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Abstract

Completion of the Arabidopsis genome helped to identify seven members of the NRT2 family
(Nitrate Regulated Transport) that encode high-affinity nitrate transport. Extensive genetic and
physiological studies have confirmed the primary role of AtNRT2.1 in induced high-affinity
nitrate transport (IHATS). Moreover it is evident that AtNRT2.1 demonstrates functional
association with another gene, AtNAR2 that functions as a part of a two-component system at
the plasma membrane for the IHATS. Here we have investigated the contribution of AtINRT2.6
gene to nitrate transport by combining molecular and physiological studies in Arabidopsis
thaliana WT, Atnrt2.6 T-DNA mutant and a AtNRT2.6:GFP transformant line of Arabidopsis
thaliana. RT-PCR data from un-induced and nitrate re-induced plants demonstrated the
constitutive expression of AtNRT2.6 gene in roots, shoots and in flowers. The transcript levels
and tissue specific expression of AtNRT2.6:GFP in root cortical cells and in pollen have
confirmed the previous AtNRT2.6::GUS expression studies (Okamoto et al., 2002).

The loss of function with regard to **NO5" influx (23% in root and to shoot by 33%), fresh weights
(20% in root and 16% in shoot) was significant under un-induced conditions. There was no
detectable difference in NOjs™ flux and fresh weights in re-induced plants. The tissue nitrate
levels at the optimal supply of 1mM NH4NO3; were reduced in mutant root by 56% and by 37% in
shoots compared to WT. This loss of function Atnrt2.6 T-DNA mutant phenotype was restored in
the AtNRT2.6:GFP line to the WT levels. Therefore our results confirm that AtNRT2.6
contributes to constitutive nitrate transport (CHATS). A significant reduction in viable pollen
(50%) and pollen tube length in the Atnrt2.6 T-DNA mutant suggest a second possible role of
AtNRT2.6 during reproduction.

Protein-protein interaction studies using yeast two-hybrid system showed positive result

suggesting a functional association of AtINRT2.6 and AtNAR2.1 proteins. This might be further



investigated by crossing AtNRT2.6:GFP line with AtINAR2.1 myc line to isolate the putative

functional AtINRT2.6 /AtNAR2.1 complex.
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1 Introduction

1.1 General introduction

Since, the discovery of the first nitrate transport gene NRTA (initially named CrnA) from the
fungus Aspergillus nidulans (Unkles et al., 1991), molecular developments in nitrate transport in
plants have made tremendous progress to understand the role of NOj transporters in the
uptake kinetics and physiological mechanisms. Nitrogen is an essential component of nucleic
acids and proteins that are critical for plant growth and development, making up 4% of plant dry
matter (review: Glass 2009). Plants take up nitrogen mainly in the form of NO3, NO, , NH,"
and amino acids depending on the plant species and type of soil. In agricultural soils NO;' is the
most abundant form available to plants even if ammonium and urea fertilizers are added to the
soil as they quickly get converted to NOj3™ by nitrification (Crawford and Glass, 1998, Wolt 1994,
Glass 2009). NOjz, being anionic, cannot bind to soil particles which are also negatively
charged. Therefore NOj is highly mobile and gets leached out resulting in wide fluctuations in
soil NO3™ concentration (Crawford and Glass 1998, Glass 2009). In addition, fertilizer inputs to
manage N availability to plants is also a concern because runoff of NO3™ results in eutrophication
of lakes, streams, rivers and oceans. Understanding NOj uptake processes in higher plants

might help to reduce the present massive global N fertilizer inputs.

Plants have evolved efficient regulatory mechanisms to adapt to heterogeneity in the soll
nitrogen status. NOs'uptake in plants is an active process requiring metabolic energy (ATP) and
facilitated by transporter proteins. Nitrate transporters are characterized on their kinetic basis
into high-affinity transporters (HATS) that are saturable and operate when external NOj

concentration is in the micro-molar concentration range (<1mM) and low-affinity transporters
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(LATS) that are non-saturable and operate at milli-molar concentrations (>1mM). Substantial
information is available with regard to the kinetics and the major genes encoding NOj3
transporters (see reviews by Crawford and Glass1998; Forde 2000; Glass et al., 2002). The
genes encoding HATS are grouped into the NRT2 family, while genes encoding the LATS
belong in the NRT1 family. In Arabidopsis the AtNRT2 family has seven members, of which
AtNRT2.1 and AINRT 2.2 are responsible for induced high-affinity transport. AtNRT2.1 is proven
to be the major contributor to inducible high-affinity nitrate transport (IHATS) (Zhuo et al., 1999,
Vidmar et al., 2000, Li et al., 2007). Transcript abundance and nitrate influx studies using
Atnrt2.1 and Atnrt2.2 mutants confirmed that AtNRT2.2 contributes to the IHATS to a small
extent and plays more of a compensatory role in the absence of AtINRT2.1 (Li et al 2007). It
has also been demonstrated that the AtINAR2.1 gene (not a member of the NRT2 family) is
functionally associated with AtNRT2.1 for nitrate transport to occur and, in the absence of
AtNAR2.1, HATS nitrate transport is completely curtailed (Okamoto et al., 2006, Yong et al.,
2010). The expression of another NRT2 member AINRT2.7 in seeds and its role in nitrate
uptake in a double mutant of Atnrt.1/Atnrt2.2 and also in the Xenopus system demonstrated its
possible role in seed germination (Chopin et al., 2007). However the role of other members of
the NRT2 family in nitrate transport awaits characterization. The aim of the current research is
to investigate the role of AtNRT2.6 gene in nitrate transport in A. thaliana based on molecular

and physiological characterization

1.2 Review of literature

1.2.1 Nitrate uptake across the cell membrane

Nitrate uptake by plants is an energy-requiring active process that occurs against the
electrochemical potential gradient. The plasma membrane contains transport proteins, which

make it possible for ions to move against this gradient. Physiological experiments in barley
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using microelectrodes provided evidence for influx of nitrate across the membrane against the
potential gradient even at high external nitrate where transport is via the LATS (Glass et al.,
1992). This uphill movement of NO5 involves the co-transport of two H* for one NO3 and the
energy for active transport is provided by the H* -ATPase (Glass et al., 1992, Meharg and Blatt

1995).

Concentration-dependent kinetic studies on inorganic ion uptake date back to 1937 when van
Den Honert studied phosphate (Pi) uptake by sugarcane roots (Van Den Honert 1937). He
observed that phosphate uptake followed hyperbolic kinetics and proposed a rotating conveyor
belt model for transport of ions across the plasma membrane. Subsequent studies by Epstein
(1972) on ion transport have led to the concept of carriers, relating the carrier kinetics to
Michaelis - Menten enzyme kinetics, using K, and Va constants to describe the kinetics. Such
kinetic studies on NOj3 uptake demonstrated that at concentrations <1mM, ion uptake followed
hyperbolic (saturable) kinetics while > 1mM concentration NOs;  uptake was linear and never
reached a plateau. This established the existence of multiple carrier/transport systems operating
at low and high ion concentrations; these we refer to as high-affinity (HATS) and low-affinity

(LATS) transport systems, respectively.

Nitrate influx studies using **NO5" in barley (Siddigi et al., 1990) and in spruce (Kronzucker et
al., 1995) at different nitrate concentrations, demonstrated the existence of three transport
systems for nitrate uptake. These studies were carried out using different NO3™ pre treatments
such as un-induced where plants were grown in medium without nitrate for 1 week and
induced where un-induced plants were exposed to nitrate for several hours before measuring
nitrate influx with NOj™ concentrations ranging from 1uM to 1mM. In these experiments, un-
induced plants initially showed low rates of high-affinity uptake due to a constitutive high-affinity

transport system (CHATS). Upon continued exposure to nitrate for several hours, uptake occurs
3



by both the inducible high-affinity transport (IHATS) as well as the CHATS. A third NOjs
transport system was evident at NO3;~ concentrations >1mM which was constitutive, exhibiting
linear kinetics even at 50mM NO;3 in barley and in A. thaliana with a low affinity for NOj3

(CLATS).

Subsequent studies in Arabidopsis have shown the presence of a fourth transport system,
which is an inducible low-affinity transport (ILATS) system (Crawford and Glass 1998). Both
constitutive and inducible high-affinity systems (CHATS and IHATS) operate with low K, values
and follow hyperbolic saturable kinetics while the low-affinity transport systems exhibit linear
kinetics (Siddigi et al., 1990; Aslam, 1992; Kronzucker et al., 1995). Subsequently, genes

encoding HATS (NRT2) and LATS (NRT1) have been identified (Forde 2000).

1.2.2 The discovery of NRTA (CrnA) the first nitrate transport gene and molecular
developments

The first high-affinity nitrate transporter gene was discovered in Aspergillus nidulans and called
NRTA, earlier named CrnA, which refers to the chlorate resistant mutant (Unkles et al., 1991). A
second high-affinity nitrate transporter gene NRTB was later identified. Further experiments
showed that a double mutant of NRTA and NRTB was completely unable to absorb nitrate while
a mutant defective only in NRTA showed a substantial reduction in nitrate uptake compared to
wild type strain (Unkles et al., 2001) but was still able to grow on nitrate. This confirms that
NRTA (Km 108 uM) although the primary transporter, is assisted by another transporter NRTB
(Km 11uM). The discovery of NRTA stood as a model in exploring the NRT2 genes from various

other species.

Interestingly, in Chlamydomonas reinhardii, NRT2.1 and NRT2.2 genes are found in a gene

cluster with genes involved in nitrate (Nial) and nitrite (Niil) reduction similar to A. nidulans; in
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addition another gene (NAR2) was also found in the cluster. Studies on deletion mutants lacking
NAR2, NRT2.1, NRT2.2 have revealed that CrNRT2.1 and CrNRT2.2, are functionally
associated with CrNAR2 for nitrate transport (Queseda et al., 1994, Galvan and Fernandez
2001) (Table 1). This was further confirmed in a heterologous system using Xenopus oocytes
(Zhuo et al., 2000)); thus, CrNRT2.1 and CrNRT2.2 are the first identified NRT 2 proteins, which
participate in a two-component system in conjunction with CrNAR2.1. Moreover in C. reinhardii,
each of the NRT2 genes shows variable different affinity for substrate, with CrNRT2.1 showing a
dual specificity for both nitrate and nitrite while CrNRT2.2 exhibits specificity for nitrate alone. A
third member, CrNRT2.3 shows a high-affinity for nitrite alone (Galvan et al., 1996). Their role in

nitrate transport and assimilation has been well discussed (Fernandez and Galvan 2008).

1.2.3 The discovery of NAR2 in Chlamydomonas reinhardii

Mutant studies in C. reinhardii have proved that NAR2 is essential for nitrate transport. In
mutants expressing NRT2.1 and NAR2 or NRT2.2 and NAR2, nitrate transport was evident
(Tablel), while when NAR2 was deleted no nitrate transport was evident (Quesada et al., 1994).
These genetic experiments established that NAR2, a smaller gene with no sequence identity in
common with NRT2.1 and NRT2.2 is, however, critical for the function of high-affinity nitrate
transport. Experiments in Xenopus oocytes expressing the nitrate transport gene of barley
(HVNRT2.1) showed increased uptake when co-expressed with HYNAR2.3 (Tong et al., 2005).
Likewise, in A.thaliana, AtNRT2.1 gives enhanced nitrate uptake when expressed together with
AtNAR2 in Xenopus (Orsel et al., 2006). These experiments confirm the requirement for NAR2

to facilitate nitrate transport by NRT2.1.

Further studies to characterize NRT2 genes have been carried out in other higher plants,

including barley (Trueman et al., 1996), tobacco (Queseda et al., 1997), soybean (Amarasighe
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et al., 1998), Arabidopsis (Zhuo et al., 1999; Filleur and Daniel-Vedele 1999). rice (Miller et al.,

2007), wheat (Zhao et al., 2004)

Tablel.l Functional relation between NRT2.1, NRT2.2 and NAR2 mutants of
Chlamydomonas reinhardii
0 +pdesent, 66absent (Information in this table is based on the work of Queseda et al.,
(1994);Galvan and Fernandez (2001)

NRT2.1 NRT2.2 NAR2 Nitrate transport
+ — — —
— + — —
+ + _ _
— — + —
+ _ + +
+ + +

Genes HvNRT2.1 and HYNRT2.2 (earlier named as BCH1 and BCH2) from barley were the
first cloned homologues from higher plants based on the sequences of ADNRTA and CrNRT2.1
from A.nidulans and C.reinhardii (Trueman et al., 1996). Degenerate primers with target
sequences based on conserved motifs were used to isolate the HYNRT2.1 and HVNRT2.2

genes. Based on sequence identities with A.nidulans and C.reinhardii and physiological



characterization using **NO5 and transcript abundance studies, there is strong evidence that
HvVNRT2 family genes contribute to inducible high-affinity nitrate transport (Vidmar et al., 2000).

Subsequent cloning experiments were carried out in A. thaliana using degenerate primers
(Zhuo et al., 1999) and by a differential display method (Filleur and Daniel-Vedele 1999).
The amino acid sequences of these clones were found to be similar to other high-affinity
nitrate transporters. Moreover influx studies showed a strong correlation between patterns
of ®NOj3 influx and AtNRT2.1 gene expression during induction and in experiments using
different nitrate levels, supporting the belief that AtNRT2.1 is the major contributor to nitrate
influx compared to AtNRT2.2 (Zhuo et al., 1999). These extensive cloning studies in algae,
fungi and higher plants helped to isolate genes thought to be responsible for nitrate transport.
And also the sequence similarities of these clones confirm the phylogenetic relationship among
the various groups. Subsequent studies were focused on gene regulation and functional

dependence of NRT2 genes on other genes (NAR2) in nitrate transport.

1.2.4 Expression and regulation of nitrate transport genes

Various kinetic studies demonstrated that whether the external concentration is maintained at
10 uM or 10 mM nitrate, plants could grow efficiently adapting to available nitrate. Glass and
coworkers (Glass et al., 2002) showed that the HATS influx was suppressed when the plants
were grown on high N, whether it was in the form of nitrate or ammonium. The question posed
was which nitrogen form (nitrate, ammonium, or amino acids such as glutamate or glutamine) is

responsible for suppressing HATS and NRT2 expression under high-N conditions.

Interestingly, only NOs™ and not NH," or other compounds such as amino acids are able to
cause induction of HATS or NRT2 gene expression (Vidmar et al., 2000). Using various

inhibitors it was clearly shown that glutamine is the intermediate responsible for suppressing
7



HATS through transcriptional regulation (Vidmar et al., 2000). Recent studies by Wang et al.,
(2007) using A. nidulans provided proof that, in addition to transcriptional regulation, post-
transcriptional regulation of NRT2 proteins occurs. Mutants lacking nitrate-reductase activity
exhibited higher NRTA transcript and NRTA protein abundance. Yet these mutants showed only
~5% of WT nitrate uptake and thus a post-transcriptional regulation was suggested. In summary
the studies show that induction of nitrate transport by HATS (NRT2.1) is due to nitrate, whereas
down-regulation is mediated by glutamine, acting transcriptionally. In addition post-

transcriptional regulation is evident from studies with nitrate-reductase mutants of A. nidulans.

1.2.5 NRT2 protein domains, amino acid sequence and phylogeny

The NRT2 family belongs to the nitrate-nitrite-porter (NNP) family, which is one among the 17
such transporter families that belong to the major facilitator super family (MFS) (Pao et al.,
1998). These transporters have 12 transmembrane domains arranged in two groups of six each

connected by a cytosolic loop (Baldwin 1993; Forde 2000).

Extensive studies on topology and sequence similarity helped to further classify NNP
transporters into, type | - in prokaryotes (E.coli), type Il - in fungi with about 90 amino acids
present in a large cytosolic loop between two groups of 6 transmembrane domains and type Il
- in algae and higher plants with an extension of about 70 amino acids at the C terminal domain
and some variation by the presence or absence of an N terminal extension of ~20 amino acids.
A sequence motif on the fifth transmembrane domain is found to be specific for NRT2
transporters (Pao et al., 1998). A part of this sequence was shared among A. nidulans, C.
reinhardii, H. vulgare and in the prokaryote E.coli but is absent in other MFS family members
and has been identified as the substrate binding site (Trueman et al., 1996). These studies help
to understand the structure and phylogeny and to determine the location of genes based on

amino acid and DNA sequence similarities (Forde 2000). Analysis of the seven NRT2 proteins
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of A. thaliana revealed that AtNRT2.1, AtNRT2.2, AtNRT2.3, AtNRT2.4 and AtNRT2.6 are
known to possess identical domains while AtNRT2.5 is more similar to fungi (yeast) and

AtNRT2.7 is related to proteins of both algae and fungi (Orsel et al.,2002).

1.2.6 NRT2 gene family: structure and expression studies

The seven gene homologues of NRT2 family identified in A. thaliana by were grouped into
inducible, constitutive, and repressible categories (Table 1.2) based on their transcript
abundance in response to nitrate availability (Okamoto et al., 2003). Chromosome map tool
from TAIR (http://www.arabidopsis.org) for the NRT2 gene loci revealed the location of
AtNRT2.1, AtNRT2.2 and AtNRT2.5 on Chromosome 1; AtINRT2.3, AINRT2.4 and AtNRT2.7
on chromosome 5; AtNRT2.6 (the gene of interest) is present on chromosome 3 (Figure 1.1A).
AtNRT2.6 gene is located on the reverse strand on chromosome 3 with a single intron (3'A 5)
(Figurel. 1B). It displays 68% amino acid identity with AtNRT2.1 and highest similarity with that

of AtNRT2.3 (Okamoto et al., 2003).

Table 1.2 Expression of NRT2 genes in response to nitrate supply (Okamoto et al., 2003)

Expression in response to  ldentity at amino acid level

Gene ]
NO;' supply with respect to AtNRT2.1
AtNRT2.1 _ 100%
Inducible
AtNRT2.2 87%
AINRT2.4 Modest induction 82%
AINRT2.5 Repressible 56%
AtNRT2.3 68%
AINRT2.6 Constitutive 68%
AtNRT2.7 44%




Figurel. 1 A. Schematic diagram of Arabidopsis thaliana chromosomes with NRT2 gene

loci B. AtNRT2.6 (At3g45060.1) gene model (source: TAIR http://www.arabidopsis.orq)
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1.2.7 Characterization of AtNRT2.1 and AtNRT2.2 and the requirement of AtNAR2 in
IHATS by use of mutants in Arabidopsis thaliana

Studies using T-DNA disruption mutants of A. thaliana in which both AtNRT2.1 and part of
AtNRT2.2 were disrupted showed a 63% reduction in nitrate uptake confirming the role of these
two genes in high-affinity nitrate transport (Filleur et al., 2001). However these results could not
explain clearly the individual role of the genes but confirmed that these two genes are important
for high-affinity transport (Cerezo et al., 2001).

Zhuo et al., 1999 and Okamoto et al., 2003 observed a significant correlation between transcript
abundance of AtNRT2.1 and nitrate influx in A. thaliana plants which suggested the role of
AtNRT2.1 in induced high-affinity (IHATS) transport. It is also evident from these experiments
that AtINRT2.2 expression corresponded with influx only during the first few hours of exposure to
NO;s suggesting that AtINRT2.1 is the major contributor in IHATS. AtINRT2.1 also showed a
significant role in lateral root initiation and growth (Little et al., 2005, Remans et al., 2006). But

the specific role of AtNRT2.2 was not clear from these experiments.

Zhuo et al.,, 1999 showed that AtNRT2.1 and AtNRT2.2 were present in a head to head
configuration. Subsequent studies by Li et al.,, 2007 using a double mutant (Atnrt2.1-nrt2.2)
confirmed that their disruption caused 80% reduction in IHATS and 30% in CHATS. Individual
mutants Atnrt2.1 and Atnrt2.2 demonstrated a reduction in IHATS by 72% and 19%,
respectively, but showed no effect on CHATS. Further it was observed that although AtINRT2.2
makes a small contribution in the presence of AtINRT2.1, when AtNRT2.1 is disrupted AtNRT2.2

is more highly expressed, perhaps compensating for the loss of AtNRT2.1 (Li et al., 2007).
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Okamoto et al., (2006) demonstrated the functional requirement of AtNAR2.1 (AtNRT3.1) for
high-affinity nitrate transport. The mutants of Atnar2.1-1 (promoter region) and Atnar2.1-2
(coding region) showed a major decrease in IHATS by 92% and 96% and also a decrease by
34% and 89% in high-affinity constitutive flux (CHATS), respectively. Interestingly LATS influx

was not affected by these mutations.

1.2.8 Tissue specific localization studies on AtNRT2 genes

Spatial localization of AtNRT2.1 using a promoter::GUS (Nazoa et al., 2003; Okamoto et al.,
2002) and with PyrT2.1-NRT2.1-GFP construct together with immunodetection studies using anti-
AINRT2.1 (Wirth et al., 2007) demonstrated strong expression of AtNRT2.1 in mature regions of
root epidermal, cortical and endodermal cells. Likewise, tissue specific expression studies of
AtNRT2 genes in GUS transformant lines of A. thaliana showed the expression of AtNRT2.1
and AtNRT2.2 in roots while AtNRT2.6 was expressed in both roots and in pollen (Okamoto et
al., 2002). Whilst all AtNRT2 genes showed expression in roots, the GUS activity of AINRT2.6
specific to pollen is a novel finding suggesting that nitrate may be required during pollen

development.

1.2.9 Interaction studies between AtNRT2.1 and AtNAR2.1

Li et al.,, (unpublished work) demonstrated the interaction of AtNRT2.1 and AtNAR2.1
(At5g50200) at the protein level using the yeast two-hybrid system (Y2H). In a parallel study
(Orsel et al., 2007) along with tissue specific localization studies on AtINRT2.1 in constitutively
expressed 35S :: AtNRT2.1-GFP in an atnar2.1-1 background reduced GFP fluorescence was
observed in the absence of NAR2. The authors suggested that the expression of NAR2 was
essential for the proper targeting of NRT2.1 to the plasma membrane. In a very recent study by

Yong et al., (2010), AtNRT2.1 and AtNAR2.1 proteins were resolved from a single band on the
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2" dimension SDS-PAGE with anti-AtNRT2.1 and AtNAR2.1-myc antibody. This study provides
the first evidence that AtINRT2.1 and AtNAR2.1 exist as a 150 kDa complex in the plasma

membrane.

1.3 Research objectives

It is evident from the literature review that the AtNRT2 family is a multi-gene family and that
each gene has a unique pattern of expression in response to nitrate availability. Physiological
and molecular characterization of IHATS confirmed that AtNRT2.1 is the major contributor to
IHATS and it requires the association of AtNAR2.1 for the IHATS uptake of nitrate. Whilst so
much focus has been on characterization of AtNRT2.1 and AtNRT2.2 and their role in encoding
IHATS, the other NRT2 genes need to be explored to identify their contribution to nitrate uptake.
Questions remaining unanswered are 1. what is the role of other NRT2 genes in nitrate
transport? 2. Which of these genes encode for constitutive high-affinity transport system
(CHATS)? Some of the previous studies on the AtNRT2.6 gene have demonstrated the
constitutive expression in response to nitrate availability and reporter GUS expression of
promoter AtNRT2.6-GUS in roots and in pollen. AtNRT2.6-GUS expression in pollen is a novel
finding and raises a question does pollen require nitrate during their development?

Therefore | have framed the following objectives for the present project: 1. To analyze the
expression profile of AtINRT2.6 gene, 2. To determine the contribution of AINRT2.6 gene in
nitrate uptake 3. To analyze the requirement of AtNRT2.6 gene for pollen development, 4. To

determine if AtNRT2.6 gene shows interaction with AtNAR2.1.

1.3.1 To analyze the expression profile of AtINRT2.6

I wish to address question 1. What is the expression pattern of AtNRT2.6 under different

conditions of NOj3; provision and in different organs? To answer this question,. | have
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determined the expression levels of AtNRT2.6 gene quantitatively by real time PCR in WT, an
Atnrt2.6 T-DNA mutant and in an AtNRT2.6:GFP transformant line. Tissue specific expression
of AtNRT2.6 gene was analyzed in the AtINRT2.6:GFP transformant line using confocal laser

scanning microscopy (CLSM).

1.3.2 To determine the contribution of AtNRT2.6 gene in nitrate uptake

My goal was to determine the contribution of AtINRT2.6 gene to NOj influx under un-induced
and induced conditions. In addition | have determined the tissue nitrate levels to investigate if
AtNRT2.6 makes any contribution to internal redistribution of nitrate (e.g between vacuole and
cytoplasm or between root and shoot) rather than uptake from external media. To address these
guestions BNO; influx in un-induced and induced WT, Atnrt2.6 T-DNA mutant and in
AtNRT2.6:GFP transformant line were measured and tissue nitrate content was determined in

plants subjected to N deprivation.

1.3.3 To analyze the requirement of AtNRT2.6 gene for pollen development

The observation, based upon promoter AtNrt2.6:GUS expression in pollen is interesting and
needed confirmation. Therefore to analyze the requirement of AtNRT2.6 gene in pollen
development | would like to answer the question: What is the role of AINRT2.6 gene in pollen
viability and development? To answer this viable pollen were counted and percent pollen
germination was determined in WT, Atnrt2.6 T-DNA mutant and in an AtNRT2.6:GFP
transformant line. Light micrographs of chemically fixed anthers were compared to identify

structural and developmental differences in the pollen.

14



1.3.4 To identify if the AtNRT2.6 gene shows interaction with AtNAR2.1.

Physiological and immunological studies have confirmed the functional association of AINRT2.1
and AtNAR2.1. This raises another question: Does AtNRT2.6 also show interaction with
AtNAR2.1? To answer this, the yeast two-hybrid split ubiquitin system was used by modifying
the C terminal half of split ubiquitin with AtNRT2.6 as a bait construct and the N terminal half
with AtNAR2.1 as prey. Interaction between these proteins was determined based on positive

response to - histidine auxotrophy and b- Galactocidase acivity by performing X-Gal filter assay.

1.4 Outline of research chapters

Chapter 2 of this thesis describes the expression profile of AtNRT2.6 gene in un-induced
plants which were deprived of any N source for one week and induced (re-induced with 1mM
KNO; for 6 h) both in root and shoot. Relative quantitative expression of AtNRT2.6 was
determined in WT, Atnrt2.6 T-DNA mutant (GABI-Kat 547C10), and in AtNRT2.6:GFP
transformant line by real time PCR. In addition, tissue specific expression pattern of
AINRT2.6:GFP  construct under the native promoter was also examined by confocal
microscopy. Previous studies have measured the transcript abundance of AtNRT2.6 based on
time course experiments (Okomoto et al., 2003) both in root and shoot and by semi-quantitative
PCR in root (Orsel et al., 2002). The present study provides quantitative relative expression
levels of AtNRT2.6 in all the genotypes to correlate with the physiological data. The GFP
expression pattern under native promoter of AINRT2.6 gene is a confirmation of the GUS

reporter assay for AINRT2.6-GUS (Okamoto, 2002).

Chapter 3 focuses on analyzing the contribution of AtNRT2.6 to nitrate influx into roots and flux

to shoot in A .thaliana by measuring **NO;” influx (expressed as a flux per unit root fresh weight)
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of the plant in WT, Atnrt2.6 T-DNA mutant and in the AtNRT2.6:GFP transformant line. In
addition analysis of tissue nitrate content in the root and shoot tissues will investigate the
partitioning of nitrate from root to shoot and its utilization pattern during a one week period of N
deprivation from external source. Using this reverse genetics approach we hypothesize that the
loss of function in Atnrt2.6 T-DNA mutant would help to understand the role of AtNRT2.6 gene
in nitrate transport. This work will add to the information available with regard to the
physiological role of NRT2 family members AtNRT2.1, AtNRT2.2 (Okamoto et al., 2006; Li et

al., 2007) and help in functional characterization of AtNRT2.6 gene.

Chapter 4 investigates the contribution of AtNRT2.6 to pollen viability and development. Male
gametophyte (pollen) is a good model system to study the contribution of AtNRT2.6 to pollen
development as we can observe different stages of cell growth and morphogenesis (Feijo et al.,
2001) Pollen represent an isolated sink without plasmadesmatal connections to the tissues of
the anther, hence any ion or substrate exchange (e.g. sucrose) require transporters
(Schneindereit et al., 2003). This work will be an addition to the AtNrt2.6:GUS expression
studies in pollen of Arabidopsis (Okamoto et al., 2002 unpublished) to confirm the expression in
pollen and its role if any in pollen development. It has been established that AINRT2.1
contributes to lateral root development (Remans et al., 2006) and AtNRT2.6:GUS expression in
root is similar to that of AtNRT2.1:GUS (Okamoto et al.,, 2002 unpublished).

Chapter 5 demonstrates the functional relation of AINRT2.6 with AtNAR2.1 in the yeast two-
hybrid split-ubiquitin system. This system is used to explore potential interactions between two
proteins. An AtNRT2.6 clone is used as a bait to check the interaction with AtNAR2.1 as a prey.
Thus far, AtINRT2.1 and AtNRT2.2 proteins have been shown to interact with AtNAR2.1 by this
method and using the Xenopus heterologous expression system (Zhuo et al., 2000, Tong et al.,

2005, Orsel et al., 2006)
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Chapter 6 is a conclusion on findings from the present research on the role of the AtINRT2.6
gene in nitrate transport using a reverse genetic approach based on a T-DNA mutant Atnrt2.6
and the restoration of function in AtNRT2.6:GFP transformant line. The phenotypes are
compared based on gene expression profile, nitrate uptake and pollen development. In addition
functional association of AtNRT2.6 with AtNAR2.1 has also been evaluated based on protein

interaction studies in the yeast two-hybrid split-ubiquitin system.

17



2 Expression profile of AtNRT2.6 gene

2.1 Introduction

Physiological studies in Arabidopsis provide evidence for the existence of three nitrate transport
systems, two High-Affinity Transport Systems (HATS): constitutive (CHATS) and induced
(IHATS) at nitrate concentrations <1mM and a Low-Affinity Transport System (LATS) at >1mM
external NO3 concentrations. Two gene families, NRT2 and NRT1 are known to code for HATS
and LATS, respectively (reviews: Crawford and Glass 1998; Forde 2000; Glass et al., 2002,
Glass 2009). Nitrate transport genes AtNRT2.1 and AtNRT2.2 from Arabidopsis were cloned for
the first time using degenerate primers based on conserved sequences of NRTA (A. nidulans)
and NRT2.1 (C. reinhardtii) genes (Zhuo et al., 1999). In a parallel study Filleur and Daniel-
Vedele, (1999) used a differential display technigue in response to nitrate provision and
identified AtNRT2.1 as a putative high-affinity transport gene. Completion of the Arabidopsis
genome sequence identified five more homologues from the NRT2 gene family (Glass et al.,
2001). Multiple members of the NRT2 family are also found in other species. To date two
nitrate/nitrite transport genes (NRTA and NRTB) have been documented in A. nidulans (Unkles
et al., 2001), six NRT2 genes in C. reinhardtii (Fernandez and Galvan 2008) and ten in barley
(Hordeum vulgare). All belong to the NRT2 family (Forde 2000). Other higher plant NRT2 genes
have been identified from several other species (Glass, 2010) including tobacco (Quesada et

al., 1997) and soybean (Amarasinghe et al., 1998).

Bioinformatic studies confirmed that AtNRT2.1, AtNRT2.2 and AtNRT2.4 and AtNRT2.3 and
AtNRT2.6 show high homology (Table 1.1 chapter 1) at the protein level (Okamoto et al., 2003).

Transcript abundance studies in response to nitrate provision helped to classify NRT2 genes in
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to three categories: - inducible: AtINRT2.1, AtNRT2.2 and AtNRT2.4; constitutive: AtNRT2.3,
AtNRT2.6, and AINRT2.7; and repressible: AtNRT2.5 (Okamoto et al., 2003). As outlined in
Chapter 1, there is strong evidence that IHATS is mainly encoded by AtNRT2.1. However, when
AtNRT2.1 is disrupted AtNRT2.2 may compensate (Li et al., 2007). Using a promoter GUS
construct (Nazoa et al., 2003) and GFP fusion and immunodetection studies with anti-AtNRT2.1
(Wirth et al., 2007), it was demonstrated that AtNRT2.1 expression was restricted to matured
regions of root epidermal, cortical and endodermal cells. In a recent study AtNRT2.1 and
AtNAR2.1 (AtNRT3.1) were shown to be functionally associated in the plasma membrane of
root cells as a 150 kDa complex based on BN-PAGE and YFP tagged protoplast fusion (Yong
et al., 2010). Thus far, gene expression profile studies and functional characterization based on
nitrate influx in appropriate mutants have demonstrated that AtNRT2.1 and AtNRT2.2 are
candidates for IHATS in response to NO3™ supply. In contrast to AtINRT2.1 and AtNRT2.2 that
are NOs; inducible genes, Okamoto et al., (2003) reported that AINRT2.6 was expressed
constitutively both in NO3™ - starved and NOj3™ - induced conditions and continued exposure to
nitrate (72hrs) failed to produce any change of transcript abundance (Okamoto et al., 2003).
Preferential expression of the AtNRT2.6 gene in roots was demonstrated in time-course
experiments (Okamoto et al.,, 2003). Studies by Orsel et al., (2002) also have reported the
expression of AtNRT2.6 gene in roots of plants at vegetative and flowering stages . Expression
of promoter AtNRT2.6-GUS in the pollen of young flowers is a novel finding (Okamoto 2002)
which needs confirmation by further study. To obtain more details on the expression profile of
AtNRT2.6 that may give clues regarding functional role(s), | chose to examine AtNRT2.6
expression in vegetative and in flowering phases, and substrate effects (induced and un-

induced by nitrate).
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In this chapter, | have presented the results on: 1. the location of the T-DNA insertion in the
Atnrt2.6 mutant (GABI-Kat547C10), 2. Relative expression levels of AtNRT2.6 gene in root and
shoot based on real time PCR data, 3.Tissue specific expression of AtINRT2.6: GFP in root
cortical cells and in pollen of the young flower buds (stages 9 and 10) as viewed by confocal
microscopy. Relative expression levels of AtNRT2.6 gene were determined in roots and shoots
of un-induced (no N supply for one week) re-induced (N starved plants resupplied with 1mM

NOj for 6 h) plants of WT, T-DNA mutant Atnrt2.6 and in AtINRT2.6:GFP transformant line.

2.2 Materials and methods

2.2.1 Plant growth conditions

Arabidopsis thaliana WT Columbia, Atnrt2.6 mutant line (GABI-Kat line 547C10) and a GFP
transformant line in the mutant background Atnrt2.6-AtNRT2.6:GFP (Wang, unpublished) seeds
were used for the plant material. Plants were grown hydroponically (Okamoto et al., 2003) on
Styrofoam floating discs (30X25 cm) with 25 holes made in five rows with 3 cm spacing between
the holes. The holes are made to fit ~1.5cm diameter 2 cm length tubes cut from 10ml
disposable pipette tips. The bottoms of each tube were closed using a nylon mesh and the
tubes were filled with sterilized sand. Floating discs with tubes were placed in plastic trays
(capacity 8 L) connected to an air supply to maintain continuous aeration in the solution. This
design is very useful to grow Arabidopsis plants in hydroponics as the roots can grow quickly in
to the nutrient solution through the nylon mesh and also it is possible to take out intact seedlings
to flash freeze in liquid N, or to measure nitrate influx. Seeds of chosen Arabidopsis lines were
surface sterilized in 1% bleach for 5 min and after repeated washings with sterile water were left
overnight at room temperature prior to sowing. Floating discs with sand filled tubes were initially
kept in water and seeds were sown on the moistened sand (3 plants per disc) and maintained in

a growth room for germination. After germination the discs were transferred to nutrient solution.
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Modified Johnson nutrient solution (1/10 dilution) contained 1mM KH,PO,4 0.5 mM MgSOQs,,
0.25 mM CaSO,, 20 UM Fe-EDTA, 25 pM H3BOs, 2 pM ZnSOy4, 2 pM MnSO,, 0.5 pM CuSO,,
0.5 uM (NH4)sMo0-0,4 at pH 6 maintained by adding approximately 2 g of powdered CaCOs. In
addition, the plants were generally supplied with 1mM NH4;NOs. In order to investigate AtNrt2.6
expression and *NOj3 influx in wild type (WT), Atnrt2.6 mutants and mutants restored with the
AtNRT2.6:GFP cDNA, plants were grown for 4 weeks after germination in media containing
1mM NH4NO;. Thereafter, plants were deprived of NH;NO; for 1 week, and then resupplied with
1mM KNO; for 6hrs to induce nitrate-inducible genes. KNO; is used for re-induction in place of
NH;NO; because NH," inhibits NO5™ influx during short induction times (Kronzucker et al., 1999).
Plants were maintained in walk-in growth rooms with 8/16 hrs light/dark periods at 23°C with
70% relative humidity. Philips fluorescent lights (TL90 series of F32T8/TL950 (Hg)) were used as
light source with irradiance of ~100 nE m? s at plant level. Sampling for RNA isolation was
done during vegetative (starting from 4 weeks after germination) and at flowering stages (6-7
weeks) four hours after the start of the light period. Root and shoot samples were flash frozen

in liquid nitrogen and brought to the laboratory for further experiments.

2.2.2 Confirmation of T-DNA in the Atnrt2.6 mutant (GABI-Kat 547C10)

Arabidopsis thaliana mutant seed (Atnrt2.6) obtained from GABI-Kat (GABI-Kat 547C10) with
the genetic background of Columbia-0 was screened for T-DNA insertion. Seeds were sterilized
in 1% bleach for 5 min. and washed several times with sterile water. Sterilized seeds were then
plated on complete MS medium with vitamins (plant media) 4.4 g/L, 3% sucrose, 0.8% agar and
sulfadiazine (75 mg/10 ml), pH 5.7. WT and transformant line Atnrt2.6-AtNRT2.6:GFP seeds
were also plated alongside the Atnrt2.6 seeds on sulfadiazine to verify the resistance of
Atnrt2.6 seed to sulfadiazine. Genomic DNA was isolated (from the selected Atnrt2.6 seedlings
and PCR screening was done using gene specific and T-DNA primers from GABI-Kat to confirm
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the T-DNA insertion. The PCR product was sequenced to determine the location of the T-DNA
insertion. Sequence results were verified using CLCbio workbench for DNA analysis

(http://www.clcbio.com/index.php?id=27).

2.2.3 RNA isolation and relative RT-PCR

Total RNA was isolated from flash frozen root, shoot and flower samples separately either by
using Trizol reagent (Invitrogen) or by using RNeasy plant mini kit for total RNA mini preps from
plant tissues (Quiagen). Concentrations of total RNA were determined by using a UV
spectrophotometer (Biospec-1601 Shimadzu) at A,s. Two step RT-PCR was performed to
check the expression of AtNrt2.6 gene. First strand cDNA was prepared by using reagents and
protocol from the manufacturers (Invitrogen). Initially RT-PCR was performed in MJ mini PCR
cycler under the following conditions: with initial denaturation at 95°C for 3 min., 30 cycles of
94°C for 30sec for denaturation, 58 °C for 45 sec for annealing, 72°C for 2 min for extension and
final extension at 72°C for 10 min using 250 ng cDNA in a reaction volume of 25 nL with
thermopol reaction buffer, 2.5 mM dNTPs and Taq polymerase (New England Bio Labs).
Annealing temperatures were adjusted based on the melting temperatures of the primers. Gene
specific primers for complete and internal gene primers of AtNRT2.6 were used in the RT-PCR

(IDT) (Table 2.1).

Quantitative real-time PCR

Real time PCR was performed using SYBR Green detection using BIO-RAD Miniopticon Real
time PCR system with gene specific primers designed to get a 200 bp product size (IDT)

(Tablel) and Actin 2 primers were used to measure presence of a house-keeping gene. 20 nL

of reaction mixture contained 10 nL of iQ SYBR Green Supermix (Cat 170-8880,Bio-rad), 1L
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Table 2. 1 AtNRT2.6 gene specific and other primers used in RT-PCR

Primers Primer sequence Product size bp

AINRT2.6 gene F: 56 TAAAGACAAATTCTCCAAG 505
Specificprimersto CGCTGTGAAAAACT 36
R: 56TCGGGAGTTACTCAACTTCT

flank exons
TCCTCGAGGTTTAGTACGGC 350

Real time PCR F: -AB@TTTCTAAAGACAAATTCTCCAAG- 3 6 200
R: -BAGAAGTATCCAGATATAACGT

Actin 2 F: 5 ACACTGTGCCAATCTACGAGGGTT-3 6 200
R: 5 - ACAATTTCCCGCTCTGCTGTTGTG-3 &

mGFP F : -B@QAAGGAGGACGGAAACATC-3 6 200
R: -ABAGGGCAGATTGTGTGGACG-3

T-DNA screening T-DNA primer, 600

(GABI-Kat) 5-ATATTGACCATCATACTCATTGC-3'

gene specific primer,
5-AGCTGTAAGCATAAGTGAGAAGGC-3'

cDNA (50 ng), and 0.8 ni(10 nmol) each of the primers. PCR was run under the following
conditions: 95°C 3 min for initial denaturation and 30 cycles at 95°C for 30 sec, 56°C for 20 sec
and 72°C for 30 sec. Plate reading was set at the end of every cycle. The threshold for detection
was set manually in the linear range of the primary curve. Three replicate reactions for each
sample were used. The relative expression levels of AtINRT2.6 gene was calculated based on

the C(t) values of the house keeping gene, Actin 2 (Pfaffl 2001).
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2.2.4 AtNRT2.6:GFP gene construct and transformation

A T-DNA mutant of Atnrt2.6 (GABI-Kat line 547C10) was used to receive the AtINRT2.6: GFP
construct. Promoter AtNRT2.6 and open reading frame (ORF) were cloned from the A. thaliana
WT. P-ORF AtNRT2.6 C terminal was linked to the upstream of GFP5 gene. Thus GFP was
placed downstream to the ORF of AtINRT2.6 gene, and this allows the expression of GFP as a
reporter under the control of the AINRT2.6 promoter (Figure 2.2 ). AINRT2.6:GFP construct
was inserted into a binary vector pVKH18GFPN (Zheng et al., 2005) with kanamycin
resistance cassette. AtNRT2.6 gene was cloned with both promoter and ORF to place the gene
upstream of the GFP gene. Agrobacterium was cultured with the plasmid clone pVKH18GFPN
with P AtNRT2.6 ORFC insert and transformed into the Atnrt2.6 mutant (Columbia 0) by the

floral dip technique (Wang Y, unpublished).

Figure2. 1Schematic representation of AtNRT2.6:GFP construct

2.2.5 Tissue specific expression of AtNRT2.6 gene

T2 seeds of the AINRT2.6:GFP transformant line were grown hydroponically under the
conditions described above. Root, leaf and flower samples were collected to detect GFP
expression at the tissue level using confocal microscopy. Confocal images (Zeiss 510 Meta
Laser Scanning Confocal Microscope) were taken with settings for green channel adjusted to

488 nm excitation and emission 510-530 nm (GFP) and red channel with excitation at 568 and
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emission at 580-660 nm (chlorophyll). Optical sections along the Z-axis and meta analysis were
performed to identify the GFP localization and to measure the intensity of the signal. WT and
Atnrt2.6 mutant lines were used as controls to subtract the noise due to intrinsic fluorescence to

determine the GFP signal.

2.3 Results

2.3.1 Confirmation of T-DNA insert in Atnrt2.6 T-DNA mutant (GABI-Kat 547C10)

Figure 2.2A shows the resistance of Atnrt2.6 T-DNA mutant seedlings (GABI-Kat 547C10) to
sulfadiazine on the marker plate. AtINRT2.6:GFP transformant line in the Atnrt2.6 mutant
background was also found to be resistant to sulfadiazine while the WT seeds did not grow
(Figure 2.2A). PCR results with the T-DNA primers and gene specific primers demonstrated the
presence of insert in both Atnrt2.6 T-mutant and AtNRT2.6:GFP line genomic DNA (Figure
2.2B). Sequencing results for this confirmed the T-DNA location in the promoter region ending

just 5 base pairs before the start codon (Figure 2.2 C).
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Figure2. 2Screening for Atnrt2.6 T-DNA mutant
A. Sulfadiazine marker plate showing the resistance of Atnrt2.6 mutant and
AINRT2.6:GFP transformant line, B. PCR results showing T-DNA insert, (lane 2 TWT no
product, lane 3 T Atnrt2.6, lane 4 -AtNRT2.6:GFP transformant line C. sequencing result

showing the location of T-DNA insert.
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C

TDNA

2.6 insertion AATGTAGACACGTCGAAATAAAGATTTCCGAATTAGAATAATTTGTTTATTGCTTTCGCCTATAAATACGACGGATCGTAATTTGTCG

TDNA

2.6 insertion TTTTATCAAAATGTACTTTCATTTTATAATAACGCTGCGGACATCTACATTTTTGAATTGAAAAAAAATTGGTAATTACTCTTTCTTT

insertion site -5

TDNA TDNAprimer Nrt2.6

start codon

2.6 insertion TTCTCCATATTGACCATCATACTCATTGCTGATCCATGTAGATCAATGGCTCACAACCATTCTAATGAAGACGGCTCTATTGGAACCT

Nrt2.6

2.6 insertion CCTTGCATGGAGTCACGGCAAGGGAGCAAGTCTTCTCCTTCTCCGTCCAAGAAGATGTCCCTTCATCTCAAGCCGTCCGAACAAACGA

Nrt2.6

2.6 insertion TCCAACGGCTAAGTTTGCCCTACCAGTGGACTCCGAACATAGGGCAAAAGTGTTCAAACCACTATCATTCGCTAAACCACATATGAGA

Nrt2.6

2.6 insertion GCCTTCCACTTAGGATGGATCTCTTTCTTCACTTGCTTCATCTCCACCTTCGCAGCCGCACCTCTAGTCCCCGTCATTCGCGACAATC

Nrt2.6

2.6 insertion TCGACCTGACCAAAACCGACATCGGAAATGCTGGAGTTGCATCAGTTTCCGGCGCCATTTCTCGAGACTCGCTATGGGTGCTGTATGT

Nrt2.6 Genespecific primer

2.6 insertion GACCTTCTAGGGGCACGTTATGGAACCGCCTTCTCACTTATGCTTACAGCTCCAGCAGTTTTCTCCATGTCGTTCGTAGCTGACGCGG

Nrt2.6
2.6 insertion GAAGCTACTTAGCCGTAAGGTTCATGATCGGTTTTTGCTTAGCAACGTTCGTATCAT(I;T
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2.3.2 Expression of AtNRT2.6 by RT-PCR

It has been widely documented that the expression of nitrate transport genes is dependent on
the external NO3 concentration (reviews Forde 2000, Glass et al., 2002). In the present study
AINRT2.6 gene expression was analyzed under un-induced and re-induced conditions in
different plant organs: root and shoot, to determine if there is any preferential expression.
Primers were designed to flank the two exons of the gene to eliminate genomic DNA
amplification (Table2.1). Regular RT- PCR experiments were done with 18S internal standards
(3:7 ratio) to confirm the expression of AtNRT2.6 in root, shoot and flower samples of WT and
AtNRT2.6:GFP transformant line. AtINRT2.6 gene expression was observed in un-induced and
re-induced root and shoot samples (Figure 2.3 A, B). Figure 2.3 C shows the expression of
AtNRT2.6 gene in WT and AtNRT2.6:GFP flower samples. The expression of the GFP gene in
AtNRT2.6:GFP was confirmed by performing RT-PCR with the primers for the GFP gene
(Figure 2,3D). Although by RT-PCR the quantitative expression of AtNRT2.6 gene cannot be
determined exactly, these results provide the basic details about the transcript abundance with
reference to 18S standards. In un-induced plants both root and shoot samples of WT showed
high transcript abundance with reference to 18S standard. Whereas in AtNRT2.6:GFP the
expression is high in shoot compared to root and in shoot the transcript level is similar to 18S
standard. However, these results exhibit the expression of AtNRT2.6 in root, shoot, and flower
and in both un-induced and re-induced plants. In addition, the RT-PCR with the primers to
detect the GFP gene expression provides confirmation for the expression of reporter GFP in the

transformant line.
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Figure2. 3 AtNRT2.6 expression in root, shoot and flower of WT and AtNRT2.6:GFP
transformant lines of A. thaliana plants grown hydroponically.

A. un-induced samples after one week N starvation, B. plants re-induced with 1mM
KNO; for 6h. C. Expression of AINRT2.6 in flowers of WT and AtNRT2.6GFP and
confirmation of GFP PCR product.

A un-induced B re-induced
WT AINRT2.6:GFP WT AINRT2.6:GFP
Root shoot Root shoot Root shoot Root shoot
AINRT2. 6 <« AtNRT2.6
188_, < 18S
C Root D Flower

WT AINRT2.6:GFP WT AtNRT2.6:GFP

AtNRT2.6 —» AtNRT2.6
GFP —

Real time PCR for relative quantitative expression of AtNRT2.6 gene

Real time PCR was performed to measure the relative expression levels of AINRT2.6 gene with
reference to the housekeeping gene Actin 2 in root and shoot samples after 7 days of N
deprivation and 6h re-induction with 1mM KNOg;. The relative expression of AtINRT2.6 gene in
WT, Atnrt 2.6 T-DNA mutant and AtNRT2.6:GFP transformant levels was calculated from the
mean values of two experiments. Cycle threshold (C,) values were considered at 20 cycles,
where the curves representing all the samples start to show an exponential increase and the
threshold line is set to derive the data from the graph. C; values of the samples were used to
calculate the expression levels with reference to Actin 2 housekeeping gene at the same

threshold point according to Pfaffl (2001).
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Figure 2.4A shows the relative expression levels of AINRT2.6 gene in un-induced plants based

on the WC; value in WT, Atnrt2.6 T-DNA mutant and AtNRT2.6:GFP transformant line. The

expression of AtNRT2.6 gene in Atnrt2.6 T-DNA mutant is reduced by 45% in root and 67% in
shoot compared to WT (P<=0.05). The expression levels in re-induced plants was reduced by
55% in root and 80% in shoot compared to WT (P<=0.05). By contrast, the expression of
AtNRT2.6 gene was restored to WT levels in both un-induced and re-induced transformant
plants.

Figure2. 4 Relative expression of AtNRT2.6 gene based on real time PCR

(Ct =20 cycles) in root and shoot samples of WT, Atnrt2.6 T-DNA mutant and AtINRT2.6:GFP
transformant line grown hydroponically. A. un-induced plants after N-deprivation for one week B.
re-induced with 1 mM KNO; for 6 h. Results are the means of three separate experiments using

3 replicates for each sample P<=0.05, n=3)
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Confocal Microscopy for tissue-specific localization of AtNRT2.6 gene

Transformant lines of A. thaliana were developed with the AtINRT2.6:GFP construct in Atnrt2.6
mutants. GFP was fused downstream to the AtNRT2.6 ORF thus both the expression of
AtNRT2.6 and GFP are operated under the control of the native promoter of AtNRT2.6.
AINRT2.6:GFP transformant lines grown hydroponically were used to detect the GFP

expression in roots, leaves and pollen by confocal microscopy.

Tissue-specific expression of GFP was observed by setting the wavelengths at 488 nm for
excitation and 506-530 for emission and the signal was measured under both green and red
channels of the microscope. GFP expression was observed in root cortical cells along the cell
membrane (Figure 2.5 A-F). The signal intensity was measured by spectral analysis (Table 2.2).
Wild type plants (WT) without GFP were used as negative controls. In leaves a strong signal is
seen in the trichomes of the leaf while the signal was not clear in the mesophyll cells Figure 2.6

A-B)

Young flower buds at stage 9 and 10 (pre-anthesis stage) were used to detect AtINRT2.6:GFP
expression. GFP signal was observed as a border (presumably the plasma membrane) of the
pollen (Figure.2.7 A-F). WT anthers were used as the negative control to compare signal

intensity.
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Figure2. 5Tissue specific localization of AtINRT2.6:GFP in roots.

A. root cortical cells showing GFP signal (white arrows). B. WT control. C. Orthogonal
section of AtNRT2.6:GFP root showing the GFP signal in cortical cells while the signal is
not strong in central vascular cylinder. D. WT control. E, and F show spectral images of
AtNRT2.6:GFP and WT control. Marked areas in the image are region of interests
showing corresponding spectrum (Table 2.2).

T T T T T T T
520 540 560 580 600 620 640
mission wavelength (nm)

rOIL — rOIZ  — rOIS —
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Table 2.2 Spectral data showing intensity of GFP expression in roots

Intensity expressed in a.u. (arbitrary units) ROI: region of interest marked in figure 25 E, F

Wavelength Average interpolated
Genotype ROI 1 ROI 2 ROI3 _
(nm) intensity at 510nm (a.u)
AtNRT2.6:GFP 506 99.4 325 41.3
70.06
517 161.9 50.0 63.0
WT 506 31.0 28.5 29.4
29.77
517 28.2 30.0 31.8

Figure2. 6Tissue specific localization of AtNRT2.6:GFP in leaves

A. AINRT2.6:GFP line showing trichome and mesophyll tissue B. WT leaf showing
mesophyll tissue Bold arrow pointing to trichome showing GFP signal and fine arrow
showing mesophyll tissue.
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Figure2. 7Tissue specific localization of AtNRT2.6:GFP in pollen

Anthers from stage 9 and 10 flowers of AINRT2.6:GFP transformant line (A,C); Anther
of WT (B,D) Bold arrow pointing to pollen
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Figure 2.7. Continued. E-F Tissue specific localization of AtNRT2.6:GFP in pollen. E- F
pollen squeezed out from the anthers, G. Pollen from the WT (negative control),
H..spectral image of pollen from AtNRT:2.6GFP line, |. spectral image of pollen from
WT (negative control). Images A-E were captured with 20X and F- H 40X objective.
Coloured circles around the pollen (H,I) are the region of interest (ROI) delimited with
selection to measure fluorescence intensity.(data in Table 2. 3)
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Table2. 3 Spectral data showing intensity of GFP expression in pollen

G. H WT control Intensity was measured in a .u. (arbitrary units) ROI: region of interest
marked in figure 2.7 G,H Average intensity of five pollen at | =506 -517 and is presented
in the table

Genotype Wavelength Average Average interpolated
(nm) intensity (a.u) intensity at 510 nm (a.u)
AtNRT2.6:GFP 506 61.42
62.7
517 61.9
WT 506 27.46 08
517 28.86
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2.4 Discussion

Transcript abundance in response to nitrate provision during time course experiments, led to the
classification of AtNRT2 genes into inducible, constitutive and repressible genes (Okamoto
et al., 2003). Clear evidence is available from previous studies on the expression profile of
AtNRT2.1 to document its spatial and temporal expression pattern (Okamoto et al 2003, Nazoa
et al 2003, Girin et al, 2007). In the present study the expression profile of AtNrt2.6 is
determined in response to nitrate availability at different stages of plant growth in different

organs and tissues.

2.4.1 AtNRT2.6 gene expression pattern RT-PCR and real time PCR studies

Earlier reports demonstrated a constitutive expression pattern of AtNRT2.6 gene in roots of A.
thaliana in re-induced plants (Okamoto et al 2003) based upon RT-PCR and GUS expression.
Likewise, Orsel et al., (2002) showed similar expression levels of AtINRT2.6 in roots during
different growth stages using nitrate induced plants by RT-PCR. In addition Okamoto et al.,
(2003) observed low levels of AtINRT2.6 in shoots and (based upon patterns of GUS
expression) relatively high expression levels in pollen ((Okamoto et al., 2002). By contrast, in
their semi-quantitative RT-PCR study, Orsel et al., (2002) failed to observe expression in shoots
and flowers. In the present study RT-PCR and real time PCR data demonstrated the expression
of AtNRT2.6 both in root and shoot, in un-induced and re-induced plants of WT and
AINRT2.6:GFP transformant lines (Figure 2.3. A, B and Figure. 2.4 A,B). In addition expression
in flowers was also confirmed by the RT-PCR result (Figure 2.3 D). Strong expression of the
AtNRT2.6 gene in flowers observed in this study is a confirmation to the transcriptome data ( efp

browser http://bar.utoronto.ca; https://www.genevestigator.com/gv/user/gvLogin.jsp). The

expression of AtNRT2.6 gene in all the organs, namely root, shoot and flower and its restoration
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in the AtNRT2.6:GFP transformant line to the WT levels is an important observation in this
study. Reduced expression in un-induced plants of Atnrt2.6 T-DNA mutant by 45% in root and
67% in shoot compared to WT (PQ0.05) and by 55% in root and 80% in shoot compared to WT
(P PQ0.05) in re-induced plants. The position and the length of T-DNA determine the expression
of the gene of interest in the mutants. Insertional mutagenesis studies( Krysan et al.,1999) have
reported that location of T-DNA insert in the promot e r or in the 36 UTR
expression and thus generates a knock-down mutant. T-DNA insertion in the coding region will
result in null expression and produces a knock-out mutant. In the present study the sequencing
results of the PCR product of Atnrt2.6 T-DNA mutant (GABI-Kat 547C10) with gene specific and
T-DNA primers confirmed the location of the T-DNA insert in the promoter region just 5 base
before the start codon. Therefore the reduced expression of AINRT2.6 gene in the T-DNA

mutant Atnrt2.6 (Figure 2.4) suggests that the mutant is a knock down mutant.

2.4.2 Tissue specific localization of AtNRT2.6 gene in GFP transformant lines

Consistent with the RT-PCR results of the present study ( Figure.2.3 & 2.4) the expression of
AINRT2.6:GFP transformant line showed the AtNRT2.6 gene expression in the roots, shoot
(trichomes) and flower (specifically in pollen), which is evident from the GFP expression. The
GFP expression is localized in the cortical cells clearly observed in the orthogonal section of
root (2.5 B) and from the corresponding spectral data (Table2,2 & Figure 2.5 C), compared to
the wild type controls. An earlier study on the AtNRT2.6-GUS gene in roots showed a similar
localization pattern (Okamoto 2002) and in GUS transformed lines of AtNRT2.1 (Okamoto et al
2002; Nazoa et al 2003; Girin et al., 2007). AtNRT2.1GFP (Wirth et al 2007) was reported to be
localized in epidermis and cortical cells suggesting that this gene is showing a similar
localization pattern. In the present study AtNRT2.6:GFP expression was also observed in

pollen (Figure 2.7); the anther at stage 9 and 10 of flower development showed a strong signal
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compared to wild type controls. This observation is similar to the earlier report on the expression
of AtNRT2.6GUS in pollen of young flowers (Okamoto 2002). Earlier studies on gene
expression profile in epidermal, basal and trichomes cells reported the expression of
nitrate/chlorate transporter (Lieckfeldt et al 2008), and GUS assay studies reported AtNRT2.3
and AtNRT2.4 gene expression in hydathodes and trichomes (Leggewie et al 2001). In this
study AtNRT2.6:GFP is observed in trichomes (Figure 2.6 A). The mesophyll cells did not show

a GFP signal similar to the wild type control.

In summary, the results from RT-PCR studies demonstrated the constitutive expression pattern
of AtNRT2.6 gene in roots and shoots of NO3™ un-induced and re-induced plants. It is evident
from the real time PCR studies that the expression of AtNRT2.6 gene in AtNRT2.6:GFP
transformant line has been restored to WT level. The constitutive expression of the AtNRT2.6
gene leads to an interesting hypothesis that it might contribute to the constitutive NO;3™ uptake
and so far not much research has been done on the molecular basis of constitutive uptake of
NO3  under N-limited conditions. Thus the present findings regarding AtNRT2.6 expression
studies lead to an interesting study to determine the role of AtNRT2.6 in NO3 uptake (chapter
3). Moreover the localized expression of AtINRT2.6 in pollen observed in the present study lead

to the further investigation on the possible role of AINRT2.6 in pollen development (chapter 4).
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3 Role of AtNRT2.6 gene in nitrate transport

3.1. Introduction

The ability of plants to absorb nitrogen under conditions wherein N resources are chemically
heterogeneous and fluctuating in concentration in soils depends on their physiological and
developmental adaptations. Such adaptations include having highly regulated nitrate transport
systems as well as a good foraging root system that can explore large soil volumes (reviews:
Forde and Walch-Liu, 2009, Glass et al., 2002, Glass 2009). Physiological studies on nitrate
uptake provide evidence for the existence of two distinct NOjz™ transport systems, a low-affinity
(LATS) and a high-affinity (HATS) transport system (Aslam et al., 1992; Siddiqgi et al., 1989,
Kronzucker et al., 1995). NRT1 and NRT2 nitrate transporters belongs to major facilitator super
family (MSF) encoded by two gene families NRT1 and NRT2 respectively (review ed. by Forde
2000). Based on homology search and transcript abundance studies Okamoto et al., (2003),
reported that the AtNRT2 gene family is represented by seven members, each of which shows
characteristic expression patterns in response to NOj;  provision, categorized as inducible
(AINRT2.1, AtINRT2.2, AtNRT2.4); constitutive (AtNRT2.3, AtNRT2.6, AtINRT2.7) repressible
(AtNRT2.5) and also in terms of spatial distribution based on promoter GUS assay (e.g.
AtNRT2.1 is preferentially expressed in roots). In addition, biochemical and molecular studies
have confirmed that the high-affinity nitrate transport is a two-component system which requires
expression of both AtINRT2.1 and AtNAR2.1 (AtNRT3.1) to facilitate NO3™ transport (Okamoto et
al., 2006; Yong et al., 2010). Moreover the expression and regulation of AtNRT2.1 is dependent
on feedback regulation from nitrogen metabolites (Vidmar et al., 2000; Glass et al., 2002).
Recently it has been reported that AtINRT2.1 expression is under the control of the signaling
pathway of the low-affinity nitrate transporter gene AtNRT1.1, also known as CHL1 (Vert and

Chory, 2009; Ho et al., 2009, Girin et al.,2010).
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Various physiological studies using mutant lines have confirmed that AINRT2.1 and AtNRT2.2
are the major contributors to induced high-affinity nitrate transport (Zhuo et al.,1999; Filleur et al
2001, Okamoto et al., 2006; Li et al.,2007). Reports from recent studies (Kotur et al.,
unpublished work) demonstrated that AtNRT2.1 and AtNRT2.2 are capable of transporting both
NO3z and NO;, as is the case for CrNRT2.1 the Chlamydomonas homolog (Quesada et al
1994). Except for transcript abundance studies, the physiological roles of other members of the
AtNRT2 family have not been worked out so far. Based on transcript abundance Okamoto et al.,
(2003) reported that AtNRT2.6 was constitutively expressed in both roots and shoots. Unlike
AINRT2.1 and AtNRT2.2 that show several fold increases in abundance after exposure to NOy/,
no change in the transcript abundance was observed for AtNRT2.6. Moreover in the present
study also the expression of AtNRT2.6 was found to be constitutive, and neither NO3™ provision
(un-induced and re-induced conditions) nor plant age had any effect on expression levels.

(chapter 2).

In addition to the expression profile, it is important to work on the physiological characterization
of AtNRT2.6 gene because the patterns of gene expression may give clues regarding its
function, and only through physiological studies can transport functions be resolved. Given that
AtNRT2.6 is constitutively expressed its function may be that of an internal nitrate transporter
rather than one involved in uptake of nitrate from the external environment. Again, having 68%
amino acid identity at the protein level with AtNRT2.1 an inducible high-affinity NO3™ transporter
(Okamoto et al., 2003) suggests that AtNRT2.6 may also be involved in transporting nitrate.
Interestingly, AtNRT2.6, in addition to its expression in root, is also found in the leaf, flower and
in pollen (chapter 2) while AtNRT2.1 show a preferential expression in the root (Okamoto et al.,
2003; Orsel et al., 2002). Studies on the regulation of nitrate uptake have reported that NO3',

once inside root epidermal cells, may be i. reduced to NH," and enter metabolic pathways, ii.
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stored in the vacuole, iii. transported to the xylem for long distance transport to the shoot or
iv.may be released from the root (effluxed) as unreduced NOj; (Glass et al 2002). The
expression of AtNRT2.6 in shoots suggests its possible role in nitrate uptake by leaf tissues or
in long distance transport. The present work is aimed at characterizing the physiological role of
AtNRT2.6 by determining the NOj" influx in un-induced and NOj" re-induced plants.

In this chapter the results of BNO; influx studies and fresh weights, as well as root to shoot
transport of NO3" in un-induced and re-induced A. thaliana WT, Atnrt2.6 T-DNA insertion mutant
(GABI-Kat 547C10) and in AtNRT2.6:GFP transformant line are presented. In addition tissue

NOj" concentration in root and shoot in plants subjected to N starvation are also presented.
3.2. Materials and methods

3.2.1 Plant growth conditions

WT, Atnrt2.6 T-DNA mutant (GABI-Kat 547C10) and AtNrt2.6GFP transformant line of A.
thaliana were growon hydr oponi cally using Johnsonds nu
refer to Chapter 2) containing either 1ImM NH4NO; or 1ImM KNOj as nitrogen source (Okamoto
et al., 2003). Growth conditions are described in detail in chapter 2. To determine the un-
induced flux, plants were deprived of N for one week by transferring into -N nutrient solution to
ensure that all the nitrate reserves in the plant were consumed. For the induced flux
measurements un-induced plants were re-induced with 1ImM KNO; for 6 hours, an optimal
induction time (Siddiqgi et al., 1989), prior to influx measurements. All lines of plants used to
measure NO3 and NO, fluxes were subjected to identical growth conditions as well as identical

pretreatments prior to influx measurements.
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3.2.2 NOj3 influx measurements

NO; influx measurements in both un-induced and re-induced plants were obtained in 100 niv
concentration of NO3 , using **NO; generated by TRIUMF (Tri- University Meson Facility),
Vancouver, Canada. **NO; provided by TRIUMF contains three major impurities that have to be
removed before it can be used to measure *NOj influx; namely traces of *NH,", **NO,” and
8- Aqueous samples (usually 5 ml) are treated in the laboratory fume hood by adding 0.1 ml
of 2N KOH and boiling for 2.5 min to drive off **NH," as the volatile **NHs. This is followed by
acidifying the solution with 0.2 ml of 2N H,SO,4 plus 1 ml of 10% H,O, and boiling for a further
2.5 min. This treatment converts any *NO, to *NO;. Finally, samples were treated with
catalase, an enzyme that converts hydrogen peroxide to O, and H,O, to remove any remaining

hydrogen peroxide.

Influx measurements were carried out in a walk-in growth room, set up for tracer experiments
with appropriate radioactive protection in the form of lead bricks and lead-infused glass (0.6 cm
thickness). Growth rooms were maintained at similar conditions of light source, temperature and
relative humidity as had been maintained in a separate walk-in growth room during the prior
periods (up to 5 or 6 weeks) during which the plants had been grown. Care was taken to avoid
any substantial perturbations to the experimental plants due to changes in the growth room
conditions, by shifting them half an hour before the start of the experiment to the growth room
set for radioactive tracer measurements. In preparation for immersion of roots of intact plants in
the radioactive solutions, plants were transferred to prewash solutions containing identical
chemical compositions (except for the tracer) to those of the influx solutions. The purpose of the
prewash solution was to ensure that fluxes were stabilized at whatever N concentrations and
temperatures were to be used for influx measurements. Influx measurements were obtained by

transferring plants from the prewash solutions to tracer-labeled influx solutions for 10 min. After
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the uptake, plant roots were allowed to sit in non-labeled solutions of identical chemical
composition to influx solutions (except for the absence of tracer) for 3 min to remove (desorb)
tracer from the cell walls and the root surface. The roots were then cut off from the shoots and
spun for 30 sec in a basket centrifuge to remove excess nutrient solution. The shoots and roots
were loaded into scintillation vials and radioactivity counts were measured in a gamma counter
(Minaxi Auto-g 5000 series, Packard instruments). Timing for prewash, tracer treatment and post
wash were based on the half-lives of *NO3 partitioning between external solution, cell wall and
cytoplasm (Kronzucker et al., 1995).The composition of nutrient solution used to measure influx
was similar to that used to grow the plants except for the changes in N source, which contained
100 nM KNOj3. **NO; influx per gram fresh weight of the plant, based on the specific activity of

the labeling solution, was calculated according to Siddigi et al., (1989).

3.2.3Tissue nitrate analysis

Tissue NOj3™ content was measured in WT, Atnrt2.6 T-DNA mutant and a Atnrt2.6-AtNrt2.6GFP
transformant lines subjected for one week to N starvation by transferring 4 week old plants
grown hydroponically to i N solution. Root and shoot samples were collected at zero time and
after 1 day, 3 days and 7days of N deprivation. After determining the fresh weights, root and
shoot samples were boiled in 5 ml of distilled H,O for 20 min (or until the samples boiled) in
capped tubes on a water bath. The samples were centrifuged at 8000 rpm for 5 min. and the
supernatants were analyzed for tissue nitrate content by the salicylic acid method (Cataldo et
al., 1975). The reaction mixture contained 50 i of the root or shoot extract + 200 m of 5% (w/v)
salicylic acid in concentrated H,SO,. After incubation for 20 min samples were neutralized by
adding 4.5 ml of 2N NaOH to bring the pH to >12. Samples were cooled to room temperature
and NOj™ content was measured in a 94 well plate at 410 nm absorbance using BioTek Gen5

microplate data collection and analysis software. Samples containing from 10 to 100 nM KNO3
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were used as standards to determine the NO3 content in the extracts. Tissue NO3; content was

calculated per gram fresh weight (Okamoto et al., 2006).

3.3. Results

3.3.1 ®NOj influx into roots and to the shoot

13NO; influx into roots and flux to shoots were measured in WT, an Atnrt2.6 T-DNA mutant and
in AtNRT2.6:GFP transformant line grown hydroponically f or 4 weeks i n Johnson
nutrient solution (see Chapter 2) containing 1mM NH4NO; as N source. Plants were then
subjected to N deprivation for one week by growing in nutrient solution without N source (un-
induced plants) to measure the un-induced fluxes and after 6 h re-induction with 1 mM KNOs,, to
measure fluxes in re-induced plants. Plants subjected to this last pretreatment, namely, re-
induction, are commonly used to optimize the high-affinity influx of nitrate, because continued
exposure to nitrate, either as NH4;NO; or as KNO3; causes N-metabolite down-regulation of influx

(Okamoto et al., 2003).

Un-induced *NO; flux

1NO;™ influx in roots and from root to shoot of un-induced WT, Atnrt2.6 T-DNA mutant and
AtNRT2.6:GFP plants was measured at 100 M external **NO3" concentration (Figure 3.1 A,B)
in 15 samples of 3 different experiments. The un-induced nitrate influx into WT roots was 3.4 +
0.3 mmol g*h™ and 0.7 + 0.1 nmol g™h™ to the shoot whilst in Atnrt2.6 T-DNA mutant the un-
induced root flux was 2.6 = 0.33 mmol g*h™ and 0.5+ .09 mmol g™*h™ in shoot (Figure 3.1A, B).

¥NOj; influx into roots and to the shoot in the Atnrt2.6 T-DNA mutant was reduced by 23% and

33%, respectively, compared to WT. The reduction in **NO5 influx in roots of Atnrt2.6 T-DNA
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based upon three separate experiments (n=15) was statistically significant (p<0.05) and the
ANOVA showed a significant difference between WT and mutant groups and also a lower
interaction among the groups. Although flux to the shoot was reduced by 33%, the effect was
not statistically significant (P=0.07) because of greater variability in the fluxes to shoot within the
samples. It is evident in the present study that the influx rates were restored to the WT level

(P>0.05) in the AtNRT2.6:GFP transformant line in the Atnrt2.6 mutant background.

Induced BNO; flux

The induced nitrate flux in roots of WT was 10.5 mnmol g*h™+ 2.1 (Figure 3.1C) which was about
3 times the un-induced flux. Except for the fact that higher **NO;™ influx rates are seen in 6h re-
induced plants compared to un-induced plants, the results based upon four different
experiments where n=22, showed virtually no difference in induced flux between WT and T-

DNA mutant Atnrt2.6 and AtNRT2.6:GFP transformant line ( Figure 3.1 C,D)).
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Figure3.1 NOj influx in root and to shoot in WT, Atnrt2.6 T-DNA mutant and
AtNRT2.6:GFP transformant lines of Arabidopsis thaliana

Pl ants were grown hydr op oniscnattientysolufioa with4mMve e k s
NH4NO; and later subjected for N starvation by transferring to i N solution for 1 week (un-
induced). A. un-induced root flux B. un-induced flux to shoot. The results are the means of

3 experiments n=15. root flux (P<0.05) C. **NOj influx in roots of re-induced plants with

1mM KNOj; for 6 hours. D. flux to shoot in re-induced plants Values are the mean of 4

different experiments n= 22 No significant difference among the genotypes in induced flux

was seen. t-test from Microsoft Excel was used as the test of significance.
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3.3.2 Fresh weight and shoot to root ratio

Root and shoot fresh weights and shoot to root ratios were recorded in genotypes used for NOj’
influx measurements. Although the Atnrt2.6 T-DNA mutant plants showed reduced root and

shoot fresh weights compared to WT both under un-induced (Table 3.1) conditions. In re-
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induced plants (Table 3.2), no difference in fresh weights was observed. The FW,s were
reduced in roots by 20% and in shoots by 16% in un-induced plants (Table 3.1). Shoot- to- root
ratios were reduced by 14 % in Atnrt2.6 mutant compared to WT and 25% to that of
AtNRT2.6:GFP transformant line (Table 3.1) and the reduced FW in T-DNA mutant were
restored back in AtNRT2.6:GFP transformant line in the mutant background. These results are
based upon 3 different experiments and replicates of 5 each (n=15) were not significant

(P=0.07) due to variance among the samples.

Table 3.1 Shoot and root fresh weights and shoot : root ratios for un-induced WT,

Atnrt2.6 T-DNA mutant and AtNRT2.6:GFP transformant lines

Af ter 4 weeks of hydroponic growth in Johnsonés
NH4NO3, plants were deprived of N for one week. Values are based on 3 experiments; n=15,

(P=0.07)

WT Atnrt2.6 AtNRT2.6:GFP
Shoot Fresh Weight 1.16 +0.3 0.76 + 0.33 1.23+0.5
(g/plant)
Root Fresh Weights 0.25 £+ 0.07 0.19 £ 0.09 0.23 £ 0.09
(g/ plant)
Shoot : Root Ratios 4.64 + 0.43 4.0+ 0.77 5.34 £ 0.45
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Table 3.2 Shoot and root fresh weights and shoot: root ratios for re-induced WT, Atnrt2.6
T-DNA mutant and AtNRT2.6:GFP transformant lines
Un-induced plants were re-i nduced by transfer t o Johnsonods

containing 1mM KNO; for 6 h. Values are based on 4 experiments n=22 P>0.1 not significant.

WT Atnrt2.6 AtNRT2.6:GFP
Shoot Fresh Weights 1.02 + 0.5 1.02+0.5 1.01+0.5
(9/ plant)
Root Fresh Weights ~ 0.23 = 0.09 0.24 £ 0.09 0.25 %+ 0.09
(g/ plants)
Shoot : Root Ratios 443 +0.7 4.65+ 0.48 451+0.8

3.3.3 Tissue nitrate content

Tissue nitrate content was determined in plants subjected to N starvation to understand the
possible role of AtNRT2.6 in the distribution of NO3; between root and shoot or internally
between vacuole and cytoplasm. Tissue nitrate content in root and shoot was measured at zero
time, after 1 day, 3 days and 7 days of N starvation in WT, Atnrt2.6 T-DNA mutant and
AtNRT2.6:GFP transformant lines. Figure 3.2 A represent the tissue nitrate content in roots
during N starvation. Compared to WT plants, the Atnrt2.6 T-DNA mutant showed a significant
reduction in tissue NOj3 levels by 56% in roots at zero time P<0.05. It is also evident that the
NOj; content in the roots has reached to lowest levels (~0.1 mmoles g™ fresh weight) by day 7. It
is interesting to note that the root tissue nitrate content in AtINRT2.6:GFP transformant line at
zero time has been restored to the WT levels. The shoot tissue nitrate content did not show any
significant differences among the genotypes and in all lines the nitrate content was reduced to
~0.5 mmoles g fresh weight by day 7. However the ratio of root to shoot nitrate content was

60% in WT while it is about 23% in Atnrt2.6 T-DNA mutant and 53% in AtNRT2.6:GFP
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transformant line. A common observation was by 7days of N starvation nitrate content was

reduced both in root and in shoot by 70-80% in all the three genotypes.

Figure3.2 Tissue NO3; concentration (mmoles g-1 fresh weight) in WT, Atnrt2.6 T-DNA
mutant and AtNRT2.6:GFP transformant lines of A. thaliana

subjected to N starvation. A. Root tissue NOj3; concentration B. shoot tissue NOjz
concentration. Results from zero time, day 1, day 3, day 7 of N starvation samples are
presented. Tissue NOj3 concentration in WT, Atnrt2.6 T-DNA mutant and AtNRT2.6:GFP
transformant lines are significantly different at zero time. Values are the means of two
different experiments n=10. Means that are different at P < 0.05 are shown by an asterisk.
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3.4. Discussion

So far, studies on NOj3 transport in Arabidopsis have focused on the kinetics of induced high-
affinity transport and in characterizing AtNRT2.1 and AtNRT2.2 and their functional association
with AtNAR2.1. These genes account for approximately 80% of inducible high-affinity NOs
transport (Doddema and Telkamp 1979; Zhuo et al., 1999; Cerezo et al 2001; Filleur et al.,
2001; Okamoto et al., 2006; Li et al., 2007). In this chapter | have examined physiological
characteristics of WT, Atnrt2.6-TDNA mutant and the AtNRT2.6:GFP transformant line in the
mutant background with respect to **NOj3 influx. In addition plant biomass, root : shoot ratios in

FW and tissue nitrate concentration were evaluated with a view to defining a mutant phenotype.

3.4.1 Nitrate influx

Nitrate influx in un-induced Atnrt2.6 T-DNA mutant plants was reduced by 23% in roots and this
reduction was statistically significant (at P<0.05). The flux to shoot was reduced by 33% in the
mutant but this reduction was not statistically significant. Moreover the fluxes in the
AtNRT2.6:GFP transformant line were restored to WT level. These fluxes measured in un-
induced plants are considered to be fluxes due to the constitutive high-affinity system (CHATS)
functioning when all NOj™ reserves were used up and the IHATS influx is lost because of de-
induction (Okamoto et al 2006, Li et al., 2007). The reduced un-induced nitrate flux to shoot in
Atnrt2.6 T-DNA mutant could be due to reduced nitrate influx (Li et al., 2007), suggesting the
possible role of AtNRT2.6 in xylem loading and long distance transport and distribution among
the different aerial parts similar to that of AINRT1.4 and AtNRTL1.5 (review: Dechorgnat et al.,
2011).These reduced fluxes in the mutant correlate with the reduced expression of AtNRT2.6 in
the Atnrt2.6 T-DNA mutant revealed by the real time PCR data (chapter 2) that showed a

45% reduction in the root (P<0.05) and a 67% reduction in shoot (P). By Contrast, in re-
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induced plants (6h re-induction) although the transcript expression was lowered by 55% in root
and 80% in shoot compared to WT (P<=0.05) in the mutant there was no difference in the flux.
The absence of any reduction of influx may be because the constitutive influx is so small
compared to the induced (IHATS) flux. Although not significant **NO3 flux to shoot was reduced
by 33% in Atnrt2.6 T-DNA mutant line suggesting the possible role of AtNRT2.6 in xylem

loading and long distance transport.

3.4.2 Plant growth T root, shoot fresh weight

In the present study root and shoot fresh weights were reduced by 20% in root and 16% in
shoot in un-induced Atnrt2.6 T-DNA mutant plants compared to WT. These growth differences
due to the loss of function in the Atnrt2.6 T-DNA mutant resulted in a 14% reduction in shoot to
root ratio in un-induced plants. In re-induced mutant plants, there were small reductions of 12%
in root and 7% in shoot fresh weights but no differences in shoot to root ratios . Variation in N
availability results in morphological changes such as altered root length, branching, density
(Forde and Lorenzo 2001) and also shoot growth, and flowering time (Stitt 1999). One
characteristic feature exhibited by plants when subjected to limited N availability is the extensive
lateral root growth that may result in greater interception of nutrients specifically observed in
nutrient rich patches (Forde and Walch-Liu, 2009). It is evident from earlier studies that
AtNRT2.1 plays a major role in lateral root growth as well as encoding NO3;” HATS in plants
subjected to limited N supply (Remans et al., 2006). As regards to NOj influx and allocation to
shoot in the AtINRT2.1 defective mutant atnrt2a Orsel et al., (2004) have observed a reduced
biomass in shoot but not in the root under N limited conditions. This suggests a plant response
to limit the shoot growth when plants are subjected to limited NO3™ availability. Moreover shoot-
to-root ratio was reduced in mutants of Atnrt2.1 and Atnrt2.2 (Li et al., 2007) and in the Atnar2.1

mutant in which AtNAR2.1 is functionally associated with AtNRT2.1 (Okamoto et al., 2006; Yong
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et al., 2010). Crawford and Forde (2002) have reported that the lateral root growth response
was greater when roots were in contact with NOs;” compared to NH," or with organic forms like
glutamine (Forde and Walch-Liu, 2009). The emerging consensus is that not only does
AtNRT2.1 encode a nitrate transporter but that it interacts with root development (Little et al.,
2005) and as a nitrate sensor to coordinate root growth. The phenotypic differences observed in
the present study were 1. reduced fresh weights and 2. reduced shoot-to-root ratio in the
Atnrt2.6 T-DNA mutant compared to WT in plants subjected to N starvation. These results
correlate with the reduced expression levels of AtNRT2.6 gene (chapter 2 Figure 2.4) and
reduced NO;  influx (Figure 3.1) in un-induced plants. These results suggest that AINRT2.6, like

AtNRT2.1, may play a minor role in root growth in addition to other functions in ion influx.

3.4.2 Tissue nitrate content

Results from the present study showed a highly significant reduction in the tissue nitrate content
(by 56%) in the roots of the Atnrt2.6 T-DNA mutant (Figure 3.3A) at the start of the N starvation
(zero time). At this stage the plants had been growing in a constant supply of ImM NH4NO; for
4 weeks which is an optimal concentration for HATS and LATS. It is also evident that the root to
shoot nitrate ratio in Atnrt2.6 T-DNA mutant was 23% compared to 60% in WT showing a 37%
reduction in Atnrt2.6 T-DNA mutant. These results document the un-metabolized NO5; content
which can either be stored in the vacuole or can be translocated to the shoot via xylem loading
(Crawford and Glass1998). The significant reduction in tissue nitrate content in Atnrt2.6 T-
DNA mutant compared to that of WT represent a functional loss in the mutant under optimal
conditions. As such there was no difference in shoot nitrate content between WT and Atnrt2.6 T-
DNA mutant except for the reduction in root to shoot ratio in nitrate content. The allocation of
NO;s from cytosol to xylem has been observed to decrease (Kronzucker et al., 1998) when

nitrate is withheld and this is evident from the current study (Figure 3.3 A,B), Another
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possibility for the reduced NOj™ content could be defective uptake and internal signals of the N
metabolites at optimal conditions (Orsel et al., 2004, Stitt 1999). The de-induced plants did not
show any significant difference in the NO;™ utilization in the WT and in Atnrt2.6 T-DNA mutant
during N starvation. However all the genotypes showed 70-80% utilization by 7 days of N
starvation suggesting the disappearance of vacuolar reserves as vacuole to cytosol net transfer
increases under N-limited conditions (van der Leij et al., 1998). However it is evident from the
present study that the tissue NO3™ accumulation and its root to shoot allocation is affected in the
Atnrt2.6 T-DNA mutant suggesting the possible role of AtNRT2.6 in redistribution of un-

metabolized NO3™ similar to the function of NRT1.5 (Lin et al., 2008), a low-affinity analogue.

In summary, the present study demonstrates that AtINRT2.6 plays a minor role in plant growth
and nitrate influx to roots in the un-induced condition, but not in the re-induced condition. When
nitrate is removed from the external solution supporting plant growth, expression of nitrate-
inducible genes such as AtNRT2.1 and AtNRT2.2 and nitrate influx decline over a period.
Nitrate that has been stored in the vacuole is mobilized and consumed in the root as well as
being transferred to the shoot. Sustained growth during this time without N is dependent on this
remobilization. By 7 days nitrate is virtually undetectable in roots and shoots (Okamoto et al.,
2006,). Resupply of nitrate causes entry of nitrate via the constitutive high-affinity transporters
(CHATS) and once absorbed, nitrate induces expression of AtNRT2.1 and AtNRT2.2, and the
restoration of a greatly increased high-affinity influx. The phenotype observed in this study,
affecting both nitrate influx and plant biomass only in the un-induced condition and tissue nitrate
content at optimal levels of NO3™ supply, suggests that AtNRT2.6 may play a role in constitutive

transport and in plant growth when internal stored nitrate is being consumed.
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4. Contribution of AtNRT2.6 to pollen viability and development

4.1 Introduction

Successful fertilization in flowering plants requires appropriate pollen development and pollen
tube growth to deliver the sperm nuclei to the egg (Bock et al., 2006). Pollen development
involves various mechanisms related to cell-nutrition, intercellular communication and
intracellular signaling, growth and morphogenesis at physiological and molecular levels.
Therefore pollen offers an attractive model system for these studies (Taylor and Hepler, 1997,
McCormick, 2004). It is well established that the surrounding tapetum supplies the required
nutrients and growth substances during microsporogenesis (Regan and Moffatt, 1990). Various
studies have demonstrated the requirement of nutrients such as carbohydrates (Schneidereit et
al., 2003), and amino acids (Foster et al., 2008). These nutrients are supplied symplastically
during the initial stages of microsporogenesis but once pollen tetrads are formed they lose
plasmodesmatal connections, and thus become isolated from the symplasm. Therefore
membrane transporters are required to supply nutrients to the developing pollen (Schneidereit
et al., 2003). The expression of the glucose specific transporter AtSTP9 (Schneidereit et al.,
2003) and the amino acid transporter LHT (Foster et al., 2008) in pollen suggests that pollen is
a significant sink for carbon and nitrogen. Studies on pollen tube development by Feizo et al.,
(2001) confirmed that signaling networks regulate a variety of pumps, porters, and channels to
manage the ion gradients, oscillations and fluxes both in time and space. The physiological
importance of inorganic nutrients in pollen development has been demonstrated by patch clamp
studies on K* and Ca*™ influx (Fan et al., 2001). The existence of an ammonium transporter
AtAMT1.4 in pollen of Arabidopsis (Yuan et al., 2009), and evidence for higher NO3™ uptake in

late bi-cellular stage pollen of Nicotiana (Andreyuk et al., 2000) suggests the requirement of
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inorganic nitrogen for pollen development. Substantial work has not been done so far to provide
molecular and physiological evidence for a NOj3; requirement in pollen development. A
transcriptional profile of Arabidopsis pollen revealed the occurrence of 1584 genes of which 162
were specific to pollen (Backer et al., 2003). In addition, one third of the genes found in pollen
showed 90% overlap with those found in vegetative tissues, therefore pollen can be used as a
perfect system to study fundamental mechanisms (Backer et al., 2003). Moreover genes
involved in cell wall metabolism, cytoskeleton and signaling are known to be over expressed in
pollen (Honys and Twell, 2003). Transcriptomic studies by Bock et al., (2006) showed the
presence of nitrate and peptide transporters in pollen. Information from BAR (The Bio-Array
Resource for Plant Functional Genomics) http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi shows
the expression of the AtNRT2.6 gene in un-opened flower buds and in pollen at the bicellular
stage. Genevestigator (https://www.genevestigator.com/gv/index.jsp) database showed an
expression peak of AtNRT2.6 in young flowers. This information confirms the hypothesis

(Okamoto et al., 2002) that AtNRT2.6 is required for nitrate transport to the developing pollen.

GUS promoter assay studies from our group (Okamoto 2002) demonstrated the expression of
the AtNRT2.6 promoter gene in the pollen of A. thaliana, suggesting a possible role of high-
affinity nitrate transport during pollen development. It is evident from our gene expression profile
studies that AtNRT2.6 gene is constitutively expressed in all the organs: root, shoot and in
flower and the localized expression of AtNRT2.6:GFP in pollen confirmed the GUS reporter
expression studies by Okamoto (2002) (chapter 2). The work in this chapter is focused on
understanding the requirement of AtNRT2.6 during pollen development by analyzing cytological
differences, pollen viability and development. Studies on cellular organization and pollen tube
growth help to detect any genetic anomalies compared to WT (Derksen et al., 2002). Therefore

a phenotype with variation in growth and vacuolar organization, if any, in the Atnrt2.6 T-DNA
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mutant would help to explain the role of AtNRT2.6 in pollen development. Pollen can be
germinated in vitro in a nutrient medium although the germination rates and tube growth may
not exactly match with in vivo growth (Taylor and Hepler, 1997); still this method can be used to
observe growth rates among the WT and mutant genotypes to investigate the fithess of the

pollen in relation to the expression of the AINRT2.6 gene.

In this chapter light micrographs of pollen from WT, Atnrt2.6 T-DNA mutant (GABI-Kat 547C10)
and the AtNRT2.6:GFP transformant line were compared to identify the phenotype (if any)
based on cytological differences. The contribution of AtNRT2.6 to pollen development was
analyzed by scoring the viable pollen with clear visible nuclei, in vitro percent germination and

pollen tube growth.

4.2 Materials and methods

4.2.1 Plant material and growth conditions

Arabidopsis thaliana WT col., T-DNA mutant Atnrt2.6 (GABI-Kat line 547C10) and a
transformant line of AtNRT2.6:GFP were grown hydroponically (details in chapter 2) in modified
Johnson nutrient solution (1/10 dilution) containing 1mM NH4NO; as nitrogen source. The three
selected lines were grown separately to get enough material and to avoid contamination during
flower collection. Plants were maintained in walk in growth rooms with 8/16hr light/dark period at
23°C with 70% relative humidity initially for 4 weeks to ensure good vegetative growth and later
transferred to long day (16/8 hr) conditions for the plants to flower. Philips fluorescent lights
(TL9O series of F32T8/TL950 (Hg)) were used as light source with irradiance of ~400 nrE?s™
at plant level. Pollens were collected before anthesis for pollen viability and pollen germination

analysis. Pollen from WT tobacco was used as reference for viability tests.
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4.2.2 Chemical fixation, Sectioning and Light Microscopy

Chemical fixation of the anthers was carried out according to Arizumi et al., (2003) with some
modifications. Anthers were dissected from WT, Atnrt2.6 T-DNA mutant and AtNRT2.6:GFP
restored transformant line flowers and fixed in 4% Glutaraldehyde in 50 mM PIPES buffer pH 7
for one hour. Samples were then washed in PIPES buffer and post fixation was done in 1%
(w/v) Osmium tetraoxide for 1 hour followed by washes again with PIPES buffer. Ethanol
dehydration series was carried for one hour at each step (30%, 40%, 50%, 60%) and the
samples were stored in 70% ethanol overnight. Later dehydration series was continued for one
hour at each step (80%, 90%, 100%). Then the samples were embedded in spurr resin for one
hour at each step (15%, 30%, 50%,) and stored in 75% overnight on a rotating bench. Following
this the samples were transferred to 100% spurr resin for 1 hour (twice).Then samples were
transferred to 100% resin in capped vials polymerized overnight at 65°C and sectioned using
ultra cut microtome. 0.5 mm thick sections were cut using Leica Ultracut UCT (Leica
Microsystems) and stained with 0.05% Toludine blue in Na borate (Young et al., 2008). Light
micrographs (Leica DM6000B, Leica Microsystems) were captured and pollen size was
measured using Open lab software. Distorted, incomplete pollen grains were excluded from the

pollen size measurements.

4.2.3 Pollen viability test

DAPI fluorescent stain was used to analyze the viable pollen (Regan and Moffatt, 1990). Pollen
from WT, Atnrt2.6 mutant and AtNRT2.6: GFP flowers were collected by dissecting the anthers
on a glass slide under a stereo dissecting microscope and stained in a drop of DAPI (4,6-
diamidino-2-phenylindole) in DMSO (1/10 dilution: 10 INDAPI/DMSO + 90 mi sterile d H,O =~ 2
nmg/ml) The slides were incubated in a moist chamber with the wet kimwipes overnight at 4°C.
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DAPI stained pollen were observed in Leica florescent microscope with DAPI filter to score
viable pollen. DAPI specifically binds to double stranded nucleic acids and fluoresces blue when
excited with UV light thus the nuclei and their polarity can be clearly observed to determine the

developmental stage and to score the viable pollen

4.2.4 Pollen germination

In vitro pollen germination was carried out by collecting pollen from the freshly collected flowers.
Anthers were dissected using a stereo dissecting microscope. Pollens were germinated either
in a well slide or by the hanging drop method in pollen germinating medium containing sucrose
17% wiv, 1mM CaCl,, 0.01% H3BO3, 1mM Cay(NO)3 ,2mM MgSO, 30 ng mlI* Myo-inositol at pH
7 and incubated overnight at room temp (25°C). 0.6% agar was added to the above medium to
grow pollen on solid medium. Dissected pistils with the stigmatic surface were added to the
pollen in the liqguid medium to provide some natural exudates from the pistils that might trigger
pollen germination.  Images were captured using Zeiss AxioPlan 2 upright fluorescence
microscope using transmitted light and GFP filters. Numbers of germinated pollen were scored
using Image J particle analysis software. Pollen tube lengths were measured using Neuron J

software. Measurements were calibrated to the microscope settings to determine the size in nm.

4.3 Results

4.3.1 Light microscopy of chemically fixed pollen

Light micrographs (0.5 mm thick) of chemically fixed WT, Atnrt2.6 T-DNA mutant and
AtNRT2.6:GFP transformant line pollen were analyzed for cytological differences (Figure 4.1 A-
D). Generally the pollen were at the bicellular stage showing two nuclei with vacuoles and well

formed pollen walls. Pollen from WT and AtNRT2.6:GFP transformant line showed many
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smaller vacuoles at the bicellular stage while the pollen from Atnrt2.6 T-DNA mutant showed
fewer and larger vacuoles. Distorted pollen grains were more (33%) in the Atnrt2.6 T-DNA
mutant (Figure 4.2 B, C Table 4.1) compared to WT and GFP transformant line. Light
micrographs of pollen from the AtNRT2.6:GFP transformant line showed very clear bicellular
stage with distinct nuclei, numerous vacuoles and tapetal layer (Figure 4.1D). Atnrt2.6 T-DNA
pollen were smaller in size by 23% (P<0.05) compared to those of WT and AtNRT2.6:GFP
(Table 4.1).

Table 4. 1 Pollen size (mm) and number of misshapen pollen grains excluded from count
of WT, Atnrt2.6 mutant and AtNRT2.6:GFP transformant line
Light micrographs magnification 63X and 40X. (Leica DM6000B, Leica Microsystems) Pollen

size was measured using Open lab software. (n=16; P<0.05)

number of misshapen pollen

Genotype Mean pollen size (mm)

excluded from the count
WT 18.7 + 0.51 5 of 30 = 16%
Atnrt2.6 T-DNA mutant 14.4 + 0.7 10 of 30 = 34%
AtNRT2.6:GFP transformant line 21.3+1.21 6 of 30 = 20%

4.3.2 Pollen viability

DAPI ( 4 édjamidino-2-phenylindole) specifically binds to double stranded nucleic acids and
fluoresces when excited with UV (excitation 340-380 Emission 450+). DAPI staining helps to
identify the viable pollen and to determine the developmental stage and polarity of nuclei. Pollen
viability in Arabidopsis lines WT, AtNRT2.6 T-DNA mutant and in AtNRT2.6 transformed line
AINRT2.6-AtNRT2.6: GFP lines was compared by scoring the pollen showing distinct nuclei

with the DAPI staining. Pollen viability was found to be 63% in WT while in Atnrt2.6 T-DNA

60



mutant it is 33% showing a 50% reduction (P<0.05) in viable pollen which has been restored in

AtNRT2.6:GFP transformant with 60% viable pollen (Figure 4.2).

Figure 4. 1 Light micrographs of 0.5 mm thick chemically fixed pollen at bi-cellular and tri-
cellular stage

A. WT, B,C Atnrt2.6 T-DNA mutant, D. AtNRT2.6:GFP transformant line. Images B and C
shows collapsed / distorted pollen in T-DNA mutant.(white arrow) Magnification 63X (bc-

bicellular pollen n-nucleus, v-vacuole, tp- tapetum)
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