants transformed with an empty 

vector; in contrast, Mtnip-1 plants expressing MtNPF1.7 were restored to wild type.  Wild-

type A17 plants’ phenotypes were unaffected by AgDCAT1 expression (Figure 3.7).  
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Figure 3.7 AgDCAT1 does not complement the Mtnip-1 mutant.   Medicago Mtnip-1 and 
control A17 wild-type composite plants transformed with pMtNPF1.7-MtNPF1.7, 
pMtNPF1.7-AgDCAT1, or empty vector pCAMBIA2301 as negative control, were grown as 
in Figure 5.  Panels A and D, Mtnip-1 transformed with empty vector.  Panels B and E, 
MtNPF1.7-1 transformed with pMtNPF1.7-MtNPF1.7.  Panels C and F, Mtnip-1 transformed 
with pMtNPF1.7-AgDCAT1.  Panels A-C, roots; bars = 5 mm.  Panels D-F, nodules; blue 
color indicates rhizobia stained with X-Gal; bars = 200 úm. Panel G. Quantitation of lateral 
root length.  Averaged values with the standard deviation are plotted; n=5.  Black bars: A17, 
empty vector.  Blue bars: A17, pMtNPF1.7-AgDCAT1. Yellow-orange bars: Mtnip-1, 
pMtNPF1.7-MtNPF1.7. Red bars, Mtnip-1, empty vector. Magenta bars: Mtnip-1, 
pMtNPF1.7-AgDCAT1.  Figure previously published in Bagchi, Salehin et al., 2012. Plant 
Physiology 160, 906-916. 
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3.4 AtNRT2.1 Fails to Complement Mtnip-1 

  Because MtNPF1.7 was shown to transport nitrate with high affinity in oocytes, we 

tested the MtNPF1.7 promoter driven expression of AtNRT2.1 (Figure 3.1, F), encoding a 

high-affinity nitrate transporter, in Mtnip-1 roots to determine if it complemented the 

phenotypic defects.  We found that AtNRT2.1 expression had no effect on the Mtnip-1 

phenotypes, with neither root architecture nor nodulation defects altered (Figure 3.8).  While 

this might suggest that the important biological role of MtNPF1.7 is not to transport nitrate 

with high affinity, non-complementation of Mtnip-1’s phenotype by AtNRT2.1 may be due to 

other factors.  One possible factor is the requirement for proteins in the NRT2 family to 

interact with proteins in the NAR2.1, also called NRT3, family for functional high-affinity 

nitrate transport.  Another is the apparent post-transcriptional control of AtNRT2.1 (Kotur et 

al., 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Arabidopsis NRT2.1, encoding a high-affinity nitrate transporter, does not 
complement Mtnip-1. Panel A, Composite Mtnip-1 plants with transformed roots were 
assessed for lateral root length. Control wild type A17 plants transformed with pMtNPF1.7-
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MtNPF1.7 and with pMtNPF1.7-AtNRT2.1 were indistinguishable from the A17 plants 
transformed with empty vector. Mutant Mtnip-1 plants were rescued for their lateral root 
phenotype by pMtNPF1.7-MtNPF1.7 expression but not with the expression of pMtNPF1.7-
AtNRT2.1. Panels B-E, 15 days post-inoculation nodules from Mtnip-1 and wild type A17 
roots transformed with the same constructs as in panel A show that pMtNPF1.7-AtNRT2.1 
does not rescue the nodulation defect in Mtnip-1 (panel B), with nodules containing rhizobia 
in infection threads but not inside plant host cells and with the accumulation of 
polyphenolics, similar to the nodules elicited on Mtnip-1 roots transformed with empty vector 
(panel D). In contrast, Mtnip-1 roots transformed with the positive control construct 
pMtNPF1.7-MtNPF1.7 contain nodules that are wild type in appearance (panel C). Nodules 
elicited on wild type A17 roots transformed with pMtNPF1.7-AtNRT2.1 (panel E) appear 
unaffected by the presence of the transgene. Arrows (B, D) point to polyphenolic 
accumulations and double arrowheads (C, E) point to nodule cells infected by rhizobia. 
Bars=250 µm. Figure previously published in Salehin et al., 2013. Plant Signaling and 
Behavior 8, 1-5. 
 
 
3.5 Nitrate Uptake by A17, Mtnip-1 and Mtnip-3 Plants  

 To examine whether the Mtnip-1 and Mtnip-3 mutants had defects in nitrate uptake, 

we grew Mtnip-1 and Mtnip-3 mutants, with wild-type A17 as control, in two different 

concentrations of KNO3: 250 µM and 5 mM.  Uptake was measured by monitoring depletion 

of nitrate from the media using a colorimetric nitrate analysis kit. As can be seen in Figure 

3.8, no differences in nitrate uptake were observed in the mutants compared to the wild type 

control, suggesting that low and high affinity nitrate transport systems are functioning in 

these plants (Figure 3.9).  However, because measurement of depletion of nitrate from the 

media is less sensitive than measuring nitrate influx, subtle changes in nitrate uptake may 

have been missed. 

 

3.6 Short Summary and Discussion 

 Data presented in this chapter shows that MtNPF1.7 is a high affinity nitrate 

transporter. However, there was no difference in depletion of nitrate from external media 

between A17, Mtnip-1 and Mtnip-3. One possible reason for this could be that MtNPF1.7 is 

involved in nitrate transport in between cells not from outside to inside. 
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Figure 3.9 Measurement of nitrate uptake in M. truncatula. Wild-type A17, Mtnip-1, and 
Mtnip-3 plants were placed in solutions containing 250 µM (A) or 5 mM (B) nitrate. Nitrate 
uptake was monitored by its depletion from the medium at 2-h intervals. Amount of nitrate 
left in the media was analyzed using a commercial nitrate assay kit. Data are plotted for one 
biological replicate. Figure previously published in Bagchi, Salehin et al., 2012. Plant 
Physiology 160, 906-916. 
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CHAPTER 4  

GROWTH PHENOTYPE OF CONSTITUTIVE MtNPF1.7 EXPRESSION IN 

ARABIDOPSIS AND MEDICAGO 

4.1 Arabidopsis Col-0 Plants Expressing MtNPF1.7 are Larger 

 As shown in chapter 3, we constitutively expressed MtNPF1.7 and the Mtnip-3 and 

Mtnip-1 alleles, under the control of the Arabidopsis EF1α promoter, in Arabidopsis chl1-5 

mutants (Bagchi et al., 2012; Salehin et al., 2013).  These experiments were performed to 

determine if MtNPF1.7 would complement the nitrate transport phenotypes observed in 

Atchl1-5. Unexpectedly, we observed that the Atchl1-5 mutants constitutively expressing 

MtNPF1.7 were larger than non-transformed control plants and also larger than the control 

Atchl1-5 plants expressing AtNRT1.1/AtNPF6.3.   

 First we wanted to determine if the MtNPF1.7 growth effect would also occur in wild-

type Arabidopsis plants. We were also interested to learn if it correlated with the high-affinity 

nitrate transport capacity found in MtNPF1.7 and Mtnip-3 proteins, but not in Mtnip-1 

protein. We decided to explore this unexpected result to determine if constitutive MtNPF1.7 

expression could confer changes in growth to wild-type plants and to measure phenotypes 

associated with it. Thus, we introduced constructs into Col-0 plants to constitutively express 

a) the wild-type MtNPF1.7 cDNA, b) the weak allele Mtnip-3 encoding a nitrate-transporting 

protein in functional assays and c) the strong allele Mtnip-1 encoding a nitrate transport-

defective protein (Bagchi, Salehin et al., 2012; Salehin et al., 2013) or d) 

AtNRT1.1/AtNPF6.3, encoding a dual-affinity nitrate transporter, as control.  Plants were 

selected using kanamycin and homozygous plants were tested in the T2 and T3 generations. 

 To assess growth in transgenic Arabidopsis plants expressing MtNPF1.7, Mtnip-3, 

Mtnip-1 or AtNRT1.1/AtNPF6.3 and control wild-type were grown on peat-based plant 

media, not supplemented with nitrogen. In these conditions, Arabidopsis Col-0 plants 
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expressing MtNPF1.7 or Mtnip-3, but not Mtnip-1, had larger rosettes over the growth course 

(Figure 4.1 and 4.2).  The larger rosettes were partially a result of more leaves per plant than 

Col-0 (Table 4.1); plants at four weeks past germination expressed MtNPF1.7 or Mtnip-3 

averaged 15-16 leaves per plant, while Col-0, or Col-0 expressing Mtnip-1 or 

AtNRT1.1/AtNPF6.3 had 9-10 leaves per plant on average. Col-0 plants expressing 

MtNPF1.7 or Mtnip-3 were also observed to have larger leaves than Col-0 plants (Figure 

4.1).   

 Rosette growth was assessed over time by measuring the total rosette area once a 

week, after taking pictures and using Image J software. Col-0 plants expressing either 

MtNPF1.7 or the Mtnip-3 allele were found to be 1.6 fold larger than control Col-0 plants or 

those expressing the Mtnip-1 allele on average (Figure 4.2) at all time points examined.   

 The larger leaves of the Col-0 plants expressing MtNPF1.7 could be caused by more 

cells per leaf or larger individual cells or both.  To determine if cells were larger, cotyledons 

from 9 day post-germination Col-0 expressing MtNPF1.7 versus Col-0 plants were examined 

for their sizes.  They were imaged by scanning electron microscopy and their areas and cell 

areas measured.  The results showed that the cotyledons of Col-0 expressing MtNPF1.7 were 

2.5 fold larger than those of Col-0 plants. The increase in leaf size correlated with an increase 

in cell size (Figure 4.3). 

 The larger size of the plants, correlated with earlier flowering.  Flowering time was 

measured for plants expressing MtNPF1.7 under long day condition and found to occur 5 

days earlier than similarly grown Col-0 plants (Table 4.2). 

 In addition we measured, photosynthetic parameters and found that Col-0 expressing 

MtNPF1.7 leaves had lower CO2 fixation. They had used 53% or 55% the amount of CO2 as 

compared to the control Col-0 leaves, depending on if the calculation was made on a per 

gram fresh weight or a leaf area basis (Figure 4.4). The chlorophyll levels were reduced in 
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Col-0 expressing MtNPF1.7 plants, to approximately 80% of the control Col-0 plants (Figure 

4.4).  

Figure 4.1 Phenotype of Arabidopsis plants constitutively expressing MtNPF1.7 alleles. 
Top, representative plant rosettes, 30 days after germination: A, Col-0; B, Col-0 expressing 
Mtnip-1 mutant allele; C, Col-0 expressing control AtNRT1.1/AtNPF6.3 gene; D, Col-0 
expressing wild type MtNPF1.7; E, Col-0 expressing Mtnip-3 mutant allele. Bottom, 
Individual leaves from a representative plant: F, Col-0; G, Col-0 expressing wild type 
MtNPF1.7. Bars=3 cm. Photos taken by Ying-Sheng Huang and me jointly. 
 

Table 4.1 Leaf number of Col-0 plants expressing MtNPF1.7 compared to Col-0.  Plants 
were grown on potting soil for 4 weeks irrigated with tap water, as described in Materials and 
Methods.  Data reported is the average number of leaves counted for 12-14 individual plants 
+/- the standard deviation (Student’s t-test, P<0.001). 

Plant Line Average number of leaves 
Col-0 8.8 +/- 0.7 
MtNPF1.7 CE #1 15.2 +/- 0.7 
MtNPF1.7 CE #2 15.8 +/- 0.8 
AtNPF6.3 OE 10.1 +/- 0.5 
Mtnip-1 CE  #1 9.8 +/- 0.6 
Mtnip-1 CE #2 9.3 +/- 0.5 
Mtnip-3 CE #1 15.6 +/- 0.7 
Mtnip-3 CE #2 15.3 +/- 0.7 
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Table 4.2  Time to flowering for Col-0 plants expressing MtNPF1.7 compared to Col-0.  
Plants were grown on potting soil, irrigated only with tap water, as described in Materials and 
Methods.  Data reported is the average number of days to flowering, appearance of the first 
white flower, +/- the standard deviation.  n=18. (Student’s t-test, P<0.01). 

Plant Line Days to flowering 
Col-0 37.5 +/- 2.0 
MtNPF1.7 CE  32.7 +/- 1.6 

 

 
Figure 4.2 Total leaf areas in Col-0 plants expressing wild-type MtNPF1.7 and its alleles.  
Plants were grown in a peat-based media not amended with nitrogen.  At the indicated times, 
plants were photographed and the total rosette area determined.  The average values 
plus/minus the standard deviations are plotted.  Student’s t-test was used to determine that 
Col-0 expressing MtNPF1.7 Col-0 or expressing Mtnip-3 plants were significantly larger than 
Col-0 at each point measured while Col-0 expressing Mtnip-1 plants were not.  n=12. Student 
t-test, p<10-9.  
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Figure 4.3  Size of cotyledons and cotyledon cell of MtNPF1.7 CE plants are larger than 
those of Col-0.  Nine day post-germination cotyledons were measured. Panels A, B, 
Scanning electron micrographs of A, Col-0 and B, MtNPF1.7 CE cotyledons.  Panel C, 
Averaged cotyledon areas. White bars: Col-0 cotyledons; gray bars: MtNPF1.7 CE 
cotyledons. Panels D, E, Higher magnification micrographs of D, Col-0 and E, MtNPF1.7 CE 
cotyledons.  Panel F, Averaged cotyledon cell areas. White bars: Col-0 cotyledons; gray bars: 
MtNPF1.7 CE cotyledons. Bars = 0.5 mm in panels A and B and bars = 200 mm in panels D 
and E.  Panels C, F: Error bars report the standard deviations. n=10. Student’s t-test, P<0.001. 
Image by Bailey Wattron. 
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Figure 4.4 Rate of photosynthesis and chlorophyll content are lower in Col-0 plants 
expressing MtNPF1.7 than in Col-0 plants.  Photosynthesis was measured with a LiCOR 
apparatus as described in the methods and was calculated per gram fresh weight of tissue in 
panel A and per square centimeter of leaf area in panel B.  Panel C, Chlorophyll 
concentrations in leaves, reported per gram fresh weight.  White bars represent Col-0 control 
leaves and gray bars represent Col-0 expressing MtNPF1.7 leaves. n = 6.  Independent 
biological replicates gave similar results. Photosynthesis and chlorophyll content are 
significantly lower in Col-0 plants expressing MtNPF1.7 than in the control Col-0 plants 
(Student’s t-test, P<0.05). 
 
 
4.2 Global Gene Expression Studies on Col-0 Plants Expressing MtNPF1.7 versus Col-0 

Reveals Many Differentially Expressed Genes at Low, but not High, Nitrate 
Concentrations 

 
 To obtain more insight into the molecular mechanisms underlying the increased 

growth of Col-0 plants expressing MtNPF1.7, gene expression was investigated by transcript 

profiling shoots of 21-day post germination plants grown on defined media, using the 

Affymetrix Arabidopsis ATH1 microarray, in collaboration with Drs Y. Tang and T. Ray at 

Noble Foundation, Ardmore, Oklahoma. Gene expression at 0.1 mM and 10 mM nitrate was 

tested. In the 0.1 mM nitrate condition, there are large growth differences between Col-0 
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expressing MtNPF1.7 and Col-0, while at 10 mM nitrate condition, there are fewer 

differences in growth. We collected three independent biological replicates; each of the 

cDNA samples was hybridized independently using the Affymetrix Arabidopsis ATH1 

microarray chip.  At 0.1 mM nitrate, there were 626 genes up-regulated and 728 genes down-

regulated at least two-fold in Col-0 expressing MtNPF1.7 versus Col-0, while at 10 mM 

nitrate, there were 38 up-regulated and 4 down-regulated transcripts respectively, at least 

two-fold. Dr. Tui Ray at Noble Foundation, validated the array results by comparing 21 

gene’s expression to by qRT-PCR (Table 4.5).  Their expression was compared to that of the 

constitutive AtEF1α gene.  As can be seen in Table 4.5, gene expression levels for the 21 

selected genes correlated well by the two techniques. 1354 genes up or down-regulated at 

least two fold at 0.1 mM and 42 genes up or down-regulated at 10 mM, suggests that the 

higher concentration of nitrate suppresses the changes mediated by constitutive expression of 

MtNPF1.7 at the lower nitrate concentration.  

 Rammyani Bagchi from our lab determined that both Col-0 plants expressing 

MtNPF1.7 and Col-0 plants take up similar amount of nitrate from the media on a per gram 

basis. Since the Col-0 plants expressing MtNPF1.7 are larger than the Col-0 plants at low 

nitrate concentrations, they may have depleted the available nitrate provided at 0.1 mM 

condition and be experiencing nitrogen (N) starvation.  

 To test this we compared gene expression in Col-0 plants expressing MtNPF1.7 

versus Col-0 plants to gene expression in Col-0 plants experiencing nitrogen starvation 

compared to full nutrition (Scheible et al., 2004), using Venn diagram feature of Mapman 

(Thimm et al., 2004).   We found that 52% of the genes up-regulated and 52% of the genes 

down-regulated at least two-fold in Col-0 plants expressing MtNPF1.7 versus Col-0 plants in 

0.1 mM nitrate were co-regulated with genes that are up- and down-regulated respectively in 

Col-0 plants during nitrogen starvation at least two fold (Scheible et al., 2004).  However, 
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only one of the transcripts up-regulated in Col-0 plants expressing MtNPF1.7 versus Col-0 

plants in 0.1 mM nitrate was also up-regulated in Col-0 plants expressing MtNPF1.7 versus 

Col-0 plants in 10 mM nitrate.  In contrast, 2 of the 38 probesets that are up-regulated in Col-

0 expressing MtNPF1.7 at 10 mM nitrate overlapped with those up-regulated during nitrogen 

starvation in Col-0.  At 10 mM nitrate, only 4 transcripts were found to be down-regulated 

two-fold or more in Col-0 expressing MtNPF1.7 compared to Col-0; of those, 2 are down-

regulated during nitrogen starvation in Col-0 (Scheible et al., 2004), while none of the 4 are 

also down-regulated in Col-0 expressing MtNPF1.7 compared to Col-0.  Overall, this 

supports the hypothesis that the Col-0 plants expressing MtNPF1.7 experience higher 

nitrogen stress than Col-0 plants, which may be a consequence of the plants being larger.    

 To obtain more information about pathways that contribute to the phenotype of 

MtNPF1.7 CE plants, we used Mapman (Thimm et al., 2004; Usadel et al., 2005) to query the 

differentially expressed genes in MtNPF1.7 CE plants compared to Col-0. Wilcoxon rank 

sum test within MapMan and the false discovery rate control method by Benjamini and 

Hochberg (Benjamini and Hochberg, 1995; Usadel et al., 2005) were used to select the 

significant pathways.  Between 0.1 mM nitrate and 10 mM nitrate treatments, differentially 

expressed genes were divided into three groups for pathway analyses. The first profile 

included the 324 transcripts up- and 375 transcripts down-regulated in MtNPF1.7 CE 

compared to Col-0, at least two-fold, in 0.1 mM nitrate, that are also co-regulated in Col-0 

plants during nitrogen starvation (Scheible et al., 2004).  Among genes that fit into this 

profile, we found photosynthetic genes were significantly down-regulated, while those in the 

categories of WRKY domain transcription factor family and AAA-type proteases were up-

regulated (Table 4.3).  Genes encoding signaling components and transport proteins were 

both over- and under-represented, with over-representation predominating, especially of 

receptor kinases (Table 4.3).  The second group included the 302 transcripts up- and 353 
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transcripts down-regulated in MtNPF1.7 CE compared to Col-0, at least two-fold, in 0.1 mM 

nitrate, but not co-regulated in Col-0 plants during nitrogen starvation.  Among genes that fit 

into this profile were genes encoding cell wall components, enzymes that act on the cell wall, 

and those associated with DNA and chromatin structure to be down-regulated in MtNPF1.7 

CE compared to Col-0 (Table 4.3).  Genes associated with stress were found to be up- and 

down-regulated, with more up- than down-regulated in MtNPF1.7 CE compared to Col-0.  In 

particular, the stress genes included those associated with biotic stress.  Genes encoding 

WRKY domain transcription factors, different from those identified as co-regulated during 

nitrogen starvation were also up-regulated.  The third group included the 38 transcripts up- 

and four transcripts down-regulated in MtNPF1.7 CE compared to Col-0, at least two-fold, in 

10 mM nitrate. No functional categories were recognized as statistically significantly 

regulated within the third profile, genes differentially regulated in MtNPF1.7 CE compared to 

Col-0, in 10 mM nitrate. 

 Few differences in previously characterized genes that when over-expressed or 

knocked out resulted in growth phenotypes (www.yieldbooster.org; Gonzalez et al., 2012) 

were observed to be represented among the differentially regulated genes in MtNPF1.7 CE 

compared to Col-0 (Table 4.4).  ARGOS-LIKE (ARL), shown to be involved in the regulation 

of cell expansion-dependent organ growth (Hu et al., 2006), is elevated in MtNPF1.7 CE 

plants (Table 4.4). AINTEGUMENTA (ANT), encoding an AP2 family transcriptional 

regulator that is associated with cell proliferation (Mizukami and Fischer, 2000), is under-

represented in MtNPF1.7 CE plants (Table 4.4) as is EXPANSIN3 (EXP3), in the α-expansin 

family of cell wall proteins that when constitutively expressed in Arabidopsis is associated 

with increased growth by cell expansion (Kwon et al., 2008).  While EXORDIUM (EXO), 

associated with cell expansion (Schröder et al., 2009), has similar transcription levels in 

MtNPF1.7 CE plants as in wild-type (Table 4.4), two EXORDIUM-LIKE genes, EXL2 and 
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EXL4, are both elevated in MtNPF1.7 CE plants (Table 4.4).  EXL2 and EXL4 have been 

hypothesized to suppress brassinosteroid-dependent growth and control carbon allocation 

within cells (Schröder et al., 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Up and down-regulated transcripts in Col-0 plants expressing MtNPF1.7.  
Col-0 plants expressing MtNPF1.7 were grown at low and high nitrate concentrations, 0.1 
mM and 10 mM respectively and assessed for genes up- and down regulated compared to 
Col-0 controls grown in the same conditions. Three replicates of each low and high nitrate 
treatments of Col-0 and MtNPF1.7 expressing plant leaves were used for microarray. Data 
represented here is average of 3 replicates. They were also compared to publicly available 
data from Col-0 plants starved for nitrogen (Scheible et al., 2004).  
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Table 4.3  Functional categories of genes up- and down-regulated in MtNPF1.7 CE 
plants compared to wild-type Col-0. 
 
Categories of transcript changes MtNPF1.7 CE plants compared to wild-type Col-0, in 0.1 
mM nitrate conditions. Results are from the Wilcoxon rank sum test within MapMan, using 
the false discovery rate control method of Benjamini and Hochberg. The BIN number, 
functional category, number of total elements in that particular BIN, number of elements that 
are two-fold higher and lower respectively in MtNPF1.7 CE compared to Col-0, and the 
corresponding probability for that BIN being identical to the overall distribution are shown.  
Only those categories having a P<0.05 are shown.  
 
A, Changes in MtNPF1.7 CE plants compared to wild-type Col-0, in 0.1 mM nitrate 
conditions that are similarly regulated in nitrogen starvation in wild-type Col-0 (Scheible et 
al. 2004). 

BIN Category Elements 

Elements, 
MtNPF1.7/ 
Col-0 > 2 

Elements, 
MtNPF1.7/ 
Col-0 < 0.5 P-value 

1 PS 42 1 41 3.01E-04 
1.1 PS.lightreaction 30 0 30 1.25E-05 
1.1.1 PS.lightreaction.photosystem II 15 0 15 1.57E-02 

1.1.1.2 
PS.lightreaction.photosystem 
II.PSII polypeptide subunits 14 0 14 3.68E-02 

27.3.32 

RNA.regulation of 
transcription.WRKY domain 
transcription factor family 7 7 0 1.57E-02 

29.5.9 protein.degradation.AAA type 5 5 0 2.19E-02 
30 signalling 44 36 8 9.49E-06 
30.2 signalling.receptor kinases 22 20 2 1.80E-03 
30.3 signalling.calcium 13 12 1 1.15E-03 
34 transport 31 28 3 1.54E-03 

 
B, Changes in MtNPF1.7 CE plants compared to wild-type Col-0, in 0.1 mM nitrate 
conditions that are not similarly regulated in nitrogen starvation. 

BIN Category Elements 

Elements, 
MtNPF1.7/ 
Col-0 > 2 

Elements, 
MtNPF1.7/ 
Col-0 < 0.5 P-value 

10 cell wall 42 7 35 4.78E-04 
10.5 cell wall.cell wall proteins 11 0 11 2.22E-02 

10.5.1.1 
cell wall.cell wall 
proteins.AGPs.AGP 11 0 11 2.22E-02 

10.6 cell wall.degradation 14 1 13 2.41E-02 

10.6.3 

cell wall.degradation.pectate 
lyases and 
polygalacturonases 12 1 11 4.45E-02 

20 stress 50 38 12 3.94E-03 
20.1 stress.biotic 29 25 4 3.94E-03 

27.3.32 
RNA.regulation of 
transcription. WRKY domain 7 7 0 2.85E-02 
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transcription factor family 
28 DNA 24 1 23 3.92E-04 

28.1 
DNA.synthesis/chromatin 
structure 22 1 21 4.07E-04 

28.1.3 
DNA.synthesis/chromatin 
structure.histone 16 0 16 3.21E-03 

28.1.3.2 
DNA.synthesis/chromatin 
structure.histone.core 15 0 15 6.77E-04 

28.1.3.2.3 
DNA.synthesis/chromatin 
structure.histone.core.H3 5 0 5 2.24E-02 

31 cell 37 1 36 4.07E-04 
 
 
Table 4.4  Plant biomass/yield associated genes up- or down-regulated two-fold or more 
in 0.1 mM nitrate in MtNPF1.7 CE plants compared to wild-type.  Data are also shown 
for 10 mM nitrate, the other nitrate concentration tested.  
 
 
Locus 

 
 
Name, Predicted function 

0.1 mM 
nitrate, ratio 
MtNFP1.7 
CE/ Col-0 

10 mM 
nitrate, ratio 
MtNFP1.7 
CE/ Col-0 

 
At2g44080 

ARL: ARGOS-LIKE, involved in cell 
expansion-dependent organ growth 

 
2.05 

 
1.29 

 
At4g37750 

ANT: AINTEGUMENTA, cell proliferation, 
putative transcriptional regulator similar to AP2 

 
0.47 

 
1.02 

At2g37640 EXP3: α-EXPANSIN gene family 0.29 0.91 
At5g09440 EXL2: EXORDIUM-LIKE 2, function unknown 2.52 1.07 
At5g64260 EXL4: EXORDIUM-LIKE 4, function unknown 2.07 1.07 
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Table 4.5  Comparison between gene misregulation data by qRT-PCR and microarray  (Data from Dr. Tui Ray, Noble Foundation) 
 

Gene Probeset qRT-PCR   Affymetrix ATH1 microarray   

  Mean relative ratio of Col-0 +NPF1.7 to 
Col-0  Mean relative ratio of Col-0 +NPF1.7 to Col-0  

  Col + NPF1.7:Col-
0, 10 mM nitrate 

Col + NPF1.7:Col-0, 
0.1 mM nitrate  Col + NPF1.7:Col-0, 

10 mM nitrate 
Col + NPF1.7:Col-0, 0.1 

mM nitrate   

At1g10070 264524_at 0.75 3.87  0.62 3.15   
At1g12090 264371_at 1.07 *  0.99 138.10   
At1g17180 262517_at 1.16 3.49  1.02 2.88   
At1g25530 255726_at 1.26 1.00  1.04 0.86   
At1g52400 259640_at 1.47 0.22  1.29 0.19   
At1g58430 245842_at 2.29 **  1.98 1.11   
At1g66390 260140_at 4.17 13.39  1.23 7.99   
At2g29370 266275_at 1.07 2.06  1.08 1.16   
At2g39310 266988_at 0.54 0.67  1.10 0.91   
At3g26830 258277_at 0.77 16.47  0.71 9.04   
At3g49670 252272_at 0.91 0.64  0.82 0.49   
At4g11460 254931_at 0.76 0.52  0.58 0.42   
At4g23150 254271_at 0.89 10.64  0.82 8.75   
At4g23680 254234_at 3.55 2.59  2.76 2.08   
At4g23750 254235_at 0.93 0.63  0.85 0.53   
At5g22430 249939_at 2.46 1.49  2.33 1.23   
At5g53370 248263_at 1.22 1.79  0.94 0.57   
At5g57170 247943_at 0.96 0.68  1.01 0.49   

psaB 245006_at 0.93 0.78  1.06 0.66   
psbc1 245003_at 0.97 0.66  0.97 0.37   
rps2 244996_at *** ***  1.13 0.42   

rps2/1  1.10 1.46  *** ***   
rps2/2  1.13 2.74  *** ***   
rps2/3  0.97 0.58  *** ***   

* Impossible to calculate because the qRT-PCR Col-0 value was 0.  Note that the Affymetrix value for Col-0 was very low, "A" in 0.1 mM nitrate.  
** Impossible to calculate because the Col-0 value was 0. Note that the Affymetrix valuse for Col + NPF1.7 and Col-0 were very low, "A", in 0.1 mM nitrate. 
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4.3 Medicago A17 Plants Constitutively Expressing MtNPF1.7 are Bigger 

 The observation that Arabidopsis Col-0 plants transformed with MtNPF1.7 are bigger 

was unexpected. We were curious whether other species would have a similar phenotype 

when MtNPF1.7 was constitutively expressed. We generated permanent transgenic Medicago 

plants constitutively expressing MtNPF1.7 (Figure 4.6) and tested whether this growth 

phenotype is a generalized phenotype of MtNPF1.7’s function. As a control, Medicago plants 

expressing GUS were also generated by Agrobacterium-mediated transformation at Ralph M 

Parsons Foundation Plant Transformation Facility (UC Davis). The vectors used to generate 

the transgenic are shown in Figure 4.6 and further described in Materials and Methods. Six 

MtNPF1.7 expressing and seven GUS expressing A17 lines were received from UC Davis 

(Table 4.6). The identity of A17 plants constitutively expressing MtNPF1.7 or pMtNPF1.7-

GUS was confirmed by DsRed1 fluorescence, genomic DNA PCR for DsRed1 and resistance 

to Basta. When T0 plants were compared side by side we noticed that the A17 plants 

constitutively expressing MtNPF1.7 were larger than control A17 plants expressing 

pMtNPF1.7-GUS or A17 plants (Figure 4.7). Constitutive expression of MtNPF1.7 was 

confirmed by qPCR (Figure 4.7). MtNPF1.7 overexpressor line#1 and line#4 were selected 

for subsequent studies because they showed higher MtNPF1.7 expression than the other lines.  

 For further characterization of this growth phenotype A17, Mtnip-1 and T1 generation 

MtNPF1.7 overexpressor (MtNPF1.7 OE) plants were grown under symbiotic condition on 

Metromix for 10 weeks. Under these conditions, MtNPF1.7 OE plants had higher fresh and 

dry weight compared to A17 and Mtnip-1 plants. Two independent NPF1.7 OE lines showed 

2 and 1.7 fold more biomass than A17 plants respectively (Figure 4.8).  
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Figure 4.6 Constructs used to generate permanent transgenic A17 lines. A-1776 bp 
MtNPF1.7 cDNA (Gen Bank ID-GQ401665.1) expressed under a 900 bp AtEF1α promoter 
(NC_003076.8) in pMDC123: AtUbq10: DsRed1: CaMV: Basta vector that has a 636 bp 
AtUbq10 promoter (HQ693235.1) driven DsRed1 (226 amino acid protein, AEC11555) as a 
fluorescent selection marker and CaMV driven Basta as herbicide selection marker; B-620 
amino acid gusA (AAF65404) expressed under a 2900 bp MtNPF1.7 promoter in pMDC123: 
AtUbq10: DsRed1: CaMV: Basta vector that has a 636 bp AtUbq10 promoter (HQ693235.1) 
driven DsRed1 (226 amino acid protein, AEC11555) as a fluorescent selection marker and 
CaMV driven Basta as herbicide selection marker. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Growth phenotype of Medicago plants constitutively expressing MtNPF1.7. 
A-A17 plants constitutively expressing MtNPF1.7, Line#4 compared to pMtNPF1.7-GUS 
expressing lines; B-A17 plants constitutively expressing MtNPF1.7, Line#1 and Line#2 
compared to pMtNPF1.7-GUS expressing line; C-qPCR data showing constitutive expression 
of MtNPF1.7 in transgenic line#1 #2, #3 and #4 compared to GUS expressing lines.
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Table 4.6  List of stable transgenic A17 plants received from UC Davis plants transformation facility 
 

Transgenic Plants 
Received Line DsRED PCR 

confirmation 

GUS 
Positive in 

T0 

GUS 
Positive in 

T1 

NIP 
expression 
tested by 

qPCR 

Set 
Seed, 

To 

Set 
Seed, 

T1 

A17+pAtEF1α:MtNPF1.7 1 Yes NA NA Yes Yes Yes 
 2 Yes NA NA Yes Yes Yes 
 3 Yes NA NA Yes Yes Yes 
 4 Yes NA NA Yes Yes Yes 
 5 Yes NA NA No Yes No 
 6 Yes NA NA No No NA 

A17+pMtNPF1.7:GUS 1 Yes Yes No Yes Yes Yes 
 2 Yes Yes No Yes Yes No 
 3 Yes Yes No Yes Yes No 
 4 Yes Yes No Yes Yes No 
 5 Yes Yes Not Tested No Yes No 
 6 Yes No NA No Yes No 
 7 Yes No NA No Yes No 

 



Figure 4.8 Biomass and Flowering Phenotype of Medicago plants constitutively 
expressing MtNPF1.7. A-Representative picture of A17, Mtnip-1 and two A17 line 
constitutively expressing MtNPF1.7; B-Days taken to appear 1st flower under symbiotic 
condition; C-Average fresh weight of A17, Mtnip-1 and two A17 lines constitutively 
expressing MtNPF1.7, 10 weeks post inoculation with S. meliloti; D- Average dry weight of 
A17, Mtnip-1 and two A17 line constitutively expressing MtNPF1.7, 10 weeks post 
inoculation with S. meliloti. n=15. Asterisk indicates statistically significant at 1% level 
(Student’s t-test). 

The A17 plants constitutively expressing MtNPF1.7 also flowered earlier than A17 

and Mtnip-1 plants grown under symbiotic condition. Two independent MtNPF1.7 OE line 

started to flower at 54 and 43 days respectively, while it took 68 days for A17 to initiate 

flowering (Figure 4.8).  

4.4 MtNPF1.7 OE Plants Show Increased Number of Nodules in Nitrogen-Free 
Environments  

The ability to fix atmospheric nitrogen in symbiotic association with soil rhizobia 

makes legumes special. Since MtNPF1.7 mutants have severe defects in nodulation 
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(Veereshlingam et al., 2004; Bright et al., 2005; Teillet et al., 2008), we wanted to see what 

happens to nodulation in the MtNPF1.7 OE plants. We analyzed root nodule phenotype of the 

A17 plants constitutively expressing MtNPF1.7 compared to the pMtNPF1.7-GUS control 

transformed plants and A17 plants. A17, MtNPF1.7 OE and pMtNPF1.7-GUS control 

transformed plants were grown in aeroponic chamber in Lullien’s media (Lullien et al., 1987) 

for 15 days after inoculation with S. meliloti carrying a constitutive lacZ expressed under 

hemA promoter. Nodules were counted after lacZ staining of the nodules. We observed that 

the A17 plants constitutively expressing MtNPF1.7 make more nodules compared to GUS 

expressing and A17 plants in the absence of nitrate. On average, 20-25% more nodules were 

present in the MtNPF1.7 OE plants (Figure 4.9). Further analysis revealed that this increase 

in nodule number is due to the presence of more nodules in the secondary nodule zone and in 

the lateral roots but number of nodules in the primary zone was similar (Figure 4.10). This 

could be due to the presence of more lateral roots in the MtNPF1.7 OE plants.  Nitrate above 

0.5 mM concentration is known to inhibit nodulation (Fei and Vessey., 2010). In order to test 

the nitrate sensitivity of the nodulation phenotype of MtNPF1.7 OE plants, A17 and 

MtNPF1.7 OE plants were grown in aeroponic chambers under 0, 0.2 and 1 mM KNO3. 

Increased nodule numbers in MtNPF1.7 OE plants were observed at 0 mM nitrate, in the 

presence of 0.2 mM nitrate, but not in the presence of 1 mM nitrate (Figure 4.10).  
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Figure 4.9 Average Nodule Number in Medicago plants constitutively expressing 
MtNPF1.7 compared to A17 and GUS expressing line. Average nodule numbers per plants 
were counted 15 day post inoculation with S. meliloti. Nodule numbers were counted visually 
after lacZ staining. Data represented here is average of 5 independent experiments. n=15. 
Asterisk indicates statistically significant at 1% level (Student’s t-test). 

Figure 4.10 Average nodule number in the different nodulation zones of Medicago 
plants constitutively expressing MtNPF1.7 compared to A17 and nitrate mediated 
inhibition of nodule numbers. Average total nodule numbers per plant, average nodule 
number in primary zone, secondary zone and in the lateral roots per plants were counted 15-
day post inoculation with S. meliloti. Plants were grown in different nitrate containing media, 
i.e-0, 0.2 and 1 mM KNO3. Nodule numbers were counted visually after lacZ staining. n=10.
(Student’s t-test, P<0.01). 
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4.5 More Acetylene Reduction in MtNPF1.7 OE Lines than A17 

Bacterial nitrogenase enzyme reduces the inert triple bond in molecular nitrogen into 

ammonia, which is utilized by plants. Nitrogenase can also reduce other triple bond 

containing gasses like acetylene. The acetylene reduction assay (ARA) is used as an indirect 

way to measure the functional activity of bacterial nitrogenase enzyme, where conversion of 

acetylene into ethylene is assayed by gas chromatography. ARA was conducted to test if the 

nitrogenase activity in MtNPF1.7 OE plants were increased. Between 15-20 plants of each 

genotype of A17, Mtnip-1 and MtNPF1.7 OE plants were grown in aeroponic chamber for 15 

days after inoculation with S. meliloti. At that time nodulated roots were moved to a 10 ml 

sealed glass tube, injected with 500µl acetylene gas and incubated 16-18 hrs at 280C. The 

amount of acetylene converted into ethylene by bacterial nitrogenase present in the nodulated 

roots was detected by gas chromatography. Nitrogenase activity was expressed in terms of 

nanomoles of ethylene produced per mg root weight per hour. A statistically significant 

higher nitrogenase activity per mg root weight was observed in two independent MtNPF1.7 

expressing plants compared to A17 plants. There was no nitrogenase activity detected in the 

Mtnip-1 mutant plants. However only a slight yet statistically significant increase in 

nitrogenase activity per nodule was observed. This observation further confirms the presence 

of more nodules in the MtNPF1.7 expressing lines (Figure 4.11). 

4.6 Increased Lateral Roots in the MtNPF1.7 OE Plants in Absence of Nitrogen or Low 
Nitrogen 

Since the Mtnip-1 mutant is defective in lateral root (LR) elongation, we tested the 

effect of constitutive expression of MtNPF1.7 on root architecture of A17 plants. Two 

independent MtNPF1.7 lines had more lateral roots. The LRs were longer in MtNPF1.7 OE 

lines compared to the A17 plants in the absence of nitrate and presence of 0.2 mM nitrate. 

But similar to the increased nodulation in 0 and 0.2 mM nitrate, this LR phenotype was 
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abolished in the presence of 1 mM nitrate (Figure 4.12). 

Figure 4.11  Acetylene Reduction Assay in Medicago plants constitutively expressing 
MtNPF1.7 compared to A17 and Mtnip-1.  Acetylene reduction assay was done with roots 
containing nodules after 15-day post inoculation with S. meliloti. A-nmole ethylyene 
produced per plant per hour in the nodulated roots of A17, Mtnip-1 and MtNPF1.7 OE#1; B-
nmole ethylyene produced per plant per hour in the nodulated roots of A17, Mtnip-1 and 
MtNPF1.7 OE#4. n=15. Asterisk indicates statistically significant at 1% level (Student’s t-
test). 
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Figure 4.12 Average lateral root number in the Medicago plants constitutively 
expressing MtNPF1.7 compared to A17 and inhibition by 1 mM nitrate. Average lateral 
root numbers per plants were counted 15-day post inoculation with S. meliloti. Plants were 
grown in different nitrate containing media, i.e-0, 0.2 and 1 mM KNO3. Lateral roots were 
counted visually after lacZ staining. A-Representative picture of root architectures of A17, 
Mtnip-1 and MtNPF1.7 OE plants grown in the presence of no nitrate; B-Average lateral root 
numbers in A17 and two MtNPF1.7 OE lines grown in the presence of different nitrate. n=7. 
(Student’s t-test, P<0.01). 

4.7 Misregulation of Nodulation Related Genes in MtNPF1.7 OE and Mtnip-1 Mutant 

In order to monitor the gene expression profile of known nodulation genes, qRT-PCR 

was conducted over the course of nodulation on A17, Mtnip-1 and MtNPF1.7 OE plants. 

Between 30 to 40 individual plants of each genotype: A17, Mtnip-1 and MtNPF1.7 OE, were 

grown in aeroponic chambers as previously described. After 5 days of nitrogen starvation, 

plants were inoculated with S. meliloti. Roots and nodulated roots were collected at 6-hour 

post inoculation, 1, 2, 4, 7 and 15-day post inoculation. RNA was extracted from the above 

samples using a commercial kit, as described in Materials and Methods. RNA was treated 

with DNase to remove genomic DNA contamination. The success of genomic DNA removal 

was checked by intron spanning primers of MtEF1α gene (GenBank Accesson-

XM_003591529.1) by PCR. Then the RNA was cleaned and concentrated using another 
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commercially available kit (see Materials and Methods). RNA was converted into first strand 

cDNA using SuperScriptIII. Then cDNA was diluted into 150 ng/µl and used for qPCR in an 

iQ5TM qPCR machine (Biorad, CA). The relative expression of known nodulation related 

genes were calculated based on 2-∆∆Ct method (Livak and Schmittgen, 2001). MtNIN (Marsh 

et al, 2007) and MtHAP2.1 (Combier et al, 2006) were chosen as markers of nodule 

organogenesis, MtLB1 (Ott et al, 2005) as marker of functional nodule, MtRR4  (Plet et al., 

2011) and MtCRE1 (Gonzalez-Rizzo et al., 2006) were chosen as markers of cytokinin 

signaling and Mt6B (Rightmayer et al, 2011) and MtGH3 (Mathesius et al., 1998) as markers 

of auxin signaling. All the transcript data were normalized against the constitutively 

expressed MtH3L gene transcript (Ariel et al., 2010). Nodulated roots of A17 plants 

constitutively expressing MtNPF1.7 showed upregulation of MtNPF1.7 transcript (Figure. 

4.14, D). Levels of MtHAP2.1, MtNIN and MtLB1 transcripts were higher in MtNPF1.7 OE 

plants compared to A17 plants (Figure. 4.14).   

These transcripts were lower in the Mtnip-1 plants. The transcript level of a well-

known marker gene for auxin response, MtGH3 showed upregulation in Mtnip-1 and 

MtNPF1.7 OE nodulated roots compared to A17 nodulated roots (Figure 4.13, B).  A marker 

gene for cytokinin response, MtRR4 showed downregulation in Mtnip-1 and MtNPF1.7 OE 

nodulated roots compared to A17 nodulated roots (Figure 4.14, C). The higher expression of 

the nodule organogenesis marker, MtHAP2.1 is consistent with more nodules in MtNPF1.7 

OE plants. 
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Figure 
4.13 Misregulation of nodulation related genes in MtNPF1.7 OE and Mtnip-1 mutant. 
RNA was extracted from total roots of A17, Mtnip-1 and MtNPF1.7 OE plants at 6 hpi, 1 dpi, 
2 dpi, 4dpi, 7 dpi and 15 dpi after inoculation with S. meliloti. cDNA was synthesized from 1 
ug RNA and qRT-PCR was done in a Biroad’s iQ5TM system. Relative expression of 
different nodulation genes is presented here after normalization with constitutively active 
Histone 3 Like gene. Error bars shown are standard deviation. A-Relative expression pattern 
of auxin inducible 6B gene; B-Relative expression pattern of GH3 gene; C-Relative 
expression pattern of cytokinin response regulator, RR4 gene; D-Relative expression pattern 
of cytokinin receptor, CRE1 gene. 
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Figure 4.14 Misregulation of nodulation related genes in MtNPF1.7 OE and Mtnip-1 
mutant. RNA was extracted from total roots of A17, Mtnip-1 and MtNPF1.7 OE plants at 6 
hpi, 1 dpi, 2 dpi, 4dpi, 7 dpi and 15 dpi after inoculation with S. meliloti. cDNA was 
synthesized from 1 ug RNA and qRT-PCR was done in a Biroad’s iQ5TM system. Relative 
expression of different nodulation genes is presented here after normalization with 
constitutively active Histone 3 Like gene. Error bars shown are standard deviation. A-
Relative expression pattern of NIN gene; B-Relative expression pattern of HAP2.1 gene; C-
Relative expression pattern of LB1 gene; D-Relative expression pattern of MtNPF1.7 gene in 
roots and nodulated roots. 

4.8 Short Summary 

Data presented here, shows that constitutive expression of MtNPF1.7 in Arabidopsis 

and Medicago causes a robust growth phenotype. This growth phenotype is repressed by 

higher concentration of nitrate. The constitutive expression of MtNPF1.7 in Medicago also 

causes increase in nodule number, which is sensitive to nitrate added in the media. Gene 
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expression studies show changes to genes associated with nodule development as well as 

phytohormone balance.  

74



CHAPTER 5 

HORMONAL REGULATION OF MtNPF1.7 

5.1 Hormonal Regulation of MtNPF1.7 

The lateral root defective phenotype of Mtnip-1 and Mtlatd mutants might be a result 

of misregulation of plant hormones like auxin and cytokinin. It is already reported that 

abscisic acid (ABA), a plant hormone related with drought stress, rescued the lateral root 

meristem defect in Mtlatd mutants. However, the nodule phenotype of Mtlatd could not be 

rescued with ABA (Liang et al., 2007). So complex hormonal cross talk may be the possible 

cause for the observed defective phenotypes. Also, MtNPF1.7 gene expression is negatively 

regulated by ABA and auxin and positively regulated by cytokinin in roots and root tips 

(Yendrek et al., 2010). Additionally gene expression studies showed misregulation of auxin 

responsive MtGH3, Mt6B and cytokinin responsive MtRR4 transcript in Mtnip-1 and 

MtNPF1.7 OE plants (Chapter 4). In order to examine if auxin signaling is disrupted in the 

Mtnip-1 plants, the synthetic auxin responsive DR5 promoter: GUS reporter construct 

(Ulmasov et al., 1997) was used. DR5: GUS was originally made by fusing direct repeats of 

auxin response factor binding  “TGTCTC” motif to the GUS reporter (Ulmasov et al., 1997) 

and routinely used as reporter of auxin signaling output level in planta. 

5.2 More Free Auxin in Mtnip-1 and MtNPF1.7 OE Compared to A17 Revealed by DR5: 
GUS 

In order to test the possibility of auxin balance misregulation, A17, Mtnip-1 and 

MtNPF1.7 OE plants were transformed with a synthetic auxin reporter DR5: GUS (Figure 

5.1). Transgenic hairy roots were grown in aeroponics chambers for 5 days in Lullien’s media 

without nitrogen source, inoculated with S. meliloti and grown for 15 days. Nodulated roots 

were stained with X-Gluc to visualize the GUS expression pattern, thus reporting auxin 

activation of DR5. GUS staining of the nodulated roots shows that DR5: GUS is more active 
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in the Mtnip-1 and MtNPF1.7 OE plants compared to wild-type A17 plants, suggesting the 

presence of more auxin in the Mtnip-1 and MtNPF1.7 OE roots compared to A17 roots 

(Figure 5.2, panel A). The result showed higher DR5-GUS activity in Mtnip-1 and MtNPF1.7 

OE than in wild type (Figure 5.2 panel A). A similar pattern was also observed in the 

transgenic nodules (Figure 5.2, panel C, D and E). GUS activity was quantified using 4-

methylumbelliferyl β-D-galactopyranoside (MUG) assay, which quantifies GUS activity 

(Figure 5.2, panel B). As a control, both A17 and Mtnip-1 plants transformed with DR5: GUS 

responded similarly to external IAA (synthetic auxin), suggesting that auxin signaling was 

intact. This result suggests that Mtnip-1 plants respond normally to external auxin but could 

be defective in the output of auxin signaling.  

Figure 5.1 Recombinant DNA constructs used in this chapter. A-DR5 promoter 
expressing gusA (AAF65404, Ulmasov et al., 1997); B-gusA gene expressed under a 2760 bp 
MtNPF1.7 promoter (Gen Bank ID-GQ401665.1) in which AuxRE element is mutated at -
2500bp region, in pMDC123: AtUbq10: DsRed1: CaMV: Basta vector; C-gusA gene 
expressed under MtNPF1.7 promoter in which AuxRE element is mutated at -450bp region; 
D-gusA gene expressed under MtNPF1.7 promoter in which AuxRE element is mutated at -
2500 bp and -450 bp region, in a vector that has a 636 bp AtUbq10 promoter (HQ693235.1) 
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driven DsRed1 (226 amino acid protein, AEC11555) as selection marker; E-A 439 bp 35S 
promoter driven expression of  2016 bp MtARF1 (XM_003592826.1) in pGWB2 vector 
(AB289765); F-A 439 bp 35S promoter driven expression of  2001 bp MtARF4 
(XM_003604890) in pGWB2 vector (AB289765); G-A 835 bp 35S promoter driven 
expression of  MtARF1 fused 239 amino acid synthetic GFP (BAF47390)in pGWB5 vector 
(AB289768.2); H-A 835 bp 35S promoter driven expression of  MtARF4 fused to 239 amino 
acid synthetic GFP (BAF47390)  in pGWB5 vector (AB289768.2). 

Figure 5.2 DR5-GUS expression patterns in A17, Mtnip-1 and MtNPF1.7 OE lines. A-
GUS staining pattern in A17, Mtnip-1 and MtNPF1.7 OE roots transformed with DR5: GUS 
reporter; B-4-methylumbelliferyl β-D-galactopyranoside (MUG) assay of GUS staining 
pattern in A17, Mtnip-1 and MtNPF1.7 OE roots transformed with DR5-GUS reporter; C-
GUS staining pattern in A17; D-Mtnip-1 and E-MtNPF1.7 OE nodules transformed with 
DR5: GUS reporter. n=10. 

5.3 Presence of AuxRE Elements in the MtNPF1.7 Promoter 

Because the MtNPF1.7 transcript is downregulated by auxin, it could be regulated 

through previously identified auxin-regulated motifs in the MtNPF1.7 promoter. To identify 

such possible motifs, the 2760 bp fragment upstream of the start codon of the MtNPF1.7 gene 
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was scanned by Plant cis-acting regulatory DNA elements (PLACE) database (Higo et al., 

1999) for auxin-regulation motifs. Two canonical AuxRE motifs, named “TGTCTC”, were 

found at -2629 bp, called AuxRE#1(A1) and -506 bp, AuxRE#2(A2), upstream of the 

presumed MtNPF1.7 translational start site (Figure 5.3, panel A).  

5.4 Candidate Auxin Resonse Factors in Medicago 

A class of transcription factor, the Auxin Response Factor (ARF) binds to the AuxRE 

motif in auxin responsive gene’s promoters to transduce the auxin signal. A survey of the 

Medicago Gene Atlas (Benedito et al., 2008) revealed 39 ARF transcript probesets (Table 

5.1) and the published Medicago genome (Young et al., 2011) shows presence of 30 ARF 

genes (Table 5.2).  Because the MtNPF1.7 transcript is downregulated by auxin, I was 

particularly interested in ARF genes showing inverse expression patterns compared to 

MtNPF1.7 from the Medicago Gene Atlas (Benedito et al., 2008). Only MtARF1 and 

MtARF4 fit these criteria. These two genes are reciprocally regulated with MtNPF1.7 (Figure 

5.3, panel B). Because of this these genes were selected for further study. MtARF1 is a close 

homologue of well-characterized AtARF1, a repressor ARF (Ulmasov et al., 1997). However, 

MtARF1 is more closely related to GmARF1-1 (Figure 5.4). 

Table 5.1 List of probesets used to show ARF transcripts (39), as per Medicago Gene 
Atlas 

Probeset Designed target 
Mtr.10054.
1.S1_at

TC105392 ("TC105392 /FEA=mRNA /DEF=similar to UP|Q8S976 (Q8S976) Auxin 
response factor 10 (Fragment), partial (12%)") 

Mtr.10574.
1.S1_at

TC107229 ("TC107229 /FEA=mRNA /DEF=similar to UP|Q6L8U0 (Q6L8U0) Auxin 
response factor 4, partial (24%)") 

Mtr.1093.1
.S1_at 

1522.m00043 (1522.m00043 /FEA=mRNA /DEF=AC140023.13 127669 132821 mth2-
32h4 weakly similar to UP|Q6L8U2 (Q6L8U2) Auxin response factor 2) 

Mtr.11167.
1.S1_at

TC109089 ("TC109089 /FEA=mRNA /DEF=similar to UP|ARFH_ARATH (Q9FGV1) 
Auxin response factor 8, partial (13%)") 

Mtr.12945.
1.S1_at/Mt
ARF4 

TC96471 ("TC96471 /FEA=mRNA /DEF=similar to UP|ARFI_ARATH (Q9XED8) 
Auxin response factor 9, partial (22%)") 

Mtr.12959.
1.S1_s_at

TC96515 ("TC96515 /FEA=mRNA /DEF=homologue to UP|Q6L8U1 (Q6L8U1) 
Auxin response factor 3, partial (23%)") 
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Mtr.13650.
1.S1_at

TC98667 ("TC98667 /FEA=mRNA /DEF=homologue to UP|Q8S977 (Q8S977) Auxin 
response factor 8 (Fragment), partial (23%)") 

Mtr.13714.
1.S1_at

TC98911 ("TC98911 /FEA=mRNA /DEF=similar to UP|AX2D_PHAAU (O24542) 
Auxin-induced protein 22D (Indole-3-acetic acid induced protein ARG13), partial 
(85%)") 

Mtr.19429.
1.S1_s_at/
MtARF1 

IMGAG|983.m00012 (IMGAG|983.m00012 /FEA=mRNA /DEF=Aldehyde 
dehydrogenase; Auxin response factor; AUX/IAA protein; Transcriptional factor B3; 
Aux/IAA_ARF_dimerisation AC140551.7.121 43606 38624  mth2-80i8 01/13/05) 

Mtr.21419.
1.S1_at

IMGAG|1155.m00009 (IMGAG|1155.m00009 /FEA=mRNA /DEF=Transcriptional 
factor B3; Auxin response factor AC146971.12.91 44574 46699  mth2-128d1 01/13/05) 

Mtr.24462.
1.S1_at

1742.m00049 (1742.m00049 /FEA=mRNA /DEF=AC151529.16 44842 43173 mth2-
7n23 weakly similar to TAIR|gene: 3356038-GOpep .1 68412.m03986 auxin response 
transcription factor(ARF8) identical to auxin) 

Mtr.25034.
1.S1_at

1787.m00043 (1787.m00043 /FEA=mRNA /DEF=AY515252.1 45034 43882 mth2-
50E03) 

Mtr.25045.
1.S1_at

1787.m00062 (1787.m00062 /FEA=mRNA /DEF=AY515252.1 125751 128148 mth2-
50E03) 

Mtr.25835.
1.S1_at

1461.m00037 (1461.m00037 /FEA=mRNA /DEF=AC148995.2 47206 53009 mth2-
49l23 weakly similar to UP|Q8S976 (Q8S976) Auxin response factor 10 (Fragment)) 

Mtr.25836.
1.S1_at

1461.m00038 (1461.m00038 /FEA=mRNA /DEF=AC148995.2 55340 57447 mth2-
49l23 weakly similar to UP|Q8S976 (Q8S976) Auxin response factor 10 (Fragment)) 

Mtr.26216.
1.S1_at

1495.m00046 (1495.m00046 /FEA=mRNA /DEF=AC152176.5 5637 9342 mth2-65c4 
similar to UP|Q6L8T9 (Q6L8T9) Auxin response factor 5) 

Mtr.27850.
1.S1_at

BF004612 ("BF004612 /FEA=mRNA /DEF=similar to 
GB|AAB92476.1|2708484|U79557 IAA24 {Arabidopsis thaliana;} , partial (8%)") 

Mtr.28292.
1.S1_at

BG587682 ("BG587682 /FEA=mRNA /DEF=similar to 
GB|AAB62404.1|2245390|ATU89296 auxin response transcription factor 3 
{Arabidopsis thaliana;} , partial (16%)") 

Mtr.28382.
1.S1_at

BG644686 ("BG644686 /FEA=mRNA /DEF=similar to 
GB|AAB63625.1|2262117|ATAC002343 auxin inducible protein isolog {Arabidopsis 
thaliana;} , partial (6%)") 

Mtr.28847.
1.S1_at

BQ124121 ("BQ124121 /FEA=mRNA /DEF=similar to UP|Q84QI6 (Q84QI6) Auxin 
response factor-like protein, partial (3%)") 

Mtr.32316.
1.S1_at

AW688064 ("AW688064 /FEA=mRNA /DEF=homologue to UP|ARFJ_ARATH 
(Q9SKN5) Auxin response factor 10, partial (16%)") 

Mtr.32613.
1.S1_at

AW697201 ("AW697201 /FEA=mRNA /DEF=similar to 
GB|AAB62404.1|2245390|ATU89296 auxin response transcription factor 3 
{Arabidopsis thaliana;} , partial (6%)") 

Mtr.33918.
1.S1_at BI273231 (BI273231 /FEA=mRNA /DEF=) 

Mtr.38753.
1.S1_at

TC103458 ("TC103458 /FEA=mRNA /DEF=similar to 
GB|AAB62404.1|2245390|ATU89296 auxin response transcription factor 3 
{Arabidopsis thaliana;} , partial (27%)") 

Mtr.39035.
1.S1_at

TC104057 ("TC104057 /FEA=mRNA /DEF=similar to 
GB|AAB92476.1|2708484|U79557 IAA24 {Arabidopsis thaliana;} , partial (28%)") 

Mtr.39233.
1.S1_at

TC104475 ("TC104475 /FEA=mRNA /DEF=similar to UP|Q8S976 (Q8S976) Auxin 
response factor 10 (Fragment), partial (30%)") 

Mtr.39377.
1.S1_at

TC104752 ("TC104752 /FEA=mRNA /DEF=similar to 
GB|AAB92476.1|2708484|U79557 IAA24 {Arabidopsis thaliana;} , partial (11%)") 

Mtr.39550.
1.S1_at

TC105112 ("TC105112 /FEA=mRNA /DEF=similar to UP|Q6L8U3 (Q6L8U3) Auxin 
response factor 1, partial (35%)") 

Mtr.41219.
1.S1_at

TC108956 ("TC108956 /FEA=mRNA /DEF=similar to UP|Q8RW17 (Q8RW17) 
Aux/IAA protein, partial (48%)") 

Mtr.44217.
1.S1_at

TC96937 ("TC96937 /FEA=mRNA /DEF=similar to UP|Q6L8U0 (Q6L8U0) Auxin 
response factor 4, partial (19%)") 
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Mtr.44777.
1.S1_at

TC98071 ("TC98071 /FEA=mRNA /DEF=similar to UP|Q6L8U1 (Q6L8U1) Auxin 
response factor 3, partial (24%)") 

Mtr.46664.
1.S1_at

1742.m00050 (1742.m00050 /FEA=mRNA /DEF=AC151529.16 49847 45303 mth2-
7n23 similar to TAIR|gene:3356038-GOpep .1 68412.m03986 auxin response 
transcription factor(ARF8) identical to auxin) 

Mtr.48730.
1.S1_at

IMGAG|1155.m00024 (IMGAG|1155.m00024 /FEA=mRNA 
/DEF=Aspartate/ornithine carbamoyltransferase; Transcriptional factor B3; Auxin 
response factor AC146971.12.241 107651 106271  mth2-128d1 01/13/05) 

Mtr.5139.1
.S1_at 

AW688899 ("AW688899 /FEA=mRNA /DEF=similar to 
GB|BAB08972.1|9758525|AB024026 auxin responsive transcription factor 
{Arabidopsis thaliana;} , partial (4%)") 

Mtr.5450.1
.S1_at 

BE325390 ("BE325390 /FEA=mRNA /DEF=weakly similar to 
GB|AAF04627.1|6165644|AF099735 auxin response factor 10 {Arabidopsis thaliana;} , 
partial (13%)") 

Mtr.6426.1
.S1_at 

BQ143982 ("BQ143982 /FEA=mRNA /DEF=weakly similar to 
GB|AAK55665.1|14190369|AF378862 AT5g62000/mtg10_20 {Arabidopsis thaliana;} 
, partial (7%)") 

Mtr.8965.1
.S1_at 

TC101971 ("TC101971 /FEA=mRNA /DEF=weakly similar to PIR|T47975|T47975 
auxin response factor-like protein - Arabidopsis thaliana {Arabidopsis thaliana;} , 
partial (31%)") 

Mtr.9250.1
.S1_at 

TC102818 ("TC102818 /FEA=mRNA /DEF=similar to UP|Q6L8U1 (Q6L8U1) Auxin 
response factor 3, partial (19%)") 

Mtr.9609.1
.S1_s_at 

TC103838 ("TC103838 /FEA=mRNA /DEF=homologue to UP|ARFA_ARATH 
(Q8L7G0) Auxin response factor 1, partial (29%)") 

Table 5.2 List of ARF genes (30) in the published Medicago genome 

Medtr1g094960 
Medtr2g005240 MtARF1 (AtARF1 homologue, a repressor ARF) 
Medtr2g006270 
Medtr2g006380 
Medtr2g014770 
Medtr2g018690 
Medtr2g093740 
Medtr2g094570 
Medtr3g064050 
Medtr3g073420 
Medtr4g021580 MtARF4 
Medtr4g060460 
Medtr4g060470 
Medtr4g124900 
Medtr5g032260 
Medtr5g040740 
Medtr5g040880 
Medtr5g046120 
Medtr5g060630 
Medtr5g060770 
Medtr5g060780 
Medtr5g061220 
Medtr5g061980 
Medtr5g062960 
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Medtr5g062970 
Medtr5g074840 
Medtr5g076270 
Medtr5g082140 
Medtr7g101280 
Medtr8g101360 
Medtr8g100050 
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Figure 5.3 Presence of AuxRE elements in the MtNPF1.7 promoter and inverse 
expression pattern of MtNPF1.7 and MtARF1. A-Presence of two conserved AuxRE 
elements (TGTCTC) in the MtNPF1.7 promoter; B and C-Inverse expression pattern between 
MtNPF1.7 and MtARF1 and MtARF4 (Data taken from Medicago Gene Atlas, Benedito et al, 
2008, Noble Foundation). 
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Figure 5.4 Sequence alignment and phylogenetic tree of selected ARFs. A. N-terminal 
320 amino acid sequence of MtARF1, MtARF4, AtARF1, GmARF1-1 and 1-2 were aligned 
using Geneious software (Biomatter). Conserved reidues are highlighted. Plant specific DNA 
binding B3 domain (amino acid 130-225) and auxin responsive element (amino acid 249-
318) are underlined. B-Unrooted phylogenetic tree based on full-length amino acid sequence 
of MtARF1, MtARF4, AtARF1, LjARF1, PtARF1, OsARF1, SlARF1, GmARF1-1 and 1-2, 
aligned using multiple sequenece comarison by log expectation. AtARF23, an ARF with 
short DNA binding domain is used as outgroup. Numbers represent the percentage of 1000 
bootstrap replications to assess robustness of nodes. The asterisk indicates Mediacgo ARFs 
used in this study. 
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5.5 MtARF1 and MtARF4 Subcellular Localization 

MtARF1 and MtARF4 are predicted to encode transcription factors. If they are 

transcription factors, they are expected to localize to the nucleus. This was tested by fusing 

each MtARF cDNA to GFP using a translational fusion, and then expressing the constructs in 

tobacco leaves. Fusion constructs of MtARF1 and MtARF4 to sGFP were made by Gateway 

LR recombination using pCR8/GW/TOPO-MtARF1 and pCR8/GW/TOPO-MtARF4 

respectively with pGWB5 to obtain p35S: MtARF1: sGFP and p35S: MtARF4: sGFP (Figure 

5.1).   These constructs along with constitutively expressing free GFP were transformed into 

Nicotiana benthamiana leaves by agroinfiltration (Voinnet et al., 2003). After 2 days the 

leaves were examined to determine the GFP localization. Confocal laser scanning microscopy 

(Zeiss LSM 710) with filters set for excitation at 488 nm and emission at 530 nm revealed 

that MtARF1-GFP and MtARF4-GFP were localized to the nucleus, whereas free GFP was 

present in both cytoplasm and nucleus as expected. Chloroplast autofluorescence was 

observed sing the red channel (excitation at 630 nm and emission at 670 nm) and it did not 

colocalize with either MtARF-GFP signal, showing they are not chloroplast localized (Figure 

5.5). Thus, both MtARF1 and MtARF4 localize to the nucleus, consistent with their 

postulated roles as homologs of known ARF transcription factors. 

5.6 Transrepression Studies in Nicotiana benthamiana Leaves 

Generally ARFs binds to the TGTCTC elements (AuxRE elements) in the promoter of 

auxin responsive genes. Two such AuxRE elements in the MtNPF1.7 promoter were 

identified. To test the significance of these AuxRE elements in the MtNPF1.7 promoter, they 

were mutated. The TGTCTC elements in the MtNPF1.7 promoter were mutated into 

TGGCGC either individually or together using the Agilent site directed mutagenesis kit 

(Figure 5.1).  
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Figure 5.5 Subcellular localization of MtARF1 and MtARF4. A-Free GFP expression in 
N.benthamiana leaf disks in the green channel (excitation at 488 nm and emission at 530 
nm); B-Free GFP expression in N.benthamiana leaf disks in the red channel (excitation at 
630 nm and emission at 670 nm); C-Free GFP expression in N.benthamiana leaf disks in the 
merged red and green channel; D-MtARF1: sGFP expression in N.benthamiana leaf disks in 
the green channel; E-MtARF1: sGFP expression in N.benthamiana leaf disks in the red 
channel; F-MtARF1: sGFP expression in N.benthamiana leaf disks in the merged red and 
green channel; G-MtARF4: sGFP expression in N.benthamiana leaf disks in the green 
channel; H-MtARF4: sGFP expression in N.benthamiana leaf disks in the red channel; I-
MtARF4: sGFP expression in N.benthamiana leaf disks in the merged red and green channel. 

Wild type and mutated pMtNPF1.7: GUS were expressed transiently in the N. benthamiana 

leaves to test the biological significance of the AuxRE elements. The level of GUS expression 
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was found to be higher in the pMtNPF1.7: GUS mutated in the AuxRE elements compared to 

the wild type pMtNPF1.7: GUS (Figure 5.6). This result suggests an auxin-mediated 

repression of MtNPF1.7 mediated by the AuxRE elements. A reasonable explanation for the 

observed results is that there are endogenous ARFs present in the N. benthamiana leaves. So 

when wild type pMtNPF1.7: GUS is expressed transiently in N. benthamiana leaves, 

endogenous ARFs bind to the AuxRE elements in the MtNPF1.7 promoter and repress the 

expression of GUS. But when the pMtNPF1.7: GUS, containing mutated AuxRE sites is 

expressed transiently in N. benthamiana leaves endogenous ARFs fail to bind to the 

MtNPF1.7 promoter and hence a higher level of GUS expression is observed. 

 A further test of significance of the AuxRE sites in the MtNPF1.7 promoter and the 

potential involvement of the MtARF1 transcription factors acting at these sites is to express 

the MtARFs in combination with the pMtNPF1.7-GUS constructs. In order to test if 

repression of MtNPF1.7 expression is mediated by one of the MtARFs, each of the ARFs, 

MtARF1 and MtARF4, were cloned downstream of the 35S promoter and used as effectors in 

the N. benthamiana transient transformation assay. Wild type and mutated pMtNPF1.7: GUS 

constructs and ARF effectors were agroinfiltrated into the N. benthamiana leaves. 

pMtNPF1.7-GUS was expressed along with MtARF1 or MtARF4 in the N. benthamiana 

leaves. It was found that level of GUS expression was lower when pMtNPF1.7-GUS was 

coexpressed with MtARF1 but not MtARF4 (Figure 5.6, panel A). However coexpression of 

pMtNPF1.7: GUS, containing mutated AuxRE sites, along with MtARF1, fails to show a 

reduction in GUS expression. This result suggests that intact AuxRE elements in the 

MtNPF1.7 are required for MtARF1 mediated repression. Coexpression of ARFs and different 

versions of pMtNPF1.7-GUS (Figure 5.6, panel B cartoon) and subsequent GUS expression 

assay shows that repression of MtNPF1.7 occurs via MtARF1 transcription factor but not 

MtARF4 (Figure 5.6). 
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Figure 5.6 Upregulation of GUS expression in AuxRE mutated pMtNPF1.7-GUS and 
MtARF1 mediated tansrepression of pMtNPF1.7-GUS in N. benthamiana leaves. A-
Expression of only effector in N. benthamina leaves; A-Expression of wild type pMtNPF1.7-
GUS, wild type pMtNPF1.7-GUS along with MtARF1 or MtARF4 effector and AuxRE 
elements mutated pMtNPF1.7-GUS in N. benthamina leaves; B-Cartoon showing wild type 
NPF1.7-GUS or mutated NPF1.7-GUS and MtARF effectors. n=5. 

5.7 MtARF1 and MtARF4 cDNA Cloning and Overexpression in A17 

MtARF1 and MtARF4 showed inverse expression pattern with MtNPF1.7 in 

Medicago Gene Atlas Database (Beneditto et al., 2008). Transrepression studies in N. 

benthamiana revealed that MtARF1 but not MtARF4 repress MtNPF1.7 transcript level and 

this repression likely involves the AuxRE elements present in the MtNPF1.7 promoter. From 

expression pattern analysis and transrepression studies a possible role of MtARF1 regulating 

MtNPF1.7 was predicted. In order to test the biological significance of MtARF mediated 

repression of MtNPF1.7, MtARF1 and MtARF4 cDNA were cloned from A17 root cDNA 

into a pCR8/GW/TOPO vector and subsequently into pGWB2 vector (has an in frame C-
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terminal stop codon) by Gateway technology. The resulting constructs have MtARF1 and 

MtARF4 cDNA expressed under the control of the 35S promoter (Figure 5.1). These 

constructs were expressed in Medicago A17 roots using hairy root transformations. The 

composite plants were grown in aeroponic chamber system as previously described, 

inoculated with S. meliloti ABS7 constitutively expressing lacZ. At 15 dpi, roots were 

examined for nodule phenotype. We found that MtARF1 overexpression represses MtNPF1.7 

transcript and partially phenocopies Mtnip-1 mutation. Constitutive expression of MtARF1 on 

A17 roots produces plants with fewer lateral root and nodules resemble Mtnip-1 bumps, 

where rhizobia fail to release from infectio thread. The plants transformed with empty vector 

or with MtARF4 produce wild type looking nodules (Figure 5.7 and 5.9). We did observe 

some reduction in nodule number by constitutive MtARF4 expression (Figure 5.7, panel A) 

but most nodules were wild type-like. These results show that may not be MtARF4 is 

involved in regulating MtNPF1.7 and thus not involved in MtNPF1.7’s subsequent 

nodulation phenotype. 

5.8 Inverse Expression of MtNPF1.7 and MtARF1 in q-RT-PCR 

Using qRT-PCR it was found that the transcript level of MtNPF1.7 was repressed in 

A17 plants overexpressing MtARF1 (Figure 5.8, panel B). However, MtNPF1.7 transcript 

was not repressed by MtARF4 overexpression (data not shown). Higher level of both ARF 

transcripts in ARF overexpressing plants were confirmed by qRT-PCR. These results show 

importance of MtARF1 in regulating MtNPF1.7 transcript and subsequent nodulation 

phenotype. 
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Figure 5.7 Nodule number and lateral root phenotype of MtARF1 and MtARF4 OE 
plants. A-Average nodule number on A17 roots transformed with empty vector, 
35S:MtARF1 and 35S:MtARF4; B-Average lateral root number on A17 roots transformed 
with empty vector, 35S:MtARF1 and 35S:MtARF4; For A and B n=15 each. Asterisk 
indicates statistically significant values at 1% level determined by Student’s t-test. 
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Figure 5.8  Expression patterns of MtNPF1.7 and MtARF1 in MtARF1 OE plants. A-
Relative expression level of MtARF1 on A17 roots transformed with empty vector and 
35S:MtARF1; B-Relative expression level of MtNPF1.7 on A17 roots transformed with 
empty vector and 35S:MtARF1.n=4. 

Figure 5.9 MtARF1 OE but not MtARF4 OE partially phenocopies Mtnip-1. A-Nodule 
and lateral root on A17 root transformed with empty vector; B-Nodule and lateral root on 
A17 root transformed with 35S:MtARF1; C-Lateral root on A17 root transformed with 
35S:MtARF4; D-lacZ stained nodule on A17 root transformed with empty vector; E-lacZ 
stained nodule on A17 root transformed with 35S:MtARF1; F-lacZ stained nodule on A17 
root transformed with 35S:MtARF4.n=15. 
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5.9 Chromatin Immunoprecipitation Shows MtARF1 but not MtARF4 Binds to the 
MtNPF1.7 Promoter 

Previous experiments showed that constitutive MtARF1 expression in A17 represses 

MtNPF1.7 transcript and reduces nodule number, impairs bacterial release in nodule cells and 

lateral root development. It was hypothesized that the MtARF1 effect was caused by its 

binding to the MtNPF1.7 promoter and repressing MtNPF1.7’s transcription. In order to 

show a direct binding of the MtARF1 transcription factor to the MtNPF1.7 promoter, A17 

hairy roots expressing MtARF1: sGFP and MtARF4: sGFP were used for chromatin 

immunoprecipitation. GFP positive hairy roots were selected under an epifluorescence 

microscope (Leica MZ10) and grown in the aeroponics chamber system in Lullien’s media 

without nitrogen source for 5 days, inoculated with S. meliloti and grown for another 15 days. 

For chromatin extraction, nodulated roots were fixed with 1% formaldehyde for 10 minutes, 

then the reaction was quenched with 2 M Glycine for 5 minutes, washed several times with 

deionized water and crushed in liquid nitrogen, mixed with cell lysis buffer and nuclei were 

isolated using a commercial kit (Epigentek, NY). Isolated nuclear DNA was sheared by 

sonication. After sonication, the sheared DNA was diluted in a buffer containing a cocktail of 

protease inhibitors and precipitated by centrifugation. After resuspension, 20 µl of sonicated 

DNA was stored as “INPUT” and 100 µL sonicated DNA was used for immunoprecipitation 

with 2 µg Anti-GFP antibody in 200 µL final volume to precipitate MtARF-MtNPF1.7 

immunocomplex for 2 hr at room temperature with gentle shaking at 100 rpm. As a mock 

control, 100 µL sonicated DNA was used for immunoprecipitation with no antibody or IgG 

only. After immunoprecipitation, the wells, where the reaction took place were washed 

several times with wash buffer. Reverse crosslinking of DNA-protein immunocomplex was 

done with Proteinase K treatment and heating at 650C for 1 hour. After that, DNA was 

purified using a spin column supplied with the Epigentek kit. DNA was amplified to 

determine Ct values using qPCR with primers (-2569 F and R for AuxRE#1, -450 F and R for 
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AuxRE#2, listed in appendix) designed for the AuxRE regions of MtNPF1.7 promoter. The 

fold enrichment of MtARF1 binding to the AuxRE elements of MtNPF1.7 promoter was 

calculated using this formula, Fold Enrichment = 2-∆∆(Ct(IP) - 2 Ct (Mock)). Three fold enrichment 

of MtARF1 binding to AuxRE#1 (-2506 bp region) and four fold enrichment of MtARF1 

binding to AuxRE#2 (-509 bp region) element of MtNPF1.7 promoter was observed 

compared to mock control, MtARF4 and non-specific MtEF1α primer (Figure 5.10). This 

data is consistent with MtARF1 transcription factor binding to the AuxRE elements in the 

MtNPF1.7 promoter to repress them. 

5.10 Short Summary 

MtNPF1.7 is regulated by auxin and in turn MtNPF1.7 may regulate auxin: Mtnip-1 

has higher level of auxin as revealed by DR5: GUS reporter. Constitutive expression of 

MtARF1, a repressor ARF, partally phenocopies Mtnip-1 mutant phenotype. Chromatin 

immunoprecipitation shows direct binding of MtARF1 but not MtARF4 to the AuxRE 

elements in the MtNPF1.7 promoter. Coexpression of MtNPF1.7: GUS along with MtARF1 

represses GUS expression. Thus, these collective data is consistent with MtARF1 binding to 

the AuxRE elements on the MtNPF1.7 promoter to repress its expression. We postulate that 

MtNPF1.7 has a role in maintaining auxin homeostasis. This misregulation in auxin balance 

is most likely responsible for Mtnip-1 lateral root’s failure to elongate and nodule to 

differentiate.  
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Figure 5.10  Chromatin Immunoprecipitation shows that MtARF1 binds to the 
MtNPF1.7 promoter. Chromatin immunoprecipitation of transgenic A17 hairy roots 
expressing either MtARF1: sGFP or MtARF4: sGFP with anti-GFP antibody shows that not 
MtARF4 but MtARF1 binds to both the AuxRE elements in the MtNPF1.7 promoter. Primers 
specific for MtEF1α used as a negative control. Error bars represent the SE from three 
different biological replicates. 
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CHAPTER 6 

DISCUSSION* 

There are several major findings in this thesis. One is that MtNPF1.7 protein is a 

nitrate transporter, and its nitrate transport activity partially correlates with root architecture 

development. The evidence that MtNPF1.7 is a nitrate transporter is that its gene’s 

constitutive expression can complement the Arabidopsis Atchl1-5 mutant (Tsay et al., 1993), 

containing a deletion spanning the AtNRT1.1/AtNPF6.3/CHL1 gene (Munos et al., 2004). 

The Atchl1-5 mutant was originally isolated on the basis of its resistance to chlorate, a 

herbicide and nitrate analog that is transported through the AtNRT1.1/AtNPF6.3/CHL1 

nitrate transporter into roots where it is converted to toxic chlorite (Tsay et al., 1993).  

Therefore, the expression of functional nitrate transporters in Atchl1-5 results in the loss of 

chlorate resistance and a reduction of plant vigor after chlorate treatment Atchl1-5 mutants 

expressing MtNPF1.7 are susceptible to chlorate, indicating that MtNPF1.7 confers on them 

the ability to take up the herbicide chlorate, a nitrate analog, from the media.  Atchl1-5 plants 

constitutively expressing MtNPF1.7 were found to be sensitive to chlorate, similar to the 

positive control Atchl1-5 plants transformed with pAtEF1α-AtNRT1.1/AtNPF6.3/CHL1 and 

wild type Col-0.  Negative control mutant chl1-5 plants were resistant to chlorate, as 

expected.  Wild-type AtCol-0 and the Atchl1-5 plants constitutively expressing either 

AtNRT1.1/AtNPF6.3/CHL1 or MtNPF1.7 showed a reduction in fresh weight and chlorophyll 

content after chlorate treatment compared to the resistant Atchl1-5 plants.  A second 

independent transformed line of Atchl1-5 transformed with pAtEF1α−MtNPF1.7 was also 

constructed and found to be chlorate sensitive as well.  We therefore concluded that since  

MtNPF1.7 transports the nitrate analog chlorate in planta, it is extremely likely to transport 

nitrate in planta as well.   

* Parts of this discussion have already been published (Bagchi, Salehin et al., 2012. Plant Physiology 160:906-
916; Salehin et al., 2013. Plant Signaling and Behavior 8:1-5). 
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A second major finding is that MtNPF1.7 mutant alleles differ in their transport 

properties. To examine transport properties of the mutant MtNPF1.7 alleles in planta, we 

expressed the alleles separately in the A. thaliana chl1-5 mutant, with a deletion spanning the 

AtNRT1.1/AtNPF6.3/CHL1 gene, encoding a major dual affinity nitrate transporter.   The two 

mutant alleles encoding missense mutations in their MtNPF1.7 were investigated in Atchl1-5 

for their ability to restore sensitivity, and plant vigor was determined by documenting overall 

plant size, mass and chlorophyll content.  Two independently transformed Atchl1-5 lines 

containing a constitutively expressed Mtnip-1 and three independent Atchl1-5 plants 

expressing Mtnip-3 cDNA were selected and tested for their ability to restore sensitivity. 

Mtnip-3 cDNA expression restored chlorate sensitivity and resulted in a dramatic reduction in 

plant size, as did the expression of positive controls, AtNRT1.1/AtNPF6.3/CHL1 cDNA and 

MtNPF1.7 cDNA expression.  In contrast, Mtnip-1 expressing Atchl1-5 plants were found to 

be chlorate resistant and were indistinguishable from Atchl1-5 plants. The vigor of Atchl1-5 

plants expressing test genes in trans was determined by measuring fresh weight and 

chlorophyll content after treatment with chlorate.  The fresh weights of the three lines of 

Atchl1-5 expressing Mtnip-3 cDNA were indistinguishable or similar than the weights of 

Atchl1-5 plants transformed with AtNRT1.1/AtNPF6.3/CHL1 or MtNPF1.7 expression 

constructs.  In contrast, the masses of plants from the two independent Atchl1-5/Mtnip-1 lines 

were indistinguishable from those of negative control Atchl1-5 plants, indicating that they 

retained chlorate resistance.  Chlorophyll content, which is not as dramatically affected by 

chlorate treatment, as is fresh weight, was also measured in extracts from plants expressing 

the control or test genes.  The chlorophyll content of Atchl1-5/Mtnip-3 lines 1 and 2 were 

similar to those of the Atchl1-5 lines expressing the positive control 

AtNRT1.1/AtNPF6.3/CHL1 or wild-type MtNPF1.7 expression constructs and to wild type 

Col-0, while the third line, Atchl1-5 line 3, had a slightly higher chlorophyll content than the 
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positive controls.  Both Atchl1-5/Mtnip-1 plants had higher chlorophyll content than Atchl1-5 

plants expressing AtNRT1.1/AtNPF6.3/CHL1, MtNPF1.7 or Mtnip-3, but slightly lower than 

Atchl1-5 control plants.   Collectively, these data indicate that MtNPF1.7 and Mtnip-3 

proteins transport chlorate in planta, although transport by Mtnip-3 protein may be slightly 

less efficient than wild-type MtNPF1.7.  Similarly, the data indicate that Mtnip-1 protein is 

non-functional or retains a very small fraction of transport activity.  

Since MtNPF1.7 is a nitrate transporter, one might expect Mtnip/latd mutants to 

exhibit defects in nitrate uptake.  We measured nitrate uptake from media by Mtnip-1 and 

Mtnip-3 mutants, with wild-type Medicago A17 as control, and observed no differences 

between the plants in nitrate uptake at 250 mM or at 5 mM nitrate, representative of high 

affinity nitrate transport (HATS) and low affinity nitrate transport (LATS) respectively.  This 

suggests that MtNPF1.7 is not a rate-limiting transporter for nitrate uptake into plant tissue. 

MtNPF1.7 is expressed in primary and lateral root tips (Yendrek et al., 2010); if MtNPF1.7 ’s 

primary biological role is to transport nitrate, it may constitute only a small portion of nitrate 

transport in Medicago roots.  It is also possible that in Mtnip/latd mutants, the plant 

compensates by upregulating the activity of another transporter.  Another possibility is that 

MtNPF1.7’s transport function may be critical for redistribution of nitrate within the plant.     

To further address the possible link between MtNPF1.7 and nitrate transport, we 

expressed AtNRT1.1 in Mtnip-1 roots.  We observed that the AtNRT1.1/AtNPF6.3/CHL1 

transformed Mtnip-1 plants are partially restored for their root architecture phenotype, but not 

for the nodulation phenotype.  MtNPF1.7, expressed under the control of the same promoter, 

AtEF1α, was able to restore both the root architecture phenotype and the nodulation 

phenotype, similar to the MtNPF1.7 promoter, demonstrating that use of pAtEF1α is not a 

limiting factor for phenotype rescue. No effect was observed in wild-type A17 plants. This 

suggests that AtNRT1.1/AtNPF6.3/CHL1 protein’s dual affinity nitrate transport activity 
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affects Mtnip-1 root architecture, and supports the idea that MtNPF1.7’s nitrate transport 

activity has an important role in modulating appropriate root development responses. 

Additionally, the lack of full complementation of the root architecture defects by 

AtNRT1.1/AtNPF6.3/CHL1 and the non-complementation of the nodulation phenotype by 

AtNRT1.1/AtNPF6.3/CHL1 suggest that there is a function of MtNPF1.7 that is different from 

that of AtNRT1.1/AtNPF6.3/CHL1. Alternatively, it is possible that 

AtNRT1.1/AtNPF6.3/CHL1 is not as stable in Medicago as is MtNPF1.7, especially in 

nodules, and that this is the cause of AtNRT1.1/AtNPF6.3/CHL1’s inability to complement 

Mtnip-1’s nodulation phenotype.  Because AtNRT1.1/AtNPF6.3/CHL1 has been demonstrated 

to transport auxin in the absence of nitrate (Krouk et al., 2010), and nitrate was only provided 

during plant transformation in these experiments, another possible explanation for the 

observed effects on Mtnip-1’s roots is that the partial restoration of normal root architecture 

was brought about by AtNRT1.1 induced changes in auxin concentration.  When normally 

expressed in Arabidopsis, AtNRT1.1/AtNPF6.3/CHL1 is thought to prevent auxin 

accumulation at LR tips by mediating basipetal auxin transport in LRs, thus halting LR 

growth (Krouk et al., 2010); this is the opposite of what we observed in the Mtnip-1 mutant 

expressing AtNRT1.1/AtNPF6.3/CHL1. Because our experiments used a constitutive 

promoter to express AtNRT1.1/AtNPF6.3/CHL1, it is possible that auxin fluxes were 

perturbed throughout the root and this caused the observed changes in root architecture.  It is 

also curious that the nodule phenotype of Mtnip-1 plants transformed with 

AtNRT1.1/AtNPF6.3/CHL1 is different from that of Mtnip-3.  If the ability of Mtnip-3 

nodules to form a meristem and allow rhizobia to invade intracellularly were related to 

Mtnip-3 protein’s ability to transport nitrate, one would expect to find the same phenotype in 

Mtnip-1 plants transformed with AtNRT1.1/AtNPF6.3/CHL1 as in Mtnip-3, which is not the 

case.  This datum further supports the idea that MtNPF1.7 protein’s activity is more than 
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simply nitrate transport and is also not explained by the spectrum of activities inherent in 

AtNRT1.1/AtNPF6.3/CHL1. 

The Mtnip-3 mutant has a phenotype: it forms Fix+/- nodules that accumulate 

polyphenolics, and has minor defects in root architecture, in primary (Teillet et al., 2008; 

Yendrek et al., 2010) and lateral root length.  Thus, there is a correlation between 

MtNPF1.7’s ability to transport chlorate/nitrate and Mtnip/latd mutants’ abilities to form and 

maintain nodule and root meristems and to form nodules invaded intracellularly by rhizobia. 

Because the Mtnip-3 protein transports nitrate analog chlorate and Mtnip-3 has a phenotype, 

this indicates that MtNPF1.7 must have at least one other function besides nitrate transport, 

which is important to MtNPF1.7’s biological roles in nodule development and in the 

modulation of root architecture.  

Because MtNPF1.7 is likely to have another function besides nitrate transport, it is 

plausible that the other function is responsible for some of the Mtnip/latd mutants’ 

phenotypes. Inability of the AgDCAT1, a dicarboxylate transporter, expressed under the 

control of MtNPF1.7 promoter, to complement Mtnip-1’s root and nodule phenotype, 

suggests that dicarboxylate is not a substrate for MtNPF1.7.  

 Because MtNPF1.7 was shown to transport nitrate with high affinity in oocytes 

(Bagchi, Salehin et al., 2012), we tested the MtNPF1.7 promoter driven expression of 

AtNRT2.1, encoding a high-affinity nitrate transporter, in Mtnip-1 roots to determine if it 

complemented the phenotypic defects.  We found that AtNRT2.1 expression had no effect on 

the Mtnip-1 phenotypes, with neither root architecture nor nodulation defects altered.  While 

this might suggest that the important biological role of MtNPF1.7 is not in nitrate transport, 

non-complementation of Mtnip-1’s phenotype by AtNRT2.1 may be due to other factors.  One 

possible factor is the requirement for proteins in the AtNRT2 family to interact with proteins 

in the NAR2.1, also called NRT3, family for functional high-affinity nitrate transport (Kotur 
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et al., 2011).  Another is the apparent post-transcriptional control of AtNRT2.1.  Thus, this 

negative result may not be informative.   

What role could MtNPF1.7 mediated nitrate transport play in nodulation, root 

architecture development or their regulation?  MtNPF1.7’s nitrate transport could supply N at 

low NO3
-concentrations to dividing plant and bacterial cells early in nodulation, and also to 

differentiated nodules, at the dividing and endo-reduplicating cells present in zones I and II, 

where MtNPF1.7’s promoter is active (Yendrek et al., 2010).  The MtNPF1.7 promoter is 

also active in primary root and LR primordia and meristems and surrounding tissue, and 

MtNPF1.7’s nitrate transport could have a similar role there.  Alternately, MtNPF1.7 could 

transport nitrate as a precursor to nitric oxide (NO), early in nodulation and LR development. 

NO has been detected in Medicago nodule primordia, not containing intracellular rhizobia, 

suggesting an active NO pathway in these cells, as well as in infection threads, where NO 

could come from either symbiotic partner (del Giudice et al., 2011).  NO has also been 

detected in LR primordia in tomato (Correa-Aragunde et al., 2004). We note however, that 

nodulation occurs in environmental conditions where N is limiting; indeed, our laboratory 

conditions for nodulation occur in N starvation. We supply 0 mM nitrate during nodulation 

and only the trace nitrate, expected to be in the uM range, present as contaminants in nutrient 

media and glassware, are available. If nitrate is supplied to dividing nodule cells, it must 

come from seed nitrate stores, which should be close to depleted by the time nodules are 

forming.  Another possibility is that MtNPF1.7’s nitrate transport could participate in a 

proposed NO3
- - NO respiration pathway in nodules (Horchani et al., 2011; Meilhoc et al., 

2011).  There are several observations that argue against this: Mtnip-3, with functional nitrate 

transport, has abnormal nodules (Teillet et al., 2008);  MtNPF1.7’s promoter is active in 

nodule meristems and in the invasion zone and not in the N-fixing zone (Yendrek et al., 

2010), suggesting that MtNPF1.7 may be absent in the N-fixing zone; and the heterologous 
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MtNPF1.7 expression experiments (Bagchi, Salehin et al., 2012) suggest direction of nitrate 

transport is towards the cytosol, which is opposite to that suggested for a nitrate transporter in 

the proposed NO3
-- NO pathway.   

We and others have speculated that MtNPF1.7 may be a nitrate transceptor 

(transporter+receptor) 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 are partially rescued by high, but not low nitrate concentrations.  

It is also possible that MtNPF1.7 is able to transport a hormone like 

AtNRT1.1/AtNPF6.3/CHL1 (Krouk et al., 2010) and AtNRT1.2 (Kanno et al., 2012), and 

that is responsible for the other function(s) of MtNPF1.7.  

A third major finding of this thesis is MtNPF1.7’s affect on growth and development 

in Arabidopsis. We constitutively expressed MtNPF1.7 and the Mtnip-3 and Mtnip-1 alleles, 

under the control of the Arabidopsis EF1α promoter, in the Arabidopsis Atchl1-5 mutant as 

part of aforementioned studies investigating the biochemical function(s) of the MtNPF1.7 and 

its encoded protein (Bagchi et al., 2012; Salehin et al., 2013) Unexpectedly, we observed that 

the Atchl1-5 mutants constitutively expressing MtNPF1.7 (MtNPF1.7 CE) were larger than 

non-transformed control plants and also larger than control Atchl1-5 plants constitutively 

expressing AtNRT1.1/AtNPF6.3/CHL1. To determine if this growth effect would also occur 

in wild-type Arabidopsis plants and was correlated with the high-affinity nitrate transport 

capacity of MtNPF1.7 and Mtnip-3 proteins, but not Mtnip-1 protein, we introduced 

constructs to constitutively express these alleles into wild-type Col-0 plants.  We found that 

the constitutive expression of MtNPF1.7 or of its weak allele Mtnip-3 confers upon recipient 

Arabidopsis plants an enhanced growth phenotype.  The enhanced growth is characterized by 

plant rosettes with larger leaves, more leaves, and earlier flowering, suggesting that the 
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MtNPF1.7 CE and Mtnip-3 CE plants are developmentally advanced compared to control 

wild-type Col-0 plants. Imaging of cotyledons by scanning electron microscopy revealed that 

cotyledon epidermal cells are markedly larger in MtNPF1.7 CE plants compared to those of 

Col-0, which suggests that the mechanism controlling larger leaf size is through enhanced 

cell expansion. Both rosettes and roots were found to be larger in MtNPF1.7 CE plants as 

compared to Col-0.   

Initially, we hypothesized that the mechanism causing enhanced growth of MtNPF1.7 

CE and Mtnip-3 CE plants might be increased high-affinity nitrate transport because of the 

known high-affinity nitrate transport activity of MtNPF1.7 protein, also found in the Mtnip-3 

mutant protein, measured directly in X. laevis oocytes by another member of the lab and 

indirectly in chlorate uptake assays in Atchl1-5 mutants expressing the alleles (Bagchi et al., 

2012; Salehin et al., 2013). This was because the larger size found in MtNPF1.7 CE and 

Mtnip-3 CE plants, but not in Mtnip-1 CE plants (Salehin et al., Submitted), correlates with 

their nitrate and chlorate transport proficiencies, or lack thereof, in X. laevis oocyte and 

Atchl1-5 mutant expression assays respectively. MtNPF1.7 and Mtnip-3 proteins are transport 

proficient in these assays, but Mtnip-1 protein is not. However, the MtNPF1.7 CE plants 

showed no increased nitrate transport compared to wild-type Col-0. But, the MtNPF1.7 CE 

plant roots are bigger than Col-0, so a higher amount of total nitrate is taken up by these 

plants.   Thus, the larger size of MtNPF1.7 CE plants may be caused by an increased nitrate 

transport (Salehin et al., Submitted). 

MtNPF1.7 CE plants appear to be stressed for nitrogen: they exhibit lower 

photosynthetic rates and lower chlorophyll content; these were measured in plants grown 

without nitrogen supplementation.  From the Affymetrix array data (experiments were done 

collaboratively with Drs Yuhong Tang and Tui Ray of the Noble Foundation) from 

MtNPF1.7 CE plants compared to Col-0 in 0.1 mM nitrate conditions, we found that of the 
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1354 transcripts that are differentially regulated by two-fold or more, 699, or 52% of them 

are coordinately regulated in nitrogen-starved Col-0 plants that (Scheibel et al., 2004), 

consistent with a higher nitrogen-stressed state of MtNPF1.7 CE plants compared to Col-0 at 

0.1 mM nitrate.  Only four transcripts that are over- or under-represented in MtNPF1.7 CE 

plants compared to Col-0 at 10 mM nitrate are co-regulated in nitrogen stress conditions.  

It does appear that nitrate transport by MtNPF1.7 is involved in the observed growth 

enhancement.  However, the global gene expression studies show 1354 genes up- or down-

regulated in MtNPF1.7 CE plants compared to wild-type Col-0 plants in plants grown in 0.1 

mM nitrate, while only 42 transcripts had changed regulation in MtNPF1.7 CE plants grown 

in 10 mM nitrate.  These results suggest that the 10 mM nitrate could partially inhibit the 

effect caused by constitutively expressing MtNPF1.7 in plants, and thus that phenotype of 

growth enhancement is nitrate regulated.    

In addition to MtNPF1.7 CE plants appearance as nitrogen stressed, gene expression 

profiling revealed that MtNPF1.7 CE plants have an over-representation of transcripts 

associated with biotic stress when plants are grown at 0.1 mM nitrate. It is unclear if this is a 

cause or effect of the phenotype, but because MtNPF1.7 encodes a transporter and not a 

protein associated with stress responses, it is more likely to be an effect.  Similarly, the early 

flowering found in MtNPF1.7 CE plants is likely to be related to the apparent stress that the 

MtNPF1.7 CE plants experience. Gene-expression profiling also showed genes associated 

with DNA functions and cell functions to be underrepresented in MtNPF1.7 CE plants.  This 

is consistent with the MtNPF1.7 CE plants having larger cells than wild type Col-0. 

Only several genes that had been previously characterized as intrinsic yield genes 

(IYG, genes that are reported to increase robustness in Arabidopsis) genes (Krizek et al., 

2009; Gonzalez et al., 2012) were found to be changed in abundance in MtNPF1.7 CE plants.  

One of these genes, ARL, is associated with plant growth via cell expansion: over-expression 
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in Arabidopsis results in larger cotyledons and leaves and the alteration is caused by changes 

in cell size (Hu et al., 2006).  Conversely, when ARL expression is experimentally reduced, 

cell size is also reduced (Hu et al., 2006).  We found ARL expression to be up regulated two-

fold in MtNPF1.7 CE plants in 0.1 mM nitrate.  ARL is thought to partially mediate 

brassinosteroid (BR)-related cell expansion and has been shown to act downstream of BRI1  

(BR INSENSITIVE 1) (Hu et al., 2006).  Two other genes, EXL2 and EXL4, are up-regulated 

two fold or more in MtNPF1.7 CE plants in 0.1 mM nitrate.  These two genes are homologs 

of EXO (Schröder et al., 2012), which when overexpressed in Arabidopsis yield plants with 

larger vegetative growth, also associated with cell expansion (Coll-Garcia et al., 2004; 

Schröder et al., 2009).  EXL2 and EXL4 are thought to suppress BR-dependent growth and 

control carbon allocation in the cell (Schröder et  al., 2012).  BR responsive pathways have 

been implicated in plant growth resulting from larger cells (Coll-Garcia et al., 2004; Hu et al., 

2006), but as a class, BR responsive were not significantly over- or under-regulated in the 

global gene expression analysis on MtNPF1.7 CE compared to Col-0 plants.  Only one BR 

responsive gene was significantly down-regulated, At3g51740 (IMK2), in MtNPF1.7 CE 

plants, at 0.1 mM nitrate.   

Two previously characterized IYG genes, ANT (AINTEGUMENTA) and EXP3 (a-

EXPANSIN 3), were found to be significantly under-represented in MtNPF1.7 CE plants 

compared to Col-0 at 0.1 mM nitrate.  ANT encodes an AP2-domain family   transcription 

factor that when ectopically expressed in Arabidopsis increases shoot organ size by 

increasing cell number (Mizukami and Fischer, 2000).  That ANT is under-represented in 

MtNPF1.7 CE plants could be because MtNPF1.7 CE is associated with cell expansion, as 

opposed to cell proliferation.  EXP3 encodes a cell wall protein, is associated with cell 

expansion (Kwon et al., 2008) and is less abundant in MtNPF1.7 CE leaves. We note that 

genes encoding cell wall components are significantly under-represented in MtNPF1.7 CE 
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plants generally, consistent with relatively less cell wall material overall because of the larger 

cell size.   

EXP3 is auxin-regulated (Kwon et al., 2008).  Although as a class, auxin-responsive 

genes were not found to have statistically significantly altered levels in MtNPF1.7 CE plants 

compared to wild-type controls, we noted that there was statistically significant down-

regulation in the levels of several individual auxin-responsive genes: At1g29510 (SMALL 

AUXIN UP RNA 68 (SAUR68)), At2g21210 (SAUR-like), At4g34760 (SAUR-like), 

At4g34770 (SAUR-like), At4g38840 (SAUR-like), At4g38850 (SAUR15), At4g38860 

(SAUR16), as well as probeset 259790_s_at corresponding to both At1g29430 (SAUR62) and 

At5g27780 (SAUR75). Over-expression of stabilized versions of a different SAUR family by 

fusion to GFP, the SAUR19 sub-family, promotes larger plants by promoting cell expansion 

(Spartz et al., 2012).  It was hypothesized that SAUR19 over-expressors mediated their effects 

through auxin transport modulation because SAUR19 gain-of-function and loss-of-function 

seedlings exhibited increased and reduced basipetal indole-3-acetic acid transport 

respectively (Spartz et al., 2012). Overexpression of a different SAUR, SAUR41 in 

Arabidopsis results in plants with expanded cells in some tissues (Kong et al., 2013).  In 

addition to their regulation by auxin, SAUR genes can be modulated by other mechanisms.  A 

number of SAUR genes are repressed by stress-induced AZF1 and AZF2 transcriptional 

repressors in Arabidopsis (Kodaira et al., 2011).  These include several of the SAUR genes 

that are also under-represented in the MtNPF1.7 CE plants: SAUR68, SAUR15, SAUR16 and 

SAUR62 (Kodaira et al., 2011). Thus, it remains possible that the lowered accumulation of 

specific SAUR genes in MtNPF1.7 CE plants in 0.1 mM nitrate is more directly related to 

stress responses than to auxin regulation or to the larger size of MtNPF1.7 CE plants.  

In M. truncatula, fluorescence from MtNPF1.7 promoter–GFP fusions has been 

shown to be localized to meristematic regions of roots and nodules as well as in the cells 
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surrounding these meristems, including the infection zone in nodules, showing the that 

MtNPF1.7’s promoter is active in these regions (Yendrek et al., 2010).  Quantitation of gene 

expression also reveals that MtNPF1.7 is expressed in many different organs of Medicago 

(Yendrek et al., 2010).  With the demonstration here that constitutive expression of 

MtNPF1.7 results in plants with larger cells, we hypothesize that one of the roles of 

MtNPF1.7 in M. truncatula may be to cause cell expansion. This is likely to be important to 

recently divided cells in and near the meristem that transition to maturing cells in various 

plant organs. How MtNPF1.7’s cell expansion activity is important to the maintenance of 

meristems, one of the apparent primary defects in severe Mtnip/latd mutants as well as to 

release of rhizobia from infection threads into host cells in nascent nodules, another defect 

(Veereshlingam et al., 2004; Bright et al., 2005; Liang et al., 2007), is still unclear. This 

growth phenotype, coupled with results from growth on defined media differing in nitrate 

concentrations and global gene expression under low and high nitrate suggests that the 

growth effects of MtNPF1.7 constitutive expression may be limited by high nitrate.  

A fourth finding in this thesis is a growth phenotype in Medicago. Similar to the 

growth enhancement effect in Arabidopsis, constitutive expression of MtNPF1.7 in Medicago 

A17 plants conferred an enhanced growth phenotype. The enhanced growth is characterized 

by plants with higher biomass, more nodules and lateral roots and earlier flowering 

suggesting that the MtNPF1.7 OE plants are developmentally advanced compared to control 

wild-type A17 or MtNPF1.7-GUS expressing plants. MtNPF1.7 OE plants have more nodules 

compared to wild type A17 plants. This nodulation phenotype is inhibited by increased nitrate 

concentrations in the growth media. A closer look reveals that the increase in nodule numbers 

in MtNPF1.7 OE plants is due to the presence of more nodules in the secondary nodulation 

zone and in the lateral roots. The ability of MtNPF1.7 OE plants to reduce more acetylene 

compared to wild type A17 plants supports the finding of presence of more nodules in these 
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plants. Mtnip-1 plants are defective in lateral root (LR) elongation, demonstrating 

involvement of MtNPF1.7 in lateral root development. The experimental finding that the 

MtNPF1.7 OE plants make more lateral roots than control A17 plants supports the hypothesis 

that MtNPF1.7 is involved in lateral root development. That increase in LR number is also 

inhibited by increasing nitrate concentrations like the nodulation phenotype hints at nitrate-

mediated regulation of MtNPF1.7’s function. It was shown previously, that the larger size of 

MtNPF1.7 CE plants are reduced at highher nitrate concentration in Arabidopsis and nitrate 

hinders biological functioning of MtNPF1.7 (Salehin et al., in preparation). And this is what 

might be responsible reuced lateral root and nodules in MtNPF1.7 OE plants grown in 1 mM 

nitrate condition. 

A fifth finding of the thesis is the discovery of a function link between auxin 

regulatory components and MtNPF1.7 regulation. Previously it was shown that MtNPF1.7 is 

negatively regulated by ABA and auxin and positively regulated by cytokinin (Yendrek et al., 

2010). However the molecular basis of these regulations was not clear. In order to test a 

possible link between hormonal perturbation and the Mtnip-1’s phenotype transcript level of 

several key nodulation genes were analyzed by qRT-PCR. Several nodulation genes were 

misregulated in the Mtnip-1 mutant and MtNPF1.7 OE plants compared to A17 control 

plants. Auxin responsive MtGH3, Mt6B and cytokinin responsive MtRR4 transcript were 

misregulated in Mtnip-1 and MtNPF1.7 OE plants. In order to examine if auxin signaling is 

disrupted in the Mtnip-1 plants, synthetic auxin responsive DR5 promoter-GUS was used. 

DR5-GUS is more active in Mtnip-1 and MtNPF1.7 OE plants, suggesting the presence of 

more auxin in the Mtnip-1 and MtNPF1.7 OE roots compared to A17 roots. A search for 

auxin regulatory motifs in the MtNPF1.7 promoter revealed two canonical AuxRE motifs, 

named “TGTCTC”, at -2629 and -506 bp upstream of the of the presumed MtNPF1.7 

translational start site. Auxin response factors (ARFs) bind to the AuxRE elements of auxin 
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responsive gene to mediate auxin signaling. To elucidate the possibility of ARF mediated 

repression of MtNPF1.7 expression; I looked for MtARF transcripts showing an inverse 

expression pattern with MtNPF1.7 in the Medicago Gene Atlas database (Benedito et al, 

2008). MtARF1 and MtARF4 were selected from the database based on inverse expression 

pattern with MtNPF1.7. Wild type and mutated pMtNPF1.7: GUS were expressed transiently 

in the Nicotiana benthamiana leaves to test the biological significance of the AuxRE 

elements. The level of GUS expression is higher in the AuxRE elements mutated pMtNPF1.7: 

GUS compared to the wild type pMtNPF1.7: GUS, suggesting that auxin mediated repression 

of MtNPF1.7 is mediated by AuxREs. This data is consistent with the following: there are 

endogenous ARFs present in N. benthaamiana leaves. Thus, when wild type pMtNPF1.7: 

GUS is expressed transiently in N. benthaamiana leaves, endogenous ARFs might bind to the 

AuxRE elements in the MtNPF1.7 promoter and repress its expression. But when the AuxRE 

elements mutated, pMtNPF1.7: GUS was expressed transiently in N. benthaamiana leaves, 

endogenous ARFs fail to bind to the MtNPF1.7 promoter and hence a higher level of GUS 

expression was observed. 

In order to test if repression of MtNPF1.7 expression is mediated by one of the 

MtARFs, each of the ARFs, MtARF1 and MtARF4 were used as effectors by coexpressing 

them in the N. benthamiana transient transformation assay along with the pMtNPF1.7: GUS 

constructs. Coexpression of ARFs and different versions of pMtNPF1.7-GUS together with 

quantitation of the resulting GUS activity revealed that repression of MtNPF1.7 is likely to 

occur via MtARF1 transcription factor but not MtARF4.  

From the above expression pattern analysis and transrepression studies, a possible role 

of MtARF1 in regulating MtNPF1.7 by repression was hypothesized. In order to further test 

the biological significance of MtARF mediated repression of MtNPF1.7; MtARF1 and 

MtARF4 were expressed in Medicago A17 roots using hairy root transformations.  We found 
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that MtARF1 overexpression represses MtNPF1.7 transcript and partially phenocopies the 

Mtnip-1 mutant phenotype. Constitutive expression of MtARF1 in A17 roots produces plants 

with fewer lateral roots and nodules that look like Mtnip-1 bumps, where rhizobia fail to 

release from infection threads. Quantitative RT-PCR showed lower MtNPF1.7 expression in 

MtARF1 overexpressing roots. The plants transformed with empty vector or with MtARF4 

produce wild type looking nodules. We did observe some reduction in nodule number by 

constitutive MtARF4 expression. However, MtNPF1.7 transcript was not repressed by 

MtARF4 overexpression, suggesting that MtARF4’s role in inhibiting nodulation is probably 

not mediated via MtNPF1.7. 

These experiments showed that constitutive MtARF1 expression in A17 represses 

MtNIPF.7 transcript and reduces nodule number, impairs bacterial release and lateral root 

development. In order to show direct binding of MtARF1 to AuxRE elements of MtNPF1.7 

promoter chromatin immunoprecipitation was done with anti-GFP antibody with A17 roots 

expressing MtARF1: sGFP. Three fold enrichment of MtARF1 binding to AuxRE#1 and four 

fold enrichment of MtARF1 binding to AuxRE#2 elements of MtNPF1.7 promoter was 

observed compared to mock control, MtARF4 and non specific EF1α primer.  

Thus, the collective data is consistent with a model (Figure 6.1) where MtARF1 

transcription factor binds to the AuxRE elements on the MtNPF1.7 promoter to repress its 

expression. In this model we propose that MtNPF1.7 has a role in maintaining auxin 

homeostasis. Increasing concentration of nitrate inhibits this function of MtNPF1.7. When 

MtNPF1.7 is mutated or constitutively expressed, auxin homeostasis is perturbed. This 

misregulation in auxin balance is responsible for Mtnip-1 lateral root’s failure to elongate and 

nodule to differentiate.  
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Figure 6.1A proposed model of MtNPF1.7 role. MtNPF1.7 has a role in maintaining auxin 
homeostasis. This function of MtNPF1.7 is inhibited by increasing concentration of nitrate. 
When MtNPF1.7 is mutated or constitutively expressed, auxin homeostasis is perturbed. The 
increased amount of auxin represses MtNPF1.7 transcript via MtARF1. This misregulation in 
auxin balance is most likely responsible for Mtnip-1 lateral root’s failure to elongate and 
nodule to differentiate.  

Major findings of this dissertation can be summarized as below- 

1. MtNPF1.7 protein is a high affinity nitrate transporter. This was shown by

restoring Atchl1-5 mutant’s chlorate resistant phenotype by constitutively

expressing MtNPF1.7.

2. MtNPF1.7 alleles show different transport properties. While Mtnip-3 mutant allele

also complements Atchl1-5 mutant like wild type MtNPF1.7, Mtnip-1 does not.

3. MtNPF1.7 is a plasma membrane localized protein in the root cells. In the

nodules MtNPF1.7 is localized in the symbiosome membrane. MtNPF1.7

promoter is active on root and nodule meristem and vasculatures.

4. Constitutive expression of MtNPF1.7 in Arabidopsis and Medicago causes robust

growth phenotype. In Arabidopsis constitutive expression of Mtnip-3 mutant allele

also shows the growth phenotype but Mtnip-1 does not. In Medicago
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overexpression of MtNPF1.7 results in increased nodule number, lateral root and 

higher acetylene reduction rate. 

5. MtNPF1.7 is repressed by auxin and this is mediated via MtARF1 binding on the

AuxRE elements present on the MtNPF1.7 promoter. Auxin mediated repression

of MtNPF1.7 is most likely responsible for the lateral root and nodule defect

phenotype.
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7.1 Plant Materials, Growth Condition and Rhizobial Strains 

A17, Mtnip-1, Mtnip-3, MtNPF1.7 overexpressor seed pods were cracked open to 

remove seeds. Seeds were scarified on concentrated H2SO4 for 5 minutes, rinsed with 

sterilized distilled water for 6 times, surface sterilized with commercial bleach for 2 minutes 

and rinsed 6 times with sterilized distilled water. Imbibed seeds were kept on a shaker with 

gentle agitation and rinsed with sterilized distilled water every 30 minutes for 4-5 hours. 

Seeds were plated on round 150x15 mm petriplates and kept at 40C for vernalization for 2-3 

days. Plated seeds were inverted and kept in dark to germinate overnight. 

Germinated seeds were transferred to aeroponic chambers called caisson and grown in 

the absence of nitrogen for 5 days in Lullien’s media consisting of 0.52 mM K2SO4, 0.25 mM 

MgSO4, 1mM CaCl2, 50 µM Na2EDTA, 30 µM H3BO3, 10 µM MnSO4, 0.7 µM ZnSO4, 0.2 

µM CuSO4, 0.1 µM Na2MoO4, 0.04 µM CoCl2, 23.7 µM FeSO4, 33.2 µM FeCl2 and 5.5 mM 

Phosphate buffer (Lullien et al., 1987) 

After 5 days of nitrogen starvation, plants were inoculated with S. meliloti Rm1021 

harboring a hemA: lacZ reporter (Boivin et al., 1990) or RFP reporter gene (Smit et al., 2005)  

7.2 Construction of Vectors 

All the primers used in the construction of vectors are listed in the appendix. 

7.2.1 Construction of pMtNPF1.7-GUS Vector 

MtNPF1.7 promoter was pulled out from BAC mth2164p8 by PCR using primers NIP 

10F and NIP-P1R. That 2760 bp fragment was cloned into pRD022 (Pislariu et al, 2007) in 

EcoRI and NcoI site. Then the 5.3 kb MtNPF1.7p-GUS fragment was moved into 

pCAMBIA2301 in EcoRI and BstEII site to make pMtNPF1.7-GUS. 

111

                 CHAPTER 7 

MATERIALS AND METHODS



7.2.2 Construction of pAtEF1α-NPF1.7 cDNA O/E Vector 

MtNPF1.7 c DNA was amplified using NIP NcoI 2F and NIP COD BstEII R primers 

from pSP64T-NIP vector (Bagchi, Salehin et al, 2012) and cloned into pMHM201 vector 

(Meckfessel et al, 2012) replacing ENOD8 cDNA to make pMS004. Then BamHI and BsteII 

fragment was moved into pCAMBIA2301 to make pAtEF1α: MtNPF1.7. 

7.2.3 Construction of pMtNPF1.7-MtNPF1.7 cDNA Vector 

MtNPF1.7 promoter was pulled out by PCR from pMtNPF1.7-GUS construct using 

primers NIP 10F and NIP-P 1R. The 2760 bp MtNPF1.7 promoter was digested by EcoRI 

and NcoI into 2 fragments-the long 2.1 Kb and short 670 bp fragment. The long 2.1 kb 

fragment was cloned into EcoRI and NcoI cut pMS004 and the resulting clone pMS006a was 

confirmed by PCR, RE digestion and sequencing. Then the short 670 bp MtNPF1.7 promoter 

fragment into pMS006a in NcoI site to get pMS006b (pRD022-MtNPF1.7-MtNPF1.7) 

construct. Subsequently MtNPF1.7-MtNPF1.7 fragment was cloned into EcoRI and NcoI 

sites of pCAMBIA2301 to get pMtNPF1.7-MtNPF1.7 clone. 

7.2.4 Construction of pAtEF1α-AtNRT1.1 Vector 

The AtNRT1.1 cDNA was amplified from total cDNA made from wild-type Col-0 

Arabidopsis mRNA using primers CHL1 1F and CHL1 1R. The resulting 1773 bp AtNRT1.1 

gene was digested with BspHI and BstEII and cloned into NcoI and BstEII digested pMS004 

to obtain pMS008. The AtEF1α-AtNRT1.1 fragment was then subcloned into the BamHI and 

BstEII sites of pCAMBIA2301 to get pEF1α-AtNRT1.1, suitable for plant transformation.  

7.2.5 Construction of pMtNPF1.7-AtNRT2.1 Vector 

A 1.7 Kbp AtNRT2.1 cDNA was amplified from an AtNRT2.1 cDNA clone obtained 
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from Dr. Anthony Glass using primers NRT2.1BamHIF. Subsequently, the 1.7 Kbp 

AtNRT2.1 cDNA was cloned into BglII and BstEII sites of pMS014, a vector containing the 3 

kb MtNPF1.7 promoter with an EcoRI site at its 5' end and a BglII site at its 3' end, to create 

pMS016. Subsequently the EcoRI/BstEII fragment was cloned into pCAMBIA2301 creating 

pMtNPF1.7-AtNRT2.1. 

7.2.6 Construction of pAtEF1α-AgDCAT1 Vector 

AgDCAT1 cDNA was PCR amplified from pJET1.2-AgDCAT1 (gift of Dr. 

K.Pawlowski) using DC-BglII and DC NheI primers and cloned into the BamHI and NheI 

sites of pMS014 vector, a vector containing the MtNPF1.7 promoter only, to create pMS015. 

Then the pMS015 EcoRI/BstEII fragment was moved into the EcoRI/BstEII site of 

pCAMBIA2301 to create the pAtEF1α-AgDCAT1 construct. 

7.2.7 Construction of pMtNPF1.7-MtNPF1.7-GUS Construct 

The 6.2 Kb MtNPF1.7-MtNPF1.7 fragment without the stop codon was pulled out 

from BAC mth2164p8 by PCR using NIP 10F and NIP NheI R primers. Then it was cloned 

into pCR8-TOPO-GW vector. The resulting construct was sequenced and then Gateway 

based LR cloned into pMDC163 vector to make pMtNPF1.7-MtNPF1.7-GUS. 

7.2.8 Construction of C Terminal GFP Fusion to MtNPF1.7 Protein 

MtNPF1.7 c DNA was amplified using NIP NcoI 2F and NIP NheI R primers and 

cloned into pMHM201 vector replacing ENOD8 cDNA. Then eGFP fragment was pulled out 

from pCY44 vector using eGFP NheI 1F and eGFP BstEIIR1 primers and cloned into 

pMHM201-MtNPF1.7 vector to make pMS201. AtEF1α-MtNPF1.7-10Ala-eGFP fragment 
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from pMS201 was subcloned into NcoI and BstEII sites of pCAMBIA2301 to make 

pAtEF1α-MtNPF1.7-10Ala-eGFP. 

7.2.9 Construction of N Terminal GFP Fusion to MtNPF1.7 Protein 

eGFP fragment was pulled out from pCY44 (Made by Craig Yendrek) construct by 

PCR using following primers eGFP NcoI 2F and eGFP NheI R. It was cloned into pRD022 

backbone and the resulting clone pMS203 was confirmed by PCR, RE digestion and 

sequencing. Then 1.776 kb MtNPF1.7 cDNA was amplified using Nip Nhe I F and Nip COD 

Bst 1R primers from pMS201. After column purification the MtNPF1.7 cDNA was cloned 

into pMS203 background. The resulting pMS204 clone was confirmed by PCR, RE digestion 

and sequencing. There was a mutation during cloning MtNPF1.7 cDNA into pMS203 

backbone but it was a conserved mutation (AAC to AAT mutation at 455th amino acid 

position and both codes for Serine). Now, from pMS204 clone the AtEF1α-eGFP-10Ala-

MtNPF1.7 fragment was cut out by digestion with Bam HI and BstEII and ligated into Bam 

HI and BstEII cut 8.9 kb pCAMBIA2301 backbone. The resulting clone pMS205 (pAtEF1α-

eGFP-10Ala-MtNPF1.7) was confirmed by PCR and RE digestion. From pMS203 clone 

AtEF1α-eGFP fragment was obtained by Bam HI and BstEII digestion and ligated into Bam 

HI and BstEII cut 8.9 kb pCAMBIA2301 backbone. The resulting clone pMS206 (pAtEF1α-

eGFP) was confirmed by PCR and RE digestion. Both pMS205 and pMS206 were 

transformed into Agrobacterium rhizogenes ARqua1 strain (Quandt et al, 1993) by freeze 

thaw method (Hofgen and Willmitzer, 1988).  

7.2.10 Construction of C Terminal GFP Fusion to MtNPF1.7 Protein Followed by 7 or 14 
Alanine Linker 

eGFP fragment was pulled out from pMS201 construct by PCR using eGFP NheI 4F 

and eGFP BstEIIR1 primers to put 7 Alanine linker and eGFP NheI 5F and eGFP BstEIIR1 
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primers to put 14 Alanine linker in between MtNPF1.7 and eGFP reading frame. Then 

respective eGFP fragments were cloned into NheI and BstEII site of pMS201 backbone and 

the resulting clone pMS210 and pMS211 were confirmed by PCR, RE digestion and 

sequencing. This resulted in AtEF1α-MtNPF1.7-7A-eGFP and AtEF1α-MtNPF1.7-14A-

eGFP fusion. Now, from pMS210 and pMS211 clones the AtEF1α-MtNPF1.7-7A-eGFP and 

AtEF1α-MtNPF1.7-14A-eGFP fragment was purified by digestion with Bam HI and BstEII 

and ligated into Bam HI and BstEII cut 8.9 kb pCAMBIA2301 backbone. The resulting clone 

pMS212 (pCAMBIA2301-AtEF1α-MtNPF1.7-7A-eGFP) and pMS213 (pCAMBIA2301-

AtEF1α-MtNPF1.7-14A-eGFP ) was confirmed by PCR and RE digestion. Both pMS212 and 

pMS213 constructs were transformed into Agrobacterium rhizogenes MSU-440 (Sonti et al, 

1995) strain by freeze thaw method (Hofgen and Willmitzer, 1988). Positive colony 

confirmed by plasmid PCR. 

7.2.11 Construction of pMtNPF1.7-MtNPF1.7-7A-eGFP Construct 

For making MtNPF1.7-eGFP fusion driven by native promoter, MtNPF1.7 promoter 

was amplified from BAC mth2164p8 using NIP 11F and NIP P 1R primers. The 2.9 Kb 

MtNPF1.7 promoter was cloned into the pGEM@T Easy, TA cloning vector. Positive clones 

were confirmed by colony PCR, restriction digestion and DNA sequencing. Then the 2.76 Kb 

MtNPF1.7 promoter was digested out with EcoRI and BspHI and cloned into the EcoRI and 

NcoI sites of pMS210 vector backbone, which resulted in pMS214. The correct pMS214 

clone was confirmed by PCR and RE analysis. Now, from pMS214, the MtNPF1.7-

MtNPF1.7-7A-eGFP fragment was obtained by digestion with EcoRI and BstEII respectively 

and ligated into EcoRI and BstEII 8.9 kb pCAMBIA2301 backbone. The resulting clone 

pMS215 (pCAMBIA2301-MtNPF1.7-MtNPF1.7-7A-eGFP) was confirmed by PCR and RE 

digestion. Then pMS215 construct was transformed into Agrobacterium rhizogenes MSU-
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440 (Sonti et al, 1995) strain by freeze thaw method. Positive colonies were confirmed by 

plasmid PCR. 

7.2.12 Construction of pAtEF1α-MtNPF1.7 and pMtNPF1.7-GUS Constructs for Generation 
of Permanent A17 Lines 

For generation of permanent A17 line overexpressing MtNPF1.7 and expressing GUS 

under MtNPF1.7 promoter construct pMS025 and pMS026 were made using Gateway 

technology. AtEF1α-MtNPF1.7-tNOS cassette was amplified from pMS005 using GW 2F 

and GW 1R primers. The PCR amplified 2.9 Kb cassette was cloned into pDONR/Zeo vector 

by BP recombination to make pMS023. The 5 Kb MtNPF1.7-GUS-tNOS cassette was PCR 

amplified from pMS003 construct using NIP 10F and NosT KpnI R primers. Then the 5 Kb 

fragment was TOPO cloned into pCR8/GW/TOPO vector (Invitrogen) to create pMS024. 

Both pMS023 and pMS024 clones were confirmed by RE analysis and sequencing. Then the 

AtEF1α-MtNPF1.7-tNOS and MtNPF1.7-GUS-tNOS cassettes were moved into binary 

destination vector pMDC123: UBQ10: DsRed by LR recombination. The resulting pAtEF1α-

MtNPF1.7 (pMS025) and pMtNPF1.7-GUS (pMS026) constructs were confirmed by plasmid 

PCR and RE analysis. Both pMS025 and pMS025 clones were transformed into 

Agrobacterium tumefaciens EHA-105 (Hood et al, 1993) strain by freeze thaw method. 

Positive colonies were confirmed by plasmid PCR. Stab culture for both the constructs were 

sent to Ralph M Parsons Plant transformation facility at UC Davis to obtain permanently 

transformed A17 lines costitutively expressing MtNPF1.7 under AtEF1α promoter and 

expressing GUS under MtNPF1.7 promoter. 

7.2.13 Making of pAtEF1α-Mtnip-1 and pAtEF1α-Mtnip-3 Constructs 

These constructs were made in collaboration with Mr.Ying Sheng Huang. Mtnip-1 

and Mtnip-3 cDNA were amplified from oocyte expression vectors (Bagchi, Salehin et al, 

116



2012) using primers NIPC2F   and NIPCODBst1R and subsequently cloned into NcoI and 

BstEII site of pMS004 to create pYM001 and pYM002. Then BamHI/BstEII fragments from 

pYM001 and pYM002 were cloned into pCAMBIA2301 to create pYM003 (pAtEF1α-

Mtnip-1) and pYM004 (pAtEF1α-Mtnip-3), binary vectors with the mutant alleles under the 

control of the constitutive AtEF1α promoter. 

7.2.14 Generation of DR5-GUS Construct for Studying Auxin Imbalance 

DR5-GUS-tNOS cassette was digested with SalI and EcoRI from pUC19-DR5-GUS 

construct (kindly provided by Dr. Rujin Chen, Noble Foundation) and the 3 Kb fragment was 

purified from gel. Then this fragment was cloned into SalI and EcoRI site of binary vector 

pCAMBIA2300 to create pDR5-GUS. pDR5-GUS was transformed into Agrobacterium 

rhizogenes MSU-440 and subsequently transformed into A17, Mtnip-1 and MtNPF1.7 OE 

plants by hairy root transformation. Transgenic roots were subjected to 10 µM external IAA 

for 12 hrs before GUS assay. 

7.3 Nitrate Uptake Assay in Medicago 

A17, Mtnip-1 and Mtnip-3 seedlings were germinated following standard protocol 

described in 7.1. Plants were placed on BNM-Agar, pH-5.8, supplemented with 5mM 

NH4NO3 and grown for 7 days in the growth chamber with 16 hr light, 8 hr dark at 220C. 

After 7 days, plants were transferred to BNM-Agar plate without nitrate and grown for 3 

days. Then plants were placed on either BNM liquid media on filter paper support with 250 

µM or 5 mM KNO3 and kept them in the growth chamber with 16 hr light, 8 hr dark at 220C. 

Around 100 uL media samples were collected from those plates at 0, 2, 4, 6, 8, 12, 24 and 36 

hours after transfer. Nitrate assay was done from 5 µL undiluted sample in case of 250 µM 
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samples and 5 µL 10x diluted sample in case of 5 mM samples using Cayman Nitrate/Nitrite 

assay Kit (Cayman Chemical Company, Ann Arbor, Michigan). 

7.4 Transformation of Arabidopsis 

Transgenic Arabidopsis plants were created in Atchl1-5 mutant (Tsay, Y.F, 1993) and 

Col-0 background by floral dip method (Clough and Bent, 1998). Arabidopsis ecotype Col-0 

and chl1-5 seeds were Cl- vapor treated by placing seeds in a centrifuge tube with the lid open 

in a vacuum infiltration container with a beaker containing 100 ml of bleach and 3 ml HCl. 

Seeds were left in the container for 4 hours.  After Cl- vapor treatment, seeds were plated in 

petri dishes containing 0.5x Murashige and Skoog (MS) media with 1% sucrose and 1% agar. 

Seeds were cold-treated at 4 ºC for 3 days and then transferred to growth rooms and grown 

for 1 week.  Seedlings were transferred to pots with 4 per pot and grown until they started to 

flower.  

MtNPF1.7 overexpression construct pMS005 (pAtEF1α-MtNPF1.7), and mutant 

alleles expressed under AtEF1α promoter, pYM003 (pAtEF1α-Mtnip-3), pYM004 

(pAtEF1α-Mtnip-1) and pMS009 ((pAtEF1α-AtNRT1.1) were transformed into 

Agrobacterium tumaefaciens GV3101 strain (Courtesy Dr. Brian Ayre) by electroporation. 

Positive colonies were selected by colony PCR and restriction digestion. A 5mL culture of 

transformed GV3101 was grown overnight in YEB media (5 g/L beef extract, 1 g/L yeast 

extract, 5 g/L peptone, 5 g/L sucrose, 0.5g/L MgCl2) at 28 ºC with agitation.  The following 

morning a small inoculant of the overnight culture was added to 250 mL YEB media and 

grown for 18-24 hours.  Cells were harvested by centrifugation and resuspended in 

infiltration media (250 ml of 5% sucrose and 0.05% Silwet-L77).  Flowering plants were 

inverted into the Agrobacterium suspension and gently swirled.  Excess suspension was 

drained from the plants, which were then laid on their side in the lab in low light and covered 
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in plastic wrap and left overnight.  The following morning, the plastic wrap was removed; the 

plants placed upright, and transferred back to growth rooms.  Dipped plants were grown out 

until they finished setting seed for another 4-6 weeks.  Plants were sufficiently dried out and 

seeds were collected and placed into a dessicator for several days.   

T1 seeds were treated with Cl- vapor as described above and placed on petri dishes as 

described above that contained the addition of 25 µg/ml of kanamycin.  Seeds were cold 

treated for 3 days at 40C and grown for 1 week in growth rooms.  After one week, seedlings 

that were not chlorotic were transferred to 0.5X MS media containing 1% sucrose and agar 

and grown vertically for one week to allow sufficient root development. Then at least 5 

independent transformants were grown for seeds and homozygous plants in T2 or T3 

generation were selected for further studies. Transformation of MtNPF1.7 overexpression 

construct into Atchl1-5 plant was confirmed by pulling out MtNPF1.7 cDNA from the 

transformed plant by PCR. 

7.5 Chlorate Sensitivity Test of Atchl1-5 Plants Constitutively Expressing MtNPF1.7 

Plants were grown in vermicu1ite: perlite (1:1 mixture) under continuous illumination 

at 250C to 270C. Plants were sub-irrigated every 2 days with a nutrient medium containing 10 

mM KH2P04 (pH 5.3), 5 mM KNO3, 2 mM MgSO4, 1 mM CaCI2, 0.1 mM Fe-EDTA, 50 pM 

H3B03, 12 pM MnSO4, 1 pM ZnCI2, 1 pM CuSO4, and 0.2 pM Na2Mo04.  At 5 days post 

germination, plants were irrigated with nutrient medium containing 2 mM KC1O3. All 

subsequent watering were done with nutrient medium without nitrate. At approximately 1 

week after KClO3 treatment, examine plants for necrosis and bleaching symptoms 

characteristic of chlorate toxicity.  
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7.6 Growth Analysis of Col-0 & Atchl1-5 Plants Constitutively Expressing MtNPF1.7 

AtCol-0, Atchl1-5, Atchl1-5+AtNRT1.1/AtNPF6.3, Atchl1-5+MtNPF1.7 and AtCol-

0+Mt NPF1.7 seeds were germinated by sterilization with bleach and 3 days vernalization at 

cold room. Then seedlings were grown on Metromix for 2 weeks in growth chamber. 

Subsequently plants were transferred to single 4 inch pots and grown for 8 weeks. Then 8 

weeks old plants were pulled out of the pot and washed thoroughly. Images were captured 

with Cannon Powershot camera and weight measured by weighing balance. For rosette area 

comparison, Col-0, Col-0 plants constitutively expressing MtNPF1.7; Mtnip-1 and Mtnip-3 

were grown on metromix (Sungro) for 6 wks. Picture of whole plants were taken every week 

and total rosette area was measured using ImageJ software (Abramoff et al., 2004). 

7.7 Photosynthesis Rate and Chlorophyll Content Measurement 

Col-0 and Col-0 plants constitutively expressing MtNPF1.7 were grown on Metromix 

(Sungro) for 4 wks. Photosynthesis rate was determined using LiCOR Portable 6400XT 

instrument. Rate of photosynthesis was normalized against total rosette area and fresh leaves 

weight. Chlorophyll content was analyzed as described: 10-15 mg leaf disks were obtained 

and grinded in pestle and mortar with liquid nitrogen. Grinded powder was mixed with 8 ml 

96% ethanol and kept O/N in the dark. Next day OD665 and OD648 were measured. Total 

chlorophyll content were calculated using the formula, 

 Chla+b (µg/mg FW)= {(6.24xA665+22.48xA648) x 8.1}/Fresh Leaf weight (mg) 

 (Salehin et al., 2013; Bagchi, Salehin et al., 2012). 

7.8 Cell Size and Area Determination 

Nine-day old cotyledons were imaged using a model TM-1000 environmental 

scanning electron microscope (Hitachi, Dallas, TX).  Cell size and areas were determined 
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using ImageJ (Abramoff et al., 2004). 

7.9 Microarray Analysis of Col-0 & Col-0 Plants Constitutively Expressing MtNPF1.7 

Three biological replicates of Col-0 and Col-0 constitutively expressing MtNPF1.7 

were grown on half strength basal MS media supplemented with either 0.1 mM or 10 mM 

KNO3 for 21 days in growth chamber with 16 hour light and 8 hr dark at 220C. Leaves were 

collected and frozen immediately in liquid nitrogen. Frozen samples were shipped in dry ice 

to the Noble Foundation, Ardmore, Oklahoma, where Dr. Tui Ray and Dr. Y. Tang did the 

RNA extraction, Affymetrix GeneChip® Arabidopsis ATH1 Genome Array (Affymetrix, 

Santa Clara, CA), cDNA synthesis and qRT-PCR.   

7.10 Generation of Permanent A17 Lines Expressing MtNPF1.7 and MtNPF1.7p-GUS 

A17 lines costitutively expressing MtNPF1.7 under AtEF1α promoter and expressing 

GUS under MtNPF1.7 promoter were made by Ralph M Parsons Plant transformation facility 

at UC Davis (Haney et al., 2012). 

7.11 Medicago Hairy Root Transformation 

 Transgenic hairy roots were generated using the method developed by Boisson-

Dernier (Boisson-Dernier et al., 2001) or the needle poking method (Mortier et al., 2010). 

Binary vectors were transformed into Agrobacterium rhizogenes strain ARquaI for 

transformation into M. truncatula (Quandt et al., 1993; Wise et al., 2006) or MSU-440 (Sonti 

et al., 1995) by the freeze thaw method (Hofgen and Willmitzer, 1988).  ARquaI/MSU-440 

strains were grown overnight in culture tubes, plated, and grown at 280C for 2d before 

transformation.  Seeds were prepared as described in section 7.1 and plated 24h before 

transformation.  For Boisson-Dernier transformation methods, the tips of seedling roots were 
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cut off using a sterilized razor blade so that the length of the germinated root was 

approximately 1 cm.  Using sterilized forceps, the cut seedling root tip was swiped on a plate 

of ARquaI/MSU-440 harboring the relevant binary vector such that the cut tip was coated 

with bacteria. For needle poking method, ARquaI/MSU-440 harboring the relevant binary 

vector was poked into the root by insulin syringe. The lower half of the plate was wrapped in 

aluminum foil to help keep light off the roots. After 19-24d of growth at 220C with 16h/8h of 

light/dark, transgenic hairy roots were sufficiently developed for analysis.  Roots were 

transferred to aeroponic chambers and grown as described (Pislariu and Dickstein, 2007) and 

harvested for RNA analysis or microscopically analysis.  

7.12 Acetylene Reduction Assay on Medicago Plants 

At least 20 plants from 2 lines of MtNPF1.7 overexpressor, 1 line of Mtnip-1 and 1 

line of A17 were loaded onto caisson and inoculated with S. meliloti ABS7 strain after 5 days 

of nitrogen starvation. After 15 dpi plants were analyzed for acetylene reduction ability. 

Nodulated roots were severed from shoot and placed inside a 10 ml tube on a filter paper 

soaked with 1ml, 1/2X-B&D media. Tubes were closed using an airtight rubber cap and 0.5 

ml Acetylene was injected into each tube. Then plants were incubated at 280C for 16-20 hrs. 

1ml gas from each tube was drawn using a 1 ml syringe and injected into a gas 

chromatography machine (Agilent). Respective peak area for acetylene and ethylene were 

recorded into an excel sheet. A standard curve was made by injecting known dilution of 

ethylene gas into the gas chromatography machine. Rate of ethylene produced by each plant 

root was obtained by comparing with the standard curve. To normalize the acetylene 

reduction rate, fresh weight of nodulated roots were measured. Nodule numbers were counted 

after X-Gal staining. Fresh and dry weights of shoots were also measured. 
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7.13 Survey of Nodulation Genes by qRT-PCR 

Around 100 plants from MtNPF1.7 overexpressor Line#4, 1 line of Mtnip-1 and 1 line 

of A17 were loaded onto caisson and inoculated with S. meliloti ABS7 strain after 5 days of 

nitrogen starvation. 100-200 mg root samples were collected at 6-hour post inoculation (hpi), 

1-day post inoculation (dpi), 2 dpi, 4 dpi, 7 dpi and 15 dpi and frozen immediately in liquid 

nitrogen and stored at -800C till further analyzed. RNA was extracted from above samples 

using PureLink® RNA Mini Kit (Cat#12183018A, Ambion, Austin). RNA was treated with 

Ambion TurboTM DNase (Cat#AM2238, Ambion, Austin) to remove genomic DNA 

contamination and success of genomic DNA removal was checked by intron spanning 

primers of MtEF1α gene by PCR. Then RNA was cleaned and concentrated using RNAeasy 

Plant RNA mini Kit (Cat#74904, Quiagen, Valencia, CA). 1 µg of RNA was converted into 

first strand cDNA using SuperScriptIII first strand synthesis kit (Cat#18080-051, Life 

Technologies, Grand Island, NY). Then cDNA was diluted into 150 ng/µl and used for qPCR 

in an iCycler qPCR machine (Biorad, CA). List of primers used in qPCR are in Appendix. 

Relative gene expressions to A7 controls were calculated by 2-∆∆Ct method (Livak and 

Schmittgen, 2001) after normalization with constitutively expressing MtH3L gene. 

7.14 Nodulation Assays on Permanent A17 Lines Overexpressing MtNPF1.7 

At least 20 plants from 2 lines of MtNPF1.7 overexpressor (Line#1 and Line#4), 1 

line of GUS expressing and 1 line of A17 were loaded onto caisson and grown for 5 days on 

Lullien’s media without nitrogen source. After that plants were inoculated with S. meliloti 

ABS7 strain. After 15 dpi plants were analyzed for lateral root architecture. Nodulated roots 

were stained overnight with X-Gal and nodule numbers counted visually. 
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7.15 Analysis of Lateral Root and Nodules in Transformed Plants 

Root nodules were analyzed at 15 dpi.  After visual inspection, they were stained with 

X-Gal for lacZ, present in pXLGD4 plasmid in S. medicae ABS7.  Nodule number was 

counted based on presence of blue colored nodules. Subsequently, the nodules were mounted 

in 2.5% LMP agarose and 80µm sections were obtained using a 1000 Plus Vibratome 

(Vibratome, Bannockburn, IL) and observed by light microscopy.  Lateral roots were 

inspected visually and under a dissecting microscope.  

7.16 lacZ Staining of Nodules 

S. meliloti/pXLDG4 containing the hemA:lacZ reporter was visualized as previously 

described (Boivin et al., 1990) with a few modifications. Root samples were vacuum 

infiltrated for 30s vacuum-30 seconds vent cycles (3 times) with 2.5% glutaraldehyde in 0.1 

M PIPES pH 7.2. They were allowed to stand in fixative at room temperature for 1 hour, and 

then rinsed twice for 15 min with 0.1 M PIPES pH7.2. The staining solution consisting of 80 

mM PIPES pH 7.2, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.08% X-

Gal, and 0.1% Tween® 20 was vacuum infiltrated as described above and the samples were 

incubated at 370C overnight. They were subsequently rinsed twice for 10 minutes with 0.1 M 

PIPES pH 7.2 and twice for 5 min with water. Clearing with 70% ethanol was done for 30 

min prior to the final wash in water.  

7.17 SYTO 13 Green Fluorescent Nucleic Acid Staining of Nodule Sections 

Sections of A17, Mtnip-1 and Mtnip-3 nodules were stained with 1 µl ml 1 SYTO 13 

(Molecular Probes, Inc., Eugene, OR, USA) in PIPES for 15 min, as described by Haynes, 

J.G. et al. (2004).  Nodule sections were briefly rinsed in de-ionized water and mounted in 

60% glycerol for visualization. 
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7.18 Fluorescence and Confocal Microscopy 

Transgenic hairy roots were screened for GFP fluorescence by epifluorescence on a 

Nikon e600 compound microscope equipped with a DXM1200F camera (Nikon Instruments 

Inc., Melville, NY) and X-cite 120 Fluor System (Exfo Life Sciences Division, Mississauga, 

Canada) or a Leica MZ10 microscope. For confocal microscopy of pAtEF1α-MtNPF1.7-

eGFP, pMtNPF1.7-MtNPF1.7-eGFP and pAtEF1α-eGFP transformed roots and non 

transgenic whole root sections were mounted in water, covered with a coverslip, and imaged 

using a Leica TCS SP2 AOBS (Leica Microsystems, Exton, PA) equipped with a 63x HCX 

Plan Apo objective.  For confocal microscopy of nodule sections, 80 µm sections were 

obtained from fresh tissue using a 1000 Plus Vibratome (Vibratome, Bannockburn, IL).  

Sections were mounted in water and imaged using a Zeiss 200M inverted optical microscope 

(Carl Zeiss, Peabody, MA) attached to a CSU-10 Yokogawa spinning confocal scanner 

(Yokogawa, Sugar Land, TX) and Hamamatsu electron multiplier CCD camera (Hamamatsu, 

Bridgewater, NJ).  For confocal microscopy of transgenic tobacco leaves transformed with 

p35S-MtARF1-sGFP, p35S-MtARF4-sGFP and p35S-GFP, whole mount leaf sections were 

imaged using a Zeiss LSM 710 inverted microscope with filters set at 488 nm for excitation 

and 530 nm for emission and captured using ZEN software  (Carl Zeiss, Peabody, MA) 

Resulting images were processed using ImageJ or ZEN software (Abramoff et al., 2004).  

7.19 Identification of AuxRE Motifs in the MtNPF1.7 Promoter 

A 2760 bp MtNPF1.7 promoter fragment was scanned by Plant cis-acting regulatory 

DNA elements (PLACE) database (Higo, 1999) for the presence of known auxin regulatory 

motifs. Two AuxRE elements were found at -2629 bp, AuxRE#1 and -506 bp, AuxRE#2 , 

region of MtNPF1.7 promoter. 
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7.20 Site Directed Mutagenesis in the MtNPF1.7 Promoter 

In both the AuxRE elements TGTCTC was mutated to TGGCTC individually and 

together using QuikChange II XL Site-Directed Mutagenesis Kit (Catalog #200521, Agilent, 

Santa Clara, CA). The mutated pMtNPF1.7-GUS constructs were recombined into 

pMDC123: AtUbq10: DsRED vector (kindly provided by Dr. Douglas Cook, UC Davis) by 

Gateway based LR reaction to obtain the destination vector-pMS030 (MtNPF1.7pm1-GUS), 

pMS031 (MtNPF1.7pm2-GUS) and pMS032 (MtNPF1.7pm1m2-GUS). The destination 

vectors were transformed into Agrobacterium rhizogenes MSU-440 and Agrobacterium 

tumaefaciens GV3101. 

7.21 Cloning of MtARF1 and MtARF4 and Overexpression in A17 by Hairy Root 
Transformation 

MtARF1 (Medtr2g005240, GenBank Accession-XM_003592826.1) and MtARF4 

(Medtr4g021580, GenBank Accession-XM_003604890.1) cDNA without the stop codon was 

amplified from A17 cDNA using primers ARF1 1/ARF1 1R and ARF4 1/ARF4 1R 

respectively and cloned into pCR8/GW/TOPO vector. Integrity of cDNA was confirmed by 

sequencing. Then transferred into destination vector pGWB2 and pGWB5 (Nakagawa et al., 

2005) by LR reaction to obtain pMS036 (p35S: MtARF1), pMS037 (p35S: MtARF4), 

pMS038 (p35S: MtARF1: sGFP) and pMS039 (p35S: MtARF4: sGFP). pMS036 and 

pMS037 was used as effector plasmid. pMS038 and pMS039 was used in ARF localization 

and chromatin immunoprecipitation. 

7.22 GUS Assay and MUG Assay 

GUS activity in whole roots was detected after infiltration with X-Gluc (5-bromo-4-

chloro-3-indolyl-β-D-glucuronic acid, cyclohexyl ammonium salt) (Research Products 

International Corp., Prospect, IL) as described by Jefferson, R. et al. (1987) with some 
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adjustments.  Either transgenic hairy root or different tissue from permanent A17 plants 

expressing pMtNPF1.7-GUS were vacuum infiltrated for 30s vacuum-30s vent cycles (3x), 

then left to stand at room temperature for 30 min. The fixing solution was subsequently 

replaced by fixative solution wash (0.5 M MES; 0.3 M mannitol). Washing was done three 

times, 20 min each. The last washing solution was replaced by pre-warmed (at 370C) staining 

solution (50 mM sodium phosphate buffer pH 7.0; 100 mM Tris-HCl pH 7.0; 2 mM K3Fe 

(CN)6; 2 mM K4Fe(CN)6, 0.1% Tween-20, and 1 mM 5-Bromo-4-chloro-3-indolyl-β-D-

glucuronic acid, cyclohexyl ammonium salt (X-Gluc, Cha Salt, Gold Biotechnology, MO). 

Vacuum infiltration was conducted as described above for the fixing solution. The samples 

were then incubated overnight at 370C and clarified the next day with 70% EtOH for 30 min. 

Following a brief rinse with de-ionized water, nodules exhibiting blue staining were 

embedded in 5% LMP agarose and 80 μm thick section were obtained using a 1000 Plus

Vibratome sectioning system. Photomicrographs were obtained using a Nikon Coolpix 4300 

camera attached to an Olympus BX50 microscope.   

For MUG assay, transgenic Medicago hairy roots or transgenic tobacco leaf disks 

were used. 200 µl GUS extraction buffer (NaHPO4, pH 7.0-50 mM; ß-mercaptoethanol -10 

mM; Na2EDTA, pH 8.0  -10 mM; Sarcosyl -0.1%; Triton X-100-0.1%) was added to 200-

300 mg frozen tissue and grinded in liquid nitrogen. Supernatants were collected after 

spinning for 10 minutes at 14000 rpm at 40C. Then 30 µl of this supernatant was mixed with 

1ml of GUS extraction buffer with 1mM MUG, incubated for 20 minutes at 370C. The 

reaction was stopped by adding 900 µl Na2CO3. Relative Fluorescence Unit (RFU) readings 

were taken with 200 µl samples in 360 nm excitation and 460 nm emission set up in a 

SynergyTM hybrid multimode microplate reader (Biotek, UNT Developmental Biology 

Cluster). Readings for 4-MU standards were also taken after serial dilution. RFU values were 

converted into nanomoles of 4-MU generated per minute by using standard curve. Total 
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protein in each sample was calculated by Bradford assay. Nanomoles of 4-MU generated per 

minute by each sample was normalized against total protein concentration. 

7.23 Transrepression in N. bethamiana Leaves 

N. bethamiana were grown on pots for 3-4 weeks. Agrobacterium tumefaciens strain 

GV3101 expressing pMtNPF1.7-GUS, pMtNPF1.7m1-GUS, pMtNPF1.7m2-GUS, 

pMtNPF1.7m1m2-GUS or C58C1 expressing p19, pCaMV: GFP were grown overnight at 

280C and pelleted down by centrifugation. Bacterial pellets were mixed with infiltration 

media and grown for 2-3 hrs at room temperature. Grown bacteria was mixed with Tomato 

bushy stunt virus silencing inhibitor protein p19 culture and OD600 was adjusted to 0.5-2. This 

bacterial mixture was infiltrated in the adaxial surface of expanded N. benthamiana leaves 

using needleless syringes. Plants were grown for 2-3 days in growth chamber. Leaves were 

directly used for GUS assay and leaf disks were frozen for MUG assay. 

7.24 Chromatin Immunoprecipitation (ChIP) 

A17 hairy roots expressing ARF1: sGFP, ARF4: sGFP and empty vector was used for 

chromatin immunoprecipitation. GFP positive hairy roots were selected under an 

epifluorescence microscope (Leica MZ10) and grown in the aeroponics chamber in Lullien’s 

media without nitrogen source for 5 days, inoculated with S. meliloti and grown for another 

15 days. For chromatin extraction nodulated roots were fixed with 1% formaldehyde for 10 

minutes, reaction was quenched with 2 M Glycine for 5 minutes, washed several times with 

deionized water and crushed in liquid nitrogen, mixed with cell lysis buffer and nuclei was 

isolated using a kit (Epigentek, NY). Isolated nuclear DNA was sheared by sonication with 

following set up-sonicate chromatin solution on ice five times, 15 seconds each at 40% duty 

cycle; power setting 2 on a sonicator. After sonication sheared DNA was diluted in 500 µL 
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CP3F buffer mixed with protease cocktail inhibitor and precipitated by centrifugation. 

Precipitated sheared DNA was diluted with 200 µl CP4 buffer. 20 µl of sonicated DNA was 

stored as “INPUT”. Around 100 µL sonicated DNA was used for immunoprecipitation with 2 

µg Anti-GFP antibody (AbCam) in 200 µL strip wells to precipitate MtARF-MtNPF1.7 

immuncomplex for 2 hr at room temperature with gentle shaking at 100 rpm. As mock 

control, 100 µL sonicated DNA was used for immunoprecipitation with no antibody or IgG 

only. After immunoprecipitation wells were washed several times with wash buffer. Reverse 

crosslinking of DNA-protein immunocomplex was done with Proteinase K treatment for 2 

hrs at 650C. After that, 150 µL CP7 buffer was added to the above sample and DNA was 

purified in 15-20 µL volumes using a spin column supplied with the Epigentek kit. Purified 

DNA was used for qPCR to find out Ct values of amplification of different MtNPF1.7 

promoter based amplicons. Fold enrichment of MtARF1 on the AuxRE elements of 

MtNPF1.7 promoter was calculated using this formula, Fold Enrichment = 2-∆∆(Ct(IP) - Ct (Mock))
. 
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APPENDIX  

PRIMER SEQUENCES USED IN THIS STUDY
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