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Legumes play an important role in agriculture as major food sources for humans and as
feed for animals. Bioavailable nitrogen is a limiting nutrient for crop growth. Legumes are
important because they can form a symbiotic relationship with soil bacteria called rhizobia that
results in nitrogen-fixing root nodules. In this symbiosis, rhizobia provide nitrogen to the
legumes and the legumes provide carbon sources to the rhizobia.

The Medicago truncatula NPF1.7/NIP/LATD gene is essential for root nodule
development and also for proper development of root architecture. Work in our lab on the
MINPF1.7/MtNIP/LATD gene has established that it encodes a nitrate transporter and strongly
suggests it has another function. Mtnip-1/latd mutants have pleiotropic defects, which are only
partially explained by defects in nitrate transport. MtNPF1.7/NIP/LATD is a member of the large
and diverse NPF/NRTL(PTR) transporter family. NPF/NRT1(PTR) members have been shown to
transport other compounds in addition to nitrate: nitrite, amino acids, di- and tri-peptides,
dicarboxylates, auxin, abscisic acid and glucosinolates.

In Arabidopsis thaliana, the AtNPF6.3/NRT1.1( CHL1) transporter was shown to
transport auxin as well as nitrate. Atchl1 mutants have defects in root architecture, which may be
explained by defects in auxin transport and/or nitrate sensing. Considering the pleiotropic
phenotypes observed in Mtnip-1/latd mutant plants, it is possible that MtNPF1.7/NIP/LATD
could have similar activity as AtNPF6.3/NRT1.1(CHL1).

Experimental evidence shows that the MtNPF1.7/NIP/LATD gene is able to restore

nitrate-absent responsiveness defects of the Atchl1-5 mutant. The constitutive expression of



MINPF1.7/NIP/LATD gene was able to partially, but not fully restore the wild-type phenotype in
the Atchl1-5 mutant line in response to auxin and cytokinin. The constitutive expression of
MINPF1.7/NIP/LATD gene affects the lateral root density of wild-type Col-0 plants differently in
response to IAA in the presence of high (ImM) or low (0.1 mM) nitrate. MtNPF1.7/NIP/LATD
gene expression is not regulated by nitrate at the concentrations tested and MtNPF1.7/NIP/LATD
does not regulate the nitrate-responsive MtNRT2.1 gene. Mtnip-1 plants have an abnormal
gravitropic root response implicating an auxin defect. Together with these results,
MtNPF1.7/NIP/LATD is associated with nitrate and auxin; however, it does not act in a

homologous fashion as AtNPF6.3/NRT1.1(CHL1) does in A. thaliana.
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CHAPTER 1

INTRODUCTION

1.1 Nitrogen and Symbiotic Nitrogen Fixation

Nitrogen is an essential component of many major biomolecules, such as nucleic acids,
amino acids, and many vitamins. Although 78.1% of the earth’s atmosphere consists of nitrogen
gas, plants cannot use nitrogen in this form. Bioavailable nitrogen is usually limited in soils.
Legume plants have evolved a symbiotic relationship with several classes of soil bacteria
collectively known as rhizobia that are able to reduce nitrogen gas into forms of nitrogen that
plants can use in a process known as symbiotic nitrogen fixation. In the nitrogen fixing
symbiosis with rhizobia, plant hosts supply photosynthates to the bacteria in exchange for
reduced nitrogen, which allows plant legumes to thrive in soils with poor nitrogen content.

Medicago truncatula, commonly known as barrel medic, is a small legume native to the
Mediterranean region. It has been chosen as a model organism for studying symbiotic nitrogen
fixation among temperate legumes which form indeterminate nodules. Lotus japonicus has been
chosen as a model organism for studying symbiotic nitrogen fixation in plants forming
determinate nodules, which typically form on tropical legume roots. M. truncatula and L.
japonicus are diploid, have relatively small genomes as compared to other legumes, are self-
fertile, have prolific seed production in a relatively short generation time, and are capable of
genetic transformation with Agrobacterium species (Handberg and Sstougaard, 1992; Cook et al.,
1997; Cook, 1999; Léran et al., 2013). The genomes of M. truncatula and L. japonicus are
currently partially sequenced and researchers are working progressively toward completion (Sato

et al., 2008; Young et al., 2011; Tang et al., 2014).



Legume nodules are unique root organs, specifically formed for the nitrogen-fixing
symbiosis with rhizobia, and as mentioned in the previous paragraph, have two major
morphological types: indeterminate and determinate. Generally, indeterminate nodules are found
on temperate legumes, such as Medicago sativa, Trifolium repens, Pisum sativum, and M.
truncatula. Indeterminate nodules have persistent meristems, which are responsible for their
cylindrical shape. Indeterminate nodule apical meristems are able to produce new cells that are
continuously infected by rhizobia (Ferguson et al., 2010). Determinate nodules are usually found
on the subtropical and tropical legumes, such as Glycine max, Phaseolus vulgaris, Pongamia
pinnata and L. japonicus. Determinate nodules are usually spherical and have non-persistent
meristems (Ferguson et al., 2010). Despite differences between indeterminate and determinate
nodules, nodulation, the process of nodule formation, shares common developmental features in

all legumes.

1.2 Overview of Nodule Development

Nodulation starts when legume plants release flavonoids into soil in response to low
environmental nitrogen. This initiates communication between host plants and the rhizobia
(Brewin, 1991). Flavonoids attract rhizobia to the root and trigger the activation of rhizobial nod
(nodulation) genes which encode proteins that produce and secrete lipo-chito-oligosachharides,
also as known as Nod factors (Long, 1996). In the current model of the Nod factor signaling
pathway in M. truncatula, the MtNFP and MtLYK3/4 proteins are putative Nod factor receptors
in the plant root hairs and responsible for Nod factor perception (Amor et al., 2003; Limpens et
al., 2003; Smit et al., 2007). Thereafter, Nod factor perception stimulates a downstream signal

transduction cascade in the plant root epidermis and root cortex, which involves 1) activation of



the MtDMI2 gene that encodes a leucine-rich-repeat receptor-like kinase containing
serine/threonine kinase domains, 2) a rapid influx of calcium ions through a calcium ion-channel
protein localized in the nuclear membrane encoded by the MtDMI1 gene, and 3) activation of the
calcium-calmodulin kinase encoded by the MtDMI3 gene mediated by induction of calcium
fluxes (*calcium spiking”)(Cullimore and Denarie, 2003; Mitra et al., 2004; Oldroyd and
Downie, 2004; Peiter et al., 2007; Venkateshwaran et al., 2008). In M. truncatula, upon
activation of the MtDMI3 protein, four transcription factors: MtNSP1, MtNSP2, MtERN1 and
MtNIN, work together to activate the production of cytokinins in root epidermal cells and
regulate the early nodulation (ENOD) genes (Wais et al., 2000; Oldroyd and Long, 2003; Smit et
al., 2005; Oldroyd, 2007), and are also required for cell division events in the root cortex
(Heckmann et al., 2006). Cytokinins, working as mobile signals, are then delivered from the
epidermal layer to the inner cortical cells (Oldroyd, 2007). Perception of cytokinins by their
receptors that are encoded by the MtCRE1/LjLHKZ1 gene in the root cortex induces cortical cell
division and formation of the nodule primordia (Gonzalez-Rizzo et al., 2006; Murray et al.,
2007; Oldroyd, 2007).

Following the perception of flavonoids from host plants, rhizobia form micro-colonies on
the surface of the root hairs and secrete Nod factors (Brewin, 1991; Hirsch, 1992; Brewin, 2004).
Paralleling with initiation of cortical cell division and formation of nodule primordia, perception
of Nod factors causes root hair cells to undergo morphological changes in the root epidermis.
Root hairs swell, branch, and curl to trap rhizobia, which stimulates the formation of infection
threads. The infection thread is a cylindrical tube-like structure that grows and invaginates
through root hair cells, carrying rhizobia to the newly formed nodule primordium (Rae et al.,

1992). Once the rhizobia arrive at the nodule primordium cells, the rhizobia are released into



them through a process resembling endocytosis, leading to formation of symbiosomes. In a
symbiosome, the endocytosed rhizobia are called bacteroids. They differentiate and mature into
forms capable of fixing nitrogen (Brewin, 1991; Brewin, 2004). As the nodules develop and
grow, the differentiation of nodules into distinct zones occurs (Vasse et al., 1990; Crespi and
Galvez, 2000), as illustrated in Figure 1. The most distal region of the nodule, known as Zone I,
is the meristematic zone, where cells continually divide; nodules continually grow and expand
outward from the meristematic zone. The meristematic zone contains no bacteria; hence, no
bacterial infection or invasion occurs there. The region proximal Zone | is Zone II, also as known
as the infection zone where the bacteria enter the host cells and are released, forming
symbiosomes. Adjacent to Zone 11 is the Interzone I1-111 where endocytosed rhizobia complete
their differentiation into the nitrogen-fixing forms. Zone 111, known as the nitrogen fixation zone,
is adjacent to the Interzone II-111. The most proximal region of the nodule is Zone 1V, also known
as the senescent zone, where aging bacteroids and host cells die and are recycled by the plant

(Vasse et al., 1990).

1.3 Nitrogen Assimilation

As mentioned at the beginning, bioavailable nitrogen is usually limited in soil.
Bioavailable nitrogen is usually of two forms: nitrate, the most oxidized form, and ammonia, the
most reduced. Nitrate is the main inorganic nitrogen source that plants use in soils. It also
functions as a signaling molecule involved in metabolism and development of plants (Krouk et
al., 2010). In plants, nitrogen assimilation is regulated by a complicated network of transporters,
reductases, synthetases, and transaminases in response to internal and environmental signals

(Glass et al., 2002; Stitt et al., 2002; Vidal and Gutiérrez, 2008; Gojon et al., 2009), which



regulate the availability of carbon and energy for nitrogen assimilation and root development to
control nitrogen uptake in the roots. Nitrate in the soil can be taken up by the plant roots and
assimilated into plant cells in three sequential steps: (1) Nitrate is transported across the plasma
membrane via high and low affinity transporters in response to varied concentrations of nitrate in
the soil. (2) Reduction events occur, which convert nitrate to nitrite and nitrite to ammonium via
the operation of nitrate reductase and nitrite reductase. Alternately, nitrate may be transported to
the leaves and reduced and assimilated there. (3) Ammonium assimilation into organic nitrogen
takes place by sequential activities of the enzymes, glutamine synthetase and glutamate synthase

(Marquez et al., 2005).

1.4 Nitrate Transporters in Plants

In higher plants, three protein families of nitrate transporters have been identified, the
Chloride Channel (CLC), NRT2, and NPF/NRT1(PTR) transporter families (Tsay et al., 2007;
Zifarelli and Pusch, 2010; Bagchi et al., 2012; Léran et al., 2014). Proteins in the CLC family
were found to be associated with nitrate transport between cytosol and organelles (Zifarelli and
Pusch, 2010). Proteins in NRT2 family are high-affinity nitrate transporters, and there are 7
NRT2 transporters in A. thaliana (Tsay et al., 2007). Recent studies also showed AtNRT2.1
functions as a nitrate sensor to coordinate the development of the root system with nutritional
cues by repressing lateral root initiation, which is independent of nitrate-uptake ability (Little et
al., 2005; Tsay et al., 2007). There are 53 NPF/NRT1(PTR) transporters found in A. thaliana, and
these two families (NRT2 and NPF/NRT1(PTR) ) are distinct from each other, with no sequence
homology found between them (Tsay et al., 2014). Many proteins found in NPF/NRT1(PTR)

family that have been investigated so far are low-affinity nitrate transporters or di/tripeptide



transporters. An exception is the AtNPF6.3/NRT1.1 (CHL1) transporter, which is a dual-affinity
nitrate transporter in A. thaliana (Liu et al., 1999). Whether the AtNPF6.3/NRT1.1(CHL1)
transporter is truly a dual-affinity transporter or simply a low-affinity transporter has recently
been called into question (Glass and Kotur, 2013). Recent data show that NPF/NRT1(PTR)

family transporters have diverse substrate transport capacity (Léran et al., 2014).

1.5 NPF/NRT1(PTR) Family and Substrates Transported by NPF Family Members

Most members of Nitrate Transporter 1/Peptide Transporter (NRT1/PTR) family have 12
transmembrane domains and are predominantly localized to the plasma membrane. This family
was recently renamed the Nitrate Peptide Transporter (NPF) family (Léran et al., 2013, 2014). As
mentioned in Section 1.4, many of the members in NPF/NRT1(PTR) family are low affinity
nitrate transporters but some were found to transport peptides and other ionic species as well.
There are 53 NPF/NRT1(PTR) members found in A. thaliana, 93 NPF/NRT1(PTR) members in
Oryza sativa, 80 NPF/NRTL1(PTR) members in M. truncatula, and similar numbers of
NPF/NRT1(PTR) members in other plant species (Léran et al., 2014). Studies demonstrated that
NPF/NRT1(PTR) members couple H* transport across membranes down the H* gradient to
transport 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), ABA (Kanno et al., 2012), and glucosinolates (Nour-Eldin et al., 2012). Furthermore,
some NPF/NRT1(PTR) members are able to transport more than one substrate: nitrate/IAA in the
case of AtNPF6.3/NRT1.1(CHL1) (Krouk et al., 2010), nitrate/ABA in the case of
AtNPF4.6/NRT1.2 (Huang et al., 1999; Kanno et al., 2012), nitrate/glucosinolates in the case of

AtNPF2.9/NRT1.9 and AtNPF2.9/NRT1.9 (Fan et al., 2009; Wang and Tsay, 2011; Nour-Eldin et



al., 2012), or nitrate/nitrite in the case of AtNPF3.1/Nitr (Sugiura et al., 2007).
1.6 Roles of Auxin and Cytokinin in Nodulation

Auxin has been known to play a role in nodulation for a long time; however, proteins that
control auxin flux during nodulation have yet to be identified. A local accumulation of auxin in
the nodule initiation zone can be triggered by inoculation of legumes with rhizobia or by Nod
factor treatment (Mathesius et al., 1998; Pacios-Bras et al., 2003). Transcripts of MtAUX1,
encoding a putative auxin influx transporter, were found to accumulate after inoculation with
rhizobia. Polar auxin transport was found to be disrupted at the nodule primordium emergent site
(de Billy et al., 2001). Flavonoids, as mentioned previously, secreted during nodulation, inhibit
polar auxin transport (Jacobs and Rubery, 1988). Reduction of nodulation and polar auxin
transport were observed when chalcone synthase, the gene encoding the flux-generating step in
flavonoid biosynthesis, was silenced (Mathesius et al., 1998; Wasson et al., 2006). In 2013,
Turner., et al reported that ectopic expression of miR160 which silences a set of repressive auxin
response factor transcription factors, resulted in auxin hypersensitivity and cytokinin
hyposensitivity that leads to inhibition of symbiotic nodule development in soybean (Turner et
al., 2013).

Cytokinin, another important plant hormone, has been known to be involved in root
nodule symbiosis. Expression of an Agrobacterium tumefaciens cytokinin biosynthetic gene in
rhizobia mutants that fail to make Nod factors resulted in development of nodule-like structures
in alfalfa roots (Cooper and Long, 1994). The loss-of function Ljlhk-1 mutant, a homolog of
MtCrel, defective in cytokinin perception, displayed numerous infection threads, but formed
very few nodules (Gonzalez-Rizzo et al., 2006; Murray et al., 2007). Exogenous cytokinin

treatment to L. japonicus roots was able to induce formation of nodule primordia (Desbrosses



and Stougaard, 2011). It is clear from these studies that both auxin and cytokinin are required for
nodulation. However, many of the receptors, transporters, and enzymes involved in auxin and

cytokinin action during nodulation remain to be discovered.

1.7 Roles of Auxin and Cytokinin in Root Development

Auxin and cytokinin in A. thaliana root development are involved in regulating vascular
differentiation, lateral root initiation, root apical dominance and root gravitropism and have
recently been reviewed (Aloni et al., 2006; Overvoorde et al., 2010; Perilli et al., 2010). In roots,
polar auxin transport is achieved via auxin influx transporters (e.g. AUX1) and auxin efflux
transporters (PINs) and results in an auxin gradient with a maximum around the quiescent center.
Auxin promotes lateral root initiation and primordium development by mediating cell cycle
activation. In roots, auxin is transported from the shoots towards the root tips via the root
vasculature, and then auxin transported to the root tips is redirected toward the base of the root
via the outer cell layers for lateral root initiation and subsequent lateral root primordium
development (Fukaki and Tasaka, 2009). In addition to auxin transport, the auxin signaling
mediated by AUX/IAA, ARF, and SCF™R! proteins is required for lateral root development
(Fukaki and Tasaka, 2009; Overvoorde et al., 2010). AUX/IAA proteins are important
components of auxin and cytokinin balance in roots, which repress transcription mediated by
Auxin Responsive Factors (ARFs). ARFs can either act as transcription activators or repressors.
In the presence of auxin, the SCF™R! binds to auxin and AUX/IAA proteins, leading to
proteasome-mediated degradation of AUX/IAA proteins. Then ARF proteins are released from
AUX/IAA suppression and consequently trigger auxin responses by acting as auxin transcription

factors and promoting transcription of auxin sensitive genes. In A. thaliana, lateral root initiation



is from a pair of differentiated pericycle cells adjacent to the protoxylem, which is mainly
regulated by auxin (De Smet, 2012). Auxin signals transported to the protoxylem percicycles
cells mediated by AUX1 or PINs trigger degradation of the AUX/IAAs (IAA14/SLR) involved
in lateral root initiation via SCF™'?! and proteasome, leading to activation of ARF7/ARF19
function to trigger the transcriptions of genes required for lateral root initiation (LBD16/ASL18,
LBD29/ASL16 and other genes) (Fukaki and Tasaka, 2009).

Cytokinin produced locally or transported via the vascular system is perceived by the
AHK2, 3, and 4 receptors in A. thaliana (Hirose et al., 2008). Binding of cytokinin activates
phosphotransfer proteins, which leads to phosphorylation of type B and type A Arabidopsis
Response Regulator (ARR) in the nuclei. Type B ARRs are responsible for positive cytokinin
responses while type A ARRs are responsible for negative cytokinin response. During root
development, cytokinins are associated with the auxin signaling pathway. In A. thaliana,
cytokinin activates SHY2/1AA3 gene expression, leading to production of SHY2 protein that
represses the expression of PIN1, 3, and 7 auxin efflux transporter genes as well as the major
cytokinin biosynthetic gene IPT5 (Dello loio et al., 2008; Ruzicka et al., 2009). Hence, cytokinin
disrupts the PIN-dependent auxin gradient and inhibits its own biosynthesis. The balance of
cytokinin and auxin regulates SHY2 levels and contributes to root meristem development.
During root development, auxin positively promotes lateral root formation while cytokinin
disrupts PIN auxin efflux transporter to repress the elongation of lateral root primordia without
influencing formation of founder cells (Heckmann et al., 2011). However, high auxin can also
trigger an ethylene response that inhibits lateral root development. High auxin leads to the build-
up of the ethylene precursor, 1-aminocyclopropane-1 carboxylic acid (ACC), which triggers an

associated inhibitory response of lateral root development. Ethylene stimulates auxin



biosynthesis and increases auxin transport to root tips and to the elongation zone via AUX1 and
PIN2, leading to inhibition of cell elongation and overall root growth (Rizicka et al., 2007,
Ivanchenko et al., 2010). The interactions between ethylene and auxin in lateral root

development are complicated and more work needs to be done to fully understand them.

1.8 Roles of A. thaliana NPF6.3/NRT1.1 (CHL1) protein

AtNPF6.3/NRT1.1 (CHL1), a dual affinity nitrate transporter, was shown to play an
important role in regulating lateral root development in response to different nitrate conditions in
A. thaliana and was suggested to participate in a nitrate signaling pathway (Munos et al., 2004;
Little et al., 2005; Remans et al., 2006; Wang et al., 2009). In 2009, Ho et al. showed that the
AtNPF6.3/NRT1.1(CHLZ1) transporter is involved in the primary A. thaliana nitrate response by
examining AtNRT2.1 gene expression in wild-type plants and the Atchl1-5 mutant in different
nitrate conditions (Ho et al., 2009). In this study, the Atchl1-5 mutant was used because it is a
deletion mutant in which no AtNPF6.3/NRT1.1(CHL1) protein is present and both nitrate uptake
and the primary nitrate response are defective (Tsay et al., 1993; Munos et al., 2004). Ho et al.
(2009) also used an uptake and signaling decoupled mutant (Atchl1-9) to demonstrate that nitrate
transport activity is not required for the sensing function of AtNPF6.3/NRT1.1(CHL1),
suggesting AtNPF6.3/NRT1.1(CHLJ1) is itself a nitrate sensor and transport activity is not
required for the sensor function (Ho et al., 2009). Moreover, Krouk et al. (2010) showed that
AtNPF6.3/NRT1.1(CHLZ1) not only transports nitrate but also transports auxin (Krouk et al.,
2010). An exogenous supply of auxin was able to recover retarded lateral root development in
wild-type plants grown on media containing no nitrate, suggesting that

AtNPF6.3/NRT1.1(CHL1) regulates lateral root growth by repressing accumulation of auxin
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(Krouk et al., 2010). Mutation of AtNPF6.3/NRT1.1(CHL1) promotes auxin accumulation in
lateral roots, leading to enhanced lateral root development, suggesting that an
AtNPF6.3/NRT1.1(CHL1)-dependent nitrate signal pathway could be associated with auxin
transport (Krouk et al., 2010). In legumes, nitrogen-induced genes responsible for regulation of
root architecture and nodulation have not yet been identified. Nitrogen sensing and signaling
may be a different story because of the capacity of legumes to develop symbiotic nitrogen-fixing

nodules (Yendrek et al., 2010).

1.9 Roles of M. truncatula NPF1.7/NIP/LATD Gene

The NPF1.7/NIP/LATD gene in M. truncatula is required for normal development of the
primary root, lateral roots and symbiotic root nodules. Previous studies showed that the Mtnip-1,
Mtnip-3 and Mtlatd mutants had defects in root architecture and nodulation (Veereshlingam et
al., 2004; Bright et al., 2005; Teillet et al., 2008; Harris and Dickstein, 2010; Yendrek et al.,
2010). From a phylogenic study (Yendrek et al., 2010), the MtNPF1.7/NIP/LATD gene was
shown to encode a protein belong to NPF/NRTL1(PTR) family of transporters. Gene expression
studies (Yendrek et al., 2010) showed the MtNPF1.7/NIP/LATD gene is not regulated by nitrate,
but is regulated by the plant hormones cytokinin, auxin, and abscisic acid (ABA); in addition,
regulation of root architecture of the Mtnpfl.7/nip/latd mutants had a decreased response to
nitrate, suggesting MtNPF1.7/NIP/LATD has a possible role in nitrate signaling or sensing
(Yendrek et al., 2010; Bagchi et al., 2012). Expression of MtNPF1.7/NIP/LATD in Xenopus
laevis oocytes conferred on them a pH-dependent nitrate uptake ability at low nitrate
concentrations which suggests that MtNPF1.7/NIP/LATD encodes a high affinity nitrate

transporter (Bagchi et al., 2012), and expression of Mtnip-1 in X. laevis oocytes failed to
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transport nitrate while X. laevis oocytes expressing Mtnip-3 showed nitrate uptake ability
(Bagchi et al., 2012). Dr. Bagchi obtained evidence that MtNPF1.7/NIP/LATD may transport
auxin: MtNPF1.7/NIP/LATD RNA injected X. laevis oocytes contained less 3H-1AA after one
hour incubation compared to control water injected oocytes, indicating an efflux of IAA (Bagchi,
PhD Thesis, 2013). This suggests that MtINPF1.7/NIP/LATD may encode an auxin efflux
transporter (Bagchi, PhD Thesis, 2013). ABA was able to rescue lateral root defect in Mtlatd
mutant but not the nodule phenotype (Liang et al., 2007). Others have suggested that
MtNPF1.7/NIP/LATD may transport ABA. However, X. laevis oocytes expressing

MINPF1.7/NIP/LATD failed to transport ABA (Bagchi, PhD Thesis, 2013).

1.10 Objective of the Research

In this study, my aim was to address the hypothesis that MtNPF1.7/NIP/LATD functions
as a nitrate sensor. An A. thaliana nitrate transporter mutant (chl1-5) and the wild-type Col-0
constitutively expressing the MINPF1.7/NIP/LATD gene were compared to Atchl1-5 and Col-0
control plants for a variety of responses associated with nitrate sensing. Specifically the
MtNPFL1.7/NIP/LATD gene was tested to see if it could restore Atchl1-5 to the wild-type
phenotype (Krouk et al., 2010). Further experiments were carried out with M. truncatula plants
with mutations in MtNPF1.7/NIP/LATD and also ones that constitutively express
MINPF1.7/NIP/LATD to test whether the physiological hallmarks of normal nitrogen and auxin

signaling are present in these plants.

12



CHAPTER 2
EFFECTS OF CONSTITUTIVE EXPRESSION OF THE MtNPF1.7/NIP/LATD GENE IN A.
thaliana ON ROOT PHENOTYPES AND PLANT GROWTH IN RESPONSE TO DIFFERENT

GROWTH CONDITIONS

2.1 Effects of Constitutive Expression of the MtNPF1.7/NIP/LATD Gene in the A. thaliana
Nitrate Transporter AtNPF6.3/NRT1.1 (CHL1) Mutant Atchl1-5 in Response to Nitrate

In order to determine if the MtNPF1.7/NIP/LATD gene might play a role nitrate sensing,
the A. thaliana chl1-5 mutant (Tsay et al., 1993; Krouk et al., 2010) was used. The A. thaliana
chl1-5 mutant was previously shown to have defects in nitrate sensing and root architecture in
response to different nitrogen sources (see details in introduction). The experimental strategy was
to determine MtNPF1.7/NIP/LATD could complement these nitrate sensing defects. Previous
studies on the Atchl1-5 mutant showed that it had a relatively enhanced lateral root growth in the
absence or at low concentrations of nitrate (Krouk et al., 2010). Dr. M. Salehin, previously of the
Dickstein lab, generated 2 lines of transgenic A. thaliana chl1-5 mutant plants expressing the
MINPF1.7/NIP/LATD gene under the control of the constitutive A. thaliana EF1la promoter
(Auriac and Timmers, 2007; Bagchi et al., 2012; Salehin et al., 2012). These 2 lines of transgenic
plants, Atchl1-5+ MtNPF1.7/NIP/LATD line#11 and Atchl1-5+ MtNPF1.7/NIP/LATD line#12,
the Atchl1-5 mutant, and the control wild-type plant line, Col-0, were grown for 8 days on media
containing different concentrations of nitrogen sources: 0.5 mM L-Glutamine, containing 2
amine groups per molecule, versus 1 mM KNOg, and compared to those grown for 8 days on
nitrogen-free media. Twenty plants of each line were grown for each condition and the lateral

root density, defined as number of visible (>0.5 mm) lateral roots divided by length of primary
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root (in mm), was measured for each individual plant. The results are presented in Figure 2. As
can been seen in Figure 2, in low nitrate concentration or no nitrate conditions, Atchl1-5 plants
have a higher LR density than wild-type plants. No significant difference in lateral root density
was observed in Atchl1-5 versus wild-type Col-0 in the presence of 1 mM nitrate as compared to
those grown on 0.5mM L-Glutamine and nitrogen free media. This result duplicates the work of
Krouk et al., (2010) for the Atchl1-5 mutant. We then compared Atchl1-5, wild-type, and the two
transgenic lines for lateral root growth. For the two transgenic lines expressing
MINPFL1.7/NIP/LATD, Atchl1-5+ MtNPF1.7/NIP/LATD #11 and Atchl1-5+
MINPFL1.7/NIP/LATD #12, there were similar patterns of lateral root density as for the wild-type
plants. This suggests that the MtNPF1.7/NIP/LATD gene can restore these defects of the Atchl1-5
mutation in response to nitrate.

It was reported that the A. thaliana chl1-5 mutant plants were less sensitive to high nitrate
than wild-type plants for their lateral root phenotype (Tian et al., 2009). In the work of Tian et
al., (2009), lateral root growth was shown to be inhibited in response to high external nitrate and
the reductions of LR length in wild-type plants were greater as compared to Atchl1-5 plants in
response to high nitrate concentration. To investigate whether the constitutive expression of the
MINFP1.7/NIP/LATD gene in the A. thaliana chl1-5 mutant would complement the defects in
Atchl1-5 mutation for this phenotype, | studied the response of root growth in the two lines of
transgenic plants. These two transgenic lines, the Atchl1-5+ MtNFP1.7/NIP/LATD #11 and
Atchl1-5+ MtNFP1.7/NIP/LATD #12 mentioned earlier, the Atchl1-5 mutant, and the control
wild-type plant, Col-0, were tested. After germination, the plants were transferred to 1/2 MS agar
medium without nitrogen salts, or containing varying nitrate concentrations (no nitrogen, 0.1

mM KNOgz and 10 mM KNOg) for 5 days. Twenty plants were grown for each condition. At 5
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days, the length of the primary root, number of lateral roots and length of the lateral roots were
measured for each individual plant. The averages and standard errors are plotted in Figures 3, 4,
and 5. In the previous studies of Tian et al., (2009), the length of primary roots of both wild-type
plants and Atchl1-5 mutant plants did not differ in the high nitrate and low nitrate concentration.
In addition, the reduction in length of the lateral roots was greater in wild-type plants in response
to high nitrate concentration. Significant reductions in lateral root lengths were observed in the
wild-type Col-0 plants and Atchl1-5 mutant plants grown on media containing high nitrate
concentration compared with those grown on media containing low nitrate concentration (Tian et
al., 2009). However, | was unable to replicate these results, as shown in Figure 3, Figure 4, and
Figure 5. As shown in Figure 3, for the all the plants grown in the presence of 0.1 mM nitrate, no
significant difference of the length of primary roots was observed whereas the primary roots of
Atchl1-5 mutant plants grew longer in response to 10 mM KNOs compared to Col-0, Atchl1-5+
MINFP1.7/NIP/LATD #11 and Atchl1-5+ MtNFP1.7/NIP/LATD #12 plants. In contrast to the
work of Tian et al., (2009), no significant difference was observed in the lengths of primary roots
in response to varied concentrations of KNOs. In my results, the number of the lateral roots for
the experimental and control plants grown in 0.1 mM KNO3z was similar to that of the
experimental and control plants grown in 10 mM KNOs, as demonstrated in Figure 4. The
number of lateral root was expected to be reduced in high nitrate concentrations (Tian et al.,
2009). As can been seen in Figure 5, for the length of lateral roots, my results were very different
from the work of Tian et al., (2009). My results showed that reduction in lateral root length was
less in Atchl1-5 mutant plants in response to high nitrate concentration. However, my results also
showed that the Atchl1-5 mutant primary root length was longer than that of the wild-type plant

Col-0, and MtNFP1.7/NIP/LATD appeared to complement this defect in the transgenic lines in
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media containing 10 mM KNOs (Figure 3). Similar results were obtained for lateral root number
(Figure 4), but not for lateral root length (Figure 5). Overall, my data provides support for the
MINFP1.7/NIP/LATD gene’s ability to complement phenotypes associated with a loss of nitrate
sensing in the Atchl1-5 mutant. The inability to replicate the results of Tian et al., (2009) might
be due to a technical problem which could be improved, such as dealing with a smaller number
of samples at one time. It is also possible that the results of Tian et al., (2009) could only work

under certain conditions, beyond those that are spelled out in their published paper.

2.2 Effects of Constitutive Expression of the MtNPF1.7/NIP/LATD Gene in An A. thaliana
Nitrate Transporter AtNPF6.3/NRT1.1 (CHL1) Mutant Atchl1-5 in Response to Auxin and
Cytokinin

Previous studies on the A. thaliana chl1-5 mutant showed that it had a relatively enhanced
lateral root growth in the absence or at low concentrations of nitrate (Krouk et al., 2010). Krouk
et al., (2010) showed that an exogenous supply of auxin was able to recover retarded lateral root
development in wild-type plants grown on media containing no nitrate. These data and other
experimental results led Krouk et al., (2010) to hypothesize that AtNPF6.3/NRT1.1(CHL1)
regulates lateral root growth by repressing accumulation of auxin.

The experimental strategy used in my experiments was to determine if
MtNPFL1.7/NIP/LATD could complement these nitrate sensing defects. The lateral root density of
two transgenic lines of Atchl1-5 mutant transformed with a constitutive promoter expressing the
MINPFL1.7/NIP/LATD gene, Atchl1-5+ MtNPF1.7/NIP/LATD #11 and Atchl1-5+
MINPF1.7/NIP/LATD #12 was shown to have a similar pattern in response to varied

concentrations of nitrogen sources (No nitrogen, 1 mM nitrate and 0.5 mM L-Glutamate) as
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compared to lateral root density of wild-type plants as can been seen in Figure 2. This result
suggests that the MINPF1.7/NIP/LATD gene is able to restore these defects of the Atchl1-5
mutation.

To address the question of whether MtNPF1.7/NIP/LATD might function in an analogous
manner to AtNPF6.3/NRT1.1(CHL1), | examined whether the Atchl1-5 mutant plants expressing
the MtNPF1.7/NIP/LATD gene can recover retarded lateral root development by provision of an
exogenous supply of auxin, similar to Atchl1-5 plants expressing AINPF6.3/NRT1.1(CHL1).
Also, because the effects of auxin and cytokinin are different in lateral root development (Fukaki
and Tasaka, 2009), the effects of exogenous supply of cytokinin were investigated in a parallel
fashion with the effects of exogenous supply of auxin. Two lines of transgenic plants, Atchl1-5+
MINPFL1.7/NIP/LATD line#1 and Atchl1-5+ MtNPF1.7/NIP/LATD line#3, the Atchl1-5 mutant,
the control wild-type plant line, Col-0, and the transformation control plant line
Atchl1.5+AtNPF6.3/NRT1.1(CHL1) , were grown for 8 days on media containing different
concentrations of nitrogen sources: 0.5 mM L-Glutamine, 1 mM KNOs, and compared to those
grown for 8 days on the same media containing 10 nM 1AA or 10 nM BAP (0.5 mM GIn+10 nM
IAA; 0.5mM GIn+ 10 nM BAP; 1 mM KNO3 +10 nM IAA; 1 mM KNOsz+ 10 nM BAP). Twenty
plants of each line were grown for each condition and the lateral root density, defined as number
of visible (>0.5 mm) lateral roots divided by length of primary root (in mm) was measured for
each individual plant. The results are shown in Figure 6. As illustrated in Figure 6, the two lines
of A. thaliana chl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD gene behaved
similarly to wild-type plants and the transformation control plants in the no nitrate condition with
the auxin treatment. However, in the media containing 1 mM KNOs and 10 nM IAA, the lateral

root density was lower in both lines of A. thaliana chl1-5 mutant constitutively expressing
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MINPF1.7/NIP/LATD gene as compared to wild-type and Atchl1-5 plants, suggesting
constitutive expression of the MtNPF1.7/NIP/LATD gene in the Atchl1-5 mutant can only
partially complement the wild-type phenotype in response to auxin, at least in these conditions.
On the other hand, the transformation control plant line Atchl1.5+AtNPF6.3/NRT1.1(CHL1) had
a similar lateral root density with both the lines of A. thaliana chl1-5 mutant constitutively
expressing MtNPF1.7/NIP/LATD gene and the wild-type Col-0, which might be caused by
constitutively expressing AtNPF6.3/NRT1.1(CHL1) gene because of losing its native regulating
mechanism. However, the lateral root density of the Atchl1.5+AtNPF6.3/NRT1.1(CHL1) plant
was not statistically different as compared to wild type plant Col-0 and Atchl1-5 plants. In the
media containing 0.5 mM GIn+10 nM BAP and 1 mM KNOs+10 nM BAP, the overall lateral
root density in all lines was lower (Figure 6). This result was expected because cytokinin has

been shown to inhibit lateral root growth (Fukaki and Tasaka, 2009).

2.3 Effects of Constitutive Expression of the MINPF1.7/NIP/LATD Gene in Wild-Type A.
thaliana Col-0 on Root Architecture Responses in Different Growth Conditions

During the time that | was carrying out the experiments described above, former Dickstein
lab members Drs. M. Salehin and R. Bagchi found that two lines of transgenic A. thaliana chl1.5
constitutively expressing MtNPF1.7/NIP/LATD were larger in both shoots and leaves (Salehin et
al, In preparation). Similar effects were seen when MtNPF1.7/NIP/LATD was expressed under
the control of the constitutive A. thaliana EF1la promoter in wild-type Col-0 (Salehin et al, In
preparation). In order to study how constitutively expressing MtINPF1.7/NIP/LATD can affect the
root phenotypes in response to different growth conditions, two lines of transgenic A. thaliana
Col-0 plant constitutively expressing MtINPF1.7/NIP/LATD were tested. Because auxin has

previously been reported to participate in lateral root initiation and both cytokinin and abscisic
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acid were shown to negatively regulate lateral root formation in A. thaliana (Fukaki and Tasaka,
2009), these three plant hormones were chosen to study.

Two lines of transgenic A. thaliana Col-0 plants constitutively expressing
MINPFL1.7/NIP/LATD (Col-0+ MtNPF1.7/NIP/LATD L1 and Col-0+ MtNPF1.7/NIP/LATD L4),
the wild-type Col-0, and the transformation control (Col-0+AtNPF6.3/NRT1.1(CHL1)) were
germinated on 1/2MS-N media. This media is a basal media with no nitrogen source. After
germination, all seedlings were transferred to different growth conditions for 14 days: the basal
media as the control, and basal media containing a) 1ImM NH4ClI, b) 200 uM KNO3, ¢)1 mM
KNO3,d)1 mM KNOz+0.1 uM 1AA, €)1 mM KNO3z+0.1 pM BAP, f) 1 mM KNO3+0.2 uM
ABA, and g) 10 mM KNO:z. Fifteen plants of each line were grown for each condition and the
lateral root density, defined as number of visible (>0.5 mm) lateral roots divided by length of
primary root (in mm) was measured for each individual plant. The results are shown in Figure 7.
As seen in Figure 7, there was no significant difference among the genotypes in lateral root
density when plants were grown in the no nitrogen condition, 1 mM NH4CIl, 1 mM KNOs3, 10
mM KNOgz, and 1 mM KNO3+0.2 uM ABA. Lateral root density in the transgenic A. thaliana
Col-0 constitutively expressing MtNPF1.7/NIP/LATD lines was higher in the basal media
containing 200 uM KNO3, and 1 mM KNOs+0.1 uM BAP as compared to wild-type Col-0
plants and the transformation control (Col-0+AtNPF6.3/NRT1.1(CHL1)). Lateral root density
was lower in the transgenic A. thaliana Col-0 constitutively expressing MtNPF1.7/NIP/LATD
lines in the basal media containing 1 mM KNO3+0.1 uM IAA than it was in the Col-0 and the
transformation control (Col-0+AtNPF6.3/NRT1.1(CHL1)) lines. These results suggest that

MtNPF1.7/NIP/LATD directly or indirectly interacts with auxin and cytokinin in 1 mM KNO:s.
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Dr. M. Salehin’s unpublished data showed that the roots of the transgenic M. truncatula
wild-type plant overexpressing MtNPF1.7/NIP/LATD also grew better in the low nitrate
conditions in the aeroponic system, and Dr. M. Salehin’s and our lab’s collaborators” unpublished
microarray data also reported that more genes were mis-regulated in the leaves of lines of A.
thaliana Col-0 constitutively expressing MtNPF1.7/NIP/LATD when growing in 0.1 mM KNOs
condition as compared to plants growing in 10 mM KNOs condition, showing that
MINPF1.7/NIP/LATD has a differential effect in the differing nitrate conditions. Figure 7 showed
that AtCol-0+ MtNPFL1.7/NIP/LATD plants had a statistically significant lower lateral root
density in response to IAA in presence of 1 mM KNOs and had a higher lateral root density in
200 uM KNO3 as compared to wild-type plants (Col-0) and the transformation control (Col-
0+AtNPF6.3/NRT1.1(CHLZ1)). In order to study how transgenic A. thaliana wild-type plants
constitutively expressing MtNPF1.7/NIP/LATD (Col-0+ MtNPF1.7/NIP/LATD) respond to the
IAA and BAP in the low nitrate condition (200 uM), two lines of transgenic A. thaliana Col-0
plants constitutively expressing MtNPF1.7/NIP/LATD (Col-0+ MtNPF1.7/NIP/LATD L1 and
Col-0+ MtNPF1.7/NIP/LATD L2), the wild-type Col-0, and the transformation control (Col-
0+AtNPF6.3/NRT1.1(CHL1)) were used. Two lines of transgenic A. thaliana Col-0 plant
constitutively expressing MINPF1.7/NIP/LATD (Col-0+MtNPF1.7/NIP/LATD L1 and Col-
0+MINPF1.7/NIP/LATD L2), the transformation control (Col-0+AtNPF6.3/NRT1.1(CHL1)), and
the wild-type Col-0 were germinated on the 1/2MS-N media, the basal media with no nitrogen
source. After germination, all seedlings were transferred to different growth conditions for 14
days: the basal media as the control and the basal media containing 200 uM KNO3, 200 uM
KNO3+0.1 uM 1AA, 200 uM KNO3+0.1 uM BAP, 1 mM KNO3, 1 mM KNO3+0.1 uM IAA, and

1 mM KNO3+0.1 uM BAP. Fifteen plants of each line were grown for each condition and the
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lateral root density, defined as number of visible (>0.5 mm) lateral roots divided by length of
primary root (in mm) was measured for each individual plant. The results are shown in Figure 8.
As expected from previous results (Figure 7), there was no statistically significant difference in
the lateral root density between wild-type Col-0 plants, the transformation control (Col-
0+AtNPF6.3/NRT1.1(CHL1)), and two lines of transgenic A. thaliana Col-0 plants constitutively
expressing MtNPF1.7/NIP/LATD when plants were grown in 1 mM KNOs. The two lines of
transgenic A. thaliana Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD had a higher
lateral root density when growing in the 200 uM KNOgz condition (Figure 8), similar to results
obtained previously (Figure 7). However, auxin treatment in the 200 uM KNO3 condition had an
opposite effect as compared to 1 mM KNOs for lateral root density in transgenic A. thaliana Col-
0 plants constitutively expressing MtNPF1.7/NIP/LATD as compared to the lateral root
phenotype in response to auxin in 1 mM KNO3z condition. As compared to wild-type Col-0
plants, transgenic A. thaliana Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD were
less sensitive to cytokinin at both nitrate concentration tested. Taken together and similar to
previous experiments, these results show MtNPF1.7/NIP/LATD interacts with auxin and
cytokinin in a nitrate concentration dependent manner. Because the effect is nitrate concentration

sensitive, this suggests the possibility that MtNPF1.7/NIP/LATD may act as a nitrate sensor.
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CHAPTER 3
EXPERIMENTS FOR DETERMINATION OF ROLES OF MtNPF1.7/NIP/LATD GENE IN M.
truncatula
3.1 Response of MtNRT2.1 Expression to Differing Nitrate Conditions in Wild-Type M.
truncatula versus Mtnip-1
In A. thaliana, two nitrate transporters, AtNPF6.3/NRT1.1 (CHL) and AtNRT2.1 have
been shown to function as nitrate receptors or “transceptors”, able to function as both transporter
and receptor (Gojon et al., 2011). As described in the introduction, both
AtNPF6.3/NRT1.1(CHL1) and AtNRT2.1 were shown to be regulated by nitrate and when
mutated, fail to have nitrate-responsive genes respond normally to nitrate (Tsay et al., 1993;
Little et al., 2005; Ho et al., 2009). Phenotypes of A. thaliana plants with mutations in
AtNPF6.3/NRT1.1(CHL1) and AtNRT2.1 suggest that they have nitrate sensing as well as
transport defects: the most prominent of these are defects in root architecture which cannot be
explained by simple transport defects alone (Munos et al., 2004; Little et al., 2005; Remans et al.,
2006; Wang et al., 2009). Phenotypic analysis of Mtnpf1.7/nip/latd mutants showed marked root
architecture defects as well as nodulation defects (Veereshlingam et al., 2004; Bright et al., 2005;
Teillet et al., 2008), which cannot be explained by the finding that MtNPF1.7/NIP/LATD encodes
a high-affinity nitrate transporter (Yendrek et al., 2010; Bagchi et al., 2012; Salehin et al., 2012).
Phylogenetic analysis (Yendrek et al., 2010) showed that MtNPF1.7/NIP/LATD has close
homologs in A. thaliana, At1g52190 (AtNPF1.2/NRT1.11) and At3g16180 (AtNRT1.12), which
are low-affinity nitrate transporters (Tsay et al., 2007; Hsu and Tsay, 2013). These close
homologs are regulated by nitrate, and double mutants are defective in high nitrate enhanced

growth in leaves (Hsu and Tsay, 2013). Previously Yendrek et al (2010) showed that
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MINPF1.7/NIP/LATD expression was not responsive to nitrate, but this was only tested in the 10
mM KNO3 condition. Thus, MtNPF1.7/NIP/LATD is an unusual gene: its mutants have some
hallmarks of behaving as if they have lost nitrate sensing ability (root architecture), but unlike
known Arabidopsis nitrate transceptor genes, MtNPF1.7/NIP/LATD so far does not appear to be
nitrate responsive itself, although only one nitrate concentration was tested (Yendrek et al.,
2010).

Here, | set up studies to determine two things: First, since MtNPF1.7/NIP/LATD has now
been established as a high-affinity nitrate transporter, | wanted to determine if it was responsive
to different, lower concentrations of nitrate than have been previously been tested. Second, |
wanted to determine if the severe Mtnip-1 mutant has defects in nitrate response in nitrate
responsive genes. To do this, | chose MtNRT2.1 as a target gene because it is a homolog of
AtNRT2.1 gene that shows a high expression in low concentration of nitrate (250 uM). A.
thaliana. AtNRT2.1 expression was shown to be strongly nitrate inducible, peaking at 3 to12
hours and subsequently declining (Okamoto et al., 2003). Therefore, in order to study gene
expression in more depth, MtNPF1.7/NIP/LATD and MtNRT2.1 gene expression were examined
from the wild-type plant, A17, and the Mtnip-1 mutant in varied concentrations of nitrate: 50 uM
KNOs3, 250 uM KNOgz, and 1 mM KNOs3, and 5 mM KNO3 and compared to respective
concentrations of KCI as controls. The plants were grown in BNM media 5 days for nitrogen
starvation after germination. Then nitrate treatment was applied for 2 hours, the time frame that
Yendrek et al., (2010) used. As can been seen in Figure 9, nitrate had no obvious effects on
MINPF1.7/NIP/LATD expression in both A17 and Mtnip-1 roots, extending previous work
(Yendrek et al., 2010). The MtNRT2.1 expression was sensitive in response to varied

concentrations of nitrate as compared to the salt controls in A17 plants. The MtNRT2.1
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expression also reported nitrate as compared to salt controls in Mtnip-1, similar to the wild type
A17 response (Figure 10). These results show that MtNPF1.7/NIP/LATD does not regulate the
nitrate-responsive MtNRT2.1 gene and demonstrate that MtNPF1.7/NIP/LATD does not act in a

homologous fashion as AtNPF6.3/NRT1.1(CHL1) does in A. thaliana.

3.2 Auxin-Dependent Gravitropic Responses in Mtnip/latd Mutant, MtINPF1.7/NIP/LATD OE
and Wild-Type Plants

From phylogenic studies done several years ago (Yendrek et al., 2010) and more recently
(Léran et al., 2013), the MtNPF1.7/NIP/LATD gene was shown to encode a protein belong to
NPF/NRT1(PTR) family of transporters. Four proteins in NPF/NRT1(PTR) family have been
shown to be able to transport more than one substrate: nitrate/IAA in the case of
AtNPF6.3/NRT1.1(CHL1), nitrate/ABA in the case of AtNPF4.6/NRT1.2, nitrate/glucosinolates
in the case of AtNPF2.9/NRT1.9, or nitrate/nitrite in the case of AtNPF3.1/Nitr (Léran et al.,
2013). Gene expression studies (Yendrek et al., 2010) showed the MtNPF1.7/NIP/LATD gene
was not regulated by nitrate, but regulated by plant hormones, such as cytokinin, auxin, and
ABA. Dr. R. Bagchi’s unpublished data suggested that MtNPF1.7/NIP/LATD is able to efflux
auxin (Rammyani Bagchi, Thesis, 2013). In A. thaliana, some mutants having defects in auxin
transport displayed a gravitropic phenotype in roots (Marchant et al., 1999; Lewis et al., 2007;
Guyomarc'h et al., 2012).

In order to determine if MtNPF1.7/NIP/LATD has a role in gravitropic response,
considering MtNPF1.7/NIP/LATD may be an auxin transporter, the wild-type A17, Mtnip-1,
Mtnip-3, and M. truncatula wild-type A17 overexpressing MtNPF1.7/NIP/LATD (A170E

MINPF1.7/NIP/LATD L4) plants lines were used. All plant lines were grown on BNM media
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containing 5 mM ammonium nitrate on 100 x 15 mm square petri dishes for 4 days after
germination. Then the petri dishes containing each experimental plant line were turned 90°, and
all plants were allowed to grow on the same petri dishes for 5 days. As can be seen in Figure 11,
the curvature degree of the root in Mtnip-1 was lower as compared to wild-type plant A17. There
was no significant difference found in the curvature degree of the root in wild-type, Mtnip-3, and
A170E MtNPFL1.7/NIP/LATD L4 plants. Thus, Mtnip-1 plants have an auxin-related defect, one
associated with auxin transport (Marchant et al., 1999; Lewis et al., 2007; Guyomarc'h et al.,

2012).
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CHAPTER 4
DISCUSSION

As previously described in Introduction, the M. truncatula NPF1.7/NIP/LATD gene is
involved in root development and nodule formation. Plants with a mutation in the
MtNPFL1.7/NIP/LATD gene have defects in root architecture and nodulation (Veereshlingam et
al., 2004; Bright et al., 2005; Teillet et al., 2008). The MtNPF1.7/NIP/LATD gene encodes a
protein belong to the NPF/NRT1(PTR) transporter family (Yendrek et al., 2010).
MtNPF1.7/NIP/LATD was found to be a high affinity nitrate transporter (Bagchi et al., 2012;
Salehin et al., 2013), but unlike other nitrate transporters, its gene’s expression is not regulated
by nitrate (Yendrek et al., 2010). MtNPF1.7/NIP/LATD expression was found to be regulated by
the phytohormones cytokinin, auxin and ABA (Yendrek et al., 2010). In addition, the root
architecture of the Mtnpfl.7/nip/latd mutants had a decreased response to nitrate, suggesting a
possible role in nitrate signaling or sensing (Yendrek et al., 2010; Bagchi et al., 2012). In
addition to transporting nitrate, biochemical experiments conducted in the X. laevis oocyte
system showed that expression of MtNPF1.7/NIP/LATD in oocytes conferred on them the ability
to export IAA (Rammyani Bagchi, PhD thesis, 2013), which suggested that
MtNPFL1.7/NIP/LATD has dual functions.

In this study, my aim was to address the hypothesis that MtNPF1.7/NIP/LATD has
biological in planta functions consistent with the biochemical activity of auxin transport. In order
to determine the role of M. truncatula NPF1.7/NIP/LATD and its effects on root architecture and
plant growth, several experiments were done, as elaborated in chapters 2 and 3.

As described in Introduction, Section 2.1 and 2.2, both MtNPF1.7/NIP/LATD and

AtNPF6.3/NRT1.1(CHL1) belong to the NPF/NRT1(PTR) transporter family and are both nitrate
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and auxin transporters. Root architecture in the Mtnpfl.7/nip/latd mutants had a decreased
response to nitrate, suggesting a possible role in nitrate signaling or sensing (Yendrek et al.,
2010; Bagchi et al., 2012). The A. thaliana chl1-5 mutant was previously shown to have defects
in nitrate sensing and root architecture in response to different nitrogen sources (Ho et al., 2009;
Krouk et al., 2010) and this was attributed to a defect in nitrate-regulated auxin transport caused
by a deletion of AtNPF6.3/NRT1.1(CHL1) (Krouk et al., 2010). To determine if the
MINPF1.7/NIP/LATD gene might function in an analogous manner to
AtNPF6.3/NRT1.1(CHL1), several experiments were done. The experimental strategy was to
determine MtNPF1.7/NIP/LATD could complement these nitrate sensing, auxin transport-
associated defects. Krouk et al., (2010) proposed a model for coupling nitrate sensing by
AtNPF6.3/NRT1.1(CHLZ1) in which auxin transport by AtNPF6.3/NRT1.1(CHL1) is inhibited by
nitrate, which accounts for the differences in lateral root development in the presence and
absence of nitrate. In this model, AtNPF6.3/NRT1.1(CHL1) favors the basipetal transport of IAA
in lateral roots of wild-type Col-0 plants in absence of nitrate, which prevents IAA accumulation
at the lateral root (LR) tips, leading to retarded lateral root development. This accounts for the
observed retarded lateral root development in wild-type A. thaliana in the absence of nitrate
(Krouk et al., 2010). Figure 12a illustrates the model (after Krouk et al 2010). In Figure 12,
decreased lateral root density is represented as an idealized shorter lateral root and increased
lateral root density is represented as an elongated lateral root. This is because decreased lateral
root growth results fewer lateral roots that fit the criteria of lateral roots that were long enough to
count in my assay. Conversely, increased lateral root growth is a result of lateral root primordia
that have elongated from lateral root primordia into longer lateral roots. In the presence of 1 mM

nitrate, the basipetal transport of auxin by AtNPF6.3/NRT1.1(CHLZ1) in wild-type Col-0 plants is
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inhibited, which leads to IAA accumulation in the lateral root tips and enhanced lateral root
growth (Figure 12b)( Krouk et al., 2010), the observed result. In the presence of both 0.5 mM L-
GlIn and 10 nM IAA, due to the exogenous supply of IAA, IAA accumulation is achieved at the
lateral root tips of wild type Col-0 plants, promoting lateral root development (Figure 12c).
Krouk et at., (2010) interpreted their data to suggest that AtNPF6.3/NRT1.1(CHLZ1) favors the
basipetal transport of IAA in lateral roots of wild-type Col-0 plants in absence of nitrate. In the
presence of 1 mM KNOs and 10 nM IAA, the basipetal transport of auxin away from the lateral
root tips by AtNPF6.3/NRT1.1(CHL1) in wild-type Col-0 plants is inhibited, which leads to IAA
accumulation in the lateral root tips and enhanced lateral root growth (Krouk et al., 2010) (Figure
12d). In the Atchl1-5 mutant plants, lack of the basipetal transport of auxin by
AtNPF6.3/NRT1.1(CHLZ1) results in auxin accumulation in the lateral root tips and enhanced
lateral root development, regardless of the external nitrogen source, as is illustrated in Figures
12i, 12j, 12k, and 12I. In Figure 12i, in the presence of 0.5 mM L-GIn and the absence of nitrate,
auxin transport by AtNPF6.3/NRT1.1(CHL1) in the lateral root tips of Atchl1-5 plants does not
occur due to the deletion mutation of AtNPF6.3/NRT1.1(CHL1). Thus, this leads to auxin
accumulation in the lateral root tips and promotes lateral root development in Atchl1-5 plants. In
Atchl1-5 plants, in the presence of 1 mM KNOs, there is no AtNPF6.3/NRT1.1(CHLL1) protein to
be suppressed nitrate; thus auxin accumulation is achieved at the lateral root tips in Atchl1-5
plants, which promotes lateral root development (Figure 12j). In Atchl1-5 plants, in the presence
of 0.5 mM L-GlIn and the absence of nitrate, the exogenous supply of IAA causes IAA
accumulation at the lateral root tips, promoting lateral root development (Figure 12k). In Atchl1-
5 plants, in the presence of 1 mM KNOs and 10 nM IAA, the exogenous supply of IAA causes

IAA accumulation at the lateral root tips in Atchl1-5 plants, promoting lateral root development
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(Figure 121I).

Two transgenic lines of Atchl1-5 mutant expressing MtINPF1.7/NIP/LATD (Atchl1-5+
MINPF1.7/NIP/LATD #11 and Atchl1-5+ MtNPF1.7/NIP/LATD #12) displayed similar patterns
of lateral root density as for the wild-type A. thaliana plants in the no nitrate condition (0.5 mM
L-Glu) or no nitrogen condition. As can been seen in Figure 2, the lateral root density of two
transgenic lines of Atchl1-5 mutant expressing MtNPF1.7/NIP/LATD and wild-type Col-0 plants
was lower in the no nitrate condition (0.5 mM L-Glu) or no nitrogen condition whereas lateral
root density of Atchl1-5 was insensitive to the conditions tested. These data suggest that the
MINPF1.7/NIP/LATD gene can complement these defects of the Atchl1-5 mutation in response
to absence of nitrate (Figure 2; compare Figures 12a and 12i to 12m). As diagrammed in Figure
12a, auxin transport is mediated by AtNPF6.3/NRT1.1(CHL1) at the lateral root tips of wild-type
Col-0 in the presence of 0.5 mM L-GIn and the absence of nitrate, which results in retarded
lateral root development. On the other hand, in the presence of 0.5 mM L-GlIn and the absence of
nitrate, auxin transport by AtNPF6.3/NRT1.1(CHL1) does not occur in Atchl1-5 mutant plants,
which leads to auxin accumulation at the lateral root tips and promotes lateral root development
in Atchl1-5 (Figure 12i). In the presence of 0.5 mM L-GIn and the absence of nitrate, in Atchl1-5
mutant constitutively expressing MtNPF1.7/NIP/LATD, auxin transport is mediated by
MtNPFL1.7/NIP/LATD, leading to retarded lateral root development, which suggests that the
MINPF1.7/NIP/LATD gene can restore these defects of the Atchl1-5 mutation in response to
absence of nitrate as suggested in Figure 2 and modeled in Figurel2m.

The two lines of Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD (Atchl1-
5+ MtNPF1.7/NIP/LATD #1 and Atchl1-5+ MtNPF1.7/NIP/LATD #3) had a similar response to

auxin in no nitrate conditions as wild-type Col-0 plants, but not in media containing 1 mM KNO3
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and 10 nM IAA (Figure 6, modeled in Figures 120, and 12p). This shows that constitutive
expression of the MtNPFL1.7/NIP/LATD gene in the Atchl1-5 mutant can only partially
complement the wild-type phenotype in response to auxin in the conditions tested, confirming
that MtNPF1.7/NIP/LATD has an auxin-transport associated role, but may not operate by the
same mechanism as AtNPF6.3/NRT1.1(CHL1) (wild-type Col-0 in Figures 12c and 12d; Atchl1-
5+MINPF1.7/NIP/LATD in Figures12o0 and 12p). We propose that in the 0.5 mM L-GIn and the
absence of nitrate condition, MtNPF1.7/NIP/LATD might efflux IAA in cells of the lateral root
tips in the two lines of Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD (Atchl1-
5+ MtNPF1.7/NIP/LATD #1 and Atchl1-5+ MtNPF1.7/NIP/LATD #3), and by doing so, it might
prevent IAA accumulation at the root tips, as is modeled in Figure 12m, which represents lateral
root density of Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD in response to
0.5 mM L-GlIn. In other words, Atchl1-5 plants expressing MtNIP1.7/NIP/LATD could have
retarded lateral root development in the presence of 0.5 mM L-GIn and the absence of nitrate, a
similar phenotype found in wild-type Col-0 plants (Figure 12a), but for a different reason. In the
presence of 1 mM KNOs, the lateral root density of the two lines of Atchl1-5 mutant
constitutively expressing MtNPF1.7/NIP/LATD (Atchl1-5+ MtNPF1.7/NIP/LATD #1 and Atchl1-
5+ MtNPF1.7/NIP/LATD #3) displayed a similar pattern as compared to wild-type plants Col-0
(Figures 2 and 6). We hypothesized that MtNPF1.7/NIP/LATD effluxes IAA in the two lines of
Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD, possibly leading to IAA
accumulation at the root tips, which promotes lateral root development, as the result seen in
Figures 2 and 6 (modeled in Figure 12n). In the condition with 0.5 mM L-GIn and 1 nM IAA, the
lateral root density of one of the two lines of Atchl1-5 mutant constitutively expressing

MtNPF1.7/NIP/LATD (Atchl1-5+ MtNPF1.7/NIP/LATD #1) displayed a similar pattern as
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compared to wild-type Col-0 plants, while the other line (Atchl1-5+ MtNPf1.7/NIP/LATD #3)
displayed a similar lateral root density as the control Atchl1-5 transformed with
AtNPF6.3/NRT1.1(CHL1). In this case, the exogenous supply of IAA might lead to accumulation
of IAA at the root tips of two lines of Atchl1-5 mutant constitutively expressing
MtNPFL1.7/NIP/LATD, promoting lateral root development, producing the results seen in Figure
6 (modeled in Figure 120). Interestingly, for the condition with 1 mM KNOsz and 1 nM IAA, as
we observed in Figure 6, in the two lines of Atchl1-5 mutant constitutively expressing
MINPFL1.7/NIP/LATD, it appears that nitrate has triggered an unexpected response of
MtNPFL1.7/NIP/LATD to IAA in which lateral root development was suppressed. The Atchl1-5
control constitutive expressing AtNPF6.3/NRT1.1(CHL1) showed a similar response, although it
was not statistically different from wild-type Col-0 plants or from Atchl1-5 plants. Because it is
generally accepted that lateral root density is a proxy for IAA transport in the roots (Reed et al.,
1998), it seems unlikely that this is due to IAA accumulation (Figure 12p). With these transgenic
lines (Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD or
AtNPF6.3/NRT1.1(CHL1)), more experiments based on a similar experimental strategy, such as
comparing other growth phenotypes of Atchl1-5 mutant constitutively expressing
MINPF1.7/NIP/LATD to Atchl1-5 mutant and Col-0, can be done to determine if
MtNPFL1.7/NIP/LATD can complement other AtNPF6.3/NRT1.1(CHL1) mutation related
phenotypes, such as reduced lateral root growth within a nitrate-rich patch (Remans et al., 2006).
As previously mentioned in Section 2.3, Drs. M. Salehin and R. Bagchi found that
transgenic A. thaliana plants constitutively expressing MtNPF1.7/NIP/LATD were larger in both
shoots and leaves (Rammyani Bagchi, thesis, 2013; Mohammad Salehin, thesis, 2013). In

addition, considering that MtNPF1.7/NIP/LATD may encode an auxin efflux transporter (Bagchi,
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PhD Thesis, 2013) and ABA was able to rescue lateral root defect in Mtlatd mutant but not the
nodule phenotype (Liang et al., 2007), several experiments were done to determine if this
enhanced growth phenotype in A. thaliana plants (Col-0 and Atchl1-5) constitutively expressing
MINPF1.7/NIP/LATD correlates with these plant hormones and cytokinin, also known to be
involved in cell growth. Plants were treated with exogenous supply of auxin, cytokinin, and ABA
in different nitrogen sources as indicated in Figure 7 and Figure 8. Figure 7 represents the lateral
root density in response to various nitrogen conditions with the exogenous supply of the plant
hormones mentioned above in presence of 1 mM KNOs, and Figure 8 represents the lateral root
density in response to low and high concentration of nitrate with an exogenous supply of the IAA
and BAP. A. thaliana Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD had a lower
lateral root density in response to IAA in presence of 1 mM KNO3 and had a higher lateral root
density in 200 uM KNO3 as compared to wild-type plants (Col-0) and the transformation control
(Col-0+AtNPF6.3/NRT1.1(CHL1)) plants (Figures 7 and 8). These results suggest that
MINPF1.7/NIP/LATD might interact with auxin and cytokinin in the nitrate sensing pathway. By
comparing lateral root phenotypes in response to various treatments as indicated in Figure 6, 7
and 8, the lateral root density of wild-type A. thaliana Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD were more similar to Atchl1-5 mutant plants in response to nitrate alone as
compared to other plant lines (wild-type Col-0, Atchl1-5, and Atchl1-5+MtNPF1.7/NIP/LATD
plants) as modeled in Figure in Figures 12e-f for Col-0+MtNPF1.7/NIP/LATD plants and Figures
12i-j for Atchl1-5 plants. However, in the presence of IAA either in the low or high nitrate
condition, wild-type A. thaliana Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD
displayed a unique lateral root growth pattern, which is an enhanced lateral root density in the

presence of 200 uM KNOs and 0.1 pM IAA and suppressive lateral root density in the presence
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of 1 mM KNOs and 0.1 uM IAA (Figures 8 and 12g-h). Other plant lines tested (wild-type Col-
0, Atchl1-5, and Atchl1-5+MtNPF1.7/NIP/LATD plants) respond to the no or low nitrate and 10
nM 1AA conditions with no enhanced lateral root development (Figure 6 and modeled in
Figures12c, 12k, and 120), and to the high nitrate and 10 nM IAA with no suppressive lateral
root development (Figures 12d, 121, and 12p). A possible explanation is that in the presence of
200 uM KNO3, MtNPF1.7/NIP/LATD might interfere with auxin transport associated by
AtNPF6.3/NRT1.1(CHLZ1) in the root tips of Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD. AtNPF6.3/NRT1.1(CHL1) is expressed in a narrow window in the lateral
root primordia and in lateral root meristems (Krouk et al., 2010), while MtNPF1.7/NIP/LATD is
constitutively expressed in these transgenic plants. As can been seen in Figures 7 and 8, the
lateral root density of Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD was higher
compared to the lateral root density of wild-type Col-0 plants in the presence of 200 UM KNOs.
We hypothesize that this leads to IAA accumulation at the tips, which promotes lateral root
development in Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD (Figure 12¢)
because lateral root density has shown to be correlated with auxin (Reed et al., 1998). As
demonstrated in Figures 7 and 8, the lateral root density of Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD was similar to wild-type Col-0 plants and the transformation control plants
(Col-0+AtNPF6.3/NRT1.1(CHL1)) in the presence of 1 mM KNOsa. In the presence of 1 mM
KNOg, nitrate inhibits IAA transport by AtNPF6.3/NRT1.1(CHL1) (Krouk et al., 2010), while
the effect of nitrate on MtNPF1.7/NIP/LATD IAA efflux is unknown. In this situation, we
hypothesize that IAA accumulates at the root tips of Col-0 plants constitutively expressing
MtNPFL1.7/NIP/LATD and promotes lateral root development (Figures 7 and 8, modeled in

Figure 12f). In the presence of 200 uM KNOzand 0.1 uM IAA, the lateral root density of Col-0
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plants constitutively expressing MtNPF1.7/NIP/LATD is higher. In this condition,
MtNPF1.7/NIP/LATD might promote I1AA transport to lateral root tips by an unknown
mechanism. Considering that lateral root density correlates with auxin (Reed et al., 1998), we
hypothesized that these environmental conditions, there is likely to be more IAA accumulation at
the root tips of Col-0 plants constitutively expressing MtINPF1.7/NIP/LATD and we speculate
this is the underlying cause of even more enhanced lateral root development (Figure 129).
Another hypothesis could be that under these conditions, AtNPF6.3/NRT1.1(CHL1) is active at
transporting auxin (not inhibited by nitrate) and so is MtNPF1.7/NIP/LATD, which promotes
more auxin accumulation at the lateral roots of Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD (Figure 12g), suggesting a synergistic effect of AtNPF6.3/NRT1.1(CHL1)
and MtNPF1.7/NIP/LATD.

As demonstrated in Figures 7 and 8, in presence of 1 mM KNO3z and 0.1 uM IAA, Col-0
plants constitutively expressing MtNPF1.7/NIP/LATD had a suppressed lateral root development.
In this condition, we hypothesize that 1 mM KNOz inhibits auxin transport by
AtNPF6.3/NRT1.1(CHL1) at the lateral root tips of Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD and, at the same time, nitrate may affect MtINPF1.7/NIP/LATD’s ability to
transport IAA. This possibly promotes IAA transport away from the root tips of Col-0 plants
constitutively expressing MtNPF1.7/NIP/LATD and suppresses lateral root development, as
illustrated in Figure 12h. This suggests that AtNPF6.3/NRT1.1(CHL1) and
MtNPF1.7/NIP/LATD could be working in opposition (one is known to be an influx transporter
and there is evidence that the other is an efflux transporter), and AtNPF6.3/NRT1.1(CHL1) is
inhibited by nitrate, while MtNPF1.7/NIP/LATD is still able to export auxin from cells. These

results (Figures 7 and 8: modeled in Figure 12h) share no similarity to other plant lines (Col-0,
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Atchl1-5, Col-0+ MtNPF1.7/NIP/LATD, and Atchl1-5+ MtNPF1.7/NIP/LATD) tested, which
suggests that MtINPF1.7/NIP/LATD transports IAA by a different mechanism from
AtNPF6.3/NRT1.1(CHL1) and is consistent with Dr. R. Bagchi’s data that MtNPF1.7/NIP/LATD
effluxes IAA in X. laevis oocytes system (Rammyani Bagchi, PhD thesis, 2013). In contrast,
AtNPF6.3/NRT1.1(CHL1) is reported to be an auxin influx transporter (Krouk et al., 2010),
implying that the direction of auxin flow might explain the different phenotypes of plant lines
tested. However, together with all the current results that we have had on MtNPF1.7/NIP/LATD,
the retarded lateral root development of transgenic A. thaliana plants (Col-0+
MINPFL1.7/NIP/LATD versus Atchl1-5+ MtNPF1.7/NIP/LATD) in the presence of 1 mM KNOs
and 0.1 uM 1AA or 1 mM KNOs3 and 10 nM IAA (Figures 6 and 8; modeled in Figures 12h and
12p) cannot be fully explained by this hypothesis. In these experiments (Figures 6, 7, and 8), the
concentration of the exogenous IAA treatment for experiments (Figure 6) involved Atchl1-
5+MtNPF1.7/NIP/LATD lines was 10 nM, whereas the concentration of the exogenous IAA
treatment for experiments (Figures 7 and 8) involved Col-0+ MtNPF1.7/NIP/LATD lines was 0.1
MM, which means that we cannot make a direct comparison between these experiments.
However, the idea here is to compare how MtNPF1.7/NIP/LATD affects lateral root development
in response to IAA in the presence or absence of nitrate. Since IAA transport by
AtNPF6.3/NRT1.1(CHL1) is inhibited by nitrate in Col-0+ MtNPF1.7/NIP/LATD plants, while
there is no functional AtNPF6.3/NRT1.1(CHL1) in Atchl1-5+ MtNPFL1.7/NIP/LATD plants,
these transgenic plants should behave in a similar pattern in response to IAA in presence of 1
mM KNOs. However, it may be that concentration of IAA is important (Figures 6, 8, 12h and
12p). Although both transgenic plant lines (Col-0+ MtNPF1.7/NIP/LATD and Atchl1-5+

MINPF1.7/NIP/LATD ) had a suppressed lateral root development in presence of 1 mM KNO3
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and 10 nM IAA or 1 mM KNOs and 0.1 uM IAA, the retarded lateral root development is more
severe in Col-0 plants constitutively expressing MtNPF1.7/NIP/LATD than in Atchl1-5 plants
constitutively expressing MtNPF1.7/NIP/LATD (Figures 12h and 12p).

Together with the results discussed above (Figures 2, 6, 7, and 8), the MtNPF1.7/NIP/LATD
gene affects the lateral root density of the transgenic plants constitutively expressing
MINPFL1.7/NIP/LATD (Col-0+ MtNPF1.7/NIP/LATD and Atchl1-5 + MtNPF1.7/NIP/LATD)
differently in response to IAA in the presence of absence of nitrate. The mechanism of auxin-
associated nitrate-sensing role of MtNPF1.7/NIP/LATD remains unclear. Clearly, auxin and
nitrate are tightly associated with MtNPF1.7/NIP/LATD in lateral root development.
Localization of the auxin response in these plants (Col-0 plants constitutively expressing
MINPF1.7/NIP/LATD and Atchl1-5 mutant constitutively expressing MtNPF1.7/NIP/LATD) will
help understand this phenotype. Introduction of auxin response markers in these plants (Col-0
plants constitutively expressing MtNPF1.7/NIP/LATD and Atchl1-5 mutant constitutively
expressing MtNPF1.7/NIP/LATD) will be a future work.

As discussed already in Section 2.1, Tian et al., (2009) showed that lateral root growth was
shown to be inhibited in response to high external nitrate and the reductions of LR length in
wild-type plants were greater as compared to Atchl1-5 plants in response to high nitrate
concentration. To investigate whether the constitutive expression of the MINFP1.7/NIP/LATD
gene in the A. thaliana chl1-5 mutant would complement the defects in Atchl1-5 mutation for
this phenotype, | studied the response of root growth in the two lines of transgenic plants
(Atchl1l-5+ MtNFP1.7/NIP/LATD #11 and Atchl1-5+ MINFP1.7/NIP/LATD #12) in 0.1 mM
KNOs and 10 mM KNOs. In the studies of Tian et al., (2009), the length of primary roots of both

wild-type plants and Atchl1-5 mutant plants did not differ in the high nitrate and low nitrate
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concentration. In addition, the reduction in length of the lateral roots was greater in wild-type
plants in response to high nitrate concentration. Significant reductions in lateral root lengths were
observed in the wild-type Col-0 plants and Atchl1-5 mutant plants grown on media containing
high nitrate concentration compared with those grown on media containing with low nitrate
concentration (Tian et al., 2009). However, these results could not be replicated as shown in
Figures 3, 4, and 5. My results showed that reduction in lateral root length was less in Atchl1-5
mutant plants in response to high nitrate concentration. However, my results also showed that the
Atchl1-5 mutant primary root length was longer than that of the wild-type plant Col-0, and
MINFP1.7/NIP/LATD appeared to complement this defect in the transgenic lines in media
containing 10 mM KNOs (Figure 3). Similar results were obtained for lateral root number
(Figure 4), but not for lateral root length (Figure 5). Overall, my data provides support for the
MINFP1.7/NIP/LATD gene’s ability to complement phenotypes associated with a loss of nitrate
sensing in the Atchl1-5 mutant. The inability to replicate the results of Tian et al., (2009) might
be due to a technical problem which could be improved, such as dealing with a smaller number
of samples at one time. It is also possible that the results of Tian et al., (2009) could only work
under certain conditions, beyond those that are spelled out in their published paper.

Our lab mainly focuses on M.truncatula. Considering this, experiments were also performed
in M.truncatula, the native system for MtNPF1.7/NIP/LATD. As described in Section 3.1, in
order to determine if MtINPF1.7/NIP/LATD is responsive to nitrate and if Mtnip-1 mutant has
defects in nitrate response in nitrate responsive genes, MtNRT2.1 was used as a nitrate responsive
gene marker in these experiments. The gene expression of MtNRT2.1 and MtNPFL1.7/NIP/LATD
were studied in response to nitrate application. As previously mentioned in the introduction,

AtNRT2.1 is regulated by nitrate and mutant defective in AtNRT2.1, fail to have nitrate-
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responsive genes respond normally to nitrate (Munos et al., 2004; Little et al., 2005; Wang et al.,
2009). MtNRT2.1 was chosen as a target gene because it is a homolog of AtNRT2.1 gene that
shows a high expression in low concentration of nitrate (250 M) A. thaliana. AtNRT2.1
expression was shown to be strongly nitrate inducible, peaking at 3 to12 hours and subsequently
declining (Okamoto et al., 2003).Since in A. thaliana, the putative orthologous AtNRT2.1 gene is
differentially regulated in the Atchl1-5 mutant, the comparison between the two species
demonstrates that MtNPF1.7/NIP/LATD does not act in a homologous fashion in M. truncatula
as AtNPF6.3/NRT1.1(CHL1) does in A. thaliana (Figure 9 and 10). The experiments showed that
MINRT2.1 expression is regulated by nitrate and is regulated by nitrate in the Mtnip-1 mutant
similarly to WT, suggesting that MtNPF1.7/NIP/LATD does not regulate the nitrate-responsive
MINRT2.1 gene. However, different time frames of the nitrate treatment are needed to be tested
to confirm this point since only 2 hour treatment was tested in this study. Also, different nitrate
responsive genes can be tested to have more detailed information about the potential role of
MtNPFL1.7/NIP/LATD in nitrate sensing since my tests only looked at one nitrate responsive gene
and it could be that I picked one that might be differently regulated than others.

As previously mentioned above, Dr. R. Bagchi’s data (Rammyani Bagchi, PhD thesis, 2013)
suggested that MtNPF1.7/NIP/LATD effluxes auxin. In A. thaliana, many mutants having defects
in auxin transport displayed a gravitropic phenotype in roots (Marchant et al., 1999; Lewis et al.,
2007; Guyomarc'h et al., 2012). A gravitropism assay was done to determine if
MINPF1.7/NIP/LATD has a role in gravitropic response. The wild-type A17, Mtnip-1, Mtnip-3,
and M. truncatula wild-type A17 overexpressing MtNPF1.7/NIP/LATD (A170E
MINPFL1.7/NIP/LATD L4) plants lines were grown to compare their root phenotypes in response

to the gravity. As can been seen in Figure 11, the degree of curvature of the root in Mtnip-1 was
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lower as compared to wild-type plant A17. So far, there was only one nitrogen condition tested

(5mM ammonium nitrate). Considering the results in the A. thaliana system, it is possible that

auxin flux may be affected by ammonium or nitrate or both, and thus, similar assays should be

carried out in environmental conditions in which the nitrogen supply conditions are varied.
In conclusion, the major findings of this study are:

1. The MtNPFL1.7/NIP/LATD gene is able to restore nitrate-absent responsiveness defects of
the Atchl1-5 mutant (Figure 2).

2. The constitutive expression of MtNPF1.7/NIP/LATD gene was able to partially, but not
fully restore the wild-type phenotype in the Atchl1-5 mutant line in response to auxin and
cytokinin (Figures 6).

3. The constitutive expression of MtNPF1.7/NIP/LATD gene affects the lateral root density of
wild-type Col-0 plants differently in response to IAA in the presence of high (1 mM) or low
(0.1 mM) nitrate (Figures 7 and 8).

4. The MINPF1.7/NIP/LATD expression is not regulated by nitrate at the concentrations tested,
and MtNPF1.7/NIP/LATD does not regulate the nitrate-responsive MtNRT2.1 gene (Figures
9 and 10).

5. Mtnip-1 plants have an abnormal gravitropic root response implicating an auxin defect

(Figure 11).
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CHAPTER 5
MATERIALS AND METHODS

5.1 Plant Material and Growth Conditions

For root phenotype experiments as shown in Figure 2 and 6, A.thaliana wild-type Col-0,
Atchll-5, and 2 lines of transgenic A.thaliana chl1l-5 mutant plants expressing the
MINPF1.7/NIP/LATD gene under the control of the constitutive A.thaliana EFla promoter
(Atchl1l-5+ MtNPF1.7/NIP/LATD line#11 and Atchl1-5+ MtNPF1.7/NIP/LATD line#12) (Auriac
and Timmers, 2007; Bagchi et al., 2012; Salehin et al., 2012) were used. All seeds were put in a
closed-jar and sterilized by chlorine vapors (adding 1mL of HCI into 50 ml of bleach solution used
in the lab) for 4 hours. After the surface-sterilization, all seedlings were transferring onto 1 %
phytagel square petri dishes containing basal growth media with different nitrogen sources (0.5mM

L-GIn, ImM KNOs and nitrogen-free). All seeds were vernalized in the dark at 4° C for 2 days.
After the seed vernalization, all plates were incubated vertically at 22° C with 16hrs/8hrs light/

dark regime for 8 days. Then the lateral root density and root architecture were measured and
examined.
Composition of the basal growth media:
0.5mM CaS04, 0.5mM MgClz, 1mM KH>PO4, 2.5mM MES (pH 5.8), 50uM NaFeEDTA, 50uM
H3BO3, 12uM MnCly, 1uM CuCly, 1uM ZnClz and 0.03uM NHsM0O4

For the root phenotype experiments as shown in Figure 3, 4, and 5, A.thaliana wild-type
Col-0, Atchl1-5, and 2 lines of transgenic A.thaliana chl1-5 mutant plants expressing the
MINPF1.7/NIP/LATD gene under the control of the constitutive A.thaliana EF1a promoter
(Atchl1l-5+ MtNPF1.7/NIP/LATD line#11 and Atchl1-5+ MtNPF1.7/NIP/LATD #12) (Auriac and

Timmers, 2007; Bagchi et al., 2012; Salehin et al., 2012) were used, and were sterilized as
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previously described. After the surface-sterilization, all seedlings were germinated on 1/2 MS
agar plates (0.6 % phytagel (w: v), pH 5.8 for 4 days). Thereafter the germinated seedlings of all
plants were transferred to 1/2 MS agar medium without nitrogen salts, or containing varying
nitrate concentrations (no nitrogen, 0.1 mM KNO3 and 10 mM KNO:s) for 5 days. Then the
length of the primary root, number of lateral roots and length of the lateral roots were measured.
Composition of 1/2 MS media:
1/2 MS major salts: 825 mg/L NH4NO3, 950 mg/L KNOs, 220 mg/L CaCl..H20, 185 mg/L
MgS04.7H20, and 85 mg/L KH2PO4
1/2 MS minor salts: 3.1 mg/L H3BO3, 11.15 mg/L MnS04.4HO, 4.3 mg/L ZnS0O4.4H20, 0.415
mg/L Kl, 0.125 mg/L Na2M004.2H,0, 0.0125 mg/L CoCl2.6H20, and 0.0125 mg/L
CuS04.5H20
1/2 MS vitamins: 0.05 mg/L Thiamine (HCI), 0.25 mg/L Niacine, 1.0 mg/L Glycine, 0.25 mg/L
Pyrodoxine (HCI), and 50 mg/L myo-inistol
Iron Stock (200X): 0.131 g/L Na2EDTA and 0.1114 g/L FeS04.7H.0
pH 5.8

For root phenotype experiments as shown in Figure 7 and 8, A.thaliana wild-type Col-0,
two lines of transgenic A.thaliana Col-0 plant constitutively expressing MtNPF1.7/NIP/LATD
(Col-0+ MtNPF1.7/NIP/LATD L1 and Col-0+ MtNPF1.7/NIP/LATD L2), and the transformation
control (Col-0+AtNPF6.3/NRT1.1) plants were used, and all plants were sterilized as previously
described. After the surface-sterilization, all plant seeds were vernalized on pertri dishes

containing the germination media for 3 days in the dark at 4° C. Then all seedlings were
germinated at 22° C with 16hrs/8hrs light/ dark regime for 3 days. Once seed germination was

observed, all seeds were transferred to square petri dishes containing 1/2 MS-N basal media with
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different nitrogen sources as indicated in the Figure 7 and 8 and allowed to grow vertically for 11
days. Then the lateral root density and root architecture were measured and examined.
Composition of the germination media:

1/2 MS-N media (as known as 1/2 MS nitrogen-depleted media):

1/2 MS major salts: 220 mg/L CaCl2.H20, 185 mg/L MgSQO4.7H.0, and 85 mg/L KH2PO4

1/2 MS minor salts: 3.1 mg/L H3BO3, 11.15 mg/L MnS04.4HO, 4.3 mg/L ZnS0O4.4H20, 0.415
mg/L KI, 0.125 mg/L Na2M004.2H,0, 0.0125 mg/L CoCl».6H20, and 0.0125 mg/L
CuS04.5H20

1/2 MS vitamins: 0.05 mg/L Thiamine (HCI), 0.25 mg/L Niacine, 1.0 mg/L Glycine, 0.25 mg/L
Pyrodoxine (HCI), and 50 mg/L myo-inistol

Iron Stock (200X): 0.131 g/L Na2EDTA and 0.1114 g/L FeS04.7H.0

1% sucrose

pH 5.8

0.2 % phytagel

Composition of 1/2 MS-N basal media:

1/2 MS-N media (as known as 1/2 MS nitrogen-depleted media):

1/2 MS major salts: 220 mg/L CaCl,.H20, 185 mg/L MgSQO4.7H.0, and 85 mg/L KH2PO4

1/2 MS minor salts: 3.1 mg/L H3BO3, 11.15 mg/L MnS04.4HO, 4.3 mg/L ZnS0O4.4H20, 0.415
mg/L KI, 0.125 mg/L Na2Mo004.2H,0, 0.0125 mg/L CoCl>.6H20, and 0.0125 mg/L
CuS04.5H20

1/2 MS vitamins: 0.05 mg/L Thiamine (HCI), 0.25 mg/L Niacine, 1.0 mg/L Glycine, 0.25 mg/L
Pyrodoxine (HCI), and 50 mg/L myo-inistol

Iron Stock (200X): 0.131 g/L Na2EDTA and 0.1114 g/L FeS04.7H.0
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1% sucrose
pH 5.8
0.8% phytagel

For the gene expression experiments as shown in Figure 9 and 10, M. truncatula wild-
type A17 and Mtnip-1 seedpods were ground to remove seeds. All seeds were scarified in
concentrated sulfuric acid for 5 minutes, washed 5 times with autoclaved water, surface-
sterilized with commercial bleach for 2 minutes, and washed 6 times with autoclaved water.
Then all seeds were placed on a shaker and rinsed with autoclaved water every 40 minutes for 5
hours to imbibe them with water. All seeds were transferred onto petri dishes. Then all seeds

were inverted and incubated in the dark at 4° C for 3 days for vernaliation. After the cold

treatment, the plates were kept inverted and all seeds were germinated in the room temperature at
the dark overnight. Next day, all seeds were grown hydroponically in BNM media until the
primary root length of all plant roots reached 3 cm. Then all seedlings were transferred and
grown hydroponically in BNM media containing different concentrations of nitrate as indicated
in Figure 9 and 10 for 16 hours.
Composition of BNM media:
344mg/L CaS04.2H,0 and 390 mg/L MES
200X Fe-EDTA: 3.73 g/L Na2EDTA and 2.78 g/L FeS04.7H.0O
200X Nod Minors I: 620 mg/L H3BOs3, 1.69 g/L MnS04.H20, and 920 mg/L ZnSO4.7H20
200X Nod Minors I1: 5.0 mg/L CoCl2.6H20, 50.0 mg/L NazMo004.2H20, and 3.2 mg/L CuSO4
pH 5.8

For the gravitropic phenotype experiments as shown in Figure 11, the wild-type A17,

Mtnip-1, Mtnip-3, and M. truncatula wild-type A17 overexpressing MtNPF1.7/NIP/LATD
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(A170EMINPF1.7/NIP/LATD L4) plants lines were used. All seeds were germinated as
previously descried. After all seeds were germinated, they were transferred to square petri dishes

contacting BNM media with 5 mM ammonium nitrate and grown vertically at 22° C with

16hrs/8hrs light/ dark regime for 4 days for the root establishment. Then square petri dishes
containing each experimental plant line were turned 90°, and all plants were allowed to grow on

the same petri dishes for 5 days.

5.2 The Lateral Root Density Measurement

The pictures of all experimental plant roots were taken and the length of the primary
roots was measured by ImagelJ. All visible lateral roots per plant were counted. The lateral root
density was calculated as a function of the visible lateral root number divided by the primary root

length in mm.

5.3 The Root Curvature Measurement
The pictures of all experimental plant roots were taken every day and the root curvature

of all experimental plant roots was measured by ImageJ.

5.4 Gene Expression Analysis

RNA samples of M. truncatula A17, and Mtnip-1 were extracted from frozen plant
material by grounding in liquid nitrogen and using Qiagen RNeasy Plant Mini Kit (catalog no.
74903). Extracted RNA samples were then treated with Ambion Turbo DNA-free Kit (catalog
no. AM1907) to remove possible genomic DNA contamination and checked for gDNA

contamination through PCR. RNA samples were then cleaned and concentrated by Qiagen
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RNeasy MinElute Cleanup Kit (catalog no. 74204). Invitrogen SuperScript 111 First-Strand
Synthesis SuperMix for gRT-PCR (catalog no. 11752-050) was used to convert RNA samples to
cDNA. All cDNA samples were used to determine the gene expression of MtNPF1.7/NIP/LATD,
MINRT2.1 and p-actin (used as the housekeeping gene) by using iQ SYBR Green Supermix
(catalog no. 170-8880). The primers used to study MtNPF1.7/NIP/LATD gene expression were
NIPRT5F (5’-TCTCTCTGATTCTTACTTGGGTCGC-3’) and NIPRT5R (5°-
GGTTTTAGCACCGGGATCATGGCAG-3’). The primers used to study MtNRT2.1 gene
expression were NRT2_F1 (5’-CCTGATGGTAACCTTGGTGCCTTACAG-3’) and NRT2_R3
(5’-CAGTG GTTAATTCAACTCCCATAGAGTAAC C-3’). The primers used as the
housekeeping gene were p-actin_F (TCAATGTGCCTGCCATGTATGT) and p-actin_R

(ACTCACACCGTCACCAGAATCC).
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Zone |: Meristematic Zone
Zone ll: Infection Zone

Zone lI-lll: Maturation Zone
Zone lli: Nitrogen Fixation Zone
Zone IV: Senescence Zone

/’i

Zone IV Zone I Zone lI-11l Zone Il Zone |

Vascular Bundle

=

Figure 1. Nodule zones and vascular bundle in indeterminate nodules.

The most distal region of the nodule known as Zone I, is the meristematic zone where cells
continually divide; nodules continually grow and expand outward from the meristematic zone.
The meristematic zone contains no bacteria; hence, no bacterial infection or invasion occurs
there. The region below Zone | is Zone I, also as known as the infection zone where the bacteria
enter the host cells and are released forming into symbiosomes. Adjacent to Zone 1l is the
Interzone 11-111 where endocytosed rhizobia complete their differentiation into the nitrogen-
fixing forms. Zone I11, known as the nitrogen fixation zone, is adjacent to the Interzone II-111.
The most proximal region of the nodule is Zone 1V, also known as the senescent zone where
aging bacteroids and host cells die and are recycled by the plant (Vasse et al., 1990).
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Lateral Root Density of Plants Grown in Differing N Sources
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Figure 2. Lateral root density of plants grown in differing N sources.

Density of visible (>0.5mm) lateral roots of plants grown for 8 days on media containing
nitrogen sources as indicated. Results (n=15-20) are representative of 4 independent
experiments. Asterisks mark lateral root density significantly different from the wild-type plant,
Col-0, using Student’s t test that at P < 0.05.
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Figure 3. Length of primary roots of plants grown in differing N sources.

Length of primary roots in mm of plants grown for 5 days on media containing nitrogen source
as indicated in the figure. Results (n=10-20) are representative of 2 individual experiments. NS
represents as no significant difference as between low and high nitrate concentration.
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Number of Visible Lateral Roots of Plants Grown in Differing N Sources
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Figure 4. Number of visible lateral roots of plants grown in differing N sources.

Number of visible (>0.5 mm) lateral roots of plants grown for 5 days on media containing
nitrogen sources as indicated in the figure. Results (n=10-20) are representative of 2 independent
experiments. NS represents as no significant difference as between low and high nitrate

concentration.
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Length of Visible Lateral Roots of Plants Grown in Differing N Sources
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Figure 5. Length of visible lateral roots of plants grown in differing N sources.

Length of visible (0.5 mm) lateral roots of plants grown for 5 days on media containing nitrogen
sources as indicated in the figure. Results (n=29-60) are representative of 2 independent
experiments. NS represents as no significant difference as between low and high nitrate
concentration.
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Density of Visible Lateral Roots of Plants Grown in Differing N Sources
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Figure 6. Density of visible lateral roots of plants grown in differing N sources.

Density of visible (>0.5mm) lateral roots of plants grown for 8 days on media containing
nitrogen sources as indicated in the figure. Results (n=15-20) are representative of 2 independent
experiments. Asterisks mark lateral root density significantly different from the wild-type plant,
Col-0, using Student’s t test that at P < 0.05. NS represents as no significant difference as
between low and high nitrate concentration.
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Density of Visible Lateral Roots of Plants Grown in Differing Conditions
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Figure 7. Density of visible lateral roots of plants grown in differing conditions.

Density of visible (>0.5mm) lateral roots of plants grown for 14 days on different growth
conditions as indicated in the figure. Results (n=14-15) are representative of 3 independent
experiments. Asterisks mark lateral root density significantly different from the wild-type plant,
Col-0, using Student’s t test that at P < 0.05.
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Density of Visible Lateral Roots of Plants Grown in Differing Conditions
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Figure 8. Density of visible lateral roots of plants grown in differing conditions.

Density of visible (>0.5mm) lateral roots of plants grown for 14 days on different growth
conditions as indicated in the figure. Results (n=14-15) are representative of 3 independent
experiments. Asterisks mark lateral root density significantly different from the wild-type plant,
Col-0, using Student’s t test that at P < 0.05. NS represents as no significant difference as
between low and high nitrate concentration.

53



MENPF1.7/NIP/LATD Gene Expression in Roots in Varied Concentrations of Nitrate
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Figure 9. MtNPF1.7/NIP/LATD gene expression in roots in varied concentrations of nitrate.

Plants were grown in BNM media 5 days for nitrogen starvation after germination. Then nitrate
treatment was applied for 2 hours. The MtNPF1.7/NIP/LATD gene expression was measured in
Table 8 and plotted in Figure 9. As expected, level of nitrate had no obvious effects on both
MtNPF1.7/NIP/LATD expression in both A17 and Mtnip-1 roots, which is consistent with
previous work. N=3.
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MtNRT2.1 Gene Expression in Roots in Varied Concentrations of Nitrate
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Figure 10. MtNRT2.1 gene expression in roots in varied concentrations of nitrate.

After germination, plants were grown in BNM media 5 days for nitrogen starvation. Then nitrate
was treated for 2 hours. The MtNRT2.1 gene expression was measured in Table 9 and plotted in
Figure 10. MtNRT2.1 is very sensitive to nitrate in both A17 and nip roots, suggesting that
MINPF1.7/NIP/LATD is not a nitrate sensor. Examination of another nitrate responsive gene is
required since there is unpublished data suggesting MtNPF1.7/NIP/LATD as a nitrate sensor.
N=3.
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Curvature Degree of Plant Roots in Response to the Gravity
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Figure 11. Curvature degree of plant roots in response to the gravity.

Curvature degree of plants roots of plants grown on BNM media containing 5 mM ammonium
nitrate. All plants were grown on the square petri dishes for 4 days after germination and then
turned 90° for another 5 days. Curvature degree of plants roots was measured in Table 10 and
plotted in Figure 11. Results was from 12 independent plants. Two other independent
experiments had similar results.
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Figure 12. Schematic model for MtINPF1.7/NIP/LATD and AtNPF6.3/NRT1.1(CHL1) control of
lateral root development in A. thaliana in response to nitrate.

Expanded model was developed starting with Krouk et al., (2010b)’s proposed model for
AtNPF6.3/NRT1.1(CHLZ1) control of lateral root development in response to nitrate. The model
depicts lateral root length as responding to the various treatments. It is important to recognize
that lateral root length is a proxy for lateral root density, which is what my experiments
measured. This is because nascent lateral roots do not elongate unless they stimulated to do so,
and thus remain nascent. My experiments measured elongated lateral roots longer than 0.5 mm.
Each box represents stunted lateral roots that don’t emerge, thus leading to low lateral root
density or emerged lateral roots, or super-emerged lateral roots, leading to higer lateral root
density. Two scenarios are illustrated the nitrate-specific effect on lateral root development in
response to 0.5 mM L-GIn or 1 mM KNOs in the growth media (1 mM external nitrogen in both
cases). Figures 12a-d represent lateral root density of wild-type Col-0 plants in response to
various treatments. Figures 12e-h represent lateral root density of Col-0+MtNPF1.7/NIP/LATD
plants in response to various treatment. Figures 12i-I represent lateral root density of Atchl1-5
mutant plants in response to various treatments. Figures 12m-p represent lateral root density of
Atchl1-5+MtNPF1.7/NIP/LATD plants in response to various treatments. See text for more
details.
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TABLES OF DATA PRESENT IN THE FIGURES
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Lateral Root Density of Plants Growing in Differing N Sources
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Table I. Lateral root density of plants growing in differing N sources.
Density of visible (>0,5 mm) lateral roots of plants grown for 8 day on media containing

nitrogen sources as indicated in Table 1 was measured and plotted as indicated in Figure 2.
Results (n=15-20) are representative of 4 independent experiments.

Length of Primary Roots of Plants Grown in Differing N Sources
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Table I1. Length of primary roots of plants grown in differing N sources.

Length of primary roots in mm of plants grown for 5 days on media containing nitrogen sources
as indicated in Table 2 was measured and plotted as indicated in Figure 3. Results (n=10-20) are
representative of 2 individual experiments.
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Number of Lateral Roots (>0.5 mm) of Plants Grown in Differing N Sources
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Table I11. Number of lateral roots (>0.5 mm) of plants grown in differing N sources.

Length of lateral roots (>0.5 mm) of plants grown for 5 days on media containing nitrogen
sources as indicated in Table 3 was measured and plotted as indicated in Figure 4. Results (n=10-
20) are representative of 2 individual experiments.

Length of Visible Lateral Roots of Plants Grown in Differing N Sources
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Table V. Length of visible lateral roots of plants grown in differing N sources.
Length of visible (0.5 mm) lateral roots of plants grown for 5 days on media containing nitrogen

sources as indicated in Table 4 was measure and plotted as indicated in Figure 5. Results (n=29-
60) are representative of 2 independent experiments.
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Density of Visible Lateral Roots of Plants Grown in Differing N Sources
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Table V. Density of visible lateral roots of plants grown in differing N sources.
Density of visible (>0.5 mm) lateral rots of plants grown for 8 days on media containing nitrogen

sources as indicated in Table 5 was measure and plotted as indicated in Figure 6. Results (n=15-
20) are representative of 2 independent experiments.

61



Corawil
Canadiilon
L2 MS-N
Nledia
I
MHEC]
Hiiu M
SR L]
vl
K™k
Tim%i
Bk}
Im% KNinks
| o Tuil LAk
([TTRT N s L
i nkl RAF
Im% KNiaks
03w ARA |

Density of Visible Lateral Roots of Plants Grown in Differing Conditions
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Table V1. Density of visible lateral roots of plants grown in differing conditions.
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Density of visible (>0.5 mm) lateral rots of plants grown for 14 days on different growth
conditions as indicated in Table 6 was measured and plotted as indicated in Figure 7. Results

(n=14-15) are representative of 3 independent experiments.
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Density of Visible Lateral Roots of Plants Grown in Differing Conditions
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Table VII. Density of visible lateral roots of plants grown in differing conditions.

Density of visible (>0.5 mm) lateral rots of plants grown for 14 days on different growth
conditions as indicated in Table 7 was measured and plotted as indicated in Figure 8. Results
(n=14-15) are representative of 3 independent experiments.

MtNPF1.7/NIP/LATD Gene Expression in Roots in Varied Concentrations of Nitrate
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Table VIII. MINPF1.7/NIP/LATD gene expression in roots in varied concentrations of nitrate.

Plants were grown in BNM media 5 days for nitrogen starvation after germination. Then nitrate
treatment was applied for 2 hours. The MtNPF1.7/NIP/LATD gene expression was measured in
Table 8 and plotted in Figure 9. As expected, level of nitrate had no obvious effects on both
MINPF1.7/NIP/LATD expression in both A17 and Mtnip-1 roots, which is consistent with
previous work. N=3.
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MINRT2.1 Gene Expression in Roots in Varied Concentrations of Nitrate

&0 i

" hoo LY L . 1w . 5 mM . o |0 PN . o (B EM| . hmM | . AmM "
Plawi 5Dk 5.E | SIn SE. SIn 5.E S0k 5K v | IR BLE " 5.0, 5E. 5.0 5. 5.k 5.E
[ %11 [T EL [ & it [ RSN Kl kil Kl kil
[TAET | AR R b B340 G%d | LEEE 1477 A830) LS [RAE] G0N GERE [BOREEGDNA| BCLET AIAD[REFI B1E (R38N RIS LS 0T
Mmjp-r| wmde  [neioa| s earrjeonn] ey [nossladans] L20n [moss e eoen [1avTLae] eoem AO08|RIRE S (004 RAE BEN |10 ELE

Table IX. MtNRT2.1 gene expression in roots in varied concentrations of nitrate.

After germination, plants were grown in BNM media 5 days for nitrogen starvation. Then nitrate
was treated for 2 hours. The MtNRT2.1 gene expression was measured in Table 9 and plotted in
Figure 10. MtNRT2.1 is very sensitive to nitrate in both A17 and nip roots, suggesting that
MINPF1.7/NIP/LATD is not a nitrate sensor. Examination of another nitrate responsive gene is
required since there is unpublished data suggesting MtNPF1.7/NIP/LATD as a nitrate sensor.
N=3.

Curvature Degree of Plant Roots in Response to the Gravity
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Table X. Curvature degree of plant roots in response to the gravity.

Curvature degree of plants roots of plants grown on BNM media containing 5 mM ammonium
nitrate. All plants were grown on the square petri dishes for 4 days after germination and then
turned 90° for another 5 days. Curvature degree of plants roots was measured in Table 10 and
plotted in Figure 11. Results was from 12 independent plants. Two other independent
experiments had similar results.
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