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GENERAL INTRODUCTION

Each year, cereal crops such as wheat, rice, maize and barley are cultivated
and harvested to serve as staple foods that contain calories, dietary fibre, vitamins
and minerals in the diets of over 70% of the world population. Wheat is among
the most cultivated cereal crops. The major wheat production areas include the
Mediterranean production areas of the Middle East (Fertile Crescent Region),
Europe, North America, Asia (India and China) and Australia (Fig. G.1). Wheat
cultivation involves considerable application of nitrogenous fertilisers to the
plants in order to maximise yield. Annually, the global nitrogen (N) fertiliser
application in crop production estimates at 85 — 90 mMt; of which 53.3 mMt is
applied to cereals. Nitrogen fertilizer is vital for crops as the plants utilise
nitrogenous compounds (N,O, NO, N, and NH3") to synthesise amino acids
essential for grain development.

Nitrogen is added to soils in the form of inorganic fertiliser and processes
such as precipitation, atmospheric nitrogen fixation (lightning and
thunderstorms), and the activity of soil micro-organisms in root nodules of
leguminous plants. The movements of N out of agricultural soils is by gaseous
losses (volatilisation) to atmosphere, leaching from topsoil and uptake in crop
plants for growth and physiological development (conversion of N to biomass).
Concerns over excess NH3" on the atmosphere and climate, environmental impact

of excess nitrogenous fertilisers in croplands and the damaging effects in aquatic



ecosystems have highlighted the need for the introduction of more N-efficient
crop varieties into cropping systems.

Nitrogen response in plants can be assessed in terms of grain yield per N
supplied per area and in terms of physiological variables including plant height,
biomass, chlorophyll content, leaf area (Asplund et al. 2016, Barutcular et al.
2016; Elazab et al. 2016; Singh et al. 2016). These traits are controlled by genetic
factors including specific enzymes such as Glutamine synthetase (GS) that affect
N uptake in plants and may determine positive correlation between N-uptake
genes and plant (grain and stem) N content (Habash et al. 2007). Various isoforms
of GS have been shown to catalyse metabolic processes in N uptake and
biosynthetic pathways within cereal crops including hexaploid wheat (Sukanya,
et al. 1994; Singh & Ghosh, 2013; Urriola & Rathore, 2015; Basuchaudhuri,
2016).

Currently, there are few studies of GS in wheat. Glutamine synthetase
studies in related cereal species have, revealed however, crucial links between the
GS enzyme and N- related traits. For example, quantitative trait analysis has
revealed genetic loci for GLN1 cytosolic GS isoform, whose activity relates to
grain production in maize (Hirel et al, 2007; Galais and Hirel 2004) and rice
where there is correlation between cytosolic GS protein content and grain

number/size (Yamaya et al. 2002, Obara et al. 2004).



This current study attempts to decipher the genetic characteristic of GS in
N metabolism principally in hexaploid wheat, but may be applicable to related
cereal crop species and non-related species more generally. The objective of this
study is to characterise the different isoforms of GS enzymes that are actively

involved in nitrogen metabolism in hexaploid wheat.

200 400 600 800 1000

Average regional wheat output (kg/ha)

Fig. G.1 Global map of wheat production (mean percentage of cultivation land x
mean yield in each grid cell) by the University of Minnesota, Institute of
Environment.Source:https://en.wikipedia.org/wiki/International_wheat_producti
on_statistics#/media/File:WheatYield.png.



Specific Aims and Objectives of the Present Study
The main aim of this research project is to identify and characterise genetic
variation within a diverse collection of wheat germplasm for key enzymes linked
with N metabolism in wheat and related cereal species. Moreover, the study will
attempt to address the following research objectives:
¢ |dentity and confirm the genetic loci of GS homologues in hexaploid wheat
genome.
e Characterise sequence diversity among different accessions of wheat
through phylogenetic analysis.
e Develop molecular markers within the GS conserved domain sequences.
e Assess GS expression by quantifying the transcript abundance under high
and low N treatment of wheat plants.
e Evaluate effects of genetic variation on GS activity under high and low N.
The germplasm for this project is sourced from a genetically diverse pool
of wheat, adapted for the growth in the major cultivation zones around the world,

and represent a unique resource for use in this study.



CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1. INTRODUCTION

The effective uptake of mineral nitrogen (N) by crop plants is an important
agronomic target for increased crop yields and sustainable food production.
Central to N nutrition research are several attempts (Masclaux-Daubresse et al.
2008; Castaings et al. 2011; Krapp et al. 2011; Hsu & Tsay, 2013; Avice &
Etienne, 2014; Betti et al. 2014; Gelli et al. 2016) to characterise the N-linked
characteristics of nuclear genes and the enzymes that these genes encode. These
include glutamine synthetase (GS, EC 6.3.1.2), glutamine-2-oxoglutarate
aminotransferase (GOGAT), nitrate transporter genes (NRTs) and ammonium
transporters (AMTSs). These enzymes act as important catalysts in metabolic
reactions that contribute N to support the development of physiological traits in
plants as they progress through the life cycle.

Researchers have observed a number of physiological trait changes in
response to differential N supply in different accessions of crop plants. In
attempts to quantify N uptake and to evaluate genetic and physiological
differences among accessions, researchers conducted tests to evaluate the
response of the different accessions to varied N levels under field and laboratory

conditions (Neilson et al. 2015; Mahjourimajd et al. 2015; Melino et al. 2015,
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Bichi et al. 2016; Mon et al. 2016). Plant responses to N treatment have been
measured in terms of increased grain yield (Kaur et al. 2016; Salo et al. 2016;
Zhen et al. 2016), grain protein content (Gelli et al. 2016; Rial-Lovera et al. 2016;
Taulemesse et al. 2016; Li et al. 2016) and thousand grain weight (Valkama et al.
2013). Both grain protein and grain N content are very important for grain
metabolic activity involving enzymes and storage in the endosperm is a vital
source of N needed for rapid growth after the seed germinates. Grain proteins
such as gliadins and glutenins are responsible for some desired rheological
properties including dough extensibility and elasticity (Shewry & Tatham, 2000;
Kuktaite et al. 2004) for bread making. Increases in thousand-grain weight in
response to N application serve as indicators of the grain biomass and a measure
of the potential flour yield. A major challenge for achieving higher grain protein
content is that under most N regimes, varieties that produced higher grain yield
simultaneously vyield relatively low grain protein (Clarke et al. 1990; Peltonen-
Sainio et al. 2012). Increasing N application can increase grain protein content
(Kienzler et al. 2011; Kaur et al. 2016; Liu et al. 2016; Otie et al. 2016). However,
the N increase may not positively affect the nitrogen use efficiency (NUE) in
specific genotypes that lack the capacity to; absorb ammonium compounds and
nitrates from the available N, store the N for biosynthesis and reduce the amount
of alluvial N loss (Hirel et al. 2007).

The GS enzymes are the primary catalysts for ammonium assimilation in

plants. Two GS enzymes (GS1 and GS2) catalyse the synthesis of glutamate from
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glutamine and ammonia. These enzymes are involved in primary ammonia
assimilation (plastid GS) and ammonium remobilisation (cytosolic) and GS
mediated N metabolism is complemented by the N-related biosynthetic activities
of AMTs and NRTs (Xu et al. 2012; Luo et al. 2013). Many studies of GS genes
have been used to explain N uptake in Arabidopsis thaliana (Li et al. 2016) and
maize (Bailey & Leegood, 2016, Wei et al. 2016). Such studies have confirmed
the sub-cellular localisation of these N-linked enzymes and provided useful
information on how GS genes regulate N uptake in these species. In wheat, there
has been relatively little investigation of GS enzymes and their effects on N
response (Bernard et al. 2009; Wang et al. 2014). It is not clear whether
differences among GS alleles affect gene expression or enzyme activity. It is not
clear how different N regimes affect metabolic activity. Evaluation of the genetic
basis for the effect of N treatment on N metabolism will advance current
understanding of how N treatments might affect the regulation of the GS alleles

in wheat and other cereal crops.
1.1 IMPORTANCE OF NITROGEN IN CROP PRODUCTION

Nitrogen is the most important nutrient for crop plants, as it is a primary
chemical constituent of proteins and nucleic acids, which are required for
sustained growth. The amount of N uptake is crucial to the level of grain proteins
in cereal crops (Valkama et al. 2013; Otie et al. 2016; Tsukaguchi et al. 2016).
The main source of mineral N in agricultural soils is nitrate. Typically, plants

absorb ammonium (the reduced form of nitrate) which is synthesised from nitrate
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by the catalytic action of N-related enzymes (Xu et al. 2012; Thomsen et al. 2014).
Balkos et al. (2010) reported that ammonium tolerant plant species, such as rice,
express GS and have high GS activity.

Due to the important status of N in attaining high yields in crop production,
modern agricultural systems have become increasingly reliant on the use of
commercially produced inorganic N fertilisers to attain the desired high yields.
The advent of the Green Revolution accelerated this process. During the Green
Revolution, commercial scale level of cereal crop production improved from high
inorganic fertiliser inputs. Increased application of inorganic N to rice and wheat
crops was complemented by the breeding and cultivation of semi-dwarf varieties,
which were resistant to root and stem lodging (an agronomic bottleneck that
resulted in large quantities of grain loss). The increased demand for high crop
yields has also contributed to research activities using genetic approaches
targeted at breeding high yielding crops with improved NUE. For instance,
genetic approaches aimed at improving NUE have been used to target yield
improvement in wheat (An et al. 2006; Cormier et al. 2016; Kong et al. 2016).
This also in rice (Shrawat et al. 2008; Araus et al. 2016), maize (Bertin & Gallais,
2000; Hirel et al. 2001; Otie et al. 2016), barley (Bingham et al. 2012; Kindu et
al. 2014) and sorghum (Urriola & Rathore, 2015; Gelli et al. 2016). The genetic
characterisation of crop NUE can contribute to the identification of genetic tools

that are applicable to breeding high-NUE crop varieties and there are some
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agronomic advantages for sustainable crop production (Hirel et al. 2007,
Masclaux-Daubresse et al. 2010).

Generally, cropping systems around the world depend on the use of large
guantities (85 - 90 million tonnes) of inorganic N fertilisers annually (Good et al.
2004; FAO, 2011; Nazir et al. 2016). This has highly significant economic
implications for farmers of field crops such as wheat. In recent years, high crop
yields resulted from increased N fertiliser application in cropping systems
(Bouwman & Goldewijk, 2013; Chen et al. 2014; Grant et al. 2016) and current
estimates predict 100 - 110% increment in global crop production. This will
require a 60% increase (ca. 225 Mt per annum) in global N inputs by the mid-21°
century (Tilman et al. 2011; Fowler et al. 2013; Ladha et al. 2016). However, the
application of large quantities of inorganic N fertilisers have also been
characterised by logistic, energy, economic and environmental challenges, access
and cost issues.

Increased N application has not always yielded the desired objectives due
to unintended side effects. Residual N in soils and water run-off can create acute
ecological risks to soil, air and water systems through pollution (Kondo et al.
2003; Gu et al. 2015). Accumulation and leaching of N in aquatic systems may
cause eutrophication. N accumulation also promotes growth of microbial
populations and disrupt delicate biochemical processes of flora-fauna interactions
in natural systems. Beside the crucial environmental issues, there are sensitive

economic issues with N fertiliser use that have wider implications for food
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production and sustainability of farming systems in the developing world. There
Is a widening gap between developed and developing countries with respect to
the amount of N fertiliser available for crop production (Mueller et al. 2014). The
production of N efficient varieties (crop varieties with the capacity and potential
for increased yields consistent with the level of N applied) may help to address
the economic imbalance in global N distribution and fertiliser application in
farming systems. This will also ease the pressure on natural systems and cycles
impacted by the ground water contamination from excess applied N (Sheldrick,
1987; Vitousek et al. 1997; Novotny et al. 2007).

Selection and breeding programmes have traditionally aided the
development of high yield varieties, but cereal crop breeding is trending towards
the development of varieties with improved NUE, requiring reduced N fertiliser
input (Hirel et al. 2007; Sylvester-Bradley & Kindred, 2009; Butterly et al. 2015;
Gioia et al. 2015; Melino et al. 2015). In addition, the use of new high-throughput
genomic approaches has provided an opportunity to characterise genetic
differences between many of the candidate genes believed to be involved in NUE
(Le Gouis et al. 2000; Presterl et al. 2003; Anbessa et al. 2009; Namai et al. 2009).

Phenotyping or genotyping methods (Dawson et al. 2008; Winfield et al.
2015) can serve as selection tools and phenotypic traits can be selection criteria
(Kaur et al. 2016) which can be effectively utilised to characterise desired
accessions due to the differential responses to different stress inducements. N

research has produced findings that seem to indicate genetic variation in the
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response to varying levels of N treatment (Tian et al 2015; Xu et al. 2016).
Therefore, the future of sustainable N use in cereal crop production may partly
depend on successful breeding programmes. Modern genomic approaches and
molecular breeding strategies can be utilised to take advantage of the existing
genetic variability between accessions towards the main goal of developing
highly N efficient plant cultivars. This will have broad positive implications for
sustainable food production. This review includes some of the latest trends in
NUE research, and follows the N metabolic pathway in wheat and related cereal
crop species. It also examines role of gene expression in relation to N metabolism

and the functional role of N metabolic genes in plant growth and development.

1.2 GLUTAMINE SYNTHASES IN NITROGEN-LINKED
BIOSYNTHESIS AND METABOLIC PATHWAYS

Plants assimilate N via four major transport mechanisms involving
ammonium, nitrate, amino acids and sugars (Xu et al. 2012). In the ammonium
pathway, soil organic N in the form of ammonia or ammonium is absorbed into
primary and lateral roots by ammonium transporters. The ammonium is catalysed
in the GS/GOGAT cycle and transferred into the stem and young leaves for
vegetative growth. In the nitrate transport system, nitrate produced from the
nitrification of ammonium from urea is converted to nitrite by the catalytic action
of nitrate transporters in the roots. The nitrate is transported to stems, young
leaves and developing grains. Nitrate can also be recycled from senescing leaves

(Kong et al. 2016) by the coordinated action of GS1 enzymes. The third transport
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system involves amino acids (aspartic acid, asparagine, glutamic acid and
glutamine) transport from primary and lateral roots to grains principally and to
other developing tissues in the shoot system. Finally, the sugar transport system
Is carries the complex carbohydrates produced from the photo-respiratory activity
of plastid GS genes in leaves to roots and grains. Sugars from senescing leaves
are also mobilised and transferred into the stem, roots stem and developing grains.

Generally, plants exhibit a complex series of biochemical reactions
involving N-linked enzymes including GS (GS1, GS2) and GOGAT (Fd-GOGAT,
NADH-GOGAT). GS enzymes play important biosynthetic roles in the
GS/GOGAT cycle in which ammonium catalysed by GS1 in the cytosol is utilised
in converting glutamate to glutamine. The decomposition of organic material
releases N in the form of nitrate and ammonium in agricultural soils. Nitrate is
reduced to form ammonium. Both ammonium and nitrate assimilation pathways
constitute two important biochemical processes through which N is transferred
from to shoots from the roots. The ammonium taken up by the roots is largely
assimilated in the cytoplasm using the GS-GOGAT metabolic cycle (Miflin &
Habash, 2002; Lea & Miflin, 2003). In this pathway, GS1 catalyses the
assimilation of ammonium in the cytosol and GS2 catalyses the assimilation of
photo-respiratory ammonium in the plastids. Other enzymes involved in N
assimilation include nitrate reductase (NR) that catalyses the reduction of nitrate
to nitrite that is further absorbed into the chloroplasts in leaves. In the stems,

nitrate generally undergoes a two-phase conversion reaction in which nitrate
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reductase converts nitrate to nitrite in the cytoplasm and nitrite reductase (NiR)
catalyses the conversion of the nitrite to ammonium within the plastid. This
catabolic reaction produces ammonium. The ammonium ion is then absorbed into
the GS-GOGAT cycle to produce glutamine and glutamate. Besides ammonium
directly assimilated by AMTs, ammonium generated from the two-step nitrate
catalysis, is utilised in the GS/GOGAT cycle to form amino acids including
asparagine, asparagine synthetase, aspartate, glutamine and glutamate (Prins et al.
2016; Zhou et al. 2016). The GS/GOGAT cycle (Fig. 1) is an integral component
of the biosynthetic processes utilised to incorporate inorganic N into plant tissues
(Xu et al. 2012; Shat et al. 2016). The AMTSs play key roles in making ammonia
available from soil for onward transfer to the amino acid pathway leading to the
shoot system via the GS/GOGAT cycle. In the nitrate transport system, nitrate
may be directly absorbed into primary and lateral roots or transported to the stem,
leaves and grains (Xu et al. 2012; Basuchaudhuri, 2016). When compared to the
shoot organs (leaves, stem grains, inflorescence), roots assimilate relatively high
quantity of N in the form of nitrate (Carvalho et al. 2000). Plants assimilate N via
four major transport mechanisms involving ammonium, nitrate, amino acids and

sugars (Xu et al. 2012).
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GOGAT

Glu
Shoot system Gin

GS2

NH,* from soil organic N and
commercially produced
inorganic N fertilizer

Root system

Fig. 1.1 Schematic representation of the GS/GOGAT cycle shows the catalytic
reactions of GS1 and GS2 enzymes in the cytoplasm and the plastid.
Abbreviations: GIn - glutamine; Glu - glutamate; GOGAT - glutamine-2-
oxoglutarate aminotransferase; GS - glutamine synthetase and NiR - nitrite
reductase.
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1.3 QUANTIFYING NITROGEN USE EFFICIENCY (NUE)

Nitrogen use efficiency is usually considered a ratio of nitrogen output to
input. The output has been calculated as the total plant N, grain N, biomass or
grain yield and the input has been measured as the total N, soil N or N supplied
from inorganic sources (Masclaux-Daubresse et al. 2010). No single definition of
NUE has been generally accepted. For example, NUE has been explained as total
grain yield produced per unit of applied fertiliser N (Dhugga & Waines, 1989;
Giambalvo et al. 2010; Chen et al. 2013; Kaur et al. 2015; Mahjourimajd et al.
2015). Alternatively, NUE has been defined as biomass produced per unit of
applied fertiliser N (Xu et al. 2012) and in terms of dry matter output versus the
total plant N (Good et al. 2004; McAllister et al. 2012). NUE has also been
categorised into two distinct biological processes as the product of (1). N uptake
efficiency that describes the efficiency of N assimilation from N sources such as
soil or nutrient solution and (2), the N utilisation efficiency that is the
effectiveness of N remobilisation (Kaur et al. 2015). Generally, the central dogma
implicit to NUE definitions currently remain the biological and chemical
processes involved in N uptake efficiency. These biological activities include N
absorption and translocation, N utilisation (assimilation) efficiency, agronomy
efficiency of N inorganic fertiliser usage, physiological use, transport,
remobilisation and remobilisation rate by means of recovery and recycling
(Guohua et al. 2012). For the current study, NUE is defined in a conceptual

framework as the metabolic efficiency (capacity for uptake, assimilation and
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remobilisation) and physiological performance of plants in extracting and
converting N from organic and inorganic sources and retaining for use in source

(root) and sink organs (leaves, stem, ear, inflorescence and grains).

1.4 GENETIC CONTROL OF NITROGEN USE EFFICIENCY

1.4.1 Evidence for Heritable Genetic Variation for NUE Traits

There have been studies using measurements of physiological variables to
quantify NUE. Studies of Arabidopsis (Kant et al. 2008), barley (Kjaer & Jensen,
1995), wheat (Laperch et al. 2006) and maize (Agrama et al. 1999; Bertin &
Gallais 2001; Coque et al. 2006) have yielded vital information on the signaling
aspects of glutamine mechanisms in plants. Among wheat lines however, there
are limitations on investigations to detect genetic variation between different
accessions due to the complexity of the wheat genome (Tanksey & McCouch,
1997) and currently, most studies focus on few accessions (Nigro et al. 2016).
Consequently, it has become necessary to identify and characterise allelic
variations that control or mediate N related metabolic traits. Hirel et al. (2007)
recognised the necessity to design populations derived from exotic strains
adaptable to low N growing conditions. Some studies have investigated the
efficiency of metabolic processes in the N assimilation pathway by determining
flag leaf and grain biomass change in response to high and low N treatments in a
diverse set of wheat accessions (Gaju et al. 2014; Kaur et al. 2015). In this

analysis, the grain yields and shoot biomass of the N-efficient variety was higher
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than that of the N-inefficient variety at maturity stages in the low N treatment and
in the high N treatment. However, genetic mapping of N regulating genes has
largely concentrated on maize and rice (Hirel et al. 2001; Gallais & Hirel, 2004;
Lv et al. 2016).

The genetic mapping of these genes in wheat has been limited (Nowak,
2014; Molnar et al. 2015) and fewer number of wheat accessions have been
studied (Bernard et al. 2008; Kichey et al. 2005) to characterise the metabolically
Important glutamine synthetase gene family. Another limitation is that the wheat
accessions covered in N focused genetic studies are not representative of the wide
diversity observed in wheat accessions cultivated in markedly different
geographical regions. This aspect of NUE research is important as the prospect
of high yield wheat production partly depends on N-efficient high yielding
cultivars that are adaptable to several cultivation ecologies and with adaptation to

local environment and stress factors such as N limitation.
1.4.2 Forward Genetic Studies Involving QTL Mapping

Many studies of GS genes have aimed to clone, characterise and utilise the
genes that control the expression of traits related to NUE among a number of
cereal crop species. Some GS loci have been extensively investigated for NUE in
maize, rice, barley and to lesser extent in wheat. According to Bernard et al.
(2008), the genotypic differences in GS abundance and activity can be exploited
by using quantitative trait loci (QTL) analysis to decipher the role of GS genes in

improving NUE and yield output.
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A QTL is a region of the genome that is associated with variation in a
quantitative trait expressed in the phenotype of the plant. QTL analysis can be
used to confirm that the variation in NUE parameters (grain yield, grain protein
content) can be associated with genetic differences within the DNA sequences.

In order to characterise yield related phenotypes in maize, Hirel et al.
(2001) searched for and identified some QTL on the genetic map. There were
coincidences of QTL for grain yield parameters with the genes encoding cytosolic
GS and associated with GS activity. The study of higher wheat grain N content
was confirmed through QTL mapping to identify correlations between grain
protein content and GS activity (Habash et al. 2007). Quantifying tissue-specific
enzyme activity is an aspect of NUE research in cereal crops that have utilised
the advantages of forward genetics through QTL mapping. The flag leaf has been
of particular interest due to its importance in N assimilation and translocation to
grains during both early and late reproductive development. Undertaking QTL
analysis for flag leaf GS activity in wheat, Habash et al. (2007) associated enzyme
activity with the cytosolic GS1 gene and confirmed that it co-localises witha QTL

for grain N content.
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1.4.3 Candidate Genes and Productivity QTL Collocation

Researchers have studied the GS activity variation and consequently
profiled the expression patterns of GS1 and GS2 genes in a number of plant
species. QTL for GS activity, at the cytosolic GS locus (GLN1) have been
associated with maize grain yield (Hirel et al. 2001, 2007; Galais & Hirel, 2004).
Similarly, GS activity (GS2 and GS1) was positively correlated with wheat grain
yield and stem N concentration (Habash et al. 2007). The investigation of a
number of maize orthologues has shown that there is close homology between
four GS genes (GSI-GRMSM2G050514, GSII-GRMSM2G115646, GOGAT-
GRMSM2G077054, GOG-GRMSM5G813007) as active catalysts within the
ammonium assimilation, glutamine synthesis and other key N metabolic
pathways in maize (Brancourt-Hulmel et al. 2005; Hirel et al. 2005).

The cytosolic GS1 is highly expressed in senescing leaves of wheat
(Bernard et al. 2008). Kichey et al. (2005) reported that, during leaf senescence,
GS1 protein accumulation shifts from phloem companion cells to mesophyll cells.
This change in protein level may be responsible for N remobilisation to apical
meristem and growing tissues. The flag leaf has been of particular interest due to
its importance in N assimilation and translocation to grains during both early and
late reproductive development. Gadaleta et al. (2011) linked plastid GS with grain
protein content on polymorphic regions of the GS2 genes on Chromosome 2A

and 2B of two wheat varieties.
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Some studies demonstrated correlation between GS activity and grain yield
for the GS1 gene in maize (Hirel et al. 2001, 2007; Galais & Hirel, 2004). These
studies confirmed co-localisation of the GS1 protein with QTL linked to some
grain characteristics. For example, some QTL of grain yield and thousand grain
weight were found to co-localise (Gallais & Hirel, 2004) with the GS1 allele
ZmGIn4 (SmGInl.3). In wheat, metabolic activity involving the cytosolic GS1
family and the plastid GS2 isoenzyme was proved to positively correlate with
grain and shoot N content (Habash et al. 2007). In rice, there is a significant
correlation between grain number/size and a grain protein content modulating
locus for cytosolic GS1 protein (Yamaya et al. 2002; Obara et al. 2004). Tabuchi
et al. (2005) suggested that due to the strong effect of GS1 in generating glutamine
during N remobilisation the GS1 protein could be responsible for severe decrease
in grain filling in knockout mutant variants of rice. In a study of rice GS1 gene
was found to co-localise with a QTL for panicle weight and spikelet number
(Obara et al. 2001). In wheat GS1 TaGSe (GS1.3) have been linked to QTL for
increased grain protein content (Gadaleta et al. 2014). Moreover, Habash et al.
(2007) characterised a QTL for leaf enzyme activity that was mapped to TaGSr.
It was demonstrated that the TaGSr locus co-localized with another locus

associated with grain N content.
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1.4.4 Gene Families in Nitrogen Assimilation and Metabolism

Generally, the complex regulatory mechanisms that underlie NUE in plants
are mediated and controlled by specific genes that encode enzymes including,
nitrate transporters (NRTS) nitrate reductases (NRs), nitrite reductases (NiRs) and
ammonium transporters (AMTS) in particular tissues (Le Gouis et al. 2000;
Sonoda et al. 2003). A number of other genes are active in the N metabolic
pathway include nicotinamide adenine dinucleotide hydrate (NADH) dependent
glutamine synthase, glutamine dehydrogenase and transaminases of aspartate
aminotransferases which are the reactants of glutamate synthesis (Lutts et al.
1999).

The glutamine synthetases (GS) are a gene family that play key roles in N
metabolism. Two distinct gene groups within the GS family (Goodall et al. 2013;
Yamaya & Kusano, 2014; Wang et al. 2015) relate to enzymes that control normal
growth and development - GS1 and GS2. Researchers have identified between 3-
5 GS genes in different species and characterised these as members of the
cytosolic group (GS1). Carvalho et al. (2000) identified two functional GS1 types
in Medicago truncatula as MtGSa and MtGSb and labelled the plastid GS as GSr
in an expression analysis using M. truncatula, Glycine max and Zea mays
(Torreira et al. 2014; Masalkar & Roberts, 2015) as the focus species. In addition,
studies of GS genes have explained gene expression, enzyme activity, protein
level differences and ammonia assimilation in cereal crop species, principally

maize. In rice, Tabuchi et al. (2005) identified three isoforms of GS1 (OsGS1.1,
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0OsGS1.2, and OsGS1.3) and there are a number of genes in the GS subfamily that
encode NADH-GOGAT. In addition, Tamura et al. (2011) classified the rice
NADH-glutamate synthases such as OSNADH-GOGAT1 and OsNADH-GOGAT2.
The knockout mutants of these genes have been considerably analysed for
characterisation of GS function in rice (Yamaya & Kusano, 2014).

The nature of tissue expression suggests that only one main GS enzyme
occurs in the plastid (GS2). The abndance of the GS2 enzyme is highest in leaf
mesophyll cells and catalyses ammonia assimilation using the ammonia released
from photorespiration (Yamaya, 2001). For example, studies of barley mutants
have shown that plastid GS2 controls photo-respiratory ammonia assimilation
(Wallsgrove et al. 1987; Reddy et al. 2015).

In wheat, Wang et al. (2015) demonstrated that three subunits of cytosolic
GS isoforms (GS1, GSr1, and GSr2) were detectable during leaf emergence and
maintained active metabolic activity as the plant matured. Moreover, the plastid
GS was abundant in photosynthetic tissues and was associated with increased GS
activity. The characterisation of GS functions in wheat (Bernard et al. 2008)
showed that the GS enzyme catalyses the production of glutamine and GOGAT
functions to produce glutamate towards grain filling. This study showed that the
cytosolic GS1.1 was upregulated during leaf senescence suggesting that the
GS1.1 plays an active role in N remobilisation during this stage of plant
development. The GS isoforms identified in other species have not been

characterised in wheat targeted GS analysis is very limited.

-27-



1.5 GLUTAMINE SYNTHETASE FUNCTIONAL TRAITS AND
SUB-CELLULAR LOCALISATION

The GS enzyme has been one of the key enzymes of plant nutrition research
as it regulates essential biochemical processes in the assimilation of inorganic N
into plant tissues. GS has been identified as a principal enzyme in the biochemical
pathways of N assimilation and remobilisation (Lea & Ford, 1994; Susuki &
Knaff, 2005). The biochemical processes involving two classes of GS enzymes
are essential to the fixation of inorganic N from ammonium sources into
glutamine, amino acids and proteins transferred to tissues (Plett et al. 2016) and
organs (Fig. 1.1). GS2 is the principal isoform associated with NH,* assimilation
for vegetative growth of foliar mesophyll cells. The plastid GS enzyme is known
to be actively involved assimilating ammonium produced in photorespiration
(Pessarakli, 2005; Delgado, 2015; Doring, 2016). The photo-respiratory flux of
ammonium is combined with inorganic N assimilation from sink organs such as
roots and leaves (Novitskaya et al. 2002). These may be key catalysts to the
release of amino acid compounds for protein synthesis and N metabolism (Malek
et al. 1984; Gallais et al. 2006).

In Arabidopsis, three genes encode the cytosolic GS isoenzymes and five
encode GS1 isoforms including GLN1.2 involved in N remobilisation (Berhard
& Matile, 1994, Lothier et al. 2011). In this species, different isoforms of the GS
complex (GS1 and GS2) have been identified (Rochat & Boutin, 1991; Lam et al.

2003). A variable number of GS1 genes in different plant species (Swarbreck et
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al. 2011) encodes the cytosolic isoform. In addition, the GS1 enzyme is encoded
by a unit of five different genes differentially localised and differentially
expressed in separate in the tissues (Guo et al. 2004; Ishiyama et al. 2004; Li et
al. 2006; Dragicevic et al. 2014). GLN1.2 is mostly expressed in leaf parenchyma
and is over-expressed in roots where it is used for N assimilation in optimum
nitrate supply conditions. However, the GS2 proteins are highly expressed in
young leaves of Arabidopsis. A comparative analysis of nucleotide and protein
unit sequences shows that wheat GS sequences can be placed into four GS
groupings (Habash et al. 2007) designated as GS2 (a, b and c¢), GS1 (a, b and ¢),
GSr (1 and 2) and GSe (1 and 2). The GS2, GS1, GSr, and GSe group have been
mapped to four different chromosomal loci (Habash et al. 2007). Phylogenetic
analysis of wheat DNA and proteins sequences of different GS enzymes depict
convergent clustering with GS sequences from maize, rice and barley, however,
these sequences did not cluster with GS sequences from non-cereal species such
as Arabidopsis (Thomsen et al. 2014).

In rice, three GS genes encode cytosolic GS1 isoforms (GS1.1, GS1.2 and
GS1.3) and one gene encodes chloroplastic GS2 in rice. GS1 proteins are encoded
by a small but complex gene family. This includes three rice genes namely GS1.1,
GS1.2 and GS1.3 (Tabuchi et al. 2005). OsGS1.2 plays a principal role in
ammonium assimilation in roots and towards ammonium build-up for stem
elongation (Funayama et al. 2013). In-vivo analysis (Hirel & Gadal, 1980;

Grabowska et al. 2012; Wang et al. 2016) and the use of abundance prediction

-29-



tools have shown that GS1 genes are largely expressed in roots and GS2 in leaves
(Wallsgrove et al. 1987). GS2 predominantly assimilates ammonium in the leaf
tissues during the vegetative growth phase, especially from transient
photorespiratory mechanisms (Wallsgrove et al. 1987; Tobin & Yamaya, 2001).

In hexaploid wheat, multigene families may encode a variety of isoforms
(Xing-Peng-et al. 2011). A family of genetically diverse glutamine synthetase
iIsoenzymes, are localised in the cytosol (GS1) and the chloroplast (GS2) and there
Is evidence suggesting that GS generally exists as multiple isoforms. Similar to
the multiple GS enzymes in Arabidopsis and rice, a set of seven GS enzymes
were identified in wheat (Bernard et al. 2008). In maize, there are five cytosolic
GS enzymes which are integral to N remobilisation (Martin et al. 2006). The GS2
enzyme has been located in the chloroplast or plastid in a number of other species
including Glycine max and Medicago truncatula (Seabra et al. 2010) and plays a
crucial role in photorespiration. Therefore, within plant cells, sites of N-metabolic
activity are the cytosol (cytosolic GS1), and chloroplast. Martin et al. (2006)
identified cytosolic GS as occurring in the vascular bundles of C3 and C, species.
Expression of these isoforms has been found to vary between organs. In wheat
(Cs), cytosolic GS has a reduced occurrence in the leaves compared to roots.
Further GS transcript analysis will highlight the expression patterns within
different tissues and may clarify if sub-cellular localization of the GS enzymes
could be linked to specific metabolic functions of the GS enzymes in a diversity

of species.
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Experimental analysis of GS genes and N metabolism has shown that GS
enzymes play crucial roles in growth, organ development and yield in cereal crop
species. For example, GS has been demonstrated to regulate grain development
and grain filling in rice, maize and wheat (Tabuchi et al. 2005; Martin et al. 2006;
Bernard et al. 2008). GS genes are also involved in vegetative development in
barley and rice (Goodall et al. 2013). In addition to N assimilation, GS is required
for reassimilation of ammonium produced via protein synthesis, protein
formation and photorespiration (Guan & Schjoerring, 2014; Li et al. 2014). The
chloroplast is believed to directly reassimilate ammonium by the action of
chloroplastic GS2 that is a product of photorespiration. For example, studies
involving barley (Hordeum vulgare) mutants lacking plastid GS2 show the loss
of photo-respiratory ammonium (Oliveira et al. 2002). This confirms that
reactions of plastid GS2 are major enzymatic requirements for leaf localised
ammonium reassimilation.

GS isoforms catalyse amino acid reactions for protein synthesis and N
metabolism (Gallais et al. 2006; Canovas et al. 2007). Prior to wheat anthesis the
plants tend to transfer amino acids from leaves towards the developing grains for
the synthesis of grain proteins. Matsumoto et al. (2000) and Xu et al. (2004)
reported that other enzymes contribute to this process. For example, glutamate
oxaloacetate transaminase and glutamate pyruvate transaminase play key roles in

increasing the protein concentration of the endosperm of developing grains.
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The leaf to grain N translocation and remobilisation from the senescing
leaves to the developing grain facilitates the increase in the grain protein
concentration. It has been suggested that the accumulation of proteins (Martre et
al. 2003; Yang et al. 2016; Moore et al. 2016) in the developing grain is regulated
by glutamine based enzymatic activities. In addition, during periods of N
starvation, glutamine and other amino acids are translocated from source organs
such as senesced leaves (Masclaux-Daubresse et al. 2008). Senescence rate and
N remobilisation in the leaf are driven by the N balance between the sources (root)
and sink (leaf) organs (Masclaux et al. 2000). In a study of maize, GDH1 and
GS1.1 gene transcripts were downregulated under high N treatment. Moreover,
studies of maize have revealed crucial metabolic functions for cytosolic GS1.1
during N depleted phases of the life cycle. For example, this enzyme plays a key
role during leaf senescence and periods of significant N deficit by balancing N
levels through remobilisation and amino acid recycling in leaves (Masclaux-
Daubresse et al. 2010; Lothier et al. 2011). This suggests that GDH and GS1.1
may contribute to reduce N remobilisation and that sufficient N supply might
delay N remobilisation by reducing GDH and GS1 gene expression and their
corresponding enzyme activities.

In a study of gene function, Unno et al. (2006) characterised the protein
structure of maize cytosolic GS to explain the functional roles of GS2
polypeptides. Cytosolic GS plays an active role in N assimilation and recycling

and is vital for grain development and biomass accumulation (Bernard & Habash,
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2009). GLN and ASN (amido group of glutamine and aspartate - asparagine)
groups are identified with nitrite to ammonium conversion and the accumulation
of nitrate in the vacuole. Other associated functional traits include the metabolism
of ammonium leading to the production of glutamine and proteins required for
normal growth and reproductive development (Ishiyamma et al. 2003; Tabuchi et
al. 2007). Habash et al. (2007) discovered GS related enzymatic activities
corresponding to QTL for N assimilation, leaf protein and yield characteristics in
wheat.

Another isoform of GS (GS1) has been shown to activate the catalysis of
other distinct and important functions in the N pathway. Chloroplast-localised
GS2 isoforms react with ferredox independent isoenzyme GS needed to absorb
remobilised ammonia in foliar cells and tissues (Masclaux- Daubresse et al. 2010;
Hirel et al. 2011). Studies involving rice have been used to identify QTL
corresponding to leaf protein level, spikelet weight and other grain characteristics
(Obara et al. 2004). Some of these QTL have been associated with efficient grain
filling at maturity (OsGS1) under optimum N regimes (Tabuchi et al. 2005). Hirel
et al. (2001) and Hayashi and Chino (1990) showed that glutamine serves as the
main N transport product in rice. OsGInl.2 transcripts have been shown to
correspond to the sites of ammonium uptake (Sonoda et al. 2003, Tabuchi et al.
2007). In maize GInl.3 and GInl.4 are essential for seed germination (Limami et
al. 2002). These isoforms also regulate ear development and contribute to 1000

grain weight and grain size (Caias et al. 2010). Further, cytosolic GS1 is active
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in assimilating NH,4" in sink organs such as in the prenatal maize tassels, cobs and
husks. There have also been several efforts to characterise the functional roles of
cytosolic GS in regulating ammonium uptake, assimilation and remobilisation in
maize, rice and Arabidopsis. However, the process of N uptake and assimilation

have not been linked specifically to GS allelic variation in hexaploid wheat.
1.6 QUANTITATIVE EXPRESSION OF GS1 AND GS2

To quantify GS expression in real-time, quantitative reverse transcription
polymerase chain reaction (qQRT-PCR) procedures have been used extensively to
test the expression of GS genes in response to supplied inorganic N. For example,
Tian et al. (2014) tested two GS isoforms (TaGSlc; TaGS2a) involved in N
metabolism in two wheat accessions (N-efficient and N-inefficient) with high and
low N uptake efficiency at low N (no N application) and high N (0.3 g N kg-')
treatments. Leaf tissues were sampled at the tillering, jointing, heading and grain
filling stages. The N-efficient genotype produced significantly higher gene
expression and grain N compared to the N-inefficient genotype and it is proposed
that this was related to its higher N remobilisation efficiency. In maize plants
cultivated under contrasting N conditions, showed elevated N use efficiency in
response to high N treatment (Guo et al. 2015). This was believed to be the effect
of the high levels of GS transcripts that were constitutively expressed.

Generally, plastid GS2 is more highly expressed in leaf mesophyll cells
than the cytosolic GS1.1. Recent biochemical, genetic and molecular studies have

highlighted a number of genetically important biosynthetic mechanisms,
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including the high-level of GS2 expression that can be explained as a
consequential ammonium recycling effect (Lea & Forde, 1994; Kozaki & Takeba,
1996; Migge et al. 2000). Bernard et al. (2008) investigated the expression profile
of GS genes in wheat. High levels of GS2 mRNA was detected in mature leaf,
peduncle tissues and photosynthetic glumes, but with roots showing low
expression levels.

A number of studies quantifying NUE variables have utilised constitutive
promoters to evaluate the effect of GS1 overexpression on N assimilation and
physiological development (Oliveira et al. 2002; Fei et al. 2006; Brauer & Shelp,
2010; Urriola & Rathore, 2015; Castro-Rodriguez et al. 2016). Moreover, some
studies that investigated enzyme activity associated elevated GS activity with
overexpression of GS1 genes (Oliveira et al. 2002; Lima et al. 2006a; Thomsen
et al. 2014). In a related experiment involving Lotus corniculatus, N
remobilisation was synthetically induced by overexpression of the GS1 isoform
(Vincent et al. 1997). Transgenic wheat plants overexpressing the GS1 gene have
shown increases in grain number and grain weight per grain (Tian et al. 2014).

Though GS1 overexpression in Nicotiana tabacum was linked with increased
growth and high shoot biomass turnover (Fuentes et al. 2001; Oliveira et al.
2002), the overall effect on grain yield has been neutral or even, negative. It has
been suggested that a number of factors including critical environmental stress
and metabolic imbalances that may downregulate GS1 activity (Thomsen et al.

2014) may cause this inconsistency. According to Bao et al. (2014), imbalance in
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C-N metabolism in plants with GS1.1, GS1.2 overexpression may contribute to
reduced growth rate and reproductive development resulting in reduced grain
yield (Rhodes et al. 1978). Sufficient amounts of N and C skeletons are required
to activate GS protein (Rhodes et al. 1978) and the two elemental tissue
constituents are interactively coordinated in metabolic reactions to offset energy
loss and C-N imbalances under reduced N conditions.

In addition, it has been shown that physiological changes can induce the
expression of certain genes, for example, a study of Brassica napus, species
isolated distinct GS1 genes that exhibited variable expression patterns during leaf
senescence when the plants were cultured under different N treatments (Orsel et
al. 2014). The transgenic plants overexpressing BnGS1.2 produced high biomass
and increased plant height. In a study of rice, Martin, et al. (2006) showed that
the expression of certain isoforms could vary considerably between species. The
same study showed that expression of GS1.1 and GS1.2 mRNA in shoots along
with significant levels of GS1.2 mRNA in roots. In rice, the GS1.1 expression
level is normally high under optimum N conditions. However, the expression
level drops significantly following ammonium application (Ishiyama et al. 2004,
Tabuchi et al. 2007). In wheat, a study of high and low N responsive accessions
was used to demonstrate that the magnitude of TaGS1c gene expression in the N-
efficient genotype (YM18) was significantly higher than that produced from the
N-inefficient (XY6) during reproductive development in both low and high N

treatments (Bernard et al. 2008). It was proposed that this difference in expression
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pattern might contribute significantly to the high N remobilisation efficiency of
the N-efficient genotype.

In direct contrast, the rapid up-regulation of rice GS1.2 gene suggests that
independent regulatory mechanisms may control the expression of rice GS1.1 and
GS1.2 genes in the roots. These regulatory mechanisms appear to be mediated
and driven by the mutation of GS1.1 that reduced or eliminated GS1 function and
this affected the accumulation of metabolites. For example, rice GS1.1 mutants
produced imbalanced metabolite levels (sugars, amino acids) highlighting the
potential effect of GS mutation (Kusano et al. 2011). Unlike GS1.1, GS2
expression was consistent with leaf GS2 levels in other cereal species. In wheat,
expression of GS1.1 was upregulated in response to low ammonium content
(Caputo et al. 2009). However, high ammonium rates specifically induced the
expression of GS1.3 in barley and sorghum (Fuentes, 2001; Habash et al. 2001).
Goodall et al. (2013) demonstrated in barley that there was a direct correlation
between the expression of GS1 with grain protein and GS activity, and this
suggested that GS1 regulation influences GS activity. Contrary to this, Bao et al.
(2014) recently demonstrated that GS1.2 overexpressing plants produce reduced
grain yield and amino acid concentrations in response to low N treatment.

These contrasting findings on GS overexpression are consistent with the
dynamic and fluid nature of the NUE trait, GS gene expression and irregular
results of enzyme activity experiments. Enzyme activity and phenotypic data

from field studies of GS gene expression in response to N treatment does not
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indicate any clear pattern either (Bishop et al. 1976; Smith et al. 1985; Gigova &
Ivanova, 2015). A major flaw of evaluation is that current N treatment
assessments exploring overexpression-yield linkages are unguided by any known
consensus on what levels of N concentration is acceptable as high or low N
treatment. Since different accessions respond differently to N availability, the
current process of determining how gene expression affects yield, measured by
the multiply different N amounts reported in published research, is confounded
and subjective.

In other studies of the GS gene family, researchers confirmed that the
pattern of gene expression in roots and leaves was dependent on the
developmental stage of the plant (Peterman & Goodman, 1991). The above
results reported by Bao et al. (2014) regarding GS1.2 overexpressing plants seem
to contradict studies in transgenic cereal plants that demonstrated that grain yield
and protein content were increased by GS1 overexpression (Temple et al. 1993;
Fuentes et al. 2001). It is clear that further expression analysis is required to
clarify the exact effects and regulatory mechanisms underlying gene expression
in cereal species. It is expected that analysis of gene expression could provide a
clear molecular benchmark for predicting and measuring the N content of nutrient
deficient plants. This could guide the decisions necessary for applying N
fertilisers to optimise grain yield in commercial production systems (Yang et al.
2011). Over-expression analysis of the cytosolic GS1 gene provides a robust

analytical tool for evaluating NUE and understanding the genetic basis of nutrient
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use dynamics in cereal crops. However, due to the complexity and diversity
observed in GS1 alleles, the results of GS1 overexpression analysis in many plant
species so far show considerable inconsistencies in the NUE and yield effect.

To clarify these inconsistencies, a combination of approaches is required to
study GS1 post-transcriptional regulatory factors at gene, transcript and protein
levels (Ortega et al. 2006). For example, tests of wheat accessions demonstrated
that the flag leaf produced high levels of GS2 proteins at anthesis (Tian et al.
2014). However, anthesis triggers several changes in leaf enzyme metabolic
activity because of regulatory changes that alter protein and chlorophyll, and it is
not clear how these changes are mediated by N treatment differences at other
growth stages. It is also not clear how GS1 isoforms and proteins are regulated
during the upsurge in levels of GS2 flag leaf-protein. However, it is possible that
gene and protein regulatory changes will be mediated by post-translational
modifications that alter cellular metabolism (Ghosh & Adams, 2011).

Furthermore, it is critical to investigate the direct effect of elevated GS1.1,
GS2 mRNA transcriptional levels on the expression pattern of other N related
genes that control ammonium assimilation and remobilisation. Studies of GS
expression and enzyme activity seem to suggest that increased GS1 activity
contributes to accelerated vegetative growth (Bernard et al. 2008; Tian et al.
2014). A proposal is that high N uptake (during vegetative growth) and
remobilisation from senescing leaves drive this up-regulation of metabolic

activity. An analysis of physiological plant variables is required to assess
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phenotypic changes that may occur in response to the expression of GS isoforms.
Such analysis would include plant root length, plant height, biomass (root and
shoot dry weight) leaf area and SPAD value of vegetative tissues at specific
growth stages in the life cycle, such as specified in Zadoks scale that is a
standardised quantitative tool for assessment of cereal plant growth
(https://www.agric.wa.gov.au/grains/zadoks-growth-scal). Moreover, GS1 and
GS2 overexpressing plants and wild type plants can be compared in different
growth environments (soil or hydroponics) and N treatments. Some of the yield
components to be measured at the mature stage include seed setting rate
panicles/plant, filled grains/panicle, 1000 grain weight, kernel size and grain

protein content.

1.7 POST-TRANSLATIONAL MODIFICATION OF GS1 AND

GS2
A number of post-translational modification (PTM) mechanisms such as

phosphorylation drive the modification of post-translational regulation GS
proteins. It was observed in the GS protein of M. truncatula (dicotyledonous
species with GS protein almost identical to wheat GS alleles) that the
phosphorylated GS2 interacts with specific proteins that induce selective
proteolysis (Lima, 2006a) that renders the chloroplastic isoform inactive. A
similar inactivation was recorded for the post-translational modification
(adenylation) of the bacteria Escherichia coli GS2 isoform (Liaw et al. 1993).
However, a similar test of soybean GS indicated a lack of GS2 phosphorylation

(Ortega et al. 1999). A further study of bacteria species by Stadtman (2001)
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confirmed that GS proteins undergo adenylation/deadenylation. Finnemann &
Schjoerring (2000) demonstrated that GS1 is post-translationally modified by the
action of 14-3-3 protein in the root nodule of B. napus. Lima et al. (2006b)
improved the understanding of this PTM through studies of M. truncatula that
demonstrated that the phosphorylation of GS1A and GS1B was contrasted to that
of GS2 enzymes, as the phosphorylation of the plastid GS involved the catalytic
reaction of calcium-dependent kinases that were not involved in the
phosphorylation of the cytosolic enzymes. However, despite these advances in
GS PTM studies no conclusive evidence explaining definitely the plant post-
translational regulatory mechanisms that modulate GS enzymes has yet been

published.
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1.8 CHARACTERISATION OF ENZYME ACTIVITY

Throughout the history of crop nutrition research, several studies aimed at
identifying N linked QTL and other NUE variables in crop plants have examined
enzyme activity (Kaiser & Lewis 1983; Lea & Miflin 2003; Masalkar & Roberts,
2015). This has become a useful benchmark for measuring the effect of GS
isoforms in many crop species in terms of N uptake, assimilation and
remobilisation (Silveira et al. 2003; Wang et al. 2006; Grabowska et al. 2012).
The metabolic activity of important N-related enzymes is essential for N
assimilation including the Asparagine synthetase family (AspAT-
GRMSM2G400604, AlaAT-GRMSM2G088028) and NRT group (NRT2.1
GRMSM2G010280, NRT2.2-GRMSM2G010251, NRT2.5-GRMSM2G455124,
NRT-3.1A GRMSM2G179294). Additionally, the metabolic activity involving
nicotinamide adenine dinucleotide hydrate (NADH) dependent glutamine
synthase, glutamine dehydrogenase and transaminases of aspartate
aminotransferases are the important for glutamate synthesis (Lutts et al. 1999; ).

A critical aspect of NUE research is to enquire how GS enzyme activity
contributes to increased or reduced N assimilation. Another important focus of
GS activity analysis is to characterise the N-induced rate of metabolic activity in
the tissues at particular growth and time points between vegetative growth and
maturity. This will inform decisions on N-fertiliser application at specific growth
stages of plants. A variety of laboratory techniques and strategies have been used

to quantify GS activity in plant tissues with the objective of identifying GS
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isoforms and determining GS function in particular tissues (Bernard & Gadal,
1982; Avila-Ospina et al. 2015; Wang et al. 2015; Guan et al. 2016). Some of the
strategies have used tissue assays to characterise GS structural units and grain
protein (Nigro et al. 2016), subcellular localisation (Taira et al. 2004; Chao et al.
2016) and potential function linked to N assimilation (Guan et al. 2016; Plett et
al. 2016). A notable approach to evaluating GS activity has been the use of tissue
analysis to measure the level of absorbance of GS isoform reaction with y-
glutamyl monohydroxamate used as the standard (Rhodes et al. 1975; Fraser &
Ridley, 1984). There have been useful insights in studying GS activity with
respect to phenotyping physiological responsiveness of accessions to stress such
as drought and salinity. For example, studies of drought in maize by Li et al.
(2016) have shown that level of N remobilisation in the ear was elevated under
post-silking drought and this influenced GS1 and asparagine synthetase activity
in the leaves surrounding the ears. Reguera et al. (2013), demonstrated under
stress conditions cytokinin could increase drought tolerance through induced N
assimilation. Similarly, an investigation into GS activity patterns in salinity stress
induced tobacco transgenic plants suggested that GS activity contributes
significantly to proline accumulation (Brugiere et al. 1999).

The rate of GS2 metabolic activity has been shown to be significantly
higher than GS1 activity, however, the discrepancy in metabolic activity
depreciates with the onset of leaf senescence (McNally et al. 1983; Bernard et al.

2008; Thomsen et al. 2014). Considerable amount of work exists on GS activity
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In other accessions but in wheat accessions, the exact effect of N treatment on
enzyme activity and GS protein content is not clear between cytosolic and plastic
GS isoforms and at high or low metabolic rates. The result of GS activity assays
so far have shown that GS activity varies significantly between wheat accessions
(Tabuchi et al. 2007). Due to this considerable GS activity, variation between
wheat accessions (Tabuchi et al. 2007); additional characteristics of GS activity
can be identified through assays of several different tissue samples across
different organs in diverse accessions. This can be addressed by analysing a larger
set of accessions from genetically diverse backgrounds. Such an approach will be
important for understanding the genetic and molecular processes that link
efficient N metabolism with yield improvement, abiotic stress tolerance and other

agronomic traits of interest for high yield wheat production.
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CHAPTER TWO

GENE IDENTIFICATION, SNP GENOTYPING AND LOCUS
MAPPING OF TaGS1.1 AND TaGS2 CONSERVED DOMAINS

2. ABSTRACT

The conserved domains of two highly expressed glutamine synthase (GS)
isoforms TaGS1.1 and TaGS2 were identified and genotyped using in-silico
sequence analysis tools. Using standard PCR-based amplification protocols, six
GS homologues were isolated and sequenced from a diverse panel of 100
hexaploid wheat accessions (Diversity Panel) that were representative of spring
wheat accessions from widely different genetic backgrounds (ACPFG
unpublished). Consensus alignment of TaGS1 and TaGS2 sequences from
Arabidopsis thaliana, Oryza sativa, Brachypodium dystachion and Zea mays
derived from standard wheat genome databases and subsequent sequencing of the
wheat amplicons, revealed a high level of conservation of TaGS1 and TaGS2
localised to Chr.6 (GS1.1A, GS1.1B, GS1.1D) and Chr.2 (GS2A, GS2B, GS2D)
respectively. Phylogenetic analysis of the reference GS transcripts show a clear
dichotomy of the cytosolic and plastic GS isoforms. Both GS1.1 and GS2
homologues are anchored to the GS1.1A transcript 6AL_5748909 which appear
to be the major ancestral genetic root of the other five GS homologues. SNP
genotyping with unique gene specific markers (developed from the conserved

domains) accurately mapped these homologues to their respective chromosome
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loci within three mapping populations. Principal component analysis
demonstrated a distinct segregation of TaGS1.1 and TaGS2 genes along clearly
defined nitrogen response clusters. This analysis may provide data relevant for

the selective breeding of elite N - efficient spring wheat lines.
2.1 INTRODUCTION

Important physiological processes such as nutrient assimilation and other
traits that regulate plant growth and development are under close genetic control
(Lopes et al. 2006). The conserved domains of these genes constitute important
recurring and inheritable structural units that modulate gene and protein function
in eukaryotic organisms including wheat. Single nucleotide polymorphisms
(SNPs) occur frequently in plant gene sequences (Ching et al. 2002), though
differentially abundant between different genetic clades. The density and genetic
locus of SNPs vary between species largely because of bi-allelic nucleotide
change in the targeted DNA sequences (Deulvot et al. 2010). Conserved domain
SNPs are crucial genetic sign posts that flag the sites of allelic variation, and
amino acid substitution that may confer functional variation in trait linked
characteristics of the genes (Tian et al. 2004; Van Nguyen et al. 2016).
Identification of SNP loci in conserved domains is therefore, an important step
towards genotyping genetically diverse varieties of wheat and towards gene-wide
sequencing and successful molecular characterisation (Causse et al. 1995).

Generally, SNP genotyping is hampered by the quantity of allelic variants

captured (Deulvot et al. 2010). This constraint results from the misalignment of
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gene sequences leading to false SNP identification and pseudo-location of
polymorphic regions. This challenge is compounded in paralogous gene
sequences alignments, which are misread as polymorphic. Erroneous sequence
assemblage and inconsistent alignment may result in ignoring actual SNPs. The
current trend of marker detection is gearing towards high-throughput SNP
genotyping which quicker and simpler than the previously popular microsatellite
marker (Loridon et al. 2005) genotyping approaches and superseded restriction
fragments length polymorphism (RFLP) mapping.

Despite advancement in cloning technology and molecular characterisation
approaches, there is scarcity of molecular tools (Rodriguez-Lazaro et al. 2007)
for breeding high yielding wheat cultivars, especially for NUE targeted molecular
breeding. Currently, there is a need to broaden the scope of genetic research
targeting GS genes and nitrogen use efficiency (NUE). For example, many
published works typically explore just one analytical aspect of GS genes such as
gene expression, protein function characterisation or enzyme activity. The focus
of discussions based on such studies often treat the experimentation of these
experimental units as separate entities which are isolated from each other rather
than inter-related complementary units. In wheat, few studies have targeted the
allelic variation representative of the three wheat genomes (A, B and D). Studies
of maize Glutamine (GLN) mutants have produced vital genetic data on the effect
of knock-out mutation of GLN1.3 and GLN1.4 on grain yield and number (Hirel

et al. 2001; Martin et al. 2006). Hanley et al. (2000) showed that GS1 isogene
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mutants might lose some functionality resulting from sequence insertion events
observable in some of the maize mutants profiled. A study of wild type maize
accessions revealed different cellular localisation of GLN1.2 and GLN1.3
transcripts (Sakakibara et al. 1996). In addition, a GLN1.4 loci for grain yield was
proposed for NUE in maize (Hirel, 2001).

Unlike maize however, molecular tools and gene sequences are not
available for most wheat varieties for sequence comparison, molecular
characterisation and phylogenetic assessment. The large size of the wheat genome
and gene duplication events compound this problem (Scofield et al. 2005).
Crucially, sequences information for the accessions tested in this study has
previously not been isolated for members of the GS gene family. Such gene
sequence information is important in reconstructing the genetic history of the
distinct isoforms within the GS gene complex.

Molecular markers are obviously robust tools for genotyping to detecting
allelic variation. However, due to the lack of information on genetic diversity
among orthologues, phylogenetic analysis can provide the relevant background
information needed to gain an in-depth understanding of the allelic variation
among GS genes. Such analysis is useful for accurately interpreting patterns of
genetic diversity and similarity between multiple alleles. Generally, phylogenetic
analysis also provides the basis for the prediction of the kind of allelic variation
that will possibly emerge in the future (Wheeler, 2000; Sullivan et al. 2012; Lutz

et al. 2016). The combined application of genetic markers and phylogenetic
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assessment is not only useful in profiling genetic relationships (Raina et al. 2001,
Wang et al. 2009; Garcia-Lor, 2013), but also in determining whether specific
accessions are linked by a common ancestral genotype.

A considerable number of articles have been published examining GS
genes in maize, rice and Arabidopsis. However, wheat GS sequence analysis still
very limited and until the complete wheat genome becomes available, efforts to
characterise these genes among wheat accessions will continue with a high degree
of difficulty. In the meantime, conserved domain analysis of TaGS genes will
remain one of the most effective strategies for NUE molecular characterisation.
The sequencing information presented in this study is a novel attempt to
characterise these GS homologues in spring wheat accessions. This study seeks
to clarify the genetic relationships among a diverse set of genetic material
represented by spring wheat varieties and potentially exploit the available genetic
variation for molecular breeding. The varieties investigated constitute a pool of
diverse accessions used in wheat genomic studies and serves as an important
resource for NUE related genomic and physiological analyses. The analysis also
aims to provide useful insights on sequence divergence among accessions, which

can be related to N-linked genes of wheat and closely related species.
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2.2 MATERIALS AND METHODS

2.2.1 Overview of Experimental Activity

Six GS genes (TaGS1.1A, TaGS1.1B, TaGS1.1D, TaGS2A, TaGS2B and
TaGS2D) are collectively representative of the three wheat genomes (A, B and
D). The genes were isolated through sequencing of the genes in nine spring wheat
accessions. Among these wheat accessions were accessions that have been used
as parents of a double haploid mapping populations and recombinant inbred lines.
A total of 25 DNA markers was designed to map the SNP loci identified from
within the conserved regions of the GS genomic sequences. The SNP markers
were mapped to four different mapping populations comprising the double
haploid population (DH) of RAC875 x Kukri, Excalibur x Kukri, Yallaroi x
AUS24152 Janz and recombinant in-bred line population of Gladius x Drysdale.
Sequence analysis of amplicons was also undertaken in the accessions Gladius,
Drysdale, Excalibur, RACS875, Kukri, Espada, Mace and Chinese spring. These
lines were selected from in-house DNA stocks at the Australian Centre for Plant

Functional Genomics (ACPFG, http.//www.acpfg.com.au/index).
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2.2.2 Germplasm Material

The germplasm that was examined comprised 100 wheat accessions with
considerable genetic variation. These spring-wheat accessions were selected for
adaptation to a Mediterranean type climate representing different geographically
and diverse wheat cultivation areas. The list of accessions included Gladius,
Drysdale, Excalibur, RAC875, Kukri, Chinese Spring, Mace, Scout and Espada.
The complete list of varieties is presented in Table 2.1. Some of these varieties
are widely cultivated in South Australia owing to their high yield and improved
levels of resistance and tolerance to boron toxicity, and resistance to black stem
rust and yellow dwarf virus diseases. Gladius for example, is a mid-season
maturing variety that maintains a steady height and grain yield under drought.
Gladius was bred from crosses involving RAC875, Excalibur,
Kukri, Krichauff and a derivative of another wvariety Trident
(http://modraseeds.com.au/pdf/AGT_Gladius.pdf). Another accession Drysdale
is a semi-dwarf variety bred from a cross between Hartog 3 and Quarrion. The
seeds of all the wheat accessions were planted in pots in a controlled chamber
under moderate conditions of nitrogen and soil moisture until the seedling were
4 weeks old. The leaves were harvested and DNA samples were extracted using
the freeze-dried method. These DNA samples were used as the template for

sequencing and developing SNP markers and conduct SNP genotyping.

-51-



Table 2.1 List of 100 wheat accessions included in the Diversity Panel used in
SNP marker assays. Unique accession numbers (AUS) or Diversity Panel codes
(DPG) designates accessions.

Serial Wheat Accession Country Serial Wheat Accession Country
Code Accession Number of Origin Code Accession Number of Origin
1 AUS28080_4 AUS28080 India 51 Granarolo DPG_479 Italy

2 AUS5186_6 AUS5186 Iran 52 S975 A4 Al Unknown Zimbabwe
3 AUS19123_5 AUS19123 Iran 53 Andes 56 AUS1786 Colombia
4 AUS17838_4 AUS17838 Pakistan 54 LW336 Unknown Morocco
5 AUS14828 6 AUS14828 Australia 55 Menflo DPG_704 Chile

6 AUS4885 6 AUS28080 Australia 56 Buck-Atlantico DPG 175 Argentina
7 PBW 343 6 Unknown Unknown 57 Mace AUS36462 USA

8 Opata 85_5 AUS23399 Mexico 58 Gladius AUS167576 | Australia
9 Jupateco 73 4 AUS39225 Mexico 59 Excalibur AUS39210 Australia
10 Inia 66_4 AUS359 Australia 60 Espada AUS36391 | Australia
11 Genaro F81_4 AUS90831 Mexico 61 Merlin AU17148 Germany
12 Ciano79_6 AUS100122 | Mexico 62 Kukri AUS29472 Australia
13 Suzuki_12_6 Unknown Mexico 63 Drysdale AUS30498 Australia
14 Suzuki_3 4 Unknown Mexico 64 Spitfire AUS39574 | Australia
15 Sokoll_4 DPG_863 Mexico 65 RAC875 AUS34632 | Australia
16 Siete Cerros_6 AUS10684 Mexico 66 Halberd AUS11612 | Australia
17 Roelfs F2007_5 DPG_834 Unknown 67 Whyalkatchem AUS30784 | Australia
18 Pitic 62_6 AUS801 Mexico 68 Janz AU39211 Australia
19 Tacupeto_5 AUS29169 Mexico 69 Stylet AUS30405 | Australia
20 Synthetic W7985_5 AUS24280 | Australia 70 Young (AGT) AUS35917 | Australia
21 Suzuki 9_6 Unknown Mexico 71 Scout AUS10681 USA

22 Suzuki 24 4 Unknown Mexico 72 Trident AUS25924 | Australia
23 Suzuki 17_5 Unknown Mexico 73 Yipti AUS30492 | Australia
24 Suzuki 23_4 Unknown Mexico 74 Magenta AUS16501 Italy

25 Yecora 70_6 AUS15920 Mexico 75 Suntop AUS39653 | Australia
26 Vorobey 5 AUS177749 | Mexico 76 Krichauff AUS27203 | Australia
27 Odessa Ex. St. 17413 DPG_743 Syria 77 Wallup AUS39655 | Australia
28 Odessa ES19565 DPG_744 Ethiopia 78 Estoc AUS39492 | Australia
29 Taferstat Unknown France 79 Frame AUS25601 | Australia
30 Thori 212-Var. 8/1 DPG_904 Pakistan 80 Kord CL Plus AUS39552 | Australia
31 Buck-Buck AU20044 Mexico 81 Axe AUS36389 | Australia
32 Frontana 3671 AUS2452 Brazil 82 EGA Gregory AUS34283 | Australia
33 G72300 Unknown Unknown 83 N46 DPG_725 Israel

34 Meira DPG_701 Spain 84 LW335 Unknown Unknown
35 Mocho De Espiga Blanca | AUS39331 Portugal 85 Coppadra DPG_316 Unknown
36 Palestinskaya DPG_758 Palestine 86 M70811G25/N163 Unknown Israel

37 Pamukale DPG_760 Turkey 87 Zilve DPG_975 Turkey
38 U-Man-Syao-Mai DPG_913 China 88 LW337 Unknown Ethiopia
39 Emu AUS17224 Mexico 89 BT2277 Unknown Tunisia
40 Estanzuela Dorado AUS2832 Uruguay 90 LW334 Unknown Turkey
41 LW349 Unknown Unknown 91 117 var. 12/564 Unknown Pakistan
42 Daeraad AUS149 South Africa | 92 N67 M2 Unknown Unknown
43 LW369 Unknown Unknown 93 AUS14810 AUS14810 Australia
44 Bahatane 87 AUS12908 Algeria 94 AUS14681 AUS14681 Australia
45 LW333 Unknown Unknown 95 AUS5190 AUS5190 Australia
46 Academie De Pekin DPG_097 China 96 AUS5207 AUS5207 Australia
47 613 Unknown Egypt 97 AUS28093 AUS28093 Australia
48 Africa Mayo AUS2435 Kenya 98 AUS14616 AUS14616 | Australia
49 H742 AU13492 Afghanistan 99 AUS27832 AUS27832 Australia
50 BT2281 DPG_174 Tunisia 100 Chinese Spring AUS90539 | China
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2.2.3 In-silico Gene Sequence Identification

Reference gene sequences of the GS family were selected for analysis
because of their previously reported links with N uptake, assimilation and
remobilisation in maize and other genetically related species. The reference
sequences used included TaGS1.1A, TaGS1.1B and TaGS1.1D genes on Chr.6
(>Icl|6AL_5820788 reverse complementary; >Icl|6BL_227297 reverse
complementary incomplete sequence at 5°; >Icl|6DL_ 2494823 3419 46201) and
GS2A, GS2B and GS2D genes on Chr.2. (>Icl|2AL_6391136; >Icl|2BL_7944286;
>|cl >2DL_9842556). The genomic sequences, coding DNA sequences (CDS)
and translated protein sequences of these GS transcripts were extracted from the
ACPFG databases.

The characteristics of the genes of interest including conserved domains,
were examined across multiple databases to confirm the accuracy and degree of
genomic and mRNA sequence conservation. Sequence data of genomic DNA of
GS homologues from maize, rice, Brachypodium and barley were retrieved from
in-house ACPFG DNA sequence assemblies. This included RAC875-ACPFG
454 + Solexa Assembly, Kukri -ACPFG 454 Assembly, Excalibur - ACPFG 454
Assembly, Drysdale - ACPFG 454 Solexa Assembly, Gladius - ACPFG 454
Solexa Assembly, Havard TC Rice 19, Havard TC Barley Release 12 and Havard
TC Maize 19. Additionally, other standard databases including the GenBank of

National Center for Biotechnology Information (NCBI) and European
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Bioinformatics Institute (EMBL) were utilised. To resolve quality issues within
each database, there was a search of GS sequences in the databases by using the
contig identifiers or gene codes of the GS transcripts (the sequences are presented
in the Appendix). A review of the sequences and another round of searching the
databases to refine the sequences followed this.

In addition, a number of homologues from diploid grasses were obtained
from Phytosome (https://phytozome.jgi.doe.gov/pz/portal.html). A search of all
genomic and cDNA based wheat databases was used to identify all known
homologous sequences. A comparison of these sequences was aligned with the
gene sequences from reference lines retrieved from “The Arabidopsis
Information Resource” (TAIR-Attps: www.arabidopsis.org). The retrieved
sequences were consolidated through consensus alignment with predicted gene
sequences from wheat (Chinese Spring), maize, rice, barley and sorghum.

The accuracy of the resultant alignment was checked by using the
candidate orthologue sequences and Basic Local Alignment Search Tool (BLAST)
algorithm to search against the species of sequence origin. The results were
carefully checked and the hit sequences (longest homologues with the least
nucleotide mismatches) were downloaded to do multiple sequence alignments
using different programmes MAFFT (www.ebi.ac.uk/Tools/msa/mafft/), Clustal W
(www.ebi.ac.uk/Tools/msa/clustalw2/), and the Geneious  programme
(http://www.geneious.com, Kearse et al. 2012). The sequences were then

consolidated using the Geneious sequence alignment tools. The alignment was
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checked to remove any irregular sequences (sequences wrongly assembled or
interrupted by suspiciously high number of indels and abnormal deletions that
were not consistent with sequences from other databases) and then realigned for
accuracy before designing primers to flank the conserved domains. Based on
sequence comparison, the primers were placed within or flanking the conserved
domains. Primer location was dependent on the variation and position of
conserved domains identified within the gene sequences. Moreover, the primers
were confirmed to be gene specific (conserved domain primers specific to
TaGS1.1 on Chr.6 and TaGS2 on TaChr.2). Purified DNA sample were
sequenced using Sanger sequencing and these sequences were compared with the
reference sequences in a multiple alignment to check if they correctly aligned to

the conserved regions of the reference sequence (Fig. 2.1).
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Ce Dystale 03148 TCCCACTACAAGBCCTRCCTCTTTO0 R TCAR AT CAGTGGCAT CAACGGUGAGETCATEC CUGRACARETGARACACCRUTACAACACABRACATTCC TATTTTCTG TAT TG AGAAT TACTG T TG T TG ACCATGET A ATTAT

(e RACATS 651,18 TCCCACTACARGGCCTGCCTCTTIGC G COTCAACAT CAGTRGCAT CAACGRUGAGETCATEC CORRACAGRTGARACAC CRCTACAAC ACAGRACATT CCTATTTTCTGTAT CT 66 AAAATTACTGTCTRTCTGAC CATGRT ALART TAT

e EpadaGstiB TCCCACTACAAGBCCTGCCTCTTTC RGO A AT CARTRGCATCAACGRUGAGETCATEC COGRACARGTGARACACCRUTACAACACARRACATTCC TATTTTCTG TATCTTGRAAAAT

(e Chinese spring 681 1B TCCCACTACAAGGCCTGCCTCTTIOCCOGCGTCARCAT CARTGGCAT CAACGGLGAGGTCATOCCURGACAGTCARACACCGC TACARCACAGGACATT CCTAT TT TCTGTATCTTo0AAAATTACTGTCTGTCTGACCATGRT ALAATTAT
L Kk 651,18 TCCCACTACAAGGCCTRCCTCTTIOCChGCOTCAACAT CARTROCAT CAACOGUGAGGTCATOCCUREACARTCARACACCG TACAACACAGGACATT COTATTT TCT TATCT TR0 AAAATTACTGTCTE TCTEACCATGRT ALAATTAT
[ Gladius 631,18 TCCCACTACAAGGCCTRCCTCTTTOCCoGUOTCAACAT CARTRGC AT CAACGGLGAGG TCATOLCURRACAGC TCARACACCGC TAC ARCACAGGACATT CC TAT TT TCT G TATCT TG CAAAA T TACTGTCTG TCTGAC CATGRT AGRATTAT

fe Bxcaliow 65118 TCCCACTACAAGGCCTRCCTCTTTACCEECETCAACAT CAGTGRCATCAALGGCGAGGTCATACCCGBACAGETGARACACCGC TACAACACAGGACATTCCTAT TT TCTA TAT CTTRGARAAT TACTGTCTRTCTGAC CATGAT ARAATTATG
e llace GS118 TCCCACTACAAGBCCTGCCTCTTTR oG RTCAACATCARTRGCATCAACGRUGAGGTCATEC CORRACAGRTRARACACCRCTACAACACABEACATTCC TATT TTCTR TATCTTG AR A

Fig. 2.1 Sequence alignment of GS1B wheat conserved domains showing
consensus alignment and the positioning of KASP markers at SNP locus.
Forward-oriented markers are represented by dark green and reverse markers by
light/summer green colour.
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2.2.4 Phylogenetic Analysis of TaGS1 and TaGS2 Homologues

Phylogenetic analysis was used to evaluate and infer the ancestral
relationships between gene sequences of the GS family. A phylogenetic tree was
constructed using the Geneious R9 programme and evaluated to determine if the
extracted reference sequences from different but related species (orthologous
sequences) and predicted DNA sequences share homology and common
phylogenetic history. The analysis also confirmed the accuracy and specificity of
the sequence origin. The evaluation was used as a basis to determine whether
sequence variability within the targeted wheat sample set contained enough

genetic diversity detectable within the conserved domains.
2.2.5 Primer Design and Gene-Genome Specificity Confirmation

GS gene sequences were consolidated using the Geneious R9 alignment
tools and conserved domain primers specific to both A, B and D genomes, and
homologues designed (Fig. 2.1). The genes investigated included; TaGS1.1 (11
kb), TaGS1.1 (5.4 kb), TaGS1.1 (4 kb), TaGS2 (10.6 kb), TaGS2 (10.4 kb) and
TaGS2 (10.7kb). Homologue-specific primers (Appendix Table A2.1 and Table
A2.2) were designed using Geneious R9 and the annealing temperature of each
primer set (sense and anti-sense) was standardised by calculations of the NEB Tm
Calculator (tmcalculator.neb.com). Genome specificity of the desired amplicons

was verified with aneuploid wheat DNA samples.
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The anueploids are accessions resulting from errors in cell division and
chromosome mutation that produces an additional or missing a chromosome
(Law et al. 1987; Griffiths et al. 2000; Endo, 2015). Therefore, the anueploid the
chromosome number is different from the wild type and is unequal to a multiple
of the haploid number for the wild type that particular species. In the Chinese
spring aneuploids has two pairs of chromosomes representing two different
genomes of either A, B or D and lack the third chromosome pair needed to
complete the hexaploid. For example, the nullitetrasomic N2AT2B represents
nullisomic for A (2n-2) and tetrasomic for B or D on chromosome 2. Hexaploid
wheat is resistant to the mutative effects of nullisomy as it exhibits meiosis similar
to a diploid (Plaschke et al. 1996; Griffiths, 2000; Wang et al. 2014). The
tetrasomic pairs compensate for the missing nullisomic chromosome pairs.

The primers used were found to be specific to Chinese Spring aneuploid
lines and were used in standard PCR protocols to generate PCR amplification
products that matched the conserved domains of A, B and D genome-specific GS
genes (Table 2.1 and 2.2). The Chinese spring aneuploid DNA stocks were
assayed along with the reference line Chinese Spring and nine additional lines
listed above (Table 2.1). The variety was Scout added as a parent of an additional

mapping population.
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Table 2.2 Composition of the reaction mix representing six different protocols
(P1, P2, P3, P4, P5 and P6) used to optimize PCR amplification of GS conserved
domains.

P1 | P2 P3 P4 P5 P6
Template DNA 50 (ng/pL) 3.0 |30 3.0 3.0 3.0 3.0
Immolase polymerase (5U/uL) 0.030.03 |0.03 0.03 |0.03 |0.03
dNTPs 1.25 (mM) 16 |16 1.6 1.6 1.6 1.6

Immolase buffer without (MgCl. 10x) | 1.0 |1.0 1.0 1.0 1.0 1.0

MgCl. (50 pM) 05 [08 |1 05 [15 |16
Forward primer each (10 uM) 05 |05 0.5 1.0 0.5 0.4
Reverse primer each (10 pM) 05 |05 0.5 1.0 0.5 0.4
Water 2.87 | 2.57 2.37 1.87 1.87 1.97
Total (L) 10 |10 10 10 10 10

2.2.6 Polymerase Chain Reaction and Optimisation

Gene-specific primers were used in PCR optimisation experiments to
generate the desired amplicons. DNA polymerase Immolase was used for its high
level of specificity of amplification, its capacity to remove primer-dimers and
generally achieving thermo-stability (http://www.bioline.com/au/immolase-dna-
polymerase.html). 0.03 puL of Immolase was used to formulate a 10ul reaction
mix containing template DNA (3.0uL), MgCl, (0.5uL), dNTP (1.6uL), Immolase
Buffer (0.03uL), Forward and Reverse Primers (1.0uL) and Water (2.87uL) as
recommended by  Bioline  (http://www.bioline.com/au/immolase-dna-
polymerase.html). The reaction mix was prepared for thermo-cycling

(Temperature control mode constant at 100°C, incubation at 95°C — 10mins,
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incubation at 94 — 30s, incubation at 60°C — 30s, incubate at 72°C — 60s, cycles
to step 2 for 34 more times, incubate at 72°C — 5min, incubate at 20 — forever).
This protocol operated on MJ Research PTC-200 PCR Peltier Thermal Cycler
60-well PCR machine (www.thermofisher.com/). Amplification issues were
resolved through PCR optimisation. Different primers sets were combined to
amplify short sequence amplicons (0.5 - 1kb) from TaGS1 and TaGS2 homologs.
Primers were used to amplify across longer sequences to generate larger
fragments that were previously not covered with the shorter amplicons.
Different polymerases including reduced stock concentration of the Phusion
High-Fidelity DNA Polymerase (www.thermofisher.com/) were used in different
PCR protocols. In these protocols, the annealing temperature was programmed in
a temperature gradient (55.8°C — 65.0°C). The PCR reaction mix was constituted
by slight variations of the volume of MgCl, (0.5uL, 0.8uL, 1.0uL, 1.5uL and
1.6pL). This altered the final concentration of MgCl, in the reaction mix to
optimise the PCR conditions (Table 2.1). The PCR run produced a high yield of
PCR products that were suitable for purification and sequencing. The PCR
experiments were utilised to isolate TaGS1.1 and TaGS2 amplicons (500 - 1000
bp) from Gladius, Drysdale, Chinese spring, Excalibur, RAC875, Kukri, Mace
and Espada. Several PCR tests were conducted to optimise the amplification
conditions for each primer set corresponding to each of the TaGS1.1 and TaGS2

genes. Agarose gel electrophoresis was used to confirm the size of each conserved
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domain amplicon. The band representing each amplicon was measured with a 1kb
DNA ladder to verify if the band corresponded to the expected amplicon size.

The PCR products were purified using Invitrogen Pure Link Quick PCR
Purification  (https://www.thermofisher.com/order/catalog/product/K310001)
and 3 replicates of each DNA sample were sequenced to produce 3 replicate gene
amplicons which were compared by alignment with the reference sequences for
accuracy. Using the Geneious programme the PCR amplified sequences were
consolidated in a sequence alignment of TaGS1.1A (Chr.6A), TaGS1.1B
(Chr.6B), TaGS1.1D (Chr.6D) and TaGS2A (Chr.2A), TaGS2 (Chr.2B), TaGS2
(Chr.2D). Automated Sanger DNA sequencing involving DNA fragment analysis
and capillary electrophoresis (Mitchelson, 2001; 2007; Kricka & Fortina, 2016)
sequenced sixty amplicons corresponding to the conserved domains of the GS
genes across the selected lines.

Prior to sequencing the DNA, the template is subjected to heat to denature
the double helix DNA into single strands. A primer is then annealed to a single
DNA strand which is fluorescently labelled for easy detection on a gel (Marras et
al. 2002). To build an extended strand, nucleotides are continually added as DNA
polymerase copies the DNA templates and forms an extended strand to the primer
at the 3' end. Automated Sanger sequencing is a chain termination that uses
dideoxynucleotides (ddNTPs) to terminate addition of more nucleotides when
incorporated into a DNA sequence as this process prevents the formation of a

phosphodiester bond between the ddNTPs and further addition of the next
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nucleotide, and therefore causes the chain of DNA to be terminated. After the
attachment of the primer to the DNA, reagents (four dNTPs, ddGTP, ddATP,
ddTTP, ddCTP and DNA polymerase) are added the reaction mix containing four
ddNTPs which are marked with different fluorescent dyes for detection of "G",
"A", "T" and "C" nucleotides at different wavelengths using capillary
electrophoresis. Capillary electrophoresis is a high resolution and high
throughput method that detects fluorescently labelled nucleic acid templates as
they travel on arrays of microcapillaries (Mitchelson, 2001; Greenough et al.
2016). Twenty amplicons corresponding to the conserved domains of six TaGS
genes across the lines were sequenced by using AGRF Sanger sequencing

services (www.agrf.org.au/services/sanger-sequencing).
2.2.7 SNP Marker Assay and Fine Mapping of GS Homologues

A number of KASP (http:www.lgcgroup.com/products/kasp-genotyping-
chemistry/) markers were designed for SNPs that were identified within the
extracted conserved domain sequences of the six GS homologs (TaGS!.14,
TaGSI1.1B, TaGS1.1D, TaGS24, TaGS2B, TaGS2D). These makers were
genotyped and mapped onto three different wheat mapping populations for which
genotype information has been previously assembled in related studies. The goal
of this study was to map all six GS genes in mapping populations for which there
exists considerable genomic characterisation. In all six genes, number of SNP
events including 40 SNP loci on the conserved domains of the TaGS genes was

identified and for these a set of 300 SNP markers were designed using the Kraken
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programme. The markers designed were used to genotype Yallaroi X
AUS24152 Janz, RAC875 x Kukri, Excalibur x Kukri double haploid Gladius x
Drysdale recombinant inbred lines.

To identify the SNP marker, three different primers were designed. These
comprised two allele-specific primers consisting of sense and antisense primers
and a third primer termed the Common primer was positioned to overlap the
targeted SNP. For each marker, the last 3' nucleotide of the two allele-specific
primers was positioned on the SNP being investigated (Fig. 2.1). The Common
primer length and allele-specific primers without the FAM/VIC tag were 21-25
bp and annealing temperature was set at 60°C - 61°C. Allele specific KASP
markers were developed for SNP genotyping of identified polymorphic regions.

The protocol used included DNA (5ng/uL = 2uL), sense primer (24.0uL),
antisense primer (24.0uL), Common (60.0uL) and H,O (92.0uL) added to a final
volume of 200.0uL. DNA was stamped into 384-Black PCR plates on a robotic
Oktopure SNP Line (https://www.youtube.com/watch?v=IQxMZ3U01JQ) and
oven dried at 65°C for 60min. An amount of 2uL of KASP Master Mix was added
to each well and 384-Black PCR plates were sealed with optically clear plate seal
on utilising an LGC Fusion3 Plate Sealer KBS-0007-001
(http://www.lgcgroup.com/products/genotyping-instruments/). This was set on
KASP 61-55 PCR programme that comprised an initialising step: 94.0°C - 15min,
denaturing: 94.0 °C - 20s, annealing 60.0°C - 60s, extension: 94.0°C - 20s cycling

steps: decrease by 0.6 °C every cycle, cycle to step 2 - 9 more times,
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and  final  extension: 55.0°C - 60s on a HydroCyclerl6
(http://www.gcbiotech.com/liguidhandlingautomation?pid=56&sid=116:Hydro
Cycler-16). The discriminant fluorescence data of contrasting alleles was
obtained by spectral measurement of TaGS tissue assays (extracted in phenolic
reagents) using the PHERAstar Plus (BMG Labtech-

www.bmglabtech.com/en/products/.../pherastar-plus-obj-42-742.html).
2.2.8 Marker-based Analysis of Genetic Structure

The Kraken programme (http://www.lgcgroup.com/products) was used to
distinguish the segregation of the accessions. Kraken was utilised with a
barcoding system to generate master DNA layout graphics and to ensure fully
automated tracking of the barcoded plates stamped with DNA on the SNP line.
The Kraken Meridian Interface (Octopure-05) was used to stamp the DNA
samples into the plates and the KBiosciences Dispenser Engine (Merdian) was
used to aspirate and dispense 2.0uL of the KASPA mix (KASP 1X) and 0.028
uL primer mix into each well of the 384-well plates. The Kraken-Pheraster Global
functions (SNP Viewer) was utilised automatically to cluster heterozygous alleles
between two accessions in a mapping population. Consequently, the marker
based genotyping data was segregated into two segregating clusters that
represented the two alleles of the mapping population that was investigated. This
discriminant data set was mapped to the corresponding chromosomal loci using
Map Manager (Manly et al. 2001) was utilised in calculating linkage map

distances for the SNP markers based on single-locus association and interval
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mapping. Subsequently, a genetic linkage map was generated using Map Chart
(2.3 RE Vorrips 2015) - (https://www.wageningenur.nl/en/show/Mapchart-
2.30.htm).

A diversity panel set of 100 wheat accession (Table 1) was genotyped for
25 SNP markers across GS1.1A, GS1.1B, GS2A and GS2B. To evaluate genetic
diversity inherent in the diversity panel, two different approaches were used to
assess the genetic structure: Hierarchical agglomerative clustering (R package
hclust) and Principal component analysis (PCA, R function prcomp). The
Hierarchical agglomerative clustering method was modelled on three different
approaches used to assess the inter-genotype genetic structure (Griffiths et al.
1984; de la VVega et al. 2002; Crossa & Franco, 2004; Team R Core, 2013). This
involved using pairwise dissimilarity measures first calculated all the lines
(Hamming distance or number of inconsistent allele calls). This was then
clustered the lines using two different hierarchical clustering methods (Crossa &
Franco, 2004; Verbyla et al. 2012; Bonneau et al. 2013). The methods were
“Complete” (“the furthest neighbour” method that groups data points by
maximising the distance among the clusters and disregarding the homogeneity
within the clusters), and “Ward” (“minimum variance” method that cluster data
points by minimizing within-cluster variance and maximising between-cluster

variance).
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Principal component analysis and model-based high-dimensional (HD)
clustering (R package HDclassif) were done using data recoded to numeric format
(within marker: recoded to “1” if allele 1 and recoded to “2” if allele 2) and
Imputed with most common allele variant (missing values not allowed in
HDclassif). PCA served to transform and visualise the data points of the
individual lines in a reduced number of dimensions, for example along the first 3
principal components. Subsequently, the cluster assignments obtained with
hierarchical clustering method described above were superimposed on the plot of
the PCA and are presented as hierarchical clustering method (Ward minimum
variance) and hierarchical method (Complete).

Most of the 100 wheat accessions were already covered in a related study
that evaluated the N response of Australian wheat accessions under different N
levels (Mahjourimajd et al. 2016). In that study, a total of five field experiments
was conducted in the 2010 and 2011 growing seasons in South Australia with
three replicates of stratified 18 - 87kgNha™ (with a single urea supply at
planting). N response parameters were measured by Grain yield (kgha™) and
NUE which was quantified as the grain yield per unit of N supplied (kgGYkg™
N). The cluster assignments of 100 accessions in the current study was therefore,
compared with the N response patterns recorded in the previous study. Based on
this comparative assessment, the 100 wheat accessions were classified as C1=

high, C2= low, C3= moderate and C4= variable N responsive (Fig. 12 & 13).
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2.3 RESULTS

The sequence studies identified three chromosomes (Chr.) where GS genes
are located: Chr. 6 (GS1.1), Chr.2 (GS2) and Chr.4 (GS1.4). Sequence analysis
revealed clear diversity between the TaGS1.1 and TaGS2 reference gene
sequences (Fig. 2.2) extracted from standard database archives. A search through
standard gene databases showed considerable variation of the number of GS
genes in different plant species. For example, in the Phytozome database there are
4 GS genes in Sorghum, 5 genes in maize, 4 genes in rice and Brachypodium
dystachyon. A search in the National Center for Biotechnology Information
(NCBI) database, revealed that there are 5 genes; GLN1.1, GLN1.2, GLN1.3,
GLN1.4 and GLNL1.5 in Arabidopsis and one GLN2 gene. Similarly, maize
GLN1.4, the wheat GS1.4 genes are located on Chr.4BS, Chr.4AL and are

considered as homologues (there has been a large translocation onto Chr.4BS).
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Fig. 2.2 Phylogeny of reference GSI./ and GS2 sequences extracted from
standard gene databases. Phylogeny reveals clear dichotomy between the two GS
1soforms across all three wheat genomes.
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There was evidence of gene duplication as was expressed to maize GLN1.2;
there are three wheat GS1.2 alleles also on chromosomes 4BS, 4DS and 4AL. On
Chr. 6, the three alleles are maize GLN2 types: (plastid-targeted) 2AL, 2BL, 2DL..
From the comparison of the sequences with those of Brachypodium CDS, the
genes identified are orthologous to the Brachypodium alleles (Fig. 2.3). A
comparison of GS mRNA sequences was evaluated between species. For
example, in maize it was found that for the GS2 reference transcript
>|cl|2AL_6391136 (reverse complement), the deduced CDS was 90% identical
to >Qi|71362454|gb|DQ124212.1| T. aestivum plastid glutamine synthetase

isoform GS2A mRNA (complete CDS) and a nuclear gene for the plastid product.
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Fig. 2.3 Phylogenetic profile of orthologous GS sequences extracted from
standard gene databases.

In the SNP marker genotyping analysis, four genes in the A and B genomes
(GS1.14, GSI1.1B, GS24, GS2B) were directly mapped to Yallaroi X
AUS24152_Janz population, one to the Gladius x Drysdale mapping population
(GS1.14) and one to the Excalibur x Kukri double haploid (DH) population
(TaGS24). Analysis of in-house genotypic data available for the Yallaroi x

AUS24152 Janz may produce important genetic information linked the SNP data
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of the four GS genes that accurately mapped to genome-specific chromosomes,
for this population. Each gene was specific to the respective genome and those
genes of the A- genome were the longer (GS1.1A- 7981bp: GS2A- 8540bp). There
were 10 exons in TaGS1.1A, 5 exons in TaGS1.1B and 11 exons in TaGS1.1D.
All three GS2 genes consisted of 14 exons. DNA data showed that the TaGS1.1
and TaGS2 conserved domain sequences extracted from the wheat accessions
were genome specific.

The PCR analysis completed with Chinese spring aneuploid lines produced
no amplification of GS1.1D on N6DT6A aneuploid (Fig. 2.4), but showed clear
bands for TaGS1.1A (A-genome specific) anchored to Chr. 6A and GS1.1B (B-
genome specific) on Chr. 6B. Similarly, there was no amplification of the GS1.1D
specific primers on the B-genome specific aneuploid as shown in Fig. 2.4, on
Chr. 6B. While both TaGS1.1A and TaGS1.1B specific primers produced clear
bands that confirmed amplification of the A and B genomes on Chr.6 (TaGS1.1A)
and Chr.2 (TaGS2A, TaGS2B). These results were consistent with the amplicon
verification recorded for all GS1.1 homologues. It was observed however, that all
the TaGS1.1 homologues were amplified in the Chr. 2 localised aneuploid lines
including N2BT2A (A-genome specific), N2BT2D (D-genome specific).
Moreover, Agarose gel electrophoresis of the PCR products of nullisomic TaGS2
aneuploids expectedly showed no amplicons for TaGS2B on N2BT2A and
N2BT2D (Fig. 2.4). Moreover, the sequences from the eight lines revealed a high

level of homology (98% identity) between TaGS2A, TaGS2B and TaGS2D and
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about 70% sequence homology between the TaGS1.1 homologues (Fig. 2.5 &

2.6).
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Fig. 2.4 Gel electrophoresis image showing TaGS1.1 and TaGS2 homologue
specific amplification (green box) of aneuploid tetrasomic lines and specific non-
amplification (yellow box) of nullisomic lines using Chinese spring aneuploid
lines used as control parameters: G - Gladius; E - Excalibur, R - RAC875; CH -

Chinese spring; D - Drysdale; K - Kukri).

-73 -




“]ﬂ Hﬂ 12

GG_G-G-G-G-G CIICCIGEAG

n 0 Ll i
Consensus AGLTATCCACTGAGETGITCTTGT CETTATATATCAGAGGTT
dentiy

Ce 1, Chinese spring 651,14 AGITATICEATTCAGEICIIEITIGCT CEDNTATATATEAGAG CIICECACATIEENIIIIG CETAART G GEC c ATITAGT G G -G-GG-GGIG-G
Ce 2 Gladius GS1.1A AGITATEEATEGA R AGG! GATICCT- IGIGCATTTART G GGIMGE

Ce 3. Drysdale G51.1A
Ce 4. Excallbur G51.1A
e 5 RACBTS GS1.1A

Ce 6. Kukr G51.1A A GG Al CTAACTIGT! ATTTACT
Ce 7. Mate 651,14 GITATCCACTGAGET I TETTGT GETTATATATCA GAGGITGE IG_ DG GETAATTGIT GG G ANDTAGH 6N G -G-GG-GGIG-G
U 8. Espada GS1.1A DTG CETAREIGI GG GATNIATT G GG CEISTC I G CICEAG

£l 15 m 0 m 21
onsensus _GG-GG-GG_G-G-G_GIGG_G-GG_G-GG-GG_GGIGIGG-G AGGICATONTGTAGTARGTG
dentity

¢ 1. Chinese spring 651.1A ICEMIEEEEG GOOEG G ITARG CATEEEA CEAA I C EEEAA GG CAANIARCALGC CETEEA CEATHGC CEUAG CESNEGC CECAC CAEAGECAG G NEATEET CTA CINAAGHC|
e 2. Gladius 651.1A ICCTCCCCGG! GGATEEEAC GECEAA GITG CAAUTATC ARG CETEEAC) GCOREOECCE GICATCOTG |
re 3. Drysdale GS1.14 GATCCTCA
(e 4. Excalibur GS1.1A GATCCCA

GATCCCA

5 RACBTS GS1.1A
Kukii G81.1A G_

&3
&3
&3
e

[
7. Mate GS1.1A {CCTCCCCGG! GGAIIEERAG _GIGG_ GGRIEEAG GGEEEEEGGE! GICATCCTG 16
8. Espada GS1.1A [EETECEEGGEEE G GITATG CATEEEA CEAAGEN C EEEAA GG G AABTAEGATG CETEEACEATEG GEEAG CEEEEE C GE CAGCCAEAGEGAG G EATEET G IAGIAA G G
m K3 = m ) n m m
ANSENSUS _G-G_G_GIG-GIG-G_GG_GGIG_G_GGGG-GIG-GIG-G

dentity

[+ 1. Chinzse spring 651,14 AT G AN C IS ACTNEEA G A AT AN G I G A G I G B I P AT I AR G G SR G G A G AR G N SSNY C CRA G I CE G I G
[+ 2. Gladius GS1.1A CCATTIGECATGECACTCCA GAACCATTTACETET G GAAGTCEACIICTATCT T T T T TTACETT G ACCCAAGGAGTAATTTTT G TFICCET TG ¢ GEEATG I GEEGIGETG
e 3. Diysdale 65114 CCATTTGCCATGCCACTCCAGAACAATTTACCTCTGTGAAGTGCAGTICTATCT TTT T TTACCT T GEACCCAAGGAGTARTTTTT GEEGEGENG
[ 4. Excalibur 651 14 CCATTIGECATGCCACTCCAGAACAATTEACCTICTGEGAAGEGEACTICTATCTT T T T FACCET

[+ 5 RACETS G81.1A CCATTIGECATGECACTCCAGAACAATTTACCTET T GAAGT
[+ 6. Kulri G§1.1A CCATTIGECATGECACTCCA GAAUAAT T TACCTTT T GAAGT
[+ 7. Mace GS1.1A CCATTIGECATCECACTCCAGAACCATTTACETCT T GAAGTCEACTICTATCT T T T T T TACCTT GCACECAAGGACTAATTTTT GG

[+ 8 Espada G118 CCATEIGECATGECACTECA GAAECATTTACETET G GAAGIGEACIICTATET T T T T FACETT G C ACCCAAGGACTAAT T T G TFICCETT: 6 GEEATG I GEEGECETG

£l £l a0 an £ a0 40 40 0 0 41
0nsensus TGOAGUCCACAGGRCATCTTCAAGGACCCG T TCAGGAAGGGCAACAACATCCTTGTAAGTGACCACCCCACTCATGTA -G-G-G_G CAA
dentity

e 1. Chinese spring 681.1A IG-G_GG—GG-G-GG-GGG_G-GIG_G-- - - A AT GITA G EARTATTACE G NG EAA GG
(¢ 2. Gladius GS1.1A GEEEATA G G CEATEITEAAG G| GGEAACAACATCETTG GACEACCCCACICATG, GEACTACTACCG

Ce 3 Drysdale G51.1A
e 4 Excalibur G81.1A
Ce 5 RACETS GS1.1A
Ce 6. Kukri GS1.1A

e 7. Mace G114 GECCACA GGEAACAACATCETTG) GACCACCCCACICATGTACTAATAG GEACTACTACCG

(4 8. Espada GS1.1A IG-G_GG—GG-G-GG-GGG_G-GIG_G_G-G-G—GIG- G,

&0 L) L] £ 40 am &1 o k] L2 =50 580
Cansensus GATCT GEATET G TAC GETETAGT CEACTACTATTET CIEATE G TA G IV G AT CATETA CETET T cETEAACTAC C ACC CAUTAAS G ACEATEATTAA CAGC GCAG
denty
o+ 1. Chinese spring GS1.1A - GANHEEHE G AN G 1A G G ENSNIA G T GISIA G S G AU G ERGAET G A A I PO ST G B A AT G A G G A AR G B G BAEANTAR GHG GG GE
0+ 2 Gladius GS1.1A GATCT: GIFA G GETEITA G I GIEAGEAG AT HEART G TA I GATEEAG
e 3 Drysdalz G511A
0+ 4 Excalibur GS1.1A
0+ 5 RACETS GS1.1A
0+ 6. Kukri GS1.1A
0+ 7 Mace GS1.1A TAGIEGATE GATETAGH
e 8 Espada GS1.1A GAIETGEATET A GGCETETA G ICEAGCEACTATTET CICATE G TA CRT CATECATETA CETETTET CETEAARTAR - AUA CARTARE GAGEATEATTAA GAGGGG

H‘ﬂ ﬂ‘ﬂ 10 14 15‘0 Wl?ﬂ 1

1 o il m m el 20 20}

Cansensts AAUCTCTS CCTATATAARAGCUTSCTAT TS DT TS CACARGAKS DTG AAACATT TS CTTT0TAGG TT TS GAATCS ARCAG
Idntity

/ I i 1 AVTLVIYWW WA W
1,65, Wace4_001 af NERGATGGEDGDAGHRNIGPEGASEACOUGANG EACAS TS OCHToS TACEAS AACCTOTS CCTATATAR RGO U e CTAT To TT TS CAC ARG ARG TTGARACATT TS CT T TCTAG 6 TT TG GAATC AACAS

0 2. Espata G324 -EGIS_EIE-EG-G-EIS-EG-E
L 3. Gladius GS2A ACACATGGETGCACAAATCTTCAGTGACCCCAAG 6 TCACTGCACAAG TG CUAT GG TALCTAGT
Ce 4. Drysdale GS2A ACACATGGETGEATAMATCTTCAGTSACCECAAG GTCACTGCACAASTGEEATGG TAACTAGT!
U 5. RACB75 GS2A ACACATGGETGEATARATCTTCAG TS ACCECARS 6 TCACT G CACAAGTGCTATGS TAACTAG!
U . Chinese Spring 6524 NEATATG GETGEATARATCTTOAS T ACCETANS 6 TOAUT G EATANG TG UATGS TANCTAG!

AACCTCTG CCTATATARANG CCTGCTAT TG T TSCACACE ARG ITG ALACATT TG CTTTTCTAGG TTTG GATCSAATAG

AACCTCTGCCTATATARARGCUTGCTAT TG TTTGCACACG AAG TTGAAACATTTSCTTTTCTAGS TT TG AATCGAACAS

0 m bl ol m El ke k] £l k1l £l kil kol ] “ 4
ASGACTATACTCTS AT CAGA S5 ATSTGAACTG COTCTTSS L5 LOTS A 65 TACCOT S0CECEAG STACTs CATCAAGAGS T TS AT TTACCAG AT ACAR T TAATCTCAGSCTARCT G

Il MMMMI“ “ ml wf““““"‘"“" "w“" mmm ]

0 1,652_Mace_4A_G01.ah1 AGGAG: GGIACCETGGEEEETAS CATCAKGAGGETTGATTTACEAGATS,

D 3, Espada 6324 GG AGTATATTCTG AT G EAGAG GG ATCTC AATTGE BUTETTGE CIG 6 BRTG TTGGAG 6o TAREET: G ERTUTAS CTATTG DATEAN IGG-S-EIE—GG-G
0 3. Gladius 6324 AT CCT6TT

Ce 4. Drysdale GS2A
[« 5 RACAT5 GS2A
U . Chinese Spring G824 AGGAGTATAUTETGATGCEAGKG GEATCIGARCTGA SRTRTTCS BTG6 RTH TTE6AG Go TATEETG GRCTTUAG GTATTS CATEAK IGG-S_SIS—GG-G

MD 42ﬂ 430 Wﬂ 470 4&0 4@0 5DD 510 520 5an i 55ﬂ 550

Cansensus
dentity

Emtx :f nsus ARG AGTAG TAATATTTS I BTG ANATS IEIEGG_EISIE GG ATEAG GG TEATTIGORRG 1 AATATERG TS AR ATAA G RTe EETTTAR: 066 AT NARTO: T AACANARG 66 HGe
I
Mﬂ lhﬂm I “ mumm it Im it Wl mumm ol

e 1. 632_Mace_4A_G01.ab1 IABEGAGTAG! TCCATACTACTGEGLTS TAG

Ce 2. Espada GS2A (ARG AGTAG TANTATTTG T C7G AAATG PTG EAG GG TOEATACTACTG EG LT TAGG ATEAG AUANG TEATTTGCECC T AUATATEL ATC CTCACTATANGG BUTG EETTTATGESG ¢ AATTG AATEAG 116 NATANARGG6 CAGH!
Ce 3. Gladius GS2A
Ce 4. Drysdale GSIA
e 5 RACBT5 GS2A
e 6, Chinese Spring 6524 (AGEGAGTAGTANTATTTG I CTG ARATG TTGEAG GG TEEATARTACTGEGEEG TAGG ATCAG ACAAG TEATTIGGETG TG ACATATCEG ATS CTCACTATAAGGEETG CETTTARGECS G ANTTG ARATEAG TG ¢ KACARACG 66 GAGGE

RACARACG G6GAGE!

Fig. 2.5 Sequence alignment of TaGS1.1A and TaGS2A spring wheat coding
sequences shows high level of homology in the conserved domains.
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B Dhsiale 528 MGTAAGTTGITTGAAGCAGTTTATATATTAS AAATTACTACTOTG AACATT TATETEATC TACCE TCARTG CAATG G ACETCE BTG AR ATAANTTATAC C TTTCACTET T IETG ITAATATTTG

1. RACATS 6528 MG TAAGTTGTTTGAAGCACTTTATATATTAGAAATTACTATTCTGAAGATTTATCTGATGTAGCETCACTGGAATGGAGCTGE LG CCACACAAATTACAGG T TTCACTCT TTTCTG T TAATATTTGT
5. Huki G328 TG TAAGT TG T TTGAAGCACTTTATATATTATAAATTACTATTCTGAAGATT TATCTGATG TAGCETCACTGGAATGGAGCTGG LG CCACACAAATTATAGG T TTCACTCT TTTCTG T TAATAT TTGT

. Espada G518 TG TAAGT TG T TTGAAGCACTTTATATATTACAAAT TACTATTCTGAAGATT TATCTGATGTAGGETGACTG GAATGCAGCTEE CTGCCACACARATTACAGE TTTCACTCTTTICTG
7. Mace G528 TG TAAGT TG T TTGAAGCACTTTATATATTACAAAT TACTAGTCTGAAGATT TATCTGATG TAGGG TG ACTE GAATG G AGC TG CTGCUACACARATTACAGGT TTCACTCTTTTCTG T TAATAT TG

Fig. 2.6 Sequence alignment of TaGS1.1 and TaGS2 spring wheat coding
sequences shows high level of homology in the conserved domains.

The sequence comparison of TaGS1.1 and TaGS2 homologues among the
lines confirmed high level of sequence similarity between lines and the reference
GS sequences. An alignment of the conserved domains of TaGS1.1 and TaGS2
show up to 98% similarity between adjacent exons. There was considerable
homology in TaGS1.1A between Exons 5 and 6, but not TaGS1.1B and TaGS1.1D
(Fig. 2.7). Homology is shared between TaGS2A Exon 2 and TaGS2D Exon 1.
There is also sequence similarity between of TaGS2A Exons 2 with TaGS2D exon
2. A similar level of homology was observed between TaGS2B and TaGS2D

Exon 3 (Fig. 2.8).
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Fig. 2.7 Consensus map of wheat GS1.1 homologue (reference sequences:
(>Icl|6AL_5820788, >Icl|6BL_227297 and >Icl|6DL_2494823 3419 46201)
showing homology of the reference conserved domains (color boxes) and
intervening non-conserved regions arrowed. Similar colour assignments
represent exons of the same gene.
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Fig. 2.8 Consensus map of wheat GS2 homologue (reference sequences:
>|cl|2AL_6391136; >Icl|2BL_7944286 and >Icl>2DL_9842556) showing
homology of the reference conserved domains (color boxes) and intervening non-
conserved regions arrowed. Similar colour assignments represent exons of the
same gene.
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The marker-based SNP genotyping of TaGS1.1 and TaGS2 genes showed
clear bi-allelic variation with 20 of the 300 SNP markers genotyped in the
diversity panel. There was clear and consistent segregation of allelic variants
from the genotyping of two DH populations including RAC875 x Kukri,
Excalibur x Kukri and recombinant inbred line (RIL) for the Gladius x Drysdale
RIL population. The SNP markers specificto TaGS1.14, TaGS1.1B, TaGS2A4 and
TaGS2B were mapped to the expected chromosomal loci. For example, five
GS2A markers including tags2A 42862, tags2A MC or
tags2A_GLD_ek2471392 mapped to Chr2A tags2A 42862, tags2A MC or
tags2A_GLD_ek2471392 at 17.1 ¢cM and 18.1 ¢cM (Fig. 2.9). In addition, three
TaGS2B markers (tags2B_ 574584, tags2B_5bMC and tags2B_Es 2471396)
correctly mapped to the long-arm of Chr. 2B at 134.9 ¢M in the Excalibur x Kukri
DH (Fig. 2.9). The same TaGS2A markers were mapped to Chr.2A in the Yallaroi
x AUS24152 Janz mapping population (Fig. 2.10). Further, one GS1.1A SNP
marker tags1A 13CH (tagslA sn1952823) mapped at 74.1 cm in the Gladius x

Drysdale recombinant inbred line population (Fig. 2.11).
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Fig. 2.9 Linkage map showing the locus of conserved domain GS2A SNP markers
on mapped to Chr. 2Ain  Excalibur x Kukri double haploid populationand GS2B
markers tags2B 574584, tags2B_5bMC and tags2B_Es 2471396 (not shown)
mapped to Chr. 2B. The locus and annotation of KASP markers are is highlighted
in red letters.
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Fig. 2.10 Linkage map showing the locus of conserved domain GS2A SNP
markers tags2A 42862, tags2A_MC (tags2A_GLD_ek2471392) on Chr.2A Janz
x Yallaroi mapping populationand GS1.1A tagslA 13CH (tagslA sn1952823)
gene on Chr.6D in the Excalibur x Kukri double haploid population. The locus
and annotation of KASP markers are is highlighted in red letters.

-79 -



GS1.1A_Chr.6A_192.1cM

—~Awsnp CAPT ch823 wsnp BF291974
- wsnp-CAP12 c166 wsnp_RFL_Cont
T T-wsnp_Ex c7002 1wsnp Ex rep ¢

2156 lwsnp_Ex c20457_ wsnp_Ex_c8510

!
1

4938 &N wsnp_Ex c965_18

561 ~J wsnp_Ex c26147

BT 2 —— wsnp_Ex_c2614

638 —{1—wsnp_BEx_c48789 wsnp_Ex RFL_cont
73.0 ~) |~ wsnp_Ex_Ku_rep_c11

M wsnp Ex Ku c2727 tags1A 13CH
786 -7 ? wsnp_Ex CAP11_c281

=
\
I

797 4 . -wsnp_Ex CAP ¢
881 /| \wsnp_Ex_czdﬂES
102 3 lwsnp_Ex Ku rep chf8 wsnp_Ex c3114

122 2 ~L_ |- wsnp_Ex CAP11_c111
124 3 =7 [~ wsnp_Ex_c1050

1378 ~L1~wsnp_Ex rep cb8
™ wsnp_Ex_c5551

1513 ~L_ |- wsnp_Ex_Ku_c16572
1527 <] [~ wsnp_Ex_Ku_c747

1749~ |~ wsnp_Ex c21633
178.3 ——— wsnp_Ex_c12411
163 .8 wsnp_JD_c1113 1
1862 = ™ wsnp_Ku_c263

Gladius x Drysdale RIL population

Fig. 2.11 Linkage map showing the locus of conserved domain GS1.1A SNP
marker tagslA 13CH (tagslA sn1952823) on Chr. 6A among Gladius x
Drysdale recombinant in-bred lines. The locus and annotation of KASP markers
are is highlighted in red letters.
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Principal component analysis of the diversity panel accessions that the
wheat accessions were clustered per N response and communal breeding
background. The marker-trait linkage assessment of the first three principal
components (PC1, PC2, PC3) of the genetic structure assessment were identified
and presented in colour assignments that indicate cluster assignments from
different methods (refer to Fig. 2.12 & 2.13 titles). Overall, the results of PCA of
KASP data indicate a sub-structure (sub-populations), as most of the variation
(90%) is explained by seven first principal components (Fig. 2.12 & 2.13). The
results of model-based HD clustering indicated that the best model has four
clusters. The classification of the four clusters (C1-high N response, C2-low N
response, C3- moderate N response and C4-variable N response) are presented in
the second principal component (PC2). The cluster groups are consistent with N
response data (recorded in separate experiments) from field trials involving four
different wheat cultivation areas across Australia. The C2 cluster mostly contain
CIMMYT (International Maize and Wheat Improvement Centre) wheat
accessions. The PCA algorithm served to transform and visualize the data points
of the individual lines in a reduced number of dimensions, for example along the
first three principal components, as shown in the cluster assignment of 100

accessions.
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The cluster assignments obtained with hierarchical clustering described
above were superimposed on the plot of PCA and are presented below for method
Complete (Fig. 2.12) and method Ward (Fig. 2.13). The hierarchical
agglomerative clustering analysis revealed four high-level major groupings of
lines, of cluster assignments mostly consistent between the methods “complete”
and “Ward” (minimum variance)”. However, the dendrogram of hierarchical
clustering based on KASP data strongly suggested that there is a lot of sub-
structure (large number of sub-populations) within the major groupings. The
cluster data of PC1 and PC2 in both Ward and Complete models showed 4 sub-
populations which differentially corresponded to results of clearly distinct N
response clusters (high, medium, low and variable) which were reflective of the
observed patterns produced in the study of Australian wheat accessions

undertaken by (Mahjourimajd et al. 2016).
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PCA plot, colour assignments from hclust method = complete
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Fig. 2.12 Cluster assignment of four GS genes (GS1.1A, GS2A, GS2B and GS2D)
linked with contrasting N response in wheat. The plots of the first 3 principal
components of the analysis based are based on KASP marker data. The colour
code indicates the cluster assignments due to hierarchical clustering method
“complete”. Cluster assignments are defined in terms of N response: C1= high,
C2= low, C3=moderate and C4= variable.
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Fig. 2.13 Plots of the first three principal components of the analysis based on
KASP marker data for four GS genes (GSI.14, GSI1.1B, GS24, GS2B). The
colour code indicates the cluster assignments due to hierarchical clustering
method “Ward”. Cluster assignments are defined in terms of N response: C1=

high, C2= low, C3= moderate and C4= variable.
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2.4 DISCUSSION

The phylogenetic assessment of closely related cereal species and
Arabidopsis exposed that the different allelic variants of GS genes are
orthologous and there are multiple gene copies across the three genomes. It is
suspected therefore that, there was extensive genetic divergence from the
ancestral gene pool of these GS isoforms. Gene flow analysis suggests that there
may be additional gene copies in wheat similar to the Arabidopsis genes that arose
after speciation (Xu & Messing, 2006; Rieseberg & Blackman, 2010; Feder et al.
2012). Homology studies of the conserved domains shows also that considerable
genetic differences may be present within intronic regions that may account for
the generally observable structural and possibly functional variation in GS genes.
Consequently, intronic domain polymorphism need not be classified as “junk”
and disregarded in any attempt at GS allele molecular characterisation.
Altogether, 300 KASP markers were targeted at SNPs in the conserved domains
of all the Chr.6 and Chr.2 TaGS gene sequences extracted in vivo.

However, alignment of the gene sequences from TaGS1.1D and TaGS2D
(representing genes from the D genome) showed that the majority of the markers
lacked polymorphism (at SNPs linked to D-genome genes (TaGSI1.I1D and
TaGS2D) for all accessions within the mapping populations investigated. The
absence of polymorphism at the targeted SNP loci in the D genome genes is
attributable to the high level of synteny in the conserved domains. Concatenation

studies of long history genes in rice and Arabidopsis produced equally high level
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of syntheny on chromosomes on Groups 1 and 2 (Salichos & Rokas, 2013). This
Is indicative of the high level of sequence conservation and reduced number of
allelic variation existing at the SNPs of the GS genes. Generally, selective
breeding over a long period is expected to reduce the level of genetic diversity
(Smith & Cooper, 2004) between the GS genes. This may imply that despite a
long history of speciation and genetic divergence from the original hybridisation
of the diploid Aegilops tauschii and tetraploid Triticum turgidum (Jia et al. 2013;
Wang et al. 2014), there is continuing genetic conservation among homologues
of the different GS genes in the hexaploid T. aestivum as has been concluded for
another species. Alternatively, this could be explained because of the increased
selection for desirable accessions. This process effectively reduces genetic
diversity and creates a convergent domestication bottleneck of the wheat species
(Shavrukov et al. 2016).

A crucial finding that emerges from the review of the SNP genotyping
results is the specific mapping of markers to the expected loci on genome-specific
chromosomes within mapping populations. The fine mapping of four (TaGS1.1A,
TaGS1.1B, TaGS2A and TaGS2B) different genes across different mapping
populations make these SNP markers ideal candidates for allelic segregation
across a larger number of wheat populations. This opens the potential of exploring
the markers that map directly or proximately to the GS based SNP markers for
N-linked traits. The variation in the number of GS genes accurately mapped to

the different mapping populations explains the context of allelic variation
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between the parents of the respective populations. Despite differences in the
number of genes accurately mapped, there were observable consistencies when
comparing the bi-allelic cluster patterns of the SNP markers mapped to different
mapping populations (Wang et al. 2014). Such consistent segregation pattern was
obvious between the Gladius x Drysdale and Diversity panel that showed highly
consistent distribution of the segregate accessions (refer to Appendix Fig. A2.1,
A2.2 and A.2.3).

An assessment of the accessions within the diversity panel based on the
comparative N response clusters indicated strong similarity of the accessions
within the clusters. Within KASP dataset assessed, the cluster assignments of
individual lines conformed to clearly distinct genotype groups that originated
from the same breeding programme. The marker-trait and linkage assessment was
effective in distinguishing genetic variance (Leonforte et al. 2013; Gill et al.
1991) within the diversity panel dataset and assess the cluster assignments of
individual lines within the population. Within KASP dataset assess the robustness
of cluster assignment to linkage group was sustained by using two different
clustering methods (Ward and Complete). When comparing cluster assigns
derived from KASP data, it was evident that there was no clear distance-
separation between different clusters (Crossa & Franco, 2004; Verbyla et al.
2012; Bonneau et al. 2013). Secondly, the groupings due to different methods
roughly corresponded between Ward minimum variance method and model-

based HD clustering, while the Complete method tended to conservatively put
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most lines into two major clusters. Finally, in the PCA the first three principal
components combined explained only 18% of the variance. To account for most
of variance, (example, 75% of variance) one need to look at the first 40 principal
components. However, there were clear genetic clusters for the SNP genotyping
based on the TaGS gene based KASP markers.

It was evident that accessions related by pedigree tended to cluster together.
For example, the C2 cluster are generally known to be International Maize and
Wheat Improvement Center (CIMMYT) bred lines, while the C4 cluster were
largely bred as Australian Grain Technologies (AGT) lines. From the field study
of wheat accessions and the response to varied N treatments, undertaken in South
Australia (Mahjourimajd et al. 2016) these accessions are generally identifiable
with clearly contrasting N responses (GY, kg ha™!, harvest at 15 % moisture
content). It appears therefore that, the wheat accessions that originated from a
common breeding background inherited similar genetic marker traits because of
pedigree selection; in this case, SNP-marker based genetic classification that
tended to generate clear patterns consistent with clearly distinct N response

patterns.
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2.6 CONCLUSION

The conserved domain analysis provides evidence of clear genetic and
allelic variation between wheat GS 1.1 and GS2 genes. There is also consistent
sequence similarity between homologues of the two genes. The amplification
tests of aneuploidy lines with genome-specific DNA markers confirmed that the
cytosolic TaGS1.1A, TaGS1.1B and TaGS1.1D were sequentially anchored to
Chr.6A, Chr.6B and Chr.6D. Moreover, the plastid TaGS2A, TaGS2B and
TaGS2D were anchored to Chr.2A, Chr.2B and Chr.2D. This confirms the unique
genome identity of each gene in the GS complex. The linkage-trait analysis
affirmed the presence of sizeable genetic sub-structure within the four major
clusters confirming that the diversity panel lines are genetically quite diverse.

This information will be a useful to identify allelic variation among the GS
genes and can provide the genetic basis for developing molecular tools needed to
annotate potential GS functional diversity within a large wheat genotype set. This
Is expected to contribute to genetic diversity data and molecular information that
could be a reliable reference for breeding N-efficient hexaploid wheat lines.
Analysis of the genotypic data available for the specific mapping populations may
produce information on QTL and possible functional annotation of the SNP loci
of the four GS genes characterised and accurately mapped to genome-specific

chromosomes.
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CHAPTER THREE

FULL-LENGTH GENE SEQUENCING TO CAPTURE
PHYLOGENY AND ALLELIC VARIATION IN WHEAT
GLUTAMINE SYNTHETASES (GS)

3. ABSTRACT

Fourty-eight full-length DNA sequences representing six TaGS1.1 and
TaGS2 alleles identified by sequence comparison with maize and barley
Glutamine synthetase (GS) sequences, were amplified from 8 hexaploid wheat
accessions on an lllumina-MiSeq next generation sequencing platform. The
sequences were consolidated through multiple gene de novo sequence assembly
and alignment with the correspondent genome-specific reference sequences.
Phylogenetic analysis revealed a clear divergence at molecular level between
cytosolic TaGS1.1 and plastid TaGS2 and an even wider genetic divergence
among the plastid GS alleles.

A modelling system based on a translation of the full length TaGS1.1 and
TaGS2 mRNA sequences showed that the dominant amino acid residues in the
active sites were aspartic acid, glutamic acid and arginine (TaGS1.1, TaGS2);
threonine, tyryptophan and leucine (TaGS2). In addition, a comparative
assessment of GS orthologue sequences between the isolated wheat sequences
and other plant species revealed high-level sequence homology between the
wheat and barley GS2 sequences. Kukri GS2B was homologous with Glycine max

GS2.
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The allelic variation among GS genes highlighted in this study will be
crucial in determining whether functional variation exists between the GS alleles
at the molecular level which might be explored further for the potential to enhance

nitrogen use efficiency (NUE) in hexaploid wheat.
3.1 INTRODUCTION

The uptake of N in higher plants is a biosynthetic process controlled by
complex mechanisms that are regulated by a number of gene classes. Cytosolic
glutamine synthetase (GS1) and plastid glutamine synthetase (GS2) are alleles in
the multigene GS family that synthesizes glutamine. The cytosolic GS isoform
(GS1) has largely been associated with root enzyme activity, ammonia
translocation. Conversely, the plastid form (GS2) has been shown to recycle
photo-respiratory ammonia and its activity is regulated by light and N stress
(Habash et al. 2001; Hirel et al. 2001; Avila-Ospinaetal. 2015; Wang et al. 2016).
Generally, metabolic processes directed by GS alleles are finely regulated at the
molecular level. In order to explore the correlation between sequence differences
in functional domains and N metabolism, it is necessary to investigate
biochemical reactions across accessions. Key aspects of N metabolism in plants
may well be better understood by studying the allelic variation at individual loci,
through comparative assessment of molecular functions (Yamaya & Kusano,
2014; Zheng et al. 2015) of the genes (protein domain functions). This may

provide information relating to the genetic control of N metabolism.
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Generally, gene function is a product of the genetic conformation (Seabra
& Carvalho, 2015; Pantoja-Uceda et al. 2016) of molecular constituents at gene
conserved domains (CD). CDs are regions within DNA sequences; RNA or
protein sequences existing across orthologous or paralogous sequences and may
indicate conservation within a gene. Due to the link to N metabolic activity, the
CDs of GS genes could be crucial genetic diversity indicators containing
polymorphic loci in the coding sites fundamental to gene function (Goodall et al.
2013; Gupta et al. 2013; Nigro et al. 2013). Functionally, GS enzymes are known
to catalyse the assimilation of inorganic N in the form of ammonia and
subsequently mediate N remobilisation during reproductive development. The
level and localisation of enzyme activity may be markedly different between
accessions because of post-translational modification (PTMs).

Several PTMs have been shown to significantly alter gene function. Liaw
et al. (1993) demonstrated that adenylation could interrupt the functional roles of
GS genes. A common form of PTM is phosphorylation that may involve (the
addition of phosphate functional groups). Phosphorylation is a key mechanism
for regulating enzyme activity in plants. For example, studies by Finnemann &
Schjoerring (2000) has shown that phosphorylation of GS2 is higher than that of
GS1 and that this pattern is dependent on the age and incidence of leaf senescence.
Based on the evaluation of detailed studies of GS activity and active sites it has
been suggested that a number of GS alleles may actually be altered by post-

translation modifications that change gene biosynthetic functions (Moorhead et
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al. 1999; Riedel et al. 2001; Ortega, et al. 2012). For example, PTM studies of
Medicago truncutula, a species that has 98 % identity to maize GS (GLN), have
shown a high level of variation between GS alleles (Lima et al. 2006).
Additionally, mutations in GS genes have been profiled and sometimes
associated with yield effects in model species like maize (Martin et al. 2006;
Weissmann et al. 2016), wheat (Lan et al. 2013) and rice (Tian et al. 2015) and
Arabidopsis thaliana (Somerville & Ogren, 1980; Guan et al. 2015). GS genes
play a principal role in converting ammonium into amino acids (Lea, 2014).
Therefore, by comparing amino acid variation in different GS alleles, it may be
possible to detect functional changes to GS activity of GS1.1 and GS2 genes and
associate amino acid variation with NUE traits in wheat. Ideally amino acids at
polymorphic regions should be indicators of possible allelic variation connected
to GS function, as they constitute fundamental units (monomers) of proteins and
they contain amine (-NH,) and carboxylic acid (-COOH) functional groups which

determine protein functions.
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Another approach to analyse allelic variation in wheat is through
phylogenetic studies of the various homologues. These can possibly be isolated
across a diverse panel of accessions (Ortega, et al. 2012; Pineda-Hidalgo et al.
2013). Phylogenetic analysis is an effective method to understand differences of
heritable traits such as NUE variables in different accessions. Such analysis can
serve as an effective analytical tool to infer the genetic relatedness of a large
number of genes and accessions by comparing homology and polymorphism in
the sequences. Phylogeny is therefore, generally important for explaining both
the ancestral background homology and genetic distance between different
accessions (Ahn et al. 1993; Bortiri et al. 2002; Benett & Mathews, 2006; Baker
et al. 2011). Orsel et al. 2014 conducted a comprehensive study of cytosolic GS
(GS1) (Fig. 3.1). Cytosolic GS isoforms including BnaGLN1.1, BnaGLN1.2,
BnaGLN1.3, BnaGLN1.4, and BnaGLN1.5 were sequenced and phylogenetically
compared with mRNA contigs from Brassica napus, B Brassica rapa, and B
Brassica oleracea. The comparison revealed high sequence identity with 5 GLN1
sequences from A. thaliana. The phylogeny of the BnaGLN1 sequences clustered
separately into the cereal phylogenetic groups and non-cereal species groups.
That phylogenetic study identified homology (Hampson et al. 2003) of A.
thaliana glutamine synthetase AtGLN1 mRNA in Brassica napus, Brassica rapa,
and Brassica oleracea. The analysis also confirmed that GLN1 mRNA sequences

for wheat, maize, and rice were distinct from and B. napus, B. rapa, and B.
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oleracea showing a clear

dicotyledonous species.
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Fig. 3.1 Cytosolic glutamine synthetase (GS/) phylogenetic clustering
Orsel et al. 2014. Journal of Experimental Botany; 65:3927-3947.
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Despite the availability of polymorphic domain gene function studies in
barley (Goodall et al. 2013), maize (Dell’Acqua et al. 2015; Weissmann et al.
2016) and rice (Funayama et al. 2013; Ishimaru et al. 2013; Yamaya et al. 2014;
Zheng et al. 2015). There is currently very little additional published material
available on full-length GS alleles in wheat (Li et al. 2011). Notwithstanding the
considerably large number of accessions investigated and accuracy of the
information provided on exon and intron profiles, only three genes (plastid
TaGS2-Al, TaGS2-B1 and TaGS2-D1) were examined in Li et al. (2011); the
cytosolic TaGS1 genes were not studied making it difficult to make any
meaningful genetic comparisons between cytosolic and plastid forms of the GS
gene. The current study aims to present a comprehensive assessment of both
cytosolic and plastid GS. This will be important for clarifying the functional roles
and allelic diversity of N metabolism genes (Gupta & Dhugga, 2013; Nigro et al.
2013). This investigation aims to characterise GS allelic variation in a range of

Australian wheat accessions.
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3.2 MATERIALS AND METHODS

3.2.1 Sequence Assembly and Identification of GS Genes

GS reference gene sequences from Hordeum vulgare, S. bicolor, Oryza
sativa and Zea mays were extracted from the standard gene sequence assembly
NCBI (http://www.ncbi.nlm.nih.gov/gene). Full-length sequencing of six GS
genes were based on this information using high throughput sequencing of the
genes in nine selected wheat accessions. The reference sequences for each GS
allele were aligned with corresponding alleles of different species. This was
consolidated across different genomes from different species, with separate
consensus alignments between the homologues of GS1.1 and GS2 genes. The GS
alleles investigated included GS1.1A (>Icl|6AL_5820788 rev.com - 11kb),
GS1.1B  (>lcl|6BL_227297 reverse complementary 5.4kb), GS1.1D
(>Icl|6DL_2494823 - 4kb), GS2A (>Icl|2AL_6391136; - 10.6kb), GS2B
(>Icl|2BL_7944286 -10.4kb) and GS2D (>2DL_9842556-10.7kb). The gene map

of the reference sequences is displayed in Fig. 3.2.
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3.2.2 Primer Design and Gene Sequence Amplification

DNA samples were extracted by phenol method and purified from 8 DNA
samples representative of the 9 wheat accessions (Gladius, Drysdale, Excalibur,
Chinese Spring, RAC875, Kukri, Mace, Scout and Espada). DNA concentration
and purity was checked by Nanodrop on a Thermo Scientific NanoDrop 2000 and
2000c (https://www.thermofisher.com/order/catalog/product/ND-2000) in a ratio
of absorbance 260 - 280 nm. The full-length gene sequences were isolated in
polymerase chain reaction (PCR). The primer pairs used in the PCR, targeted full
coverage of the corresponding gene sequences. Genome-specific primer sets
were designed using the Geneious software package (http://www.geneious.com,
Kearse et al. 2012) and the annealing temperatures standardised by using the New
England BioLabs Tm Calculator (http://tmcalculator.neb.com/#!/). Primers were
designed 100 bp upstream from both 5° and 3’ terminus of the genome specific
GS1.1 and GS2 alleles (Glass & Donaldson, 1995). The primers were used in a
standard PCR experiment to generate amplicons (4 — 10kb) from DNA samples.
The amplicons consisted both exons and introns representative of each gene
across the eight wheat accessions. The fragments representing the GS alleles were
amplified when Immolase polymerase (http://www.bioline.com/au/immolase-
dna-polymerase.html) was used in the PCR reaction mix in the protocol. The
reaction included Immolase polymerase 0.03uL (5U/pL), DNA — 3.0 (50ng/uL),
dNTPs (0.2mM) — 1.6uL, Immolase Buffer — 1.0uL, MgCl, — 0.5uL, Forward

Primer — 0.5puL (10uM), Reverse Primer — 0.5pL (10puM), Water 2.87uL.
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However, when the DNA fragments representing the larger GS alleles could not
be amplified, the PCR protocol was modified to use Phusion taq and the PCR
protocol further optimised. For PCR protocol optimisation, the reaction volume
was altered in a reaction mix of 10uL as follows: DNA - 3.0uL (1.5mM), water
- 1.2uL, Phusion HF Buffer — 2.0uL, DNTPs (0.2mM) — 1.6pL (1.25mM),
forward and reverse primers — 2.0uL, Phusion Polymerase - 0.2uL). Phusion
High-Fidelity DNA Polymerase was used due to the suitability for maximal
success with minimal optimisation, high fidelity (>50 times greater than Taq
polymerase and reduced extension times (10 times faster than Pfu) and high yield
output in terms of increased product yield using minimal amount of enzyme
(Chester & Marshak, 1993; Frey & Suppman, 1995). To verify the molecular size
of each fragment and detect the presence of primer dimers, 3.0uL of SYBR Safe
DNA Gel Stain (https://www.thermofisher.com/order/catalog/product/S33102)
was added to an aliquot (7.0uL) of the PCR product. This product was centrifuged
and run using 1.0% Agarose gel electrophoresis for 80min after which the gel
image was visualised using Bio-Rad Gel Imaging System (http://www.bio-
rad.com/en-au/category/gel-imaging-systems). The optimum conditions (details
of the Phusion-based PCR protocol as described above) for the primer sets were
confirmed to yield the expected amplicon sizes at 60.0°C. This was without
addition of MgCl,.The PCR products were purified with NucleoSpin Gel and

PCR Clean-up kit (Macherey-Nagel, Germany) — Macherey-Nagel Purification
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Kit prior to purification and preparation for sequencing on the Illumina MiSeq

platform MO2262 (Quail et al. 2012).
3.2.3 Next Generation Sequencing with MiSeqg Sequencing Tools

Nextera DNA Sample Preparation Kit (Illumina) was used to generate
multiplexed paired end sequencing library of the wheat accessions
(http://www.illumina.com/products/nextera_dna_library prep_Kkit.html). This kit
applies an engineered transposome to simultaneously fragment and tag the DNA
template and adds a unique adapter to the respective sequence. The adapter is
then employed to amplify the DNA template in a modified PCR reaction that
indexes DNA sequences on both terminuses (Fig. 3.3). There were 3 main steps
prior to sequencing the amplified genes on the Illumina MiSeq M02262:
Tagmentation, Purification and Indexing (refer to Appendix for sequencing cycle
and index data — Fig. A3.1 and Fig. A3.2).

The quantification of each step was prepared as follows: Tagmentation -
TD Buffer = 5.0uL, TD1 = 1.0uL, DNA (2.5ng/uL) = 4.0uL, 10pL total, 55°C
for 5 mins (thermocycler). Purification with Ampure Beads (0.8 x beads to
product) added to 15.0pL water and eluted to 10.0 pL. Indexing: NPM =7.5pL,
PPC = 2.5uL , Index | = 2.5uL, Index Il = 2.5uL, DNA = 10uL, 25.0puL total;
PCR (72°C — 3min, 98°C — 1min, 6 cycles of: 98°C — 10s, 63°C — 30 s, 72°C —
3min. There was another purification of Ampure beads (0.6 x beads to product)
gPCR on Rotorgene (www.giagen.com/Rotor-Gene-Q), water = 3.8uL, Kapa

Sybr Fast = 5.1uL, Forward primer (10uM) = 0.1pL, Reverse primer (10puM) =
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0.1uL, DNA (1/50 dilution) = 1.0uL, 10.0pL total. The final template was loaded
on the MiSeq at 12pM DNA with 10% Phi control library. There were 618 cycles
(% PF: 87.96) and average %Q30 of 66.22% that yielded 15.69Gbp sequence data

(Appendix Fig. A3.1 & Table. A3.1).
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Fig. 3.3 MiSeq flow chart showing A: Nextera XT transposome with adapters is
combined with template DNA, B: Tagmentation to fragment and add adapters
and C: Limited cycle PCR to add sequencing primer sequences and indices.
Source: Nextera DNA Sample Preparation Guide, Illumina, Incorporated (2012).
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3.2.4 Polypeptide Function Detection Using Web-Based Tools

The GS sequences extracted from the eight wheat accessions were
translated into protein sequences using GENCSAN (Burge & Karlin, 1997) and
aligned to compare amino acid substitution. PredictProtein (Rost et al. 2004) was
used to identify the proteins aligned to the complete coding regions of the
sequences. The coding regions were determined by identifying annotated exons
between (start-AUG and stop codons - UGA, UAA, UAG) in the reference
MRNA and aligning them with the exons of the wheat mRNA sequences
translated from the genomic DNA sequences.

To predict gene ontology terms for protein sequences through homology, a
BLAST (Basic Local Alignment Search Tool) query was matched to a given
target against a custom BLAST database containing sequences and GO terms of
previously annotated proteins of Zea mays and M. truncutula. Finally, an
algorithm meta-classifier converts the information into one dataset. If there was
no similar sequence in the alignment search database, there was no prediction
made. In addition to structure modelling, the protein sequences were consolidated
in a cluster alignment. Single nucleotide polymorphism (SNP) loci were
identified and the corresponding amino acids codons specific to the SNPs

between those sequences were annotated.
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3.2.5 Phylogenetic Analysis

For phylogenetic analysis, the alignment algorithm in Geneious 9.0.5
(http://www.geneious.com, Kearse et al. 2012) was utilised. The settings used for
the analysis included alignment type (global with free ends); 65% similarity (5.0
| 4.0); genetic distance mode (Tamura-Nei) and tree building method
(Neighbouring-joining) with no outgoing group. The programme was used to
construct a phylogenetic tree for GS1.1 and GS2 alleles between wheat and alleles
in related species through comparative alignment of the nucleotide sequences.
The interactive distance matrix viewer was used to calculate statistically
significant genetic distances between neighbouring genomic DNA sequences. A
total of 77 sequences comprising 26 sequences from of other plant species, 45
wheat sequences (extracted from 8 accessions) and 6 reference sequences (based
on the multiple alignment of GS1 and GS2 sequences from barley, rice, maize, S.

bicolor and A. thaliana) were used in the phylogenetic analysis.

-104 -


http://www.geneious.com/

3.3 RESULTS AND DISCUSSION

3.3.1 Phylogeny of GS Sequences from Different Plant Species

Phylogenetic analysis is useful to explore natural variation among allelic
variants that control quantitative traits such as NUE variables among cereal crop
species including wheat (Lu et al. 2011; Meihls et al. 2011). The phylogenetic
analysis in the current study included GS1 sequences of 5 species (Brachipodium
distachyon, Zea mays, S. bicolor Hordeum vulgare and Oryza sativa) in addition
to GS2 and GLN sequences from 7 different species (Z. mays, H. vulgare, O.
sativa, S. tuberosum, A. thaliana, B. napus and G. max). The phylogenetic
analysis of 77 sequences of two GS isoforms showed that the GS2 homologues

were divergent genetically from GS1.1 sequences (Fig. 3.4).
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Fig. 3.4 Phylogeny of all TaGS1.1 and TaGS2 genes extracted in-vivo from spring

wheat accessions (coloured) and from additional plant species (black). Genes of
the same genome are similarly coloured.
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Among the GS1.1 sequences of the cereal species of the mean genetic
distance of the wheat GS1.1 sequences were closer to barley GS1.1 (0.13) than to
Brahipodium GS1.1 (0.26), rice GS1.1 (0.27), maize (GLN1.2 — 0.52; GLN1.3 -
0.3; GLN1.4 — 0.29) and sorghum (0.32) showing that barley and wheat were
genetically related to each other than to either Brachipodium or rice. This result
marks the wheat GS1.1 sequences (Fig. 3.5) as being genetically divergent from
the other cereal species cereal species examined (Castro-Rodriguez et al. 2011;
Torreira, 2014), especially as GS1 sequences of barley, maize, rice and B.
distachyon were all anchored to a node on the phylogenetic tree that is shared
with the wheat GS1.1 sequences.

This also suggests that the GS1.1 sequences of wheat, barley,
Brachipodium and rice are orthologous to a common ancestor GS1.1 sequence
(Martin et al. 2006; Chen et al. 2007). Swarbreck et al. (2011) reported that the
genetic relationship between six GS1.1 alleles including the cereal species
investigated in the present study was not clear; however, the current study shows
that the GS1.1 sequences of Brachipodium (0.14) and rice (0.15) and sorghum
(0.16) were evenly distanced from barley. However, the barley GS1.1 sequences
(GS1.3, GS1.2) were situated at a genetic distance of 0.05 on the same node as
was 0.01 to the wheat GS1.1B (Scout, RAC875, Mace, Gladius and Drysdale)
pointing possibly to a history of co-speciation (Gaut & Doebley, 1997; Salse &

Feuillet, 2007).
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Fig. 3.5. Dichotomy of TaGS1.1 genes extracted in-vivo from spring wheat
accessions (coloured) and from additional plant species (black). Genes of the

same genome are similarly coloured.
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The maize GSLN1.4 sequence also diverged into two branches from the
same ancestral root as was S. bicolor (also two branches from the root), though
they were clustered into separate nodes. This is a key finding confirmed by
Swigonova et al. (2004) who studied the genomic progenitors of the two species
and concluded that genetic divergence between maize and S. bicolor occurred
contemporaneously. The finding of Swigonova et al. (2004) is confirmed in this
study, as the maize genetic distance of the maize genotype Mol17(EU369651)
GLN1.4 sequence was found to be the same genetic distance (0.23) as the
sorghum GS1.1 sequence was from the base root.

In addition, the rice GS1.1 (0.12) and Brachipodium GS1.1 (0.13) were
clustered closely and situated at an even distance between barley GS1.1, sorghum
GS1.2 and maize GS1.4 and GLNL1.3. Of the six GS2 genes studied, Kukri GS2B
was the most genetically diverse (Fig. 3.6). This gene shared close sequence
identity to G. max GS2, S. tuberosum GLN and maize GS1.2. Ireland & Lea,
(1998), have reported a similar level of sequence identity. Together with A.
thaliana, the GS from these species were distinctly divergent from the wheat GS.
Overall, all the wheat GS2D alleles (except Kukri GS2D) were clustered
genetically and separately from the genes of the other species (Fig. 3.6). All gene
sequences shared a common ancestral root (Maize B73GS2) suggesting that they
might have originally emerged from duplication of a common ancestor (Gautier

et al. 2000).
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Barley GS2 was clearly divergent from GS2 sequences of G. max, B. napus
and A. thaliana that clustered together with the wheat GS2B sequences. Rice and
sorghum GS2B was separated from the GS2 homologues by a longer genetic
distance across some plant species including maize B73, A. thaliana, B. napus
and G. max (Fig. 3.6). In Fig. 6, the maize B73 GS2 was linked directly to the
base root of the phylogenetic tree and it was located on the node with the shortest
genetic distance (0.17) from the ancestral root from which all the other GS2
sequences (rice GS2B — 0.25; Glycine max — 0.31; Arabidopsis — 0.30; Glycine
max — 0.31; Solanum tuberosum — 0.28) branched. The shorter genetic distance
from the root and common phylogenetic link with maize B73GS2 indicates that
this maize lineage is independent. Some of the wheat GS2 sequences were
clustered next to the barley GS2, four of the wheat GS2 sequences (Kukri GS2D
—0.34; RAC85 GS2B - 0.28; Gladius GS2B - 0.34; Excalibur GS2B - 0.36) were

clustered together in the same node as the barley GS2 sequence (0.32).
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accessions (coloured) and from additional plant species (black). Genes of the
same genome are similarly coloured.
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3.3.2 Polymorphism between Wheat GS Alleles

Generally, there were four distinct phylogenetic clusters covering all the
GS sequences analysed (Cluster 1: wheat GS1.1; Cluster 2: non-wheat GS1.1;
Cluster 3: wheat GS2, and Cluster 4: non-wheat GS2 (Fig. 3.4). The phylogenetic
relationships and genetic location of the GS sequences from different the species
are consistent with divergence of the cytosolic GS1.1 and plastid GS2 isoforms.
Crucially, all the wheat GS alleles representing the A, B and D genomes branched
from an ancestral root shared by the barley GS1.1 gene (Fig. 3.5). The wheat
GS1.1B sequences were closely clustered on a common branch shared by barley
GS1.1. The wheat GS1.1 sequences were closely clustered and separated from the
GS1.1D sequences. The clustering information of the GS among the different
species analysed can be utilised for hierarchical clustering of GS genes and
elucidate genetic variation in different species (Gaur et al. 2012; Buchi et al.
2016). For example, the response to N treatment in specific in different accessions
has been observed in B. napus (Orsel et al. 2014) in which the GLN1 sequences
were regulated according to the orthologous relationship among different
accessions.

Both the Gladius GS1.1A and Drysdale GS1.1A sequences were located the
same node as the wheat GS1.1D sequences. The Gladius GS1.1A and Drysdale
GS1.1A sequences were clustered between Excalibur GS1.1A and Mace GS1.1A
(Fig. 3.5). Phylogenetic differences between GS1.1 and GS2 have not previously

been reported for spring wheat accessions.
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This confirms the evidence of genetic divergence between cytosolic and
plastid GS isoforms reported in maize (Gallais & Hirel, 2004; Martin et al. 2006).
The analysis also shows that there is a close genetic relationship between different
GS isoforms in different species. There were phylogenetic links between the
Brachipodium GS1.1; sorghum GS1.1 and barley GS1.2; B. napus GLN and
Maize AF359511 GS1.2.

The next generation sequencing by MiSeq generated 45 complete full-
length genomic sequences out of 48 GS sequences representing 9 wheat
accessions across 6 GS genes. Generally, there were greater numbers of SNPs in
intronic regions than in the exons. Within the complete genomic DNA sequences
of GS1.1A (Size: 2.2kb, 11 exons) there were 87 SNPs in the introns and 15 at
exons. Gladius, and Drysdale shared a high level of homology in both exon and
intron domains. Excalibur GS1.1A and RAC875 GS1.1A shared identical
homology; the two accessions differed by only 7 SNPS in the introns. Further,
Scout shared close homology with the reference >Icl|6AL_5820788 contig.
Sequences of the A genome (GS1.1A and GS2A) showed more variation among
accessions than genes of other genomes. However, this result may be genotype-
specific as Mace GS2A sequence was diverged from the sequence Mace GS1.1A
at a genetic distance of 0.162. This suggests high sequence homology and fewer
nucleotide substitutions between cytosolic and plastid sequences of the same

genome.
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This according to the present knowledge is the first record of the existence
of sequence similarity of GS genes in these accessions of hexaploid wheat. GS2A
was the most closely clustered when sequences across the accessions were
compared. Among the three GS2 homologues, GS2B was the most divergent
between the wheat accessions analysed, there were GS2B sequences in all three
phylogenetic clusters of GS2 (Fig. 3.6) when compared to the divergence
recorded between the other wheat GS2 alleles (GS2A and GS2B). This result
suggests that the GS2B sequences were clearly genetically different from GS2A
and GS2B. This difference may be due to genome differences between GS2A and
the other GS2 sequences (GS2B and GS2D) during speciation (Hewitt, 2001;
Martin et al. 2006) or a consequence of polyploid ancestry (Buggs et al. 2008;
Paun et al. 2009).

In the GS1.1B sequence (size: 7.5 kb, 11 exons), demonstrated a relatively
fewer number of SNPs (47 in introns and only 8 at exons, which were identified
in the corresponding mMRNA - Fig. 3.7). With the exception of Drysdale, the
accessions shared high level of homology in both exons and introns. Generally,
there were observable SNPs unique to RAC875, Mace and Scout, which
constituted a second GS1.1B haplotype. The GS1.1D allele (size: 4.4 kb, 11

exons) was relatively shorter in length compared to the other GS1.1 sequences.
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Table 3.1 The contig size, exon and number of single nucleotide polymorphism
(SNP) identified in the exons and introns of cytosolic and plastic wheat GS
segiences in hexaploid wheat accessions.

Gene Contig size | No. of Exons | No. of Exon | No. of Intron
(kb) SNP SNP
TaGS1.1A 11 13 65 259
TaGS1.1B 7.5 11 47 8
TaGS1.1D 4.4 11 120 24
TaGS2A 6.2 13 65 13
TaGS2B 11 13 1 3
TaGS2D 9.5 13 5 37

As shown in Table 3.1, a total number of 120 SNPs occurred in introns and
24 in exons of GS1.1D. There was a high level of homology observed between
Gladius and Drysdale particularly between exons 7-11. The two accessions were
markedly identical to each other; however, they appeared to be markedly different
from the other accessions in genomic regions spanning GS1.1D exons 1-6. There
were SNPs observed between Gladius and Drysdale that clearly differentiated
them from Excalibur, RAC875 and Mace.). Conversely, RAC875 and Scout
sequences showed the same SNPs in both introns and exons of GS1.1D. The
GS2A (size: 6.2kb, 13 exons) sequences were very diverse across accessions.
There was a total of 259 SNPs in the introns and 65 in the exons. It was observed
that Chinese spring and Mace shared homology at exons 1- 2. In addition,
Drysdale, Mace and Scout shared homology in exons 3, 4 5, 6 and for Drysdale
and Scout exon 6, 7 and 8. In addition, RAC875 and Scout consisted of identical

SNPs at exons 11-13. GS2B (Size: 11kb, 13 exons).
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There are very few SNPs in this gene (introns - 3; exons-1). Analysis
confirms Exon 10 is missing from all the sequences and this was in agreement
with the reference transcript that does not include exon 10. This GS2D allele
(Size: 9.5kb, 13 exons) was the most conserved among six genes, 37 intron SNPs
and 5 at exons.

The alignment of the protein sequences corresponding to the conserved
domains of the GS genes of the wheat accessions showed that, there was a high
level of amino acid sequence similarity between the wheat accessions. The amino
acids of the GS1.1 and GS2 sequences were isoform-specific and there were
differences among the GS homologues unique to each GS isoform (Fig. 3.7, 3.8,
3.9 & 3.10). This highlighted the differences between GS1.1 and GS2
homologues within the conserved domains. Most of the SNPs observed were
synonymous, but there were 4 non-synonymous amino acid variations in the
DKSFGRDIVDSHYKA sequence (Fig. 3.7, 3.8, 3.9 & 3.10) within the
conserved domain protein of the wheat GS1.1A, GS1.1B and GS1.1D. Fig. 3.7
shows that in TaGS1.1A, there is a change of the amino acid sequence between
Gladius (DKSFGRDIVDAHYKA) and Drysdale, Excalibur, Scout, RAC875 and
Mace (DKSFGRDIVDSHYKA). There was no change in TaGS1.1B in the amino
acid sequence DKSFGRDIVDSHYKA between the wheat accessions (Fig. 3.8).
However, in Fig. 3.9, the alignment of the protein sequences corresponding to the
same conserved domains of TaGS1.1D homologues shows a variation between

the Gladius and Drysdale GS1.1D DKSFGRDIVDAHY KA amino acid sequence
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and the DKSFGRDIVDSHYKA sequence of Scout, Excalibur, RAC875 and
Mace. Among the TaGS2 sequences, there is an amino acid variation only in the
GRSAVPARQPAG sequence. The GRSAVPARQPAG sequence is the same in
TaGS2B and TaGS2D among the wheat sequences except Excalibur that has the
sequence GRSAVPASQPAG in TaGS2A (Fig. 3.10).

Besides highlighting the phylogenetic relationship, the sequence analysis
also generated information on the amino acid substitution within the GS mRNA
sequence sets queried. There were clearly distinct SNP based haplotypes of the
wheat accessions within and among the different GS alleles suggesting clear
patterns of genetic diversity of the wheat GS sequences. The active sites in all
three GS2 genes were anchored to exon 11. Differences exist between Excalibur,
Scout and the other accessions on this exon, which carries a glutamic acid
catalytic residue. The Excalibur GS2A was unique as it carried additional
phosphorylation sites for one threonine residue on Exon 1 and three tyrosine
residues on Exon 7 that were not present in GS2B and GS2D. The greater number
of phosphorylation sites which were present in GS2A might explain the dominant
functional role of GS2A in enzyme activity and metabolism reported in published
studies (Gallais & Hirel, 2004; Martin et al 2006; Li et al. 2011).

As expected, amino acid variation in the mRNA sequences produced
different protein structures between the different accessions sequenced. However,
in the present study there was no experiment directly determining clear functional

variation (with possible implication for NUE quantification) between GS1.1 and
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GS2 alleles, though there were observable structural changes in their respective
sequences. The results revealed clear differences in the modelled protein structure
of the different alleles sequenced, a separate experiment needed to verify if these
differences could result in changes to the primary function of the proteins (ATP-
dependent glutamate-ammonia ligase activity). However, most allelic variation
changes owing to synonymous SNPs may not result in considerable gene

functional change (Zhang et al. 2014).
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3.4 CONCLUSION

Detection of gene sequence homology has been revolutionised with the
use of high throughput statistical tools (Hampson et al. 2003). However, here
have been few studies that have analysed genomic level variation between GS
alleles using full-length sequences of wheat GS and evaluated amino acids of
corresponding GS proteins. GS sequences of the eight spring wheat accessions
examined in this study demonstrated unique haplotypes with a high level of
homology between exons 1-6 of GD1.1D. The phylogenetic analysis
demonstrated that GS1.1 and GS2 are genetically different and highly divergent
between different species and among wheat accessions. However, the short
genetic distance observed between the wheat GS.1.1 sequences and to a lesser
extent between the wheat GS2A and GS2D alleles indicated high-level structural
and functional conservation between the GS1.1 sequences. This study of GS
allelic variation provides an important resource for wheat genome wide
association studies. It can be an important contribution in the characterisation of
NUE in wheat. An approach to quantifying NUE in the wheat accessions will be
to through expression analysis using cDNA templates of the wheat GS
accessions. This will provide a means by which to quantify and potentially

explain observed N response patterns.
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CHAPTER FOUR

REGULATION OF GLUTAMINE SYNTHETASE GENES BY
NITROGEN IN WHEAT

4. ABSTRACT

The expression levels of six different glutamine synthetase (GS)
homeologs was investigated under contrasting N regimes in hydroponic
conditions. In-silico analysis of TaGS1.1 and TaGS2 expression with the novel
tool POTAGE (PopSeq Ordered Triticum aestivum Gene Expression), showed
differential expression of GS genes between wheat leaves and roots. The
POTAGE analysis indicated that the TaGS1.1 homeologs were highly expressed
in roots and the TaGS2 allelic variants were highly expressed in leaf tissues. The
POTAGE results were confirmed in real-time quantitative polymerase chain
reaction (QPCR) using gene specific primers specific to GS1.1 and GS2 genes in
series of tissue samples obtained from Chinese Spring.

There was further analysis using gPCR techniques with different leaf and
root tissue samples extracted from high and low N-treated plants of five
additional wheat accessions. The analysis indicates that TaGS1.1A was down
regulated in response to high N treatment and up regulated under low N in the
young leaf of two wheat accessions (RAC875, Kukri). Also under low N,
TaGS1.1A was up-regulated in the older leaf of three accessions (RACS875,

Gladius, Drysdale) and older roots of two accessions (Gladius, Kukri) and in the
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flag leaf stage roots of two accessions (Drysdale, Excalibur). Under high N,
TaGS2A were up regulated in the flag leaf and down regulated in the roots
harvested at flag leaf stage in RAC875, Excalibur and Drysdale. Similarly, the
TaGS2D of RAC875 was up regulated in the flag leaf and down regulated in the
roots. Generally, the transcript analysis and expression data demonstrated that the
GS expression was genotype-specific and showed that there was no fixed pattern

of gene expression in response to the N treatment.
4.1 INTRODUCTION

A greater proportion of N available (> 90 %) in the soil is in an organic
state. A portion of this elemental N is mineralised into nitrate and ammonium that
are two major sources of available mineral N for plant growth. Crop plants
(Mohammed et al. 2013; Wei et al. 2014) do not take up approximately 60% of
inorganic N added to soils. Because of the in-efficiency in crop N up-take in
plants, there is on-going effort to increase grain yield in wheat and other cereal
crops through enhanced breeding strategies that are targeted at specific
agronomic traits. Some research strategies have focused on characterizing the
physiological traits related to nitrogen use efficiency (NUE) such as grain yield
(Hirel et al. 2007; Sylvester-Bradley & Kindred, 2009; Gaju et al. 2014; Cormier
et al. 2013). For example, the ability of plants to assimilate N efficiently has been
linked with grain yield variables (Purcino et al. 1998). Knowledge of N
assimilation efficiency is crucial to breeding N-efficient accessions and making

decisions on the amount of N fertiliser applicable to specific accessions.
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Some researchers have developed molecular markers linked to genes
controlling N assimilation. The aim was to identify metabolic functions of N-
linked genes and characterise the agronomic traits linked to specific DNA
markers. Based on the hypothesis that ammonium assimilation rate is important
for NUE, Hirel et al. (2001) developed three GS markers (gsyl143b; gsy304;
gsy52r) on Chromosome 1 and two markers (gsy343b; gsy258a) on Chromosome
5 linked to leaf GS activity in maize. This study demonstrated that leaf GS activity
was correlated with grain yield, under low N treatment. Also, using restriction
fragment length polymorphisms (RFLP markers C560 and C1408), Obara et al.
(2001) mapped one GS1 transcript next to a locus for spikelet-weight in rice. This
has important implications for NUE as the GS1 gene plays a key role in primary
N assimilation form inorganic sources (Kamachi et al. 1991; Guan & Schjgrring,
2015; Guan et al. 2016). In addition, Yang et al. (2011; 2016) have demonstrated
that polymorphic markers can be used as an effective tool in assessing gene
expression. However, there is still relatively little information available relating
to gene expression and NUE and more research is required to fully explain the
relationship between expression and nitrogen regimes particularly at specific
growth stages (Beatty et al. 2009).

Previous studies have sought to establish a link between N level and which
genes N regulates in plants. The biological mechanisms and biochemical
pathways involved in N related enzyme activity are considerably affected by the

level of GS expression in different tissues (Fei et al. 2006; Avila-Ospina et al.
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2014; 2015) and this has biological implications for grain yield (Valkama et al.
2013). However, there is strong evidence of GS expression (Habash et al. 2001,
Grabowska et al. 2012; Yousfi et al. 2016) to suggest that under different N
supplies, the level of GS expression in the leaf and root tissues becomes critical
for enzyme activity (Masclaux et al. 2006; Guo et al. 2004; Martin et al. 2006;
Orsel et al. 2014). Moreover, some researchers have attempted to understand the
genetic basis of N uptake in crop plants. This has been by quantifying gene
expression and linking expression with observable growth effects such as stress
tolerance (Hoshida et al. 2000) seed germination (Glevarec et al. 2004), shoot
development (Hirel et al. 2007; Can ~as et al. 2011), flowering (Grabowska et al.
2012) and grain yield (Tabuchi et al. 2005, Martin et al. 2006). Such expression
analysis has produced information on the transcript abundance of GS genes in
different organs of plants (Carvalho et al. 2000; Castaings et al. 2011). The levels
of GS gene expression can change at different developmental stages of plants
(Miflin & Habash, 2002). Gene expression analysis is vital for confirming the
cellular and tissue location within the plant tissues.

Genome-wide studies of A. thaliana have shown considerable variation in
response to reduced N treatment and significant changes in the expression of key
genes in plants (Wang et al. 2015; Kant et al. 2011; Araus et al. 2016). These
genes have been shown to regulate the uptake, metabolism and assimilation of
the mineral N (Tobin & Yamaya, 2001; Miflin & Habash, 2002). Two sub-

families of glutamine synthetase are constitutively expressed.
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In terms of the complex interactive roles of the cytosolic and plastid GS
genes, it appears that these two GS genes may be involved in biochemical
processes that are much more complex and their combined metabolic reactions
may have influence nitrogen uptake, synthesis and assimilation quite extensively
(Oliveira et al. 2002; Bernard & Habash, 2009; Funayama et al. 2013).

The expression of GS genes is important for grain yield (Hirel et al. 2001,
2007; Obara et al. 2001; 2004; Hirel et al. 2007) as these genes play key roles in
regulating the enzymes that catalyse important biochemical reactions in N
metabolism. Generally cytosolic GS transcript abundance is high in roots than in
the leaves (Ishiyama, 2004; Martin, 2006; Bernard et al. 1994; Goodall, 2013;
Seabra, 2010). However, in rice, GS1 overexpression has been associated with
increased enzyme activity in the leaves and total plant N (Cai et al. 2009).
Primarily, the cytosolic GS enzyme catalyses the addition of ammonium to
glutamate to form glutamine (Bernard & Habash, 2009). This is active in
catalysing assimilation and remobilisation mechanisms to sustain and complete
grain filling (Tabuchi et al. 2005; Martin et al. 2006) and play important roles in
recycling N from senesced leaves (Martin et al. 2006; Bernard et al. 2008;
Masclaux-Daubresse et al. 2008; 2010), redirecting this vital source of N towards
grain filling and normal growth maintenance. Bernard and Habash (2009)
reported that the N levels in the plant tissues and depending on the plant status
influence cytosolic GS, GS regulation influences N assimilation (Ishiyama et al.

2004; Hirel et al. 2001; Asplund et al. 2016).
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The plastid GS2 catalyses the conversion of glutamine to glutamate (key
sources of organic N for protein and nucleic acids) in the GOGAT cycle which is
important component of the nitrogen metabolic pathway (Lam et al. 1996;
Fuentes et al. 2001). The role of the plastid GS2 is closely associated with
ammonia metabolism in the oxidative photosynthetic carbon cycle (Wallsgrove
et al. 1987; Lam et al. 1996). Within the chloroplasts and mitochondria GS2 acts
in the conversion of glutamate to glutamine, using by-product ammonium
generated from the activity of nitrate reductases and direct N uptake from soil
(Xu et al. 2012).

Despite considerable efforts made to assess N-related agronomic traits in
cereal crops such as maize (Hirel, 2001; Caias - 2010, Gallais, 2004), there are
questions remaining as to whether GS gene expression patterns explain the
observed variation for NUE among wheat accessions. For example, a study of GS
expression in wheat (Bernard et al. 2008), revealed that GS genes are
differentially expressed in different plant organs, and that the expression of GS
in the leaf is regulated according to developmental stage. However, there is
limited knowledge about GS transcript expression in cereal species under
different N treatments. Wheat GS studies involving the evaluation of transcript
abundance have been limited. No study of wheat has yet directly linked genetic
variation in GS genes to specific growth or developmental stages of plants that

have been grown under differential N treatments of the wheat plants.
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In the present study, the transcript abundance of six GS homeologs was
investigated in gPCR reactions using cDNA samples extracted from five different
wheat accessions as templates. The samples were taken from wheat plants that
were grown under high and low N treatments in hydroponic units until the flag
leaf stage. The tissue extracts from plants under both N treatments were taken
from the young leaf, older leaf, flag leaf and the root tissues that corresponded to
these developmental stages. The ultimate goal of this expression analysis is to
identify significant genetic difference in gene expression that upon further
experimentation could be linked to GS enzyme activities and improvement in
grain yield per N applied. This analysis is of considerable agronomic importance
and offers the potential to use such information in breeding N-efficient accessions

(Edgerton, 2009).
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4.2 MATERIALS AND METHODS

4.2.1 Experiment 1 - Gene Expression Analysis Using a Novel Tool

In the gene expression analysis (Experiment 1), the location and
abundance TaGS1 and TaGS2 genes in tissue samples of different organs of
hexaploid wheat plants was analysed in-silico with the POTAGE (PopSeq
Ordered Triticum aestivum Gene Expression) — POTAGE programme
(Schoppach et al. 2016). POTAGE was developed by the Bioinformatics
Department of the Australian Centre for Plant Functional Genomics (ACPFG) in
2014, to integrate genome-specific map location of a gene with the expression
and the inferred functional annotation.

POTAGE calculates transcripts in fragments per kilobase of exon per
million fragments mapped (FPKM) per gene (Schoppach et al. 2016). POTAGE
Is a novel gene expression in-house inference tool that incorporates genomic
reference sequences, partially ordered PopSeq data and RNA sequence mapped
to the reference gene. In POTAGE, MIPS (Munich Information Centre for Protein
Sequences) predicted genes on IWGSC (International Wheat Genome
Sequencing Consortium) chromosome survey sequences using various types of
data and tools. The expression values come from aligning RNA-Seq data to

genomic regions corresponding to those predicted transcripts.
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The reference is Chinese spring, the RNA-Seq reads come from various
cultivars and the remaining data is ACPFG in-house. POTAGE is based on high
confidence wheat gene prediction and is a tool designed for quick, preliminary
selection of genes of interest and the values obtained are suitable to be used as
evidence of differential expression. The POTAGE analysis largely relies on the
correctness of MIPS whole genome analysis and predictions. POTAGE
functionality depends on PopSeq and utilises whole genome sequencing to
establish marker order from sequencing data. It provides also the genetic
anchoring of the IWGSC survey sequences by population sequencing
(Mascher, 2013). POTAGE also uses RNASeq data of Chinese spring library
sequenced on Illumina HiSeq2000 2 x 100bp (PE) for 15 different conditions
corresponding to extracts from the root, leaf, stem, spike, grain at three

developmental stages.

4.2.2. Experiment 2 - Confirmation of the POTAGE Analysis of GS
Transcript Abundance

In Experiment 2 a series of cDNA samples (synthesised from extracted
RNA) from the reference line Chinese spring was used. This comprising the root,
embryo of germinating seed caryopsis (3-5 DAP - days after pollination), embryo
(22 DAP) and endosperm (22 DAP), coleoptile, seedling root, crown, leaf, bracts,
anthers, pistils, were sourced from in-house ACPFG stocks (Table 4.1) for a
preliminary assessment of the GS expression levels. There were 3 replicates each

of root, leaf, stem, spikelet and grain tissue samples.
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Table 4.1 Characteristics of the ACPFG in-house Chinese Spring/Cornerstone
tissue series used experimentally to confirm accuracy of POTAGE inferences.
Developmental stages marked (x) include three post-anthesis stages labelled
DAA (days after anthesis). Source: ACPFG (http://www.acpfg.com.au). The
Zadoks Growth Scale (Zadoks et al. 1974) determined growth stages.

Stage Growth Zadoks | Leaves | Root | Stem | Spike | Grain
features scale
Seedling First leaf
through 10 X X
coleoptile
Three leaves | 3 leaves
unfolded 13 X
Three tillers | Main shoot
and 3 tillers | 23 X
Spike at 1 Pseudo stem
cm erection 30 X
Two nodes | 2nd
detectable 32 X X
node
Meiosis Flag leaf
ligule and 39 X X
collar visible
Anthesis 1/2 of flag
leaf 65 X X
flowering
complete
2 DAAs
(50°C.days) | Kernel
(caryopsis) |71 X X
watery ripe
14 DAASs
(350°C.days) | Medium 75 X
Milk
30 DAAs
(700°C.days) | Soft dough |85 X
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4.2.2.1 Primer Design, PCR Amplification and PCR Product
Sequencing

The transcript abundance of six GS genes (GS1.1 6A, GS1.1 6B, GS1.1 6D
and GS2A, GS2B, GS2D) representing TaGS1.1 and TaGS2 homeologs was based
on the MRNA sequences specific to the six GS genes. The mRNA sequences of
the six GS genes were originally extracted from sequenced amplicons isolated
with gene-specific primers in standard PCR reactions (Reddy et al. 2015). The
transcript abundance data obtained from the qPCR was plotted in a graph. To
amplify the GS, a set of three gene-specific primers (Table 4.2) were designed
per each of the six GS genes. The three primer sets tested for successful
amplification and one selected for the expression analysis per gene. This made it
easy to capture each of the six genes in the expression analysis. Primers were
designed to correspond to regions of mMRNA sequences specific to each GS gene
and polymerase chain reactions were conducted to confirm the amplification of
the primers. The primers were designed using the Geneious 9.1.3
(http://www.geneious.com/; Biomatters Limited) programme. The PCR reaction
protocols (DNA polymerase, primer concentration and primer sequence) were
entered into the New England BiolLabs online Tm Calculator
(https://www.neb.com/tools-and-resources/interactive-tools) to select a suitable
and optimal annealing temperature for the targeted amplicons. The primers were

used in a standard PCR reaction on MJ Research Tetrad Peltier Thermal Cycler-
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The PCR reaction comprised DNA-1.5ul, pure water - 2.8ul, Phusion HF-
2ul, DNTPs -1.25mM, forward and reverse primers - 2ul, Phusion Tag-0.1ul. The
PCR protocol used was as follows: 98°C for 30s, 98°C for 10 s, annealing at 69°C
for 30s, 72°C for 5 min, 34 cycles reset to step 2, 72°C for 10 min, 15°C for 15min.
The DNA used as the template for the PCR reaction was extracted from the leaves
of four-week old wheat seedlings by the freeze dried method and was purified
with a Qiagen's Qiaquick PCR clean-up or Macherey-Nagel's NucleoSpin Gel
and PCR Clean-up kit (http://www.mn-net.com/). The concentration of the
purified DNA was verified by nanodrop on ND-1000 Spectrophotometer

(http://www.nanodrop.com/).

The PCR products were purified using Invitrogen Pure Link Quick PCR
Purification  (https://www.thermofisher.com/order/catalog/product/K310001)
and later sequenced. 3.0ul of purified PCR product was run on an ethidium
bromide (EtBr) stained agarose DNA gel to confirm that there was a clear single
band at the predicted molecular weight of the targeted amplicon. In addition, an
aliquot of the purified PCR product and the forward or reverse primers were
Sanger sequenced at the Australian Genome Research Facility (AGRF). The
resultant gene-specific sequences were consolidated and verified for their
homology with the reference gene sequences through sequence alignment using
Geneious 9.1.3. The results confirmed that the amplified PCR products were

correctly the amplicon matching the genes of interest.
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4.2.3 Experiment 3 — Hydroponic Assessment of GS Expression in
Plants at 60 Days after Seeding

In Experiment 3, Samples of RNA was extracted from five wheat
accessions (Gladius, Drysdale, Excalibur, RAC875, and Kukri). The above-
mentioned wheat accessions were cultured in hydroponic solutions of high N
(HN: 5.0mM NH;") and low N (LN: 0.5mM NH;") within a controlled
environment room from seeding to 60 days after seeding and tissues were
extracted from the plants in destructive sampling (Table 4.3). The composition of
the nutrient solution is included in the Appendix. The controlled room was
supplied with lighting from electric bulbs (250w 6400Kk) in a 12-hour photoperiod
cycle alternated with total darkness, mean air temperature in the controlled room
was 23.6°C, and the nutrient solution was kept at a pH of 6.5 and was replenished
with fresh nutrient solution every three days.

Root and leaf samples from the plants in the hydroponic experiment were
obtained for RNA extraction and subsequent complementary DNA (cDNA)
synthesis. The first batch of tissue samples were harvested on September 22, 2014
and a second on October 13, 2014 (60 days after seeding- DAS) for QPCR
analysis. The RNA was extracted using extraction method described in the Direct-
zol RNA MiniPrep kit (Epigenetics Company, Zymo Research
(http://www.zymoresearch.com/epigenetics) protocol. There were four distinct
stages in the extraction process: (1). Homogenisation: 1.0g of fresh frozen

extraction in 500.0ul Trizol, (2).
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Phase separation and precipitation: samples were centrifuged in 1.5ml
tubes 12, 000 x 1g for 10 min in cold room (8°C). Washing the RNA pellet with
450.0ul of 100% ethanol, per 1.0ml of TRIZOL reagent used for the initial
homogenization (3). DNase treatment (DNase — 5.0ul, 10 x DNase reaction buffer
- 8ul, DNase/RNase Free water — 3.0ul, RNA Wash Buffer 1 — 64.0ul) (4). Pres-
wash in 400.0ul Direct-zol RNA prewash and final washing in 700.0ul RNA
Wash Buffer. The final RNA product was eluted in 50.0ul of DNase/RNase-Free
Water in a sterile tube and stored in a-pre-cooled rack (-75°C) and later stored at
- 80°C. The RNA quantity was checked by nanodrop (as above) and the RNA
quality was verified by a run of RNA aliquot on a denaturing agarose gel stained
with EtBr and confirmed by the appearance of two clear bands per each RNA

sample on the agarose gel.
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Table 4.3 Characteristics of the tissue extracts obtained from nitrogen treated
wheat plants from Gladius, Drysdale, Excalibur, RAC875, and Kukri that was
cultivated under hydroponic conditions in a controlled environment growth
chamber and harvested at Zadoks stage 39 (Flag leaf ligule and collar visible).

Tissue type Tissue characteristics Nitrogen treatment
Low N High N
O5mM | (5.0 mM
NH4") NH4")
Young leaf Youngest fully extended X X
leaf next to the flag leaf
Older leaf Oldest fully extended leaf X X
about two times the size of
young leaf
Older roots Uniform mixture of roots X X
harvested same time as
older leaf
Flag leaf Fully extended flag leaf - X
Flag leaf stage | Uniform mixture of roots - X
roots harvested same time as flag
leaf
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4.2.4 cDNA Synthesis from RNA Samples

The RNA samples consisting of 4 biological replicates were used as a
template for synthesis of the 48 cDNA samples. The cDNA reaction consisted of
1ug RNA + H,0 (11.0pl), Oligo dT 20 (1.0pl), 10 mM each dNTP mix (1.0pl)
making a total volume of 13.0pl. The reaction ran on Tetrad cycler program using
the programme, 65°C for 5 min, 50°C for 1 hr, 70°C for 15 min. After the
programme started, the samples were loaded when the temperature reached 65
°C. After 5 min at 65°C, the samples were immediately placed on ice. Then the
tetrad thermal cycler was paused (reducing the temperature to 50°C). The
following mixture was constituted (5x First strand buffer- 4.0ul, 0.1M, DTT-
1.0ul, RNaseOUT-0.5ul, Reverse Transcriptase - 0.25ul, Water -1.25ul making
a total volume of 7.0ul) and 7.0ul of the mixture was added to each tube and then
reset on the tetrad thermal cycler (tube at 50 °C). The programme was re-started
and terminated after 65°C for 5 min, 50°C for 1hr and 70°C for 15 min, the cDNA
samples were finally stored at -30°C freezer.

4.2.5 Quantitative Real-Time Polymerase Chain Reaction (QPCR)

The gPCR run was performed on Rotor-Gene Qiagen 2 Plex platform
(https://www.qgiagen.com) complemented by generating a standard curve
(Appendix Fig. A4.1) using Gene Works KAPA SYBR FAST Universal 2X
gPCR Master Mix (1mL), KP-KK4600 (www.geneworks.com.au). Three control

genes (Actin, CyclophilinTa, GAPTa) were used in gPCR reactions to construct

-138 -



the standard curve. These controls were high expression genes that could easily
be detected in the gPCR. The PCR product was diluted in 1:100 in 1 X TE buffer
(add 10.0ul of the purified PCR product to 990ul buffer), pH 7.5 with 10ug/mi
of the cDNA. A 1:10 dilution series in the same buffer was used to prepare 500
ul of the standards diluted in the ratios 1:50, 1:100, 1:500, 1:1000, and 1:10000
and stored at - 80°C. A gPCR was conducted on the 3 replicates of each standard
(Vandesompele et al. 2002). In the main gPCR experiment test the wheat cDNA
samples, the 10.0 ul each of the template cDNA samples were loaded into gPCR
plates and a master mix of SYBR Green Master Mix (2X) and forward and reverse
primers (0.4uM, stock: 10.0uM) 10.0ul was added to each well of the gPCR
plate. A volume of 10l diluted cDNA sample was added to the SYBR Green
Master Mix containing the primers. The standard samples were loaded into the
gPCR plate and sealed with optical seal. The quantitative data analysis included
melting curve data and transcript copy number and concentration (ng) of each

sample.
4.2.6 Gene Expression Analysis

Quantitative data of gene transcript number in wheat cDNA samples was
obtained from the gPCR runs. The cDNA samples represented wheat tissues
harvested at growth stages that were measured at different developmental stages.
Independently for each gene, a linear mixed model analysis was conducted (West
et al. 2015) to evaluate the effect of N treatment on gene expression across the

different wheat cultivars and tissues. Preceding analysis, expression values were
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appropriately log transformed adequately to satisfy model assumptions
(http://www.itl.nist.gov/div898/handbook/pmd/section6/pmd624.htm). The linear
mixed model contained a fixed component that estimated an individual mean for
each combination of cultivar, tissue type and N treatment level. The model also
contained and random effect to capture the variation attributed to technical
replicates. From each of the models the means were extracted and a Tukey’s
Honest Significance Difference (Tukey, 1947) was calculated to aid in
determining significant differences between means. Additionally, for each of the
tissue types with both High and low N treatment levels, the differences in overall
log mean expression levels between N treatments were determined using a Wald
test (Engle, 1983). The Wald test accounts for a finite set of observed intensity or
counts across a set of treatments, it is common to find a positive relationship
between the intensity treatment means and the variance of the intensity treatment
means. Without accounting for this relationship, the assumption of the statistical
modelling process become invalid and further inference using model information,
such as comparisons between means, may be dubious. A simple log transform of
the intensity values mostly removes this dependency and ensures model
assumptions are adequately satisfied. All further model inference, including

comparisons between treatment means, should occur on the log scale.

- 140 -



4.3 RESULTS

The POTAGE inference of gene expression produced contrasting levels
of gene expression in FPKM for both sets of transcripts representative of the
1aGS1.1 and TaGS2 homeologs. The three GSI.1 transcripts TaGSI.14
(>Icl|6AL_5820788), TaGSI1.1B  (>lcl|6BL_227297) and  7aGSI.1D
(>lcl|6DL_2494823 3419 46201) were found to produce significantly higher
expression in root tissues than leaf tissues. In addition, the three GS2 homeologs
1aGS24 (>Icl|2AL_6391136) and T7aGS2B (>Icl|2BL_7944286), TaGS2D
(>2DL_9842556) were expressed significantly higher expression in the leaves
than in the roots. The pattern of expression revealed in the POTAGE results of
Experiment 1, was consistent for all the GS transcripts examined across three
sequences representative of both leaf and root tissues. The level of expression of
six GS homeologs in 3 different replicates each of root, leaf, stem, spike and grain
was quantified and values were plotted in graphs of Fig. 4.1. The GSI.1
transcripts were highly expressed in the stem and spike but not in the grain (Fig.
4.1) and GS2 transcripts were also highly expressed in the stem but comparatively

low in the grains.
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The results (obtained through qPCR experiments using different Chinese
spring CODNA samples) indicated that the expression levels of GS/./ and GS2
genes were proportionally higher in leaves compared to roots. Among the series
of wheat tissues, there were very low expression levels of both GS isoforms in
the embryonic tissues (22 days after pollination). The transcript abundance of the
GSI1.1 (1aGS1.14, TaGS1.1B and TaGS1.1D) presented in Fig. 4.2, shows a
significantly higher expression level in the root tissues than the GS2 genes
(TaGS24, TaGS2B and TaGS2D). Conversely, the GS2 transcript abundance
levels in the leaf tissues were significantly higher than the GS/./ transcript
abundance levels (Fig. 4.2). Overall, when comparing transcript abundance of
root with that of leaf it was evident that both GS/ and GS2 homeologs were
considerably higher in the leaf cDNA extracts (7aGS1.14 — 86587.9; TaGS1.1B
—155676.1; TaGS1.1D — 63170.3, TaGS2A — 232503.8; TaGS2B — 2271524 and
1aGS2D — 125044.5) when compared with the root samples (7aGS1.14A —
36351.5; TaGS1.1B —44758.4; TaGS1.1D — 17937.5; TaGS24 — 3153.4; TaGS2B

—5852.3 and TaGS2D —2998.0).
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It was observed in Experiment 3 that there were clearly elevated levels of
transcript abundance in the root and leaf tissues of Gladius, Drysdale, Chinese
Spring, Excalibur, RAC875, Kukri and Mace. When comparing the flag leaf in
different accessions under high nitrogen treatment, gene expression was
significantly higher for TaGS1.1A in Drysdale and Excalibur. Figure 4.3 shows
that there was considerable expression of TaGS1.1A transcript abundance in
young leaves, older leaves and older roots in four wheat accessions (RAC875,
Kukri, Gladius and Drysdale) under low N treatment. In addition, a comparative
analysis of the differences among the accessions showed that there was
significantly higher GS2A expression in the flag leaf of Excalibur, RAC875 and
Kukri. Moreover, between the accessions the TaGS2B and TaGS2D transcripts
produced significantly higher expression values under high nitrogen in Gladius

and RACS875 respectively (Fig. 4.4).

Under the low nitrogen treatment, there was no observable effect of N
treatment on gene expression in the flag leaf. However, the low nitrogen
treatment positively affected TaGS1.1A expression within the young leaf in Kukri
and RAC875. There were parallel positive effects of low nitrogen treatment on
TaGS1.1A expression when older leaf cDNA samples were quantified in
Drysdale, Gladius and RAC875 and in the corresponding older roots for
TaGS1.1A expression under similar low nitrogen treatment (Fig. 4.4). Generally,

the GS2 genes recorded low expression levels under both N treatments, except
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for some significant values in the flag leaf under high nitrogen. The Wald test
revealed that there was a significant response of TaGS1.1A expression to high
nitrogen treatment in young leaves, older leaves and roots (Fig. 4.4). The Wald
test values of the GS transcripts presented in Fig. 4.5 show that TaGS1.1A was
mostly expressed in the older leaves (659.8), root (156.2) and young leaf (149.9).
TaGS1.1B (60.5) was similarly responsive to the N treatment in the older leaves
and TaGS2D (19.5) in the young leaves. When reviewing the N treatment effect
on transcript abundance in young and old leaf and root tissues, it was clear from
the Wald statistical analysis of GS transcripts (statistical significance p-value, p
< 0.05) that a positive response of gene expression to N treatment was restricted

to only three transcripts (TaGS1.1A, TaGS1.1B and TaGS2D).
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represent standard errors of the means.
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4.4 DISCUSSION

Studies of gene expression in response to N treatment have been explored
considerably in A. thaliana (Scheible et al. 2004; Schofield et al. 2009). However,
reviews and experimental analyses of cereal crop N response and gene
expression, provides compelling evidence that very little is known about the
interaction of genes with N in terms of gene expression and tissue specific
localisation of the genes (Beatty et al. 2009; Yang et al. 2011). An important
finding from the present study is that the gPCR trial experiments confirmed that
all the GS homeologs are expressed in both the root and shoot tissues of wheat.
The POTAGE analysis in Experiment 1 showed higher TaGS2 expression in
leaves and similarly high TaGS1.1 expression in roots. In Experiment 2, the
POTAGE result was confirmed through in-vivo gPCR analysis of Chinese spring
tissue cDNA samples matching the gene expression inference in the same tissue
obtained through in-silico sequence analysis using POTAGE. These studies have
shown that the expression of cytosolic GS homologs are differentially regulated

In roots in response to N treatment.
4.4.1 Transcript Abundance of TaGS1.1

The mean of 7aGS1.1 expression also shows a similar transcript abundance
values for older roots under low nitrogen conditions. This result projecting an
increase in root 7aGS1.1 expression under reduced N is not suprising, as similar

increases in root GS expression have been observed among barley plants
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(Goodall, 2013). Through gene expression analysis of 2-week old barley
seedlings Goodall et al. (2013) explained that except increase in GS1.3, most of
the GS1 transcripts were least expressed in roots when N was increased but highly
expressed when the N level was reduced to medium. However, within the leaves,
there was increase in all GS transcripts abundance that was consistent with
increased N treatment. GS1.1 showed a reduction in transcript abundance under
high ammonium nitrate treatment. In addition, a study of GS overexpression
conducted on transgenic rice plants and compared with the wild type, (Cai et al.
2009) found that both GS1.1 and GS1.2 transcript abundance modified N
metabolism by increasing leaf GS activity, the amino acid content and the N
content of all tissues of the plant. This study also showed that overexpression of
GS 1.1 and GS1.2 transcripts was congruent with a reduced grain yield and
protein content when compared with the wild type rice. This pattern was
consistent with higher tiller number and shoot biomass under moderate N
treatment. These observations underscore the complexity of the effects of gene
expression on N metabolism, enzyme activity and related physiological

development.
4.4.2 Transcript Abundance of TaGS2

The distinct expression of GS2 genes in leaves is supported in related
studies. These studies indicate that the expression of cytosolic and plastid GS
isoforms is specific to specific tissues and is associated with distinct functions

(Edwards et al. 1990; Pereira et al.1992; Kamachi et al.1991). Studies of maize
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has shown that GS2 was one of four genes that was expressed in roots in response
to nitrate treatment (Redinbaugh & Campbell, 1993). This study of maize showed
that GS2 could actively be involved in the transmission of molecular signals from
proteins for N-related biochemical reactions. In addition, higher levels of GS2
MRNA was found in leaves of maize plants that were not treated with nitrate
solution. It is clear that the tissue-specific expression of particular GS genes is
linked directly to the function performed in that tissue. For example, it has been
shown that the high expression of GS2 in leaf mesophyll cells is consistent with
assimilation of the by-product ammonium from photo-respiratory reactions
(Migge et al. 2000). Also crucially, this analysis of gene expression in spring
wheat accessions demonstrates that the expression levels of 7aGS2 was highest
in leaf tissues, though expression levels of 7aGS2 in the leaf tissues were
considerably higher than that of 7aGS/. 1.
4.4.3 GS1.1 and GS2 Transcript Abundance in Wheat Tissues
Interestingly, the present study shows that the GS genes were significantly
altered when plants were exposed to contrasting N regimes under soil growth
conditions. These results appear to establish a robust case for a positive N effect
on GS expression. This is the case in spring wheat for the cytosolic GS transcript
in both roots and leaves. There were significant positive effects of N treatment on
the expression of three genes (TaGS1.1A, TaGS1.1B and TaGS2D). Uniquely, it
was evident that there was significant (p < 0.05) response of TaGS1.1A

expression to N treatment in all the tissues quantified. This may suggest that
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TaGS1.1A and TaGS1.1B could be important for N assimilation under high N
conditions.

All five accessions showed statistically significant (p < 0.05) gene
expression patterns in the flag leaf under the high N treatment. However, there
were inconsistent patterns showing that each accession responded to the N
treatment differently. An evaluation of gene expression patterns in Fig. 10 and 11
shows there were significant increases in TaGS1.1A and in TaGS1.1A in the
young leaf and older roots under low nitrogen, (expression levels in other Kukri
tissues were not significant). In Gladius, there was a significant increase in only
TaGS1.1A in older leaf and roots only under low nitrogen. Expression levels for
Drysdale were only significant in TaGS1.1A (older leaf under low nitrogen and
flag leaf-stage roots under high nitrogen). Excalibur showed significant increases
only at the flag leaf stage in both the roots (TaGS1.1A).

Unlike the TaGS1.1 transcripts, this study demonstrated that TaGS2D was
responsive to N treatment in the young leaves. This is consistent with the result
of gene expression of GS2 transcripts in both tobacco and tomato leaves reported
by Becker et al. (1992). In a study of GS expression in rice, Zhao & Shi, (2006)
found that low N treatment was consistent with higher expression of another
cytosolic GS transcript (GS1.2). That study also demonstrated that GS1.1 was
significantly abundant than GS1.2 in the rice leaves, suggesting that GS1.1 and

GS1.2 may be up-regulated under low N. Tabuchi, (2005) showed that the rice
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GS was down-regulated under low N treatment. Further analysis will clearly
define the abundance of other cytosolic GS transcripts under low N.

These expression patterns were rather inconsistent between genes,
accessions. For example, transcripts of three GS genes (TaGS1.1A-young leaf,
TaGS1.1D-older leaf and TaGS2A-flag leaf) were highly expressed in RAC875
flag leaf, three in Kukri (TaGS1.1A-young leaf, older leaf, flag leaf, TaGS1.1D-
flag leaf stage roots and TaGS2A-flag leaf) and one each in Gladius (TaGS1.1A-
old leaf and older root, TaGS2B-flag leaf) and Excalibur (TaGS2A-flag leaf).
When compared, the transcript abundance of the older leaf and older root tissues
show that the GS2 levels recorded expression levels under both N treatments were

not significantly different between the tissues.
4.4.4 Nitrogen Effect on GS Expression

The study of barley leaves by Goodall et al. (2013) demonstrated the
contrasting expression of GS1.1. In barley, the cytosolic GS expression was
inhibited in the presence of increased N concentration, but the plastid genes were
repressed. In rice GS1.1 expression was found to be abundant in leaf tissue under
similar N concentration (Tabuchi et al. 2005). This provides a clear indication
that the effect of N treatment on gene expression is very complex and highly
variable between species and tissue-dependent, and that the modulation of tissue
specificity of GS genes is not constant when comparing different plant species.
Sukanya et al. (1994) demonstrated that the cytosolic GS 1.1 transcript expression

was higher in roots than leaves and that GS1.2 (another cytosolic GS) was higher
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in leaves than in roots when maize seedlings were treated with 10 mM of
potassium nitrate and 10 mM ammonium chloride solution. The same study also
found unchanged patterns in the expression of cytosolic GS1.3 though the plants
were treated with the same nutrient solution. Prinsi & Espen (2015) demonstrated
that the GS1.1 increased in roots of maize plants that were treated with
ammonium. These results indicate that N differentially regulated different GS
homologs.

In the present study, N effect was clear in the patterns of TaGS1.1A
expression and the GS activity observed in this accession. Therefore, the three
highly expressed and N responsive GS genes (TaGS1.1A, TaGS1.1B and
TaGS2D) are three potential genes that could be targeted for a detailed analysis
of GS enzyme regulation in the RAC875 accession. Unlike the case of the flag
leaf, evaluation of the older leaf and root data shows that significant gene
expression was present for TaGS1.1 gene only under LN treatment. This is
considerable evidence suggesting that the plastid GS isoforms might not be
expressive in response to reduced N in older leaf and root tissues, as opposed to
their significant activities observable in young leaf and flag leaf tissues that were
harvested at the same growth stage. The patterns of N treatment and gene
expression explored in this study provides evidence of the intricate interaction of
gene expression and gene specific response (Andrews et al. 2004; Tabuchi et al.

2005) to the N treatment assimilated in specific tissues.
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Moreover, it is explainable in studies of barley mutants and other species
that GS1 genes could not compensate the loss of GS2 enzymes in leaf cells (Lam
et al. 1996). This suggests clearly distinct functional roles (Garnett et al. 2009;
2015) for the different enzymes encoded by the GS genes (Hirel & Gadal, 1980;
Oliveira et al. 2002; Coruzzi et al. 2003; Thomsen et al. 2014) based on cell or
tissue specific expression.

An outstanding observation about GS gene expression is that of the very
labile and rather inconsistent patterns in expression recorded among different
accessions. Grabowska et al. (2012) concluded that there is a likely affinitive
interaction between GDH and GS1 necessary for the biosynthesis of glutamine
and glutamate. Hansen et al. (2009) have highlighted an earlier and corresponding
observation respecting the cooperative roles of GS1 and GDH during barley seed
formation. It is clear from the present study of gene expression under contrasting
N regimes that, there is the need for further quantitative analysis of gene
expression within the framework of more stratified N regimes using different
tissue templates. For future studies, the construction of larger cDNA libraries
using accessions from a range of more diverse backgrounds may provide
additional resources for examining and categorizing the scope of gene expression
in hexaploid wheat. Such information may help pinpoint the genetic differences
necessary for identifying genetic markers for NUE variables in wheat and other

cereal crops.
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45 CONCLUSION

Research targeting N related agronomic traits can be considered as very
fundamental to cereal yield improvement. This is due to the significance of the
biosynthetic mechanisms of N uptake and assimilation to plant growth and
development. Among N-linked genes controlling these processes, GS genes
feature prominently in the assimilation of ammonia and nitrate into roots and
leaves. This study has used two standard genomic approaches (in-silico
transcripts inference and qPCR analysis) to confirm the tissue specificity of GS
genes by measuring the level of transcript abundance of TaGS1 in roots and
TaGS2 in leaf tissues of the reference wheat accession Chinese spring under non-
induced N treatment conditions. This demonstrated that syntenic groups of
homeologs showed similar and consistent patterns of expression in similar plant
tissues. Another confronting realisation was that there were no clear patterns in
gene expression across different accessions. Neither was there uniform patterns
in expression between the six different GS homeologs investigated. The evidence
therefore suggests that, GS expression in different tissues was under targeted
control in response to N among the different spring wheat accessions. There could
several genetic factors underpinning GS expression in relation to the N treatment.

The profile of gene expression in wheat and other plants might be much
more complex and the biosynthetic mechanisms of N uptake and assimilation
under different N treatments appears to be much more intricate than previously

acknowledged or characterised. An effective approach to resolving the
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confounding patterns evident in GS gene expression data may be to use high
throughput quantitative and genomic techniques that will produce expression data
on a larger set of GS genes and consequently identify genetic markers linking

gene expression to specific N effects.
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CHAPTER FIVE

GLUTAMINE SYNTHETASE ACTIVITY IN WHEAT AT
HIGH AND LOW NITROGEN TREATMENTS

5. ABSTRACT

Glutamine synthetase (GS, EC 6.3.1.2) activity in wheat accessions was
used to investigate GS activity under high nitrogen and low nitrogen treatments.
Seedlings of five spring wheat accessions lines and two mapping population were
cultured in hydroponic units. Leaf and root tissues were harvested at 5 different
growth points and assayed for GS activity. The tissue enzyme activity was
analysed across genetically diverse accessions to explain patterns of metabolic
activity within the wheat plants at different growth points. Analysis of total GS
activity linked with ammonium and nitrate assimilation showed that GS activity
was moderated by a number of genetic loci in two wheat mapping populations
(Gladius x Drysdale, RAC875 x Kukri). The results however showed that enzyme
activity was moderated under temporal control (significantly influenced by
specific developmental changes on a temporal scale) as when harvesting date was
standardised across different wheat accessions at Zadoks Scale 39 (Feeke’s Scale
9) wheat growth stage. A significant QTL association for low N flag leaf GS
activity was detected on Chromosome 5A4, the locus at which the QTL mapped

above the standardised threshold.
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This suggests that this locus might be important for GS activity regulation
under low N treatment. The results of the tissue enzyme assays and the significant
changes in enzyme activity at tillering, stem elongation and anthesis reported in
this study demonstrates that enzyme metabolic activity is developmentally

regulated in hexaploid wheat.
5.1 INTRODUCTION

Glutamine synthetase catalyses important biochemical reactions associated
with N assimilation and remobilisation in plants including cereal crops. Two
notable GS isoforms (GS1 and GS2) have been found to be active in the metabolic
functions involving NH;*"and NOj as in the assimilation of inorganic N. GS1 has
been linked with the synthesis of glutamine essential for N remobilization (Lam
et al. 1995; Li et al. 2011; Masclaux-Daubresse et al. 2001; 2006; Gaufichon et
al. 2010). It has been demonstrated that, the cytosolic GS1 catalyses NH;" to
glutamine for further conversion to amino acids that eventually are assimilated
into shoot tissues. The functional role of GS1 has been investigated (Suarez,
2002) in the mesophyll and phloem cells in association with cytochemical roles
in pine seedlings. The GS2 gene is highly expressed in leaves and has been
associated with photo-respiratory functions (Coschigano et al. 1998). Chloroplast
and plastid GS2 transcripts are actively involved in the glutamate 2-oxoglutarate
transaminase (GOGAT EC 1.4.7.1) cycle converting glutamate to glutamine
using NH4*. This is a critical biosynthetic and metabolic pathway for N-

containing amino acids, alkaloids and polyamines.
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It is evident that several biological and chemical factors mediate N uptake
and assimilation in plants. Currently, reviews of published works (Miflin &
Habash, 2001; Swarbreck et al. 2011) reporting GS gene regulation and NUE
variables in plant species, expose many knowledge gaps respecting GS regulation
of ammonium assimilation, assimilation and remobilisation (Masclaux-
Daubresse et al. 2008) in cereal crop species notably maize, rice and wheat. Due
to the variety and complexity of the biological and chemical processes mediating
NUE in plants, it is experimentally difficult quantitatively to verify the regulatory
roles of individual genes. Unsurprisingly, a number of different approaches have
been used in studying GS genes and profiling NUE in plants. Enzyme metabolic
has been quantified for N-linked genes in Arabidopsis thaliana (Kant et al. 2008;
2011). This is the case with barley (Avila-Ospina et al. 2014; 2015), rice (Yamaya
et al. 2002; Ishiyama et al. 2004), maize (Martin et al. 2006), wheat (Habash et
al. 2001; Bernard et al. 2008, 2009; Yousfi et al. 2012; Wang et al. 2015) and
other crop species (Brugiere et al. 2000). For example, tissue metabolic activity
of the GS enzyme has been quantified in maize as a parameter to understand the
variable response of accessions to fertilisation. Studies of maize have become the
basis to explain the putative role of many enzymes (Rispail et al, 2004) that
mediate N metabolic reactions involving, uptake, utilization and remobilization.
An improvement on classical physiological-agronomic studies of enzymes is the
adoption of quantitative and genomic techniques including linkage analysis and

quantitative trait loci mapping.
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Quantification of GS activity is one of the effective approaches to
investigate genotypic responses to N fertiliser treatment (Urbanczyk-Wochniak
& Fernie, 2005) in cereal crops. In this study, GS activity was quantified as the
total metabolic activity in 1.0 mg of homogenised tissue per incubation time of
30 minutes.

Generally, maize has represented a particularly important role in
characterisation of the GS genes due to the dual merits of high rate of gene
polymorphism (for detectability of genetic variation) and global cultivation status
that can be a vital source of information on plant N efficiency in different
environments (Masclaux et al. 2001). Cytosolic GS isoforms have been
investigated in maize (Martin et al. 2006). These isoforms have been confirmed
as important grain filling regulators (Martin et al. 2006). Different sampling time
points have been used in evaluating GS activity in cereal species. For example,
the effect of salinity on GS activity has been measured in 21 days old wheat shoot
and root seedlings (Kwinta & Cal, 2004) after 14 days in source N solution. In
addition, a study of Hordeum vulgare (L. cultivar Golden Promise) in a growth
chamber, Avila-Ospina et al. (2015), investigated plants in pots supplied with
either high or low nitrate nutrient solution. Leaves of seedlings 20 days after
sowing (DAS) were harvested for GS activity analysis. All these studies reported

significant differences in GS activity at the time points specified.
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Therefore, there appears to be a wide range of time points for measuring
GS activity. This will make it difficult to pre-select a particular measurement
point that will show significant variation in enzyme activity in a wide panel of
different species.

Generally, molecular characterisation of GS genes and GS activity in cereal
crops have focused mainly on maize (Limami et al. 2002; Gallais & Hirel, 2004,
Martin et al. 2006), barley (Avila-Ospina et al. 2015) and rice (Kusano et al.
2012). Limami et al. (2002) found one QTL for GS activity and thousand kernels
weight. In addition, Gallais and Hirel (2004) detected QTLs for leaf GS activity
accounting for 52.5% of the phenotypic variation between maize varieties. Three
of the six QTLs coincided with cytosolic GS encoding maize ginl, gin2 and gin4.
In-silico sequence analysis, Swarbreck et al. (2010), reported significant variation
(Pearson's correlation coefficient > 0.7) in the co-expression of GS1 and GS2.
This is important as it can serve as a reference for analysing GS1 and GS2
transcripts and the levels of enzyme activity linked to these transcripts.

In a study of maize GS activity, Martin et al. (2006) found that GIn1.3 and
GInl.4 mutants were associated with decreased GS activity compared with the
wild type plants. In barley, Avila-Ospina et al. (2015) reported that under both
low N and high N, GS activity was significantly higher in old leaves was
significantly higher than the GS activity of young leaves. However, when
comparing the first two corresponding lowest leaves on low N and high N plants,

the total GS activity was higher in the low N leaf than the GS activity in HN leaf.
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Inrice, Funayama et al. (2013) detected that the GS1 activity assayed in the
roots of 18-day-old rice seedlings was lower than 50% of the GS activity recorded
in roots of the wild type plants when all plants were grown under 1mM
ammonium. These results indicate that cytosolic GS genes are important in the
primary assimilation of ammonium and are strongly linked to GS activity as an
integral component of the N metabolism. However, when comparing two rice
varieties (IR-64 and Khitish), Singh and Ghosh (2013), concluded that a relatively
lower root GS activity in 1R-64 seedlings was due to decrease in GS2 activity
under water deficit.

Despite the studies of maize, barley and rice GS activity, few studies have
investigated NUE parameters like GS activity in spring wheat. Bernard et al.
(2008) conducted the first characterisation of GS genes in wheat using mapping
information, sequence analysis and phylogenetic analysis as a way of explaining
gene function. However, that study did not include the analysis of GS activity
under different N regimes. Habash et al. (2007), investigated GS isozymes and
associated QTLs in two wheat cultivars (CS & SQ1). The study of GS isozymes
(Habash. 2007) demonstrated that QTLs for flag leaf GS activity were linked with
fresh weight and suggested that these QTLs may be linked with grain N.
However, the approach used was limited by the sample size of tested accessions
and in the scope of GS activity coverage respecting the early growth stages. There

has not yet been a study of GS activity spanning a wider range of growth stages.
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There is a need for such analysis to show the variation in metabolic activity
in a larger number of wheat accessions. Such information will be important for
understanding the N efficiency of plants at specific growth stages. The present
study highlights the attempt to decipher total GS activity when comparing wheat
accessions under high and low NOj3™ concentration levels in hydroponic solutions
and over a specific time course. It is proposed that significant GS activity is
related to specific and clearly defined developmental stages for each wheat
genotype. For example, increased leaf metabolic activity (Oliveira et al. 2002)
was observed to elevate sink-source transfer of N-compounds during grain filling
(Racjan & Tollenaar, 1999).

The present study analysed tissue specific GS activity at distinct
developmental stages from plants that have been hydroponically grown under
high and low N. The GS activity assay and subsequent analysis of the metabolic
activity showed consistent levels of enzyme activity in the flag leaf under high N
treatment. However, contrasts in GS activity during anthesis and grain filling

suggest specific genetic influence in accessions.
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5.2 MATERIALS AND METHODS

A total of three experiments were conducted between 2013 and 2015 at the Plant

Research Centre, University of Adelaide, Waite Institute, Australia.
5.2.1 Experiment 1: GS Activity at Four Growth Stages

Experiment 1 consisted of two experiments: Experiment (1) was
conducted using germplasm material that consisted of 8 hexaploid wheat
accessions (Gladius, Drysdale, Excalibur, Kukri, RAC875, Scout, Espada,
Chinese spring). The seedlings were cultured in hydroponic units until the fourth
week after establishment. Hydroponic solutions of high N (HN: 5.0mM NH,")
and low N (LN: 0.5mM NH,") were used as a medium to cultivate the seedlings
until 46 DAS (days after seeding) within a controlled chamber that was lit from
electric bulbs (250w 6400k) in a 12-hour photoperiod cycle that alternated with
total darkness. The mean internal air temperature of the growth chamber was
23.6°C, the nutrient solution was replaced twice a week, and the pH was
maintained at 6.5 by adding NaOH and HCI. The roots, young fully emerged leaf
blade (YEB) and older fully formed leaf blade (OFB) were harvested at 18, 32
and 46 DAS. Harvesting dates were consistent for all accessions. At harvesting,
phenotypic variables including SPAD, tiller number, shoot length, leaf number,
fresh shoot and root weight and biomass were measured and analysed.
Experiment 1(2) was established to test GS activity in five accessions (Gladius,

Drysdale, Excalibur, Kukri and RAC875) that showed considerably high GS
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activity in the Experiment 1(1). The methods used in Experiment 1(2) were the
same as used in Experiment 1(1) in design, but the harvesting dates included was
extended to 60 DAS to assess GS activity at the flag leaf stage. Therefore, the
harvesting dates were 18 DAS, 32 DAS, 46 DAS and 60 DAS. In the second
experiment, the nutrient solution for the hydroponic medium was optimised by
replacing pipe-borne water with reverse osmosis (RO) water. This was necessary
to remove any chemical residues that may alter the nutrient composition of the
growth medium. The shoot tissue material was assayed for GS activity levels in
the young fully emerged leaf blade and older fully formed leaf blade, as well as

in the roots.

5.2.2 Experiment 2: GS activity based on Zadoks Growth Stages

5.2.2.1 Germplasm Material for Experiment 2

The germplasm material consisted of hexaploid wheat accessions (Gladius,
Drysdale, Excalibur, RAC875 and Kukri). The seeds were obtained from the
Australian Centre for Plant Functional Genomics (ACPFG) stocks
(http://www.acpfg.com.au/index). The material used also comprised one mapping
population consisting of an F1 derived double haploid population (DH) from a
cross between RAC875 x Kukri and second mapping population of recombinant

in-bred lines (RILs) from a cross between Gladius x Drysdale.
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5.2.2.2 Experiment 2 Activities

The flag leaf of each plant was harvested synchronised with the emergence
of the awns and clear visibility of the leaf ligule (Zadoks 39) in each genotype. It
was important to harvest all accessions and mapping populations at precisely this
same developmental stage to allow for uniform comparison of the GS activity at
the same developmental stage across different accessions. There was a mean of 7
days’ interval between the harvesting days of RAC875 (earlier) and the other
accessions (Gladius, Drysdale, Excalibur, Espada, Mace, Chinese Spring). Kukri
was the last to reach the developmental stages (14 days after the harvesting date
of RAC875). The accessions were assessed for differences in GS activity.
significant differences among the accessions then served as a basis for choosing
specific mapping populations that corresponded to the specific parents within the
set of accessions.

Moreover, the flag leaf, leaf next to flag leaf (flag leaf-1) and root tissues
were all sampled at six clearly distinct Zadoks wheat developmental stages
(https://www.agric.wa.gov.au/grains/zadoks-growth-scale) for enzyme assays.
The stages included Zadoks 23 (main stem and 3 tillers appear), Zadoks 31 (first
node emerge / stem elongation), Zadoks 39 (flag leaf ligule just visible), Zadoks
49, (first awns emerge / heading (Zadoks 49), Zadoks 69 (anthesis (Zadoks 69)
complete) and Zadoks 73 (early milk grain). There were 8 replicates of each
variety in each treatment and the pots in the hydroponic units were arranged in 4

experimental blocks that represented the two N treatments.
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Each block contained three sub-plots of each variety. Eight plants of each variety
were sampled per treatment at the onset of distinct developmental stages that

corresponded to clearly defined Zadoks growth stages.
5.2.2.3 Hydroponic System Set-up and Growth Conditions

As shown in Appendix Fig. FAS5.1 and Fig. A5.2, four large hydroponic
units was set up in a randomised design in a controlled environment room or
growth chamber (Appendix Fig. A5.1). The mean air temperature of the growth
chamber was 22.6°C and relative humidity was 56.78% and light intensity
382.41x. Each hydroponic unit treated as a block consisted of 120L plastic bin (set
on a Im high lab bench) connected to two upper 10L capacity buckets. The
buckets and bins were supplied by pump-fitted plastic hoses (in-lets and out-lets)
that served as drainage paths for the constant circulation of the nutrient solution
between the bin and the buckets above bins (Fig. AS.1). Four replicates were
established and 80 plants were set in each hydroponic unit. The nutrient solution
supplied was constituted from inorganic N sources and trace elements (Appendix)
formulated in RO water. Two different solutions (5.0mM NOs; HN; 0.5mM NOs
; LN) representing two N treatments were prepared and applied separately. High
and low N treatments were randomised in one block. Each unit was filled with
polyvinyl plastic (PVP) tubes 3 x 14 cm. The pots were stabilised with plastic lid
with circular holes carved to secure each pipe from swaying. Each PVP tube was
fitted with a mesh set 6¢cm from the top of the PVP tube to serve as a platform for

the seeds.
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Seeds of each wheat accession were first set in filter paper embedded
transparent petri-dishes and germinated in 60% RO water for three days at room
temperature. The seeds were then transplanted into the pots (set in the hydroponic
units) at the emergence of the radicle. The pH of the nutrient solution was
maintained at 5.9 by balancing with 1M NaOH and 1M H,SO4 and re-checked
every 72 hours. The nutrient solution was renewed with fresh stock every 7 - 10
days.
5.2.2.4 Buffer Preparation and Biochemical GS Assays

The buffer for the reaction solution was made from 19.7g (125mM) Tris-
HCl dissolved in 800ml H,O (milliQ), pH was adjusted to 7.6 (using 1M HCL/1M
NaOH) and made up with H,O (milliQ) to 1000ml. The reaction solution (R-mix)
was constituted from 36.97 (150mM) MgSO, .7 H,O (Mw: 246.48 g/mol), 88.28¢g
(600mM) Glutamate (Mw: 147.1299g/mol), 3.13g (45mM) Hydroxylamine
(Mw: 69.556g/mol), 11.16 g (30mM) EDTA - Na, (Mw: 372 g/mol). This solution
was adjusted to pH 7.6 (1M HCI/1M NaOH) and H,O (MilliQ) added to 1000ml.
Tissue samples (YEB, OLB and Flag leaf) were harvested and frozen in liquid N,
crushed on a Geno grinder into fine powder and extracted in 100mg of 1ml
extraction buffer. The extraction buffer was added in two 50ul samples separately
into 2 adjacent wells on a 96-well microtitre plate: 50ul to the first well (ATP +
mix) and 50ul to the second well (ATP - mix). The ATP + mix was a solution
constituted from 6ml reaction buffer, 2ml R- mix and 2ml ATP. The ATP- mixture

was constituted from 8ml reaction buffer and 2ml R- mix, minus ATP.
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The ATP was a solution prepared from 3.3g (60mM) ATP (Mw: 551.1g/mol) that
was dissolved in 100ml H,O (milliQ) and adjusted to a pH of 7.6. The next step
in the GS assay process was to add 100ul of Mix 1 (ATP+ mix) with exactly 15-
second intervals to the first well and thereafter 100ul of Mix 2 (ATP- mix) to the
second well. The microtitre plate was then covered with fine parafilm and
aluminum foil and incubated at 30°C for 30 min.

To stop GS activity 150.0ul stop solution was added to the plate in the same
order (15-second intervals) as the addition of Mix 1 and Mix 2 solutions. The
stop solution was made from 181.0g (0.67M) FeCl; - 6 H,O (Mw: 270.3g/mol),
32.7g (0.2 M) TCA (Mw: 163.39g/mol), 55 ml HCL (Mw: 36.45g/mol) dissolved
and volume adjusted to 1000ml with H,O (milliQ). Seven standard (St) solutions
(concentration in 200ul well, nmol/well - St1:0, St2:50, St3:100, St4:200, St5:400,
St6:600, St7:800 - Table A5.3) was prepared from 100 nmol/ul stock of y -
glutamylhydroxamate (1-Glutamic acid y-monohydroxamate).

This was a mixture of 16.2 mg y -glutamylhydroxamate mixed with 1ml
H,O (milliQ). The standard solutions were added to the microtitre plate and
centrifuged at 10000 rpm for 5 min. A total volume of 200ul was transferred from
each well to a new plate using a multichannel pipette. The absorbance of all
samples in the plate was measured at 540 nm on a microtitre
plate reader  using the MARS Data  Analysis program

(http://www.bmglabtech.com/en/products/software/mars-data-analysis/).
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GS metabolic activity in the fresh wheat tissues was measured by
spectrophotometric absorbance using Polarstar Optima BMG Labtech 2.20R2
(www.labtechsoftware.com/) on a Greiner 96 U-Bottom plate. The absorbance
settings used were Start concentration factor: 1, Start volume factor: 1; Excitation
filter: Ex544, Emission filter 520; Shaking width: 150 rpm; Mode: double

orbital).
5.2.2.5 GS Activity Determination

The absorbance values of 7 standard solutions (Table S5.3) were plotted in
a linear regression and the function was used to calculate GS activity. GS activity
absorbance values from the assay spectral measurements were treated as raw data
for determining actual GS activity. The GS activity was calculated as the
difference between the ATP+ and ATP- absorbance readings from a
reaction/incubation time of 30min. In this study, we calculate this cumulative
metabolic reaction in root and leaf tissues as a function of enzyme activity per
incubation time of 30min and a dilution factor of the tissue extract.
GS activity was calculated as:

((X*(60/incubation time)*(300/200) / (dil.factor*0.05)) / 1000 (Xnmol / well /
incubation time) * (60 / incubation time) * (300ul / 200ul) / (dil factor g / ml *
(0.05ml)) / 1000.

Each variable in the equation is defined as:
(30/incubation time): incubation time, normally 30min

(300/200): the reaction in 300ul but measured on 200ul per well.
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dil.factor: sample (g fresh weight) is diluted in extraction buffer in 1:10 ratio
(0.1g/ml)

0.05: measurement done in 50ul (=0.05ml) extract in the final 300ul.

1000: conversion from nmol to umol.
The unit of GS activity calculation was stated as umolGHA/gFW/ h (glutamic

acid reaction rate per gram fresh weight).
5.2.2.6 Genetic Analysis of GS Activity

Prior to the overall trait analysis of the metabolic data, a phenotypic model
was tested based on the non-replicated RIL and DH wheat accessions only. This
increased the statistical strength of the data set. The trait data on GS activity was
natural log transformed to increase the degree of normality within the data set
(Yeo & Johnson, 2000; Kirisci et al. 2001). This improved the model diagnostics
for a QTL analysis that utilised 1333 unique markers from a 90K SNP map
dataset. A scanning method (i.e. one marker at a time) where each model included
the relationship matrix for all the varieties was used (Verbyla et al. 2012; Bonneau
et al. 2013). This was equivalent to keeping the whole genome marker set in each
model. Before forming each relationship matrix, markers in a 20cM exclusion
margin around the marker being tested was removed. This has been known to
increase the power of the marker being tested (Wolfe et al. 2016; Gao et al. 2016).
Plots of the Wald Statistic profile (similar to LOD profile) for each trait by
treatment was analysed and spreadsheets for each trait by treatment with a test of

each marker across the 1333 unique markers of the genome was constructed.
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5.2.3 Experiment 3: GS Activity in Plants Grown in Soil

In Experiment 3 the plants were grown in pots filled with loamy soil. The
nutrient composition of the growth medium was the same as the high and low
treatments in the hydroponic experiment (5.0mM NO;3; HN; 0.5mM NOs; LN)
and micronutrients were of the same concentration in RO water as was used in
the hydroponic experiments. The plants were supplied with the high and low N
solutions twice a week. The plants were grown in the same growth chamber. The
environmental conditions of the soil experiment were the same as that of the
hydroponic experiment described above. Three accessions included two
accessions that showed considerably high (RAC875) and low (Kukri) GS activity
levels in the hydroponic experiments; and a third accession Mace which was
found to have high N uptake in field studies (Mahrouidmajd et al. 2016). The flag
leaf, fully extended leaf next to the flag leaf and roots were harvested per the
developmental stages of tiller emergence, node (stem elongation), awn
emergence, heading, anthesis and milk grain in each accession. The onset of these
stages was varied from 7 days between RAC875 and Mace and 14 days between
RACS875 and Kukri, as RAC875 matured faster. The GS assay and GS activity

analysis was the same as described for the hydroponic experiments.
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5.3 RESULTS

Overall, Experiment 1(2) with harvesting dates at 18 DAS, 32 DAS, 46
DAS and 60 DAS, GS activity results showed consistent across accessions,
tissues and treatments. There were considerable differences in leaf GS activity
between five accessions (Gladius, Drysdale, Excalibur, RAC875 and Kukri).
Within these accessions, shoot GS activity was higher in the high N treatment.
There was no significant variation in GS activity between accessions and N
treatments at 18 DAS. Furthermore, at 32 DAS, GS activity was generally non-
significant between treatments and accessions. However, the GS activity in OFB
was significantly different between Excalibur, RAC875, Kukri (0.023
umolGHA/gFW/h) and Gladius (0.003umolGHA/gFW/h) but not Drysdale (0.017
umolGHA/gFW/h). There was consistent low to high distribution of GS activity
between 46 DAS and 60 DAS in Kukri (0.024 - 0.075umolGHA/gFW/h) and
RACS875 (0.022 - 0.075umolGHA/gFW/h) in all tissues. Significantly, higher
levels of YEB GS activity were measured in RAC875 at 60 DAS and Kukri at 60
DAS, all other YEB GS activity measurements were lower than this level. With
the exceptions of RAC875 and Kukri, GS activity in the HN and LN treatments

were consistently low except at 60 DAS in the OFB (Fig. 5.1).
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Fig. 5.1 Experiment 1(2): Glutamine synthetase activity (umolGHA/gFW/ h)
levels in 8 biological replicates of young fully extended leaves, older fully
extended leaves and roots sampled at 18, 32, 46 and 60 days after seeding.
Statistical significance (p-value, p < 0.05, Tukey test) between accessions in the
same treatment and tissues is indicated by (*).
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In Experiment 2 (in which GS activity was assayed at Zadoks 39), assay of
the flag leaf produced clear high levels of GS activity in the high N than the low
N treatments (Fig. 5.2). There was significantly high level of flag leaf GS activity
in RAC875 and Excalibur. In the roots of Excalibur and Kukri, there were GS
activity levels which corresponded to the GS activity in the flag leaf of these two
accessions (Fig. 5.2) The GS activity levels under low n remained low in both

flag leaf and root tissues.
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Fig. 5.2 Experiment 2: Fully extended flag leaf Glutamine synthetase activity
(umolGHA/gFW/h) levels in in 8 biological replicates of flag leaf and roots of
five wheat accessions under high N (5mM NOs’; HN) and low N (0.5mM NOs;
LN) treatments sampled at Zadoks stage 39. Statistical significance (p-value, p <
0.05, Tukey test) between accessions in the same treatment and tissues is
indicated by (*).
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Among the mapping population sets, the distribution curve of GS activity
for the RACS875 x Kukri DH population shows about 50% of the double haploid
lines produced higher root GS activity than the parental accessions RAC875 and
Kukri (Fig. 5.3 & 5.4) under LN and HN. Conversely, RAC875 and Kukri
recorded higher flag leaf GS activity than > 50% of the double haploid individuals
within the RAC875 x Kukri DH population (Fig. 5.3 & 5.4) under both N
treatments. Within the RAC875 x Kukri DH population there were lines that
showed unique levels of GS activity in the flag leaf (DH-R172, DH-259, DH-
R282, RACS875) and roots (DH-R202, DH-R202) under high N (Fig. 5.3). Within
the Gladius x Drysdale recombinant inbred lines, there considerably high GS
activity in some accessions in the flag leaf (Gladius, GD 261, GD 291, GD 308,
GD 321) roots (Drysdale, GD 271GD 286, GD 306, GD 318) under high N
treatment. There some notable GS activity levels in the flag (GD 250, GD 269,

GD 289 and GD_323) and roots under low N treatment (Fig. 5.4).

-179 -



DFlag leaf HN

ORoots-HN
OFlag leaf LN
BORoots-LN

REL L
L S.8DVH
L sgzyl HA
L zgzyl_HA
L ooz Ha
L 652 _HA
L oszvl_Ha
L eszy_Ha
L 1szx Ha
L oszy_Ha
L orzyl HA
L srzy_Ha
L rrze_Ha
L srz Ha
ZrTd_HA
L oz HA
L 67z HA
L ozzy 1A
L szzy Ha
L vz Ha
L ezzy_Ha
L zzzw 1A
L 1229 Ha
L ozzx_Ha
L s TZ21_HIa
L s1zx_Ha
L L1z Ha
L o1zx_HQa
L s1zx_Ha
L o0zx A
L cozx_Ha
L zozy Ha
L 1oz Ha
L ooz¥_Ha
k 661 _HIA
L se1x_Ha
L LoT¥_HIa
L o1 _HIO
L se1¥_Ha
L roTx A
L co1¥_HIa
L ZoT¥_HIA
L 1612 HA
L osT¥_HIa
L 681T¥_HIA
L 881y _HA
L 281T¥_HIA
L og1y_HA
L sg1y_HIa
L reTy_HAa
L €g1y_HA
L zg1y_HAa
L 181y HA
L og1¥_HA
L sL1¥_HA
L 81 HA
L L1 HA
L oLy HA
L sc1y_Ha
L rory_Ha
L eL1d_Ha
L zo1d HA
L1219 Ha
L o1 HA
L co1y_Ha
L so1v_HA
L Lot _HA
L ooy
L so1vl_Ha
L rory_Ha
L o1l HA
L zoTyl_HA
L 191 Ha
L oo1vl_HA
L 6s1e1_HA
L ss1vl_HA
L Ls1e_ HA
L os1vl_HA
L ss1y__Ha
L rs1yl_HA
L es1el_HA
L zs1e_HA
L 1s1 Ha
L os1e_Ha
L or1x_HA
SrI¥_HA
L¥TM_HA
orTd_HA
L sriy_Ha
L rrix_Ha
L sr1x Ha
L zr1e_Ha
L 1P Ha

2500

=
=]
W

2000
1500
1000

(Y/AAAS/VIHD/oWN) QIARDE SO

FOF1IY HA

=

RAC875 x Kukri parental and double haploid lines

-180 -

HN) and

low N (0.5mM NO_ ; LN) in RAC875 x Kukri mapping population set under high N (SmM NO ) treatments sampled at

Zadoks stage 39.

.
b

3

Fig. 5.3 Glutamine synthetase activity (umolGHA/gFW/h) distribution in accessions under high N (5mM NO



AfepsAa(

< “
T £ =
= S =
¥ g
E 2 K
O o o
-

500 »

450 1
400 o
350 1

(U/MA3/VHD/lown) Hiapde §9

- SDIpELD
FT7E AD
FE2€ D
+12€ aD
F0Z€ D
F61€ dD
F81€ aD
FL1E€ D
£ 91E D
FPIE D
FTIE aD
F0IE dD
F60€_ dD
60 D
F80€ D
90€ Ao
F20€ AD
F10€ D
F00E” a0
- 667 D
FL6T D
FS6T AD
FP6T_AD
€67 _AD
267 AD
F167_AD
687 dD
- 88T D
FLST D
- 98T D
FS8T AD
FPST_AD
€87 AD
187 D
087 _dD
F6LT D
F8LT D
FLLT AD
FSLT_AD
FPLT D
FELT D
- TLT a0
F0LT aD
697 D
F 897 AD
+S9T_dD
297 Ao
197 _dD
65T AD
FLST D
F8ST D
FLST D
95T AD
FSST_AD
FPST AD
F€ST AD
+IST_AD
+1ST_aD
F0ST_AD

L 0ET D

Gladius x Drysdale parental and recombinant inbred lines

-181 -

Fig. 5.4 Glutamine synthetase activity (umolGHA/gFW/h) distribution in accessions under high N (SmM NO_ ; HN) and

low N (0.5mM NO, ; LN) in Gladius x Drysdale population set under high N (5SmM NO, ) treatments sampled at Zadoks

stage 39.



Regression analysis of the single treatment N effect on GS activity is
presented in Figures 5.5, 5.6 and 5.7. Plots are produced to show possible QTL
linkages in flag leaf and root tissues. There is a QTL association for low N root
GS activity expression on the distal portion of Chr. 1B - (Fig. 5.5) where this QTL
maps close to the standardised threshold (13.59 - threshold at which the Wald
statistic value of N responsiveness was accepted as significant). There was
nothing significant over the threshold for the root trait. This was for either
treatment, except flag leaf QTL on Chr.54 associated with the low N (Fig. 5.6).
Most of the GS activity in the RAC875 x Kukri DH population did not rate above
the 13.59 (Fig. 5.7).

In addition, a plot is presented to show a profile of the genetic
responsiveness (how well the plants respond to the high nitrogen treatment given
the low nitrogen treatment). This is essentially a more robust approach to
determining whether there are QTL that express themselves differently depending
on the treatment. A further analysis of genetic responsiveness highlighted on
Chr.5D.1, shows that although the interval was not significant for either
treatment, the change in the expression of GS activity was just below the

threshold of significance (Fig. 5.7).
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Furthermore, quantitative mapping of flag leaf GS activity in the RAC875
x Kukri DH population under high N treatment showed many loci linked to GS
activity including; barc-0147; barc0102, wmc0043, barc0234, gwm0285, and
wPt-9510 on Chr.3D (Fig. 5.8) and barc0058, wPt-3923, wPt-5674, wPt-5674,

wPt-0373 and wPt-7365 on Chr.7D (Fig. 5.9).
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Fig. 5.8 Quantitative mapping of flag leaf GS activity under high N treatment
within the RAC875 x Kukri double haploid population shows eight significant
loci on Chromosome. 7D.
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Fig. 5.9 Quantitative mapping of flag leaf GS activity under high N treatment
within the RAC875 x Kukri double haploid population shows significant loci on
Chromosome 3B.
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When the dry weight (g) of the shoot and roots were compared, there was
significantly higher dry weight in shoots than roots under the high N treatment in
comparison with the low N treatment in Gladius, RAC875 and Kukri (Fig. 5.10).
Similar pattern of differences between shoots and roots was recorded in fresh
weight measurements of the three accessions (Fig. 5.10).

In Experiment 3, the results of enzyme assay in tissues extracted from soil
cultivated wheat plants (Fig. 5.11) showed that GS activity was under temporal
control. There were significant differences in GS activity which when tissue
sampling time was standardised across different wheat accessions at specific
developmental stages on Zadoks Scale (23, 31, 39, 49, 69 and 73). In Figure 5.11,
the coloured red asterisks refer to significant differences (p-value, p <0.05, Tukey
test) between high nitrogen and LN treatment within the same genotype and the
black; refer to significant differences between wheat accessions under similar

nitrogen treatment and in corresponding tissues.
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Fig. 5.10 Variation in biomass change at full flag leaf extension (Zadoks 39)
expressed as fresh weight (FW) and dry weight (DW) in 8 biological replicates
of accessions under high N (5mM NOj3) and under low N (0.5mM NOs)
treatments. Statistical significance (p-value, p < 0.05, Tukey test) between
accessions in the same treatment and tissues is indicated by (*).
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There were no significant differences in enzyme activity in roots at Zadoks
23 and in flag leaf-1 at Zadoks 69 (Fig. 5.11) between RAC875, Mace and Kukri.
Apart from Mace, the effect of nitrogen treatment on enzyme activity was not
significantly different between two N treatments. However, there were significant
differences in flag leaf GS activity between RAC875, Kukri and Mace at Zadoks
69 (anthesis) and Zadoks 73 (milk grain) stages under the low N and between
RACS875 and the other two accessions under the high N at Zadoks 49 (heading).
The assay results in Experiment 3 shows that RAC875 and Kukri showed
significant differences in enzyme activity between high and low N treatments

during the reproductive stages (Zadoks 49, Zadoks 69 and Zadoks 73).
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5.4 DISCUSSION

The aim of the GS assay was to determine if GS activity was linked with
some GS isoforms under contrasting N treatments (measurement of GS isoforms
transcripts was in Chapter 3). In Experiment 1(2), there was an increase in GS
activity between 46DAS and 60DAS. The plants were developing through the
reporoductive stage between these time points and the upsurge in GS activity
suggests there was an increase in N-related metabolic activity in consistent with
the GSI (Rolny et al. 2016) demands of developing tissues such as in the young
leaves at critical developmental stages.

In Experiment 2, tissues sampled for the GS assay were harvested from
young leaves, older leaves and roots at 18, 32, 46 and 60 DAS. The biological
growth stage of the wheat accessions at harvest was neither synchronised nor
uniform at these growth points. Three of the wheat accessions produced larger
flag leaf under high nitrogen treatment, significantly higher in some accessions
under low nitrogen treatment. There was increased GS activity in the roots of
Excalibur and Drysdale and high GS activity in the YEB of RAC875 and Gladius.
The GS activity levels increased between 18 and 46 DAS in most accessions and
there was no variation in leaf and root GS activity. Again, this is consistent with
the findings of (de Oliveira et al. 2016) elevated tissue GS enzyme activity in
young Byrsonima crassifolia plants progressed to maturity. While there was no
clear pattern to the increase and decline in GS activity between accessions and in

different tissues across treatments, it was observed that consistent variation in GS
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activity levels occurred within individual accessions at the four growth points.
For example, two accessions (Gladius and RAC875) showed significant increase
in GS activity in young fully emerged leaves at 60 DAS. This may point to
differing control mechanisms underlying both GS activity and quantitative
differences underlying contrasting N treatments. The differential control
mechanisms support the finding that, increased GS activity in the shoot was
highly correlated with increased N concentration in the hydroponic growth
medium and agrees with the work of Hirel et al. (2001) and Mattsson (1998).

The biological growth stage of the accessions at harvest was neither
synchronised nor uniform at these growth points. The growth stage varied
considerably between accessions and among mapping population lines. It was
observed that RAC875 reached anthesis (Zadoks 69) and initiated grain filling
from 2-3 weeks earlier than Mace and Kukri. While a positive correlation has
been established between GS activity and grain yield and leaf NO;™ content under
low N supply conditions (Habash et al. 2001, Hirel et al. 2001, Masclaux et al.
2001, Martin et al. 2006), in this study, the high nitrogen treatments produced
elevated levels of GS activity in both flag leaf and roots.

Distribution curves of GS activity among mapping population lines show
similar pattern of GS activity between high nitrogen and LN treatments. The high
nitrogen treatments produced elevated levels of GS activity in both flag leaf and

root GS activity.
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The increased GS activity was consistent with biomass data from fresh
weight and dry weight measurements in shoots and roots of all accessions under
high nitrogen and LN treatments (Fig. 11). The biomass change in wheat was
different to the GS activity contribution to biomass observed in non-cereal plant
species. For example, when assessing the overexpression of GS in Nicotiana
tabacum, transgenic plants produced higher shoot and greater root biomass and
leaf surface area under depleted levels of N in comparison with the wild type
under the same N condition (Fuentes et al. 2001). It can be deduced that the effect
of GS activity on biomass yield may be significantly influenced by gene
expression levels of different GS alleles (present in some species and organs)
which mediate N — linked traits (Cafas, 2016, Zhou et al. 2016).

In addition, GS activity can be linked to a stay green phenotype (sustained
greenness of the shoot especially leaves and stem) in wheat. This may be
explained by the effect of increased N remobolisation leading to a stay-green
phenotype (Sinclair & De Wit, 1975; Masclaux et al. 2001; Spano et al. 2003).
Loci for a stay-green phenotype has also been associated with drought tolerance
and anthesis (Thomas & Howarth, 1999). GS activity may be linked to stay-green
trait through induced N uptake and remobilisation due to pre-anthesis (Zadoks
69) N contribution to improved photosynthesis. Consequently, it is critical to
examine the effect of N supply on stay-green in the paradigm of enhanced GS

activity or otherwise.
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The results so far have indicated a considerable YEB GS activity increase
at 60 DAS (which is an average of 3 days after the start of grain filling among the
accessions). The analysis presented in this paper shows that GS activity was under
temporal control as per the standardisation of harvesting date and flag leaf GS
activity. This can serve as useful benchmark in breeding for N-linked traits in
hexaploid in wheat. A more robust approach to deciphering N-linked traits will
be to combine enzyme assay analysis with assisted marker selection and targeted
genotyping of GS activity in a wider pool of genetic variants under more stratified
and contrasted N treatment regimes, possibly in the context of natural field
conditions.

The analysis of flag leaf GS activity under low N in the RAC875 x Kukri
DH population identified a QTL on Chr. 5 on the A - genome. In the soil based
GS activity assays involving Mace, RAC875 and Kukri, there were significant
differences at six Zadoks developmental stages investigated. It was noted that in
all three varieties, low nitrogen plants matured faster and reached each
developmental stage faster and earlier (app. 2-3 weeks) than high nitrogen plants.
The faster growth and maturity might be an adaptation by plants to complete each
of the growth stages and ultimately the life cycle as a response to limited N
supply. Nitrogen treatment clearly has an influence on GS activity and this was
clearly observed in the leaf tissues. Generally, in the soil experiment Mace,

RAC875 and Kukri showed increased enzyme activity under low nitrogen.
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Though this trend contrasts the hydroponic GS activity results (which showed
increased GS activity under high N), the soil-based analysis is consistent with
previous studies that confirm up-regulation of GS activity under low nitrogen. In
the early developmental stages (tiller and node initiation), the varieties showed
no difference in GS activity between N treatments in the flag leaf. Overall, the
identification of a QTL for flag leaf GS activity in the RAC875 x Kukri DH
population as was observed under low N. This has implications for identifying
genetic variation in GS activity in different wheat accessions and mapping
popualtions.

Consistent levels of GS activity in the YEB and roots of RAC875, Kukri
was used as aparameter in selecting these accessions for further analysis in
Experiment 3 (soil-based analysis) using the same accessions. This experiment
included analysis of the fully extended flag leaf GS activity at Zadoks 39 identical
to a study of GS isoforms in which flag leaf GS activity was measured (Habash
et al. 2006) and due to the considerable abundance of plastid GS in the flag leaf.
The flag leaf synthesises about 70% of carbohydrates stored in the grain, and is
linked to elevated nitrogen remobilisation towards grain filling (Lopes et al.
2006).

In this study, it was anticipated that any significant variation in flag leaf GS
activity among the different accessions could indicate the capacity to assimilate
N efficiently and convert N resources into grain filling (Lopes et al. 2006; Rolny

et al. 2016). These differences are consistent with the previous results from the
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hydroponic Experiment 1(2) and Experiment 2. In both experiments, RAC875
produced significantly higher metabolic activity than Kukri. This indicates that
there may be a genetic basis for enzyme activity differences. This is due to
differences reflected in the levels of gene expression differences between the two
accessions. Evidently, the GS activity levels of RAC875 depicted at Zadoks 49
was more consistent than that of Kukri and Mace as there were significant enzyme
activity in the flag leaf, flag leaf-1 and root tissues at this stage, but not in the
other two accessions.

The distribution of GS activity between varieties was clearly differentiated
in the flag leaf and likewise the effect of N treatment in the second leaf (flag leaf-
1) however, activity was largely unchanged in the roots of the different varieties.
In the reproductive stages (anthesis - Zadoks 69, and milk grain stage), analysis
of the first leaf and flag leaf-enzyme activity between the varieties revealed that
though GS activity was significantly higher under low nitrogen, the varieties that
showed higher GS activity under low nitrogen produced lower GS activity under
high nitrogen. Conversely, under high nitrogen there was an increase in GS
activity. This was in varieties that had shown lower GS activity under low
nitrogen. The consistent flag leaf-enzyme activity during reproductive stage point
to N metabolism during reproductive development (Rolny et al. 2016; Zhou et al.

2016).
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The sharply contrasting varietal responses suggest genetic differences
underlie the consistently contrasted GS activity during reproduction, especially
during grain filling. RAC875 and Kukri showed higher GS activity under low
nitrogen, this suggests that there is a GS activity response to reduced N supply.
GS activity appears to be down regulated in the presence of increased N supply,
as result of reduced demand for resources. Mace showed a significantly higher
GS activity under high nitrogen and reduced GS activity under low nitrogen. This
might indicate reduced N uptake and synthesis in comparison with RAC875 and
Kukri, contrasts RAC875 and Kukri. However, the onset of grain filling may be
varied between cultivars with the same seeding date, a measure of leaf GS activity
(Habash et al. 2006) between different accessions on the same harvesting date
will yield contrasting levels of enzyme activity (Masclaux-Daubresse et al. 2006),
thereby compromising any comparative analysis of the accessions. The variation
In enzyme activity may be due to the interactive roles of different GS alleles
which may be differentially localised (sub-cellular and tissue specific) and

differentially regulated at different developmental stages.
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5.5 CONCLUSION

In the hydroponic analysis, there was elevated GS activity under high N
and and an observation of faster growth and maturity which was not observed
under low nitrogen which is a direct response to a nitrogen deficit. Though there
were inconsistent GS activity patterns between specific developmental stages of
vegetative growth, there was a consistent level of enzyme activity in the flag leaf
during the reproductive stage. This may reflect the importance of flag leaf N
metabolism during the reproductive stage of the plant. The sharply contrasting
varietal responses suggest genetic differences underlie the consistently contrasted
GS activity during reproduction, particularly during grain filling. In the soil
experiment, there was a general increase in GS activity in the glag leaf, flag leaf-
1 and roots under low N. This shows that the wheat accessions responded

differently to the N treatment in the hydroponic and soil growth media.
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CHAPTER SIX

GENERAL OVERVIEW AND FUTURE PERSPECTIVES FOR
GLUTAMINE SYNTHETASE CHARACTERISATION

6. INTRODUCTION

Prior to this study, Glutamine synthetase (GS) has beeninvestigated in non-
cereal crops mostly using Arabidopsis thaliana, Brassica napus, Medicago
truncatula (Lima et al. 2006) and Nicotiana tabacum (Lothier et al. 2011; Guan
etal. 2014; Orsel et al. 2014). Among cereal crop species, efforts have been made
to explain the role of GS transcripts in physiological processes such as seed
germination, growth rate and grain yield and protein content (Tabuchi et al. 2005;
Martin et al. 2006; Gadaleta et al. 2014; Guan et al. 2014).

Other studies have examined the performance of the GS transcripts in
nitrogen, assimilation, remobilisation (Hirel et al. 2001; Coque et al. 2008;
Masclaux-Daubresse et al. 2008) and nitrogen use efficiency (Avila-Ospina et al.
2014; Melino et al. 2015). Other important contributions include the
characterisation and sequencing of GS genes in the model legume M. truncatula
(Lima et al. 2006; Torreira, 2014) and Zea mays (Hirel et al. 2001; Gallais et al.
2006) which are documented in the Protein Data Bank (http://www.wwpdb.org/).

In addition, there have been attempts to elucidate GS pathways in maize,
barley, rice and recently wheat (Habash et al. 2001; Tabuchi et al. 2005; Bernard

et al. 2008; Goodall et al. 2013; Thomsen et al. 2014; Melino et al. 2015).
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However, the results of most GS studies have largely not been consistent in their
findings. This is especially the case regarding the trends in gene expression and
enzyme activity. A possible explanation of this may be related to the complex
nature of the underlying metabolic processes (Thomsen et al. 2014). Possibly, the
effect of environmental variables such as the level of nitrogen nutrition and the
rate of senescence (Kichey et al. 2005; Lothier et al. 2011), photo-respiratory
factors (Oliveira et al. 2002) and the variable nature of the agronomic practices
adopted in growing the experimental plants. The current study has however,
expanded the scope of the study of GS genes on both terminal and temporal scales
using a combination of marker development and mapping, gene sequencing,
expression analysis, enzyme activity profiling and phylogenetic analysis as a way
of understanding the genetic basis for nitrogen use efficiency in spring wheat
varieties.

While the present study does not claim to resolve all the questions pertaining
to the genetic characteristics of GS in hexaploid wheat, and many issues involving
the intricacies of nitrogen uptake and metabolism, the study does provide some

useful insights into deciphering these important themes.
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6.1 ADVANCES IN KNOWLEDGE FROM THE PRESENT STUDY
The major findings of the present study are summarised in the following
points:

e Analysis of Chinese spring anueploid DNA samples confirm that
TaGS1.14, TaGS1.1B TaGSI1.1D are located on Chr. 6 and TaGS2A4,
TaGS2B TaGS2D are on Chr. 2 of their respective genomes.

e Transcript abundance analysis of GS shows that the cytosolic GS
(TaGS1.1) 1s highly expressed in roots and the plastid GS (7aGS?2) is highly
expressed in the leaves.

e Phylogenetic analysis shows a clear dichotomy between 7aGSI.1 and
TaGS2; and between the wheat GS and GS sequences of other cereal and
non-cereal species.

e SNP markers in the conserved domains of GS sequences were found to be
polymorphic among wheat accessions in two double haploid populations
and a recombinant inbred-line set.

e Principal component analysis show the bi-allelic polymorphism of the SNP
markers conforms to clearly distinct groups of wheat accessions with
different nitrogen response.

e GS activity analysis does not reveal any clear pattern of enzyme activity
among the wheat accessions, except when the accessions were evaluated

at specific temporal stages of growth.
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e The nitrogen treatment influenced GS activity differentially in
corresponding tissues within the same accession.

e A quatitative trait locus for flag leaf GS activity under low nitrogen
treatment was identified on Chr. 5A.

The PCR amplification of DNA from Chinese spring aneuploid lines
confirmed that all six GS gene sequences were located on the predicted
chromosomes and respective genomes. Furthermore, the sequence alignment of
the TaGS1.1 and TaGS2 homologues of the wheat lines confirmed a high level of
sequence similarity to the reference GS sequences. Additionally, the sequence
alignment of the conserved regions of TaGS1.1 and TaGS2 genes demonstrated
that the exons in these regions shared a 98% sequence similarity. The localisation
of the six GS genes to their respective chromosomes indicates that both cytosolic
and plastid genes in wheat are syntenic to GS genes in barley maize and other
cereals. This may explain why there is a strongly observed sequence homology
between the GS genes of the different species. This the first known reported
characterisation of GS1.1 and GS2 loci in hexaploid wheat.

In this study, polymorphic markers were detected as single nucleotide
polymorphisms (SNPs) which amplified from one parental genotype but did not
amplify from the other parent. Several polymorphic markers of TaGS1.1A,
TaGS1.1B, TaGS2A and TaGS2B were mapped across three wheat mapping

populations.
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The SNP genotyping demonstrated that these markers showed a clear bi-
allelic variation with a total of 20 polymorphic marker loci able to be identified
within the diversity panel. These indicates that both accessions within the
mapping population lines were genetically linked to the SNPs for which these
markers mapped. These markers could be used to determine parental segregation
for GS genes in other cereal species, within specific mapping populations.

A principal component analysis of the SNP markers genotyped for the
diversity panel identified distinct groups of accessions that corresponded to
responsiveness to nitrogen treatment. In addition to analysis of SNP variation, the
assessment of sequence variation provides a further insight into the genetic
diversity and possibly gene flow within wheat accessions.

It was demonstrated through phylogenetic analysis of the wheat sequences
that, the GS2 alleles were genetically diverse from GS1.1 allele. This diversity is
observed amongst different species and between the different wheat accessions
examined in this study. There was low level of observed genetic divergence
between each of the wheat GS.1.1 alleles that largely explains the high level of
sequence conservation between the GS1.1 allele. Phylogenetic analysis
demonstrates that the Brachypodium distachyon GS1.1 and the Oryza sativa
GS1.1 sequences were clustered together but genetically distant from barley and
maize. Previous study of genetic relationship among GS genes in other species
suggest that the barley and maize GS genes were genetically related to each other

(Avila-Ospina et al. 2015).
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A study of Populus trichocarpa by Castro-Rodriguez et al. (2011) suggests
that extensive GS gene duplication has occurred during species divergence while
the phylogenetic analysis of GS sequences of maize, rice, barley and B.
distachyon indicate that they are orthologous or even paralogous to the wheat
GS1.1 allele. Assessment of the wheat GS2 sequences indicates a common link
with Maize GS locus B73GS2 and possibly suggests that the wheat sequences
may have originated from the duplication a maize ancestral GS gene.

The phylogenetic analysis of plastid GS sequences of both wheat and
barley clearly demonstrates that they are genetically divergent from Glycine max,
B. napus and A. thaliana. Furthermore, the comparison of Arabidopsis GS
sequences confirms that the GS1 sequences are distinct from GS1 sequences of
cereal species (Thomsen et al. 2014). This may imply that there may be different
functions of the GS1 genes in Arabidopsis compaed to the GS1 genes in cereals.
When comparing genomes, there was clear evidence to suggest that among the
plastid GS homologues, the D-genome homologues contained the highest level
of genetic similarity across the wheat accessions indicating that the GS2D genes
shared a common gene background. There was wider genetic divergence among
the wheat GS2A and GS2B sequences, which was not present among the GS2D
sequences. This genetic variation suggests that the GS2D sequences are highly

conserved in comparison with the GS2A and GS2B sequences.

- 206 -


http://jxb.oxfordjournals.org/content/66/1/203.full#ref-47

There is clear genetic divergence between the GS1 homologues of wheat
and both other cereals and non-cereal species. In addition, there is also genetic
significance between GS1.1 and TaGS2 homologues in wheat. This difference
difference in genetic divergence is one of the key genetic factors contributing to
the different biological functions of the plastid and cytosolic GS enzymes. An
example of this is their differing roles in N assimilation during leaf senescence.
Besides the observed sequence variation of these GS loci, there were clearly
different patterns of gene expression with a highly differentiated expression of
cytosolic GSI.1 in roots and plastid GS2 in the leaves.

Based on POTAGE sequence analysis of Chinese spring cDNA samples it
was predicted that 7aGS7 would be higher in roots and that the 7aGS2 transcripts
would be highly expressed in leaves. When the expression levels in Gladius,
Drysdale, Excalibur, RAC875 and Kukri were analysed, three cytosolic GS
transcripts were found to be highly expressed in root tissues than leaf tissues.
Similarly, three plastid GS2 transcripts were measured to be expressed
significantly higher expressed in leaves than in the roots. This confirmed the
differential expression of the GS loci in root and leaf tissues as predicted by
POTAGE and clearly confirms previous tissue-specific localisation in GS
expression studies (Fuentes et al. 2001; Bernard et al. 2008; Castro-Rodriguez et

al. 2011; Wang et al. 2015).
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When GS expression levels were measured in plants that have been treated
with high and low nitrogen, there was no significant observed effect of low N
treatment on gene expression in the flag leaf. There was however, some evidence
to suggest that GS expression in different tissues was modified in response to
nitrogen treatment. However, this gene expression did not follow a consistent
response pattern that suggests that the expression patterns recorded may be
influenced significantly by the expression of other genes. The expression of genes
involved in N assimilation and metabolism may be expressed differentially in
response to the changing N status within the tissues. The present study also
suggests that GS expression could be integral to the complex series of many
biosynthetic mechanisms mediating N uptake and assimilation and that these
mechanisms could be influenced under different N treatments.

The analysis of flag leaf activity demonstrated a strong effect of low N
treatment on GS activity in the soil-based experiment. This effect was
significantly higher than that of a high nitrogen treatment. Generally, plants
receiving the low nitrogen treatment grew faster and attained maturity and
developmental organs earlier than those in the high nitrogen treatment did. In the
soil-based assessment, GS was down regulated in response to increased N supply
in RACS875, Kukri and Mace. Within both the flag leaf and flag-1, GS activity
was consistently higher under low N and lower under high N. Generally, leaf GS
activity was comparable to root GS activity during the early development (tiller

and node initiation, awning emergence); however, leaf GS activity significantly
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increased and remained consistently higher than root GS activity during
reproductive development. This effect may be correlated with photosynthesis and
increased demand for N resources during reproductive development. The pattern
of GS activity in the flag leaf was comparable to the root GS activity during the
reproductive development that may indicate that GS activity in roots and leaves
may be co-regulated at the reproductive stage. The variation of GS activity
between RAC875, Kukri and Mace suggests that GS activity is modulated
temporally and that there is genetic variation for the controlling mechanism
between these varieties. This evidence therefore, strongly supports the prognosis
that complex interaction between nitrogen and genetic factors may regulate GS
activity and N assimlation during the reproductive stage. It also implies that GS
activity as a biological activity is highly regulated by the nitrogen resources
accessible to specific accessions. It is therefore clear that not all accessions
respond to nitrogen treatments in the same pattern, even when expressing similar
levels of GS transcripts. GS activity is clearly a highly complex biosynthetic
process that is mediated by several genetic factors including the activity of
GOGAT, aminotransferases and possibly yet uncharacterized factors. It was clear
that Kukri and RAC875 respond differently depict differently to nitrogen
treatment when compared to Mace. This provides clear evidence of the role of

genetic effects on GS activity at specific developmental stages.
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6.2 FUTURE DIRECTIONS FOR GS CHARACTERISATION IN WHEAT

The development of next generation sequencing has contributed to the
precision and rapid sequencing of the genomes of species such as maize, rice and
Arabidopsis. In addition to DNA sequencing molecular marker tools for
hexaploid wheat (Bertin, 2000; 2001; Ahn et al. 2006; Garnett et al. 2015) has
further facilitated genomic studies (Avila-Ospina et al. 2015). However, a
complete genome is yet to be completed for wheat. This has limited the research
activities and the characterisation of specific genes and enzymes in wheat such as
GS genes.

The first cloning and study of GS genes in wheat was conducted by Bernard
et al. (2008) to confirm the role of cytosolic GS enzymes in assimilating and
remobilising ammonia during leaf senescence. Recently, new wheat GS isoforms
(GS,, GS; and GSy;;) and three new cytosolic GS sub-units (GS1, GSrl, and GSr2)
were characterised and localized to the leaf tissue (Wang et al. 2015). However,
until recently, very few studies have been undertaken to characterise variation
between wheat GS alleles and none have employed the full-length sequences of
the six GS homologues analysed in the present study. Consequently, very little is
known about the specific characteristics and functions associated with individual
GS genes and the enzymes they encode. Despite the absence of a complete wheat
genome, SNP-based molecular markers will continue to be utilised in identifying
new regulatory loci and in characterizing currently identified genes (Cavanagh et

al. 2013).
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In addition to direct sequence identification from laboratory experiments,
the International Wheat Sequencing Consortium (IWGSC) database on hexaploid
wheat contains vital sequence data that constitute an important resource for
studying gene sequence conservation and conduct homology analysis.

The aspects of GS characterisation presented in the current study may serve
as the basis for further exploration of the GS enzyme and its associated functions
in hexaploid wheat. QTL mapping of traits such as nitrogen uptake and nitrogen
remobilisation is necessary to dissect the genetic basis of nitrogen use efficiency
in wheat. This will also present the opportunity to identify specific GS haplotypes
in existing collections of wheat such as CIMMYT’s Wheat Genetic Resources
programme of FIGS (Focussed Identification of Germplasm Strategy) sets
developed for nitrogen use efficiency.

Another area of potential investigation is the relationship between nitrogen
treatment and plant morphological changes that appear in response. In the present
study, there was considerable variation in flag leaf morphology between N
treatments and between different accessions. This suggests a possible effect of
nitrogen treatment on flag leaf morphology among the wheat accessions
examined. However, from the current study, it is inconclusive as to whether the
differences in flag leaf morphology were due solely to the effect of nitrogen
regime or in part that to genotypic variances among the wheat accessions. There
is a further need to investigate the extent to which nitrogen treatment affects flag

leaf morphology and to determine what, if any role the GS enzymes play in flag
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leaf morphological variation. If it could be determined confirmed that flag leaf
morphology can be used as a reliable indicator of nitrogen response in wheat, this
could significantly aid in the determination of nitrogen efficient accessions.

The present study has also demonstrated that both GS expression and GS
activity is significantly increased by the low nitrogen treatment. A future
challenge is to verify the consistency of these results by conducting GS
expression and GS activity experiments under standard agronomic practices in
field experiments. Such an approach could be utilised to capture the full scope of
the response to nitrogen treatments, and experimental protocols could be designed
to include fertiliser formulations that includes a broader scope of nitrate and
ammonium concentrations supplied.

Additionally, different strategies could be applied during the application of
fertilisers taking into consideration developmental stage effects. Such fertiliser
application protocols could be implemented under different growth conditions
including different soils, hydroponic systems and glasshouses and possibly in the
context of natural field conditions. Some of the accessions examined in this study
have complex genetic and breeding backgrounds. For example, Gladius that was
used in this study was derived from a cross, involving Excalibur, Kukri, RAC875,
Krichauft and a derivative of Trident. In order to understand the genetic control
of nitrogen response in agronomically appropriate situations, it is important to
explore the nitrogen response of these and other varieties such as Wyalkatchem,

Frame and Yipti which are widely cultivated in South Australia.
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Since these varieties are adapted to the agronomic practices of South Australian
wheat cultivation systems, it is also critical that their nitrogen responses are
investigated considering the effect of drought stress conditions, as it is not clear
how the patterns of GS expression respond to the drought prone agronomic
environment prevalent in the wheat cultivation area within South Australia.
Cytosolic GS genes are induced during senescence (Masclaux et al. 2000; Guo et
al. 2004; Martin et al. 2006). Therefore, it is crucial to characterise the regulatory
mechanisms that mediate the induction of these genes in response to drought-
induced leaf senescence. Moreover, in some cereal crops such as rice, there is a
direct relationship between the overexpression of non - GS genes such as the
PEPc gene (Thomsen et al. 2014), involved in nitrogen metabolism and the
upregulation of GS activity. Therefore, future study of GS and non - GS gene
interactions may be required to explore the regulatory pathways involving non -
GS genes that indirectly mediate GS activity in wheat. Such analysis may help to
clarify the intricate mechanisms underlying these gene interactions.
Furthermore, to understand the roles of GS enzymes in nitrogen
metabolism, there is a need to investigate the post-translational modification of
GS proteins including phosphorylation and nitration by nitric oxide. Such efforts
will explain differences in gene function associated with specific GS proteins that

may be encoded by specific GS homologues.
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6.3 CONCLUDING REMARKS

There is increased emphasis on developing accessions with the capacity for
N uptake and assimilation to increase yield output or maintain high grain yield
under limited N supply regimes. Glutamine synthetase biosynthesis is certainly
an integral component of nitrogen metabolism as the enzyme is involved in the
ATP-dependent conversion of glutamate to glutamine. The regulation of the GS
enzyme occurs at the level of the genes, transcript and protein. The GS enzyme
also catalyses the release of ammonium for nitrogen remobilisation during
senescence and especially, to boost grain filling. In the present study, the six GS
alleles investigated among nine spring wheat accessions give some useful insights
into the genetic diversity at both the sequence and amino acid level, and highlight
aspects of GS expression and GS activity that are influenced by nitrogen
treatment or deprivation. The analysis presented in this study also shows that GS
activity was under temporal control when standardisation of harvesting stage was
controlled. This can serve as useful reference in breeding for nitrogen use
efficiency in hexaploid in wheat.

There are however, several questions relating to the characterisation of GS
genes. These include uncertainties about the exact role of specific GS
homologues have in mediating nitrogen uptake within genetically diverse wheat
accessions, the effect of different nitrogen concentrations on gene expression and
GS activity in different accessions and the level of GS contribution to grain filling

and grain protein content.
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The exploration of the underlying mechanisms of these characteristics and
the genetic variables of the GS enzymes in diverse accessions is one of the key
strategies for discovering the genetic potential existing in these wheat accessions
for nitrogen use efficiency. This study contributed the the identification of genetic
diversity in hexaploid wheat by creating 20 new SNP markers for GS alleles. This
GS characterisation may provide a useful set of tools for wheat breeding targeting
the optimal use of nitrogen fertilisers and ensuring sustainable wheat crop

production.
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APPENDIX

Table A2.1 Characteristics of oligonucleotide pairs used to amplify the TaGS1.1

conserved domain sequences among accessions.

Sequence Name | Primer Primer Sequence Length/ | Direction | %GC | Hairpin | Self- Tm | Seq.

Name bp Tm Dimer size/bp
Tm

6AL_5748909- 4,694 F | CTGGGTCGTCGCCATTATATA 21 forward 47.6 | None None 57.1

5820788_

6AL_5748909- 5,093 R | CTAACAGCGCAAACTACGAC 20 reverse 50 None None 57.2 428

5820788

6AL_5748909- 5,235 F | GTTCAGTTCAGTTCGGTTCCGT 22 forward 50 None 11 61.1

5820788_

6AL_5748909- 5,757 R | CTTGCTCCTGAGATCCATGC 20 reverse 55 None 0.6 58.4 562

5820788_

6AL_5748909- 5,845 F | CTGCCGTGCTACCTAGTTATCCA 23 forward 52.2 | None None 61.8

5820788

6AL_5748909- 6,406 R | GCTTAAGTTGATCTCCCCTCTT 22 reverse 455 | None 4 57.5 683

5820788_

6AL_5748909- 6,375 F | GAGCATCATTAAGAGGGGAGATCA 24 forward 45.8 None None 59.7

5820788

6AL_5748909- 6,838 R | GAACGGAGGGAGTAGATCAT 20 reverse 50 None None 55.8 489

5820788_

6AL_5748909- 7,231 F | CTACTGTAGTATTGGTGCTGAC 22 forward 455 | None 6.7 56

5820788

6AL_5748909- 8,019 R | CAGATGATCCAGAACTAGAAGG 22 reverse 455 None None 55.4 859

5820788

6AL_5748909- 7,009 F | GATTGACTGATCGCGTTGTT 19 forward 45 None None 56.8

5820788_

6AL_5748909- 8,019 R | CAGATGATCCAGAACTAGAAGG 21 reverse 455 None None 55.4 1104

5820788_

6BL_227297r- 749 F | CTGTTGCTGCTCTGGTTGGT 20 forward 55 None None 60.8

866323_

6BL_227297r- 1,626 R | GCAGCGTTGTATCTCTTGTTAGTG 24 reverse 45.8 None None 60.2 910

866323_

6BL_227297r- 1,785 F | GTACGGTATTGAGCAGGAGTAC 22 forward 50 None None 58

866323_

6BL_227297r- 2,266 R | CTCAAGAAGGTAGCGAGCAA 19 reverse 50 None None 57.6 534

866323_

6DL_2494823 401 F | CTCTTGTTCAGTTCAGTTCCGT 22 forward 455 | None None 58.5

6DL_2494823 930 R | CTGGCTTTGCTCCTGAGATC 20 reverse 55 None None 58.3 564

6DL_2494823 2,984 F | CGCCTTCTAGTTCTGAATCATC 22 forward 45.5 None None 56.7

6DL_2494823 3,269 R | CAACCCATCACTGATCATCG 20 reverse 50 None None 56.3 395

6DL_2494823 2,001 F | GATTGATTGACTGGTCGTGT 20 forward 45 None None 55.8

6DL_2494823 3,005 R | GATGATTCAGAACTAGAAGGCG 22 reverse 455 | None None 56.7 1109
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Table A2.2 Characteristics of oligonucleotide pairs used to amplify the TaGS2

conserved domain sequences among accessions.

Sequence Primer Primer Sequence Length | Direction | %GC | Hairpin | Self- Tm

Name Name Tm Dimer Ampli-
Tm con

size/bp

2AL_6391136 | 1,115F | GCGGAGTAAGTAAGTAAGCAGC 22 forward 50 None None 59.1

(reversed)

2AL_6391136 | 1,491 R | CTGTGCTCTCATGGAAGTCAATC 23 reverse 47.8 | None None 59.4 402

(reversed)

2AL_6391136 | 1,561 F | GATTAGATTAGCACGGAGGGA 21 forward 47.6 None None 56.7

(reversed)

2AL_6391136 | 1,905R | CCTTGATTTGCTTCTGAGGTCA 22 reverse 455 | None 0.4 58.6 408

(reversed)

2AL_6391136 | 1,933 F | CACAGTTATCGATGTTTCCTTGCA 24 forward 41.7 None None 59.8

(reversed)

2AL_6391136 | 2,671 R | CAAATGTTTCAACTTCGTGTGC 22 reverse 40.9 None None 57.6 797

(reversed)

2AL_6391136 | 2,438 F | CTGGTTACATGTGTATTTTGGC 22 forward 40.9 | None None 56

(reversed)

2AL_6391136 | 3,037 R | CATGCACCCATATAAATAAGGAGG 24 reverse 41.7 | None None 57.2 727

(reversed)

2BL_7944286 | 3,837 F | GAATGCCCTTCGTAAATACCAT 22 forward 40.9 | None None 56.6

2BL_7944286 | 4,181 R | CACCAGATGAACAAATATTAACAG 24 reverse 33.3 | None None 54.3 360

2BL_7944286 | 4,477F | CGTGTTGTCTTGTTGTTGCA 20 forward 45 None None 57.7

2BL_7944286 | 4,868 R | CTGCATTCCCAACCATTGCA 20 reverse 50 None None 59.4 394

2DL_9714273 | 2,175F | CAGGCCTTGTAGTGAGCATC 20 forward 55 None None 58.3

2DL_9714273 | 2,606 R | CCTTGATTTGCTCCTGAGGTCA 22 reverse 50 None None 60.3 445

2DL_9714273 | 3,314 F | GTTGGAGGATCTGGGATTGAC 21 forward 52.4 None None 58.1

2DL_9714273 | 3,799 R | CAGTATGTTGTTGCCTCCTC 20 reverse 50 None None 56.1 499

2DL_9714273 | 4,425 F | GAAGCTTGATTTACCAGATGACAA 24 forward 375 | None None 57.5

2DL_9714273 | 4,855 R | CATGGACTTATGGGATCTGATG 22 reverse 455 None None 56.1 522

2DL_9714273 | 6,269 F | CAGTGATTGTACAGACCCAACAG 23 forward 47.8 None None 59.3

2DL_9714273 | 6,690 R | CCTTTGCGCGATTCATTATCCT 22 reverse 455 | None None 59.5 432

-217 -




. [
o [

L ——
UEE e 2

Jonathan 0.30279

Diversity Panel Plate 1
Diversity Panel Plate 2

GladiusxDrysdale 1
GladiusxDrysdale 2
GladiusxDrysdale 3
BB RFLRVEE BT e
88 & & SLSLEBOBOES
S8 & S48 GBSO BOES
LE N BN B B BN R KR J L X R J

Diversity panel: tags1A_sn1974370 Gladius x Drysdale: tagslA sn1952823

100.0 % calls 19326,

93.8 % calls  1.8554
76 Pty
z
1
a8
&
o
o
L
o
o
o

Uncallable{Q}

Diversity Panel Plate 1
Diversity Panel Plate 2 -« & & & & &= 5 & & & &

* »

PO D R SRR

sSedee » @
. »

LER R R R LN

LR N Y

Diversity panel: tags1A _31974369 Gladius x Drysdale: tags1A _1952822

Fig. A2.1 Comparison of marker based segregation of TaGS1.1A alleles between
the Gladius x Drysdale recombinant inbred lines and different spring wheat
varieties in the diversity panel. Blue and red groups represent genotype clustering
per allelic variation at the SNP locus.
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Fig. A2.2 Marker based segregation of TaGS2A alleles in different spring wheat
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red groups represent genotype clustering per allelic variation at the SNP locus.
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S21
>0i|321531576|gb|HQ840647.1|Triticum aestivum cultivar Yumai 49
glutamine synthetase (Bd3)

TCGCACCACCCCCACCCGCCTTCCTTCCTGCCTTCCTGCCCTCAGTCAGCCGGAGCCGGATT
GCTCCTCCCGCC-GCGCTCCTCACCGATCTCCTCAACCTCGACCTCACCGACTCCACGGA
GAAGATCATCGCCGAGTACATATGGATCGGCGGATCTGGCATGGATCTCAGGAGCAAGGCCA
GGACCCTCCCCGGCCCGGTCACGGATCCCAGCAAGCTGCCCAAGTGGAACTACGACGGCTCC
AGCACCGGCCAGGCCCCCGGCGAGGACAGCGAGGTCATCCTGTACCCACAGGCCATCTTCAA
GGACCCGTTCAGGAAGGGCAACAACATCCTTGTCATGTGCGATTGCTACACCCCAGCTGGAG
TGCCAATCCCCACCAACAAGAGATACAACGCTGCCAAGATCTTTAGCAACCCTGATGTTGCC
AAGGAGGAGCCATGGTATGGTATTGAGCAGGAGTACACCCTCCTACAGAAGGACATCAACTG
GCCTCTCGGCTGGCCTGTTGGTGGATTCCCTGGTCCTCAGGGTCCTTACTACTGTAGTATTG
GTGCTGACAAGTCGTTTGGGCGTGACATAGTTGACGCTCACTACAAGGCCTGCCTCTTTGCC
GGTGTCAACATCAGTGGCATCAATGGCGAGGTCATGCCCGGACAGTGGGAGTTCCAAGTCGG
CCCGACTGTTGGCATTTCTGCTGGCGACCAAGTGTGGGTCGCTCGCTACCTTCTTGAGAGGA
TCACTGAGATCGCCGGAGTTGTCGTCACATTTGACCCCAAGCCCATCCCAGGCGACTGGAAC
GGTGCTGGTGCTCACACAAACTACAGTACCGAGTCGATGAGGAAGGACGGCGGGTTCAAGGT
CATCGTGGATGCCGTGGAGAAGCTCAAGCTCAAGCACAAGGAGCACATCGCCGCCTACGGLG
AGGGCAACGAGCGCCGCCTCACCGGCAAGCACGAGACCGCCGACATCAACACCTTCAGCTGG
GGCGTCGCAAACCGTGGCGCGTCGGTGCGCGTGGGCCGGGAGACGGAGCAGAACGGCAAGGEG
CTACTTCGAGGACCGCCGGCCGGCGTCCAACATGGACCCATACGTGGTCACCTCGATGATCG
CCGAGACCACCATCCTGTGGAAGCCC-AGCCGATCGGCGCCGATCGCCGTGCGATGATCA
GTGATGGGTTGGGTTGGATTTGGTGGGTGGCCACTGGAGGATTTGGACGAAATTCTTCCAAC
ATATTTGCTTTTCCGTTTGGTTGCATACTACGCGTAGTCCGCTTAGGTAGGTCGCATCATCG
TCGTCGTCGTCATGCATCAGGGTGTCTGGTCGCTCTTCTCTCGTCTCTGGGTGGTGGGTGGC
AAGAGGCGTGTCAAACACACAAGGCTACTATTGATTGTTTTCCCTTGCCGTTTGGGTGCTCT
GGTCCTCGTGTAATCATCAATTGATATGGTAATAAAATGGTCCGTACAGCTGCCGTGGTACC
ACACCA

S.21

>0i[321531576 protein 6AL_5820788 GLN1.2
MALLTDLLNLDLTDSTEKIIAEYIWIGGSGMDLRSKARTLPGPVTDPSKLPKWNYDGSSTGQ
APGEDSEVILYPQATIFKDPFRKGNNILVMCDCYTPAGVPIPTNKRYNAAKTIEFSNPDVAKEEP
WYGIEQEYTLLOKDINWPLGWPVGGEFPGPOGPYYCSIGADKSFGRDIVDAHYKACLEFAGVNTI
SGINGEVMPGOQWEFQVGPTVGISAGDQVWVARYLLERITEIAGVVVTFDPKPIPGDWNGAGA
HTNYSTESMRKDGGFKVIVDAVEKLKLKHKEHTIAAYGEGNERRLTGKHETADINTFEFSWGVAN
RGASVRVGRETEQNGKGYFEDRRPASNMDPYVVTSMIAETTILWKP*
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S.2.2

>|cl|6BL_227297 rev comp.

This is Homoeologue on 6BL- this contig is incomplete with respect to the gene
(incomplete sequence at 5)>Icl|tplb0036k03 GLN1.1 (Bd3), color coding shows
start and end of genomic sequence overlap.

GGACTCGCACCACCCCCACCCCCACCCGCCTTCCTTCCTCCGCGACTTGCCTGCCCGCCCTC
AGTCAGCCGGCC-GCGCTCCTCACCGATCTCCTCAACCTCGACCTCACCGACTCCACGGA
GAGGATCATCGCCGAGTACATATGGATCGGCGGATCTGGCATGGATCTCAGGAGCAAGGCCA
GGACCCTCCCCAGCCCGGTCACCGATCCCAGCAAGCTGCCCAAGTGGAACTACGACGGLCTCC
AGCACCGGCCAGGCCCCCGGCGAGGACAGCGAGGTCATCCTGTACCCACAGGCCATCTTCAA
GGACCCGTTCAGGAAGGGCAACAACATCCTTGTCATGTGCGATTGCTACACCCCAGCTGGAG
TGCCAATCCCCACTAACAAGAGATACAACGCTGCTAAGATCTTTAGCAACCCTGATGTTGCC
AAGGAGGAGCCATGGTACGGTATTGAGCAGGAGTACACCCTCCTACAGAAGGACATCAACTG
GCCTCTCGGCTGGCCTGTTGGTGGCTTCCCTGGTCCTCAGGGTCCTTACTACTGTAGTATCG
GTGCTGACAAGTCGTTCGGGCGTGACATAGTTGACTCCCACTACAAGGCCTGCCTCTTTGCC
GGCGTCAACATCAGTGGCATCAACGGCGAGGTCATGCCCGGACAGTGGGAGTTCCAAGTTGG
CCCGACTGTTGGCATTTCTGCTGGTGACCAAGTGTGGGTTGCTCGCTACCTTCTTGAGAGGA
TCACCGAGATCGCCGGAGTTGTCGTCACATTTGACCCCAACCCCATCCCAGGCGACTGGAAC
GGTGCTGGTGCTCACACAAACTACAGTACCGAGTCGATGAGGAAGGACGGCGGGTTCAAGGT
CATCGTGGACGCCGTCGAGAAGCTCAAGCTGAAGCACAAGGAGCACATCGCCGCCTACGGCG
AGGGCAACGAGCGCCGTCTGACCGGCAAGCACGAGACCGCCGACATCAACACCTTCAGCTGG
GGTGTCGCGAACCGTGGCGCGTCGGTGCGCGTGGGCCGGGAGACGGAGCAGAACGGCAAGGG
CTACTTCGAGGACCGCCGGCCGGCGTCCAACATGGACCCCTACGTGGTCACCTCGATGATCG
CCGAGACCACCATCCTGTGGAAGCCC-AGCCGATCAGCGCCGATCGCCGTGCGATGATCA
GTGGTGGGTTGGGTTTGGTGGTGGCCATTGGAGGATTTGGACGAAATTCTTCCAAGATATTT
CCTTTTCCGTTTGGTTGCATACTACGCGTAGTCCGTTTAGGTAGGTCACATCATCGTCGTCG
TCATCAGGGTGTCTGGTCTCTCTTCTCTCGTCTTTGGGTGGTGGGTGGCAAGAGGCGTGTCA
AACACACAGGACTACTATTGATTGTTTTCCCTTGCCGTCTGGGTGCTCTGGTCTCGTCTCGT
GTAATCATCAATTGATATGGTAATAAAATGGTCCGTACCGCAGCCGTGGTACCACGCAAAAA
AAAAAAAARA

S.2.3

>tplb0036k03 deduced protein 6BL
MALLTDLLNLDLTDSTERITAEYIWIGGSGMDLRSKARTLPSPVTDPSKLPKWNYDGSSTGQ
APGEDSEVILYPQATFKDPFRKGNNILVMCDCYTPAGVPIPTNKRYNAAKIFSNPDVAKEEP
WYGIEQEYTLLOQKDINWPLGWPVGGEFPGPQGPYYCSIGADKSEFGRDIVDSHYKACLEFAGVNI
SGINGEVMPGOWEFQVGPTVGISAGDQVWVARYLLERITETAGVVVTFDPNPIPGDWNGAGA
HTNYSTESMRKDGGFKVIVDAVEKLKLKHKEHTAAYGEGNERRLTGKHETADINTFSWGVAN
RGASVRVGRETEQNGKGYFEDRRPASNMDPYVVTSMIAETTILWKP*

-222-



S.24

>6DL_2494823 derived CDS: (Bd3)
BBGCGCTCCTCACCGATCTCCTCAACCTCGACCTCACCGACTCCACGGAGAAGATCATCGC
CGAGTACATATGGATCGGCGGATCTGGCATGGATCTCAGGAGCAAAGCCAGGACCCTCCCCG
GCCCGGTCACCGACCCCAGCAAGCTGCCCAAGTGGAACTACGACGGCTCCAGCACCGGCCAG
GCCCCCGGCGAGGACAGCGAGGTCATCCTGTACCCACAGGCCATCTTCAAGGACCCGTTCAG
GAAGGGCAACAACATCCTTGTCATGTGCGATTGCTACACCCCAGCTGGAGTGCCAATCCCCA
CCAACAAGAGATACAACGCTGCCAAGATCTTTAGCAACCCTGATGTTGCCAAGGAGGAGCCA
TGGTACGGTATCGAGCAGGAGTACACCCTCCTACAGAAGGACATCAACTGGCCTCTCGGCTG
GCCTGTTGGTGGATTCCCTGGTCCTCAGGGTCCTTACTACTGTAGTATTGGTGCTGACAAGT
CGTTTGGGCGTGACATAGTTGACTCCCACTACAAGGCCTGCCTCTTTGCCGGCGTCAACATC
AGTGGCATCAACGGCGAGGTCATGCCCGGACAGTGGGAGTTCCAAGTTGGCCCGACTGTCGG
CATCTCTGCTGGTGACCAAGTGTGGGTTGCTCGCTACCTTCTTGAGAGGATCACTGAGATCG
CCGGAGTTGTCGTCACATTTGACCCCAAGCCCATCCCAGGCGACTGGAACGGTGCTGGTGCT
CACACAAACTACAGTACCGAGTCGATGAGGAAGGACGGCGGGTTCAAGGTCATCGTGGACGC
TGTCGAGAAGCTCAAGCTGAAGCACAAGGAGCACATCGCCGCCTACGGCGAGGGCAACGAGC
GCCGTCTCACCGGCAAGCACGAAACCGCCGACATCAACACCTTCAGCTGGGGTGTCGCGAAC
CGTGGCGCGTCGGTGCGCGTGGGACGGGAGACGGAGCAGAACGGCAAGGGCTACTTCGAGGA
CCGCCGGCCGGCGTCCAACATGGACCCCTACGTGGTCACCTCCATGATCGCCGAGACCACCA
TCCTGTGGAAGCCCHER

S.25

>6DL._2494823 derived protein
MALLTDLLNLDLTDSTEKITIAEYIWIGGSGMDLRSKARTLPGPVTDPSKLPKWNYDGSSTGQ
APGEDSEVILYPQATFKDPFRKGNNILVMCDCYTPAGVPIPTNKRYNAAKIFSNPDVAKEEP
WYGIEQEYTLLOKDINWPLGWPVGGEFPGPOQGPYYCSIGADKSFGRDIVDSHYKACLFAGVNI
SGINGEVMPGOWEFQVGPTVGISAGDQVWVARYLLERITEIAGVVVTFDPKPIPGDWNGAGA
HTNYSTESMRKDGGFKVIVDAVEKLKLKHKEHIAAYGEGNERRLTGKHETADINTFSWGVAN
RGASVRVGRETEQNGKGYFEDRRPASNMDPYVVTSMIAETTILWKP*

-223-



S.2.6

>2AL 6391136 Deduced CDS:

BB GCGCAGGCGGTGGTGCCGGCGATGCAGTGCCAGGTGGGCGTGCGGGGCAGGTCGGCCGT
CCCGGCGAGGCAGCCCGCGGGCAGGGTGTGGGGCGTCAGGAGGACCGCCCGTGCCACCTCCG
GCTTCAAGGTGCTGGCCCTCGGCCCGGAGACCACCGGCGTCATCCAGAGGATGCAGCAGCTG
CTCGACATGGACACCACGCCCTTCACCGACAAGATCATCGCCGAGTACATCTGGGTTGGAGG
ATCTGGAATTGACCTCAGAAGCAAATCAAGGACGATTTCGAAGCCAGTGGAGGACCCGTCAG
AGCTACCCAAATGGAATTATGACGGATCGAGCACCGGGCAGGCTCCTGGAGAAGACAGTGAA
GTCATTCTATACCCACAGGCCATATTCAAGGACCCATTCCGAGGAGGCAACAACATCCTGGT
TATCTGTGACACCTACACGCCACAAGGGGAACCCATCCCTACTAACAAGCGACACATGGCTG
CACAAATCTTCAGTGACCCCAAGGTCACTGCACAAGTGCCATGGTTTGGAATCGAACAGGAG
TACACTCTGATGCAGAGGGATGTGAACTGGCCTCTTGGCTGGCCTGTTGGAGGGTACCCTGG
CCCCCAGGGTCCATACTACTGCGCCGTAGGATCAGACAAGTCATTTGGCCGTGACATATCCG
ATGCTCACTACAAGGCCTGCCTTTACGCGGGAATTGAAATCAGTGGAACAAACGGGGAGGTC
ATGCCTGGTCAGTGGGAGTACCAGGTTGGACCTAGCGTTGGTATTGATGCGGGAGACCACAT
ATGGGCTTCAAGATACATTCTCGAGAGAATCACGGAGCAAGCTGGTGTGGTGCTCACCCTTG
ACCCAAAACCAATCCAGGGTGACTGGAATGGAGCTGGCTGCCACACAAATTACAGTACACTG
AGCATGCGCGAAGATGGAGGTTTCGACGTGATCAAGAAGGCAATCCTGAACCTTTCACTTCG
CCATGACTTGCACATAGCCGCATATGGTGAAGGGAACGAGCGGAGGTTGACAGGGCTACACG
AGACAGCTAGCATTTCAGACTTCTCATGGGTATGGGGTGTTGCGAACCGTGGCTGCTCTATT
CGTGTGGGCCGAGAGACCGAGGCAAAGGGCAAAGGATACCTGGAGGACCGTCGCCCGGCGTC
GAACATGGACCCGTACACCGTGACGGCGCTGCTGGCCGAGACCACGATCCTGTGGGAGCCGA
CCCTCGAGGCGGAGGCCCTCGCTGCCAAGAAGCTGGCGCTGAAGGTA EH

S.2.7

>2AL 6391136 protein
MAQAVVPAMQCQVGVRGRSAVPARQPAGRVWGVRRTARATSGFKVLALGPETTGVIQRMQQL
LDMDTTPFTDKITIAEYIWVGGSGIDLRSKSRTISKPVEDPSELPKWNYDGSSTGQAPGEDSE
VILYPOQATFKDPFRGGNNILVICDTYTPQGEPIPTNKRHMAAQIFSDPKVTAQVPWEFGIEQE
YTLMQRDVNWPLGWPVGGYPGPQGPYYCAVGSDKSFGRDISDAHYKACLYAGIEISGTNGEV
MPGOWEYQVGPSVGIDAGDHIWASRYILERITEQAGVVLTLDPKPIQGDWNGAGCHTNYSTL
SMREDGGFDVIKKAILNLSLRHDLHIAAYGEGNERRLTGLHETASISDFSWVWGVANRGCST
RVGRETEAKGKGYLEDRRPASNMDPYTVTALLAETTILWEPTLEAEALAAKKLALKV*
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S.2.8

>2BL_7944286 deduced CDS
-GCGCAGGCGGTGGTGCCGGCGATGCAGTGCCAGGTGGGCGTGCGGGGCAGGTCGGCCGT
CCCGGCGAGGCAGCCCGCGGGCAGGGTGTGGGGCGTCAGGAGGACCGCCLCGLCGCCGCLCTCCG
GCTTCAAGGTGCTCGCCCTCGGCCCGGAGACCACCGGCGTCATCCAGAGGATGCAGCAGCTG
CTCGACATGGACACCACGCCCTTCACCGACAAGATCATCGCCGAGTACATCTGGGTTGGAGG
ATCTGGAATTGACCTCAGAAGCAAATCAAGGACGATTTCGAAGCCAGTGGAGGACCCGTCAG
AGCTACCGAAATGGAACTACGATGGATCGAGCACAGGCCAGGCTCCTGGAGAAGACAGTGAA
GTCATCCTATACCCACAGGCCATATTCAAGGACCCATTCCGAGGAGGCAACAACATACTGGT
TATCTGTGACACCTACACACCACAAGGGGAACCCATCCCTACTAACAAACGACACATGGCTG
CACAAATCTTCAGTGACCCCAAGGTCACTTCACAAGTGCCATGGTTTGGAATCGAACAGGAG
TACACTCTGATGCAGAGGGATGTGAACTGGCCTCTTGGCTGGCCTGTTGGAGGGTACCCTGG
CCCCCAGGGTCCATACTACTGCGCCGTAGGATCAGACAAGTCATTTGGCCGTGACATTTCAG
ATGCTCACTACAAGGCATGCCTTTACGCCGGAATTGAAATCAGTGGAACAAACGGGGAGGTC
ATGCCTGGTCAGTGGGAGTACCAGGTTGGACCCAGCGTTGGTATTGATGCAGGAGATCACAT
ATGGGCTTCAAGATACATTCTCGAGAGAATCACGGAGCAAGCTGGTGTCGTGCTCACCCTTG
ACCCAAAACCAATCCAGGGTGACTGGAATGGAGCTGGCTGCCACACAAATTACAGCACATTG
AGCATGCGTGAGGATGGAGGTTTCGACGTGATCAAGAAGGCAATCCTGAACCTTTCACTCCG
CCATGACTTGCACATAGCCGCATATGGTGAAGGAAACGAACGGAGGTTGACAGGGCTACATG
AGACAGCTAGCATATCAGACTTCTCATGGGGTGTCGCGAATCGTGGCTGCTCTATTCGTGTG
GGGCGAGAGACTGAGGCAAAGGGCAAAGGATACCTGGAGGACCGTCGCCCGGCCTCGAACAT
GGACCCATACACCGTGACGGCGCTGCTGGCCGAGACCACGATCCTGTGGGAGCCGACCCTCG
AGGCAGAGGCCCTCGCTGCCAAGAAGCTGGCGCTGAAGGTA-

S.29

>2BL_7944286 deduced protein
MAQAVVPAMQCQVGVRGRSAVPARQPAGRVWGVRRTARAASGFKVLALGPETTGVIQRMQQL
LDMDTTPFTDKITIAEYIWVGGSGIDLRSKSRTISKPVEDPSELPKWNYDGSSTGQAPGEDSE
VILYPOQATFKDPFRGGNNILVICDTYTPQGEPIPTNKRHMAAQIFSDPKVTSQVPWEFGIEQE
YTLMQRDVNWPLGWPVGGYPGPQGPYYCAVGSDKSFGRDISDAHYKACLYAGIEISGTNGEV
MPGOWEYQVGPSVGIDAGDHIWASRYILERITEQAGVVLTLDPKPIQGDWNGAGCHTNYSTL
SMREDGGFDVIKKAILNLSLRHDLHIAAYGEGNERRLTGL

-225-



S.2.10

>2DL_9842556 deduced CDS

>1cl|tplb0004c07 No definition line found
GCTTGGCCCCTTCCCTCCGTCCCCTCCTCCCTCGTCTCGTCCGCGTCCTTGTCAGGTTTGGA
GGCGGCAGAGTACCTGTAAGTAAGTAAGTAGCGGCG-GCGCAGGCGGTGGTGCCGGCGAT
GCAGTGCCAGGTGGGCGTGCGGGGCAGGTCTGCCGTCCCGGCGAGGCAGLCLCCGCGGGLCAGGG
TGTGGGGCGTGAGGAGGACCGCCCGCGCCACCTCCGGGETTCAAGGTGCTGGLCCCTCGGLCCG
GAGACCACCGGCGTCATCCAGAGGATGCAGCAGCTGCTCGACATGGACACCACGCCCTTCAC
CGACAAGATCATCGCCGAGTACATCTGGGTTGGAGGATCTGGGATTGACCTCAGGAGCAAAT
CAAGGACGATTTCAAAGCCAGTGGAGGACCCATCAGAGCTACCGAAATGGAACTACGACGGA
TCGAGCACAGGGCAGGCTCCTGGAGAAGACAGTGAAGTCATCCTATACCCACAGGCCATATT
CAAGGACCCATTCCGAGGAGGCAACAACATACTGGTTATCTGTGACACCTACACGCCACAAG
GGGAACCCATCCCTACTAACAAGCGACACATGGCTGCACAAATCTTCAGTGACCCCAAGGTC
ACTGCACAAGTGCCATGGTTTGGAATCGAACAGGAGTACACTCTGATGCAGAGGGATGTGAA
CTGGCCTCTTGGCTGGCCTGTTGGAGGGTACCCTGGCCCCCAGGGTCCATACTACTGCGCCG
TAGGATCAGACAAGTCATTTGGCCGTGACATATCCGATGCTCACTACAAGGCCTGCCTTTAC
GCGGGAATTGAAATCAGTGGAACAAACGGGGAGGTCATGCCTGGTCAGTGGGAGTACCAGGT
TGGACCTAGCGTTGGTATTGATGCGGGAGACCACATATGGGCTTCAAGATACATTCTCGAGA
GAATCACGGAGCAAGCTGGTGTGGTGCTCACCCTTGACCCAAAACCAATCCAGGGTGACTGG
AATGGAGCTGGCTGCCACACAAATTACAGCACATTGAGCATGCGCGAGGATGGAGGTTTCGA
CGTGATCAAGAAGGCAATCCTGAACCTTTCACTTCGCCATGACTTGCACATAGCCGCATATG
GTGAAGGAAACGAACGGAGGCTGACAGGGCTACATGAGACAGCTAGCATATCAGACTTCTCA
TGGGGCGTCGCGAACCGTGGCTGCTCTATTCGTGTGGGGCGAGAAACCGAGGCAAAGGGCAA
AGGATACCTGGAGGACCGTCGCCCGGCGTCGAACATGGACCCGTACACCGTGALCGGLCGLTGC
TGGCCGAGACCACGATCCTGTGGGAGCCGACCCTCGAGGCGGAGGCCCTCGCTGCCAAGAAG
CTGGCGCTGAAGGTAMBMAGGACCTGAAAAGGCCGAATTCTTCCGGGGAAAAGAAAATAAAT
CGGCGGCGGCGAGACCGTTCGTCCGTCGTCCATTCTTGTTGATCCTGTGGTTCCGTCGGGGC
ACTGTCTGTACAAAATCCTCACGGTTTGTAGAACCGCTCCGCATGTTTTTTCGCTTGAACTG
AGTCCATTTGATCTGTTGGGTCTGTACAATCACTGTACCTGAGTCCATTCGGAGAACTACGT
TATTAAAAGGATAATGAATCGCGCAAAAAAAAAAAAAAAACGA

S.211

>2DL._protein
MAQAVVPAMQCQVGVRGRSAVPARQPAGRVWGVRRTARATSGFKVLALGPETTGVIQRMQOOQL
LDMDTTPETDKITAEYIWVGGSGIDLRSKSRTISKPVEDPSELPKWNYDGSSTGQAPGEDSE
VILYPQAIFKDPFRGGNNILVICDTYTPQGEPIPTNKRHMAAQIFSDPKVTAQVPWEGIEQE
YTLMORDVNWPLGWPVGGYPGPQGPYYCAVGSDKSFGRDISDAHYKACLYAGIEISGTNGEV
MPGOWEYQVGPSVGIDAGDHIWASRYILERITEQAGVVLTLDPKPIQGDWNGAGCHTNYSTL
SMREDGGFDVIKKAILNLSLRHDLHIAAYGEGNERRLTGLHETASISDFSWGVANRGCSIRV
GRETEAKGKGYLEDRRPASNMDPYTVTALLAETTILWEPTLEAEALAAKKLALKV
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Table A3.2 Index profile of GS genes tagged and sequenced in 8 wheat
accessions coded as; G: Gladius, D: Drysdale, E: Excalibur, R: RAC875, K:

Kukri, C: Chinese spring, M: Mace and S: Scout.

INDEX NUMBER AI(EIO_EII_EE GENE INDEX 1 INDEX 2 % READS IDENTIFIED (PF)
1 1_GS11A G | GSL1A TAAGGCGA TAGATCGC 0.1529
2 2_GS1.1A_ D | GS1.1A TAAGGCGA CTCTCTAT 0.2495
3 3_GS1.1A_E | GSL1L1A TAAGGCGA TATCCTCT 0.0777
4 4 GS11A R | GS1.1A TAAGGCGA AGAGTAGA 0.6613
5 5 GS1.1A_K | GS1.1A TAAGGCGA GTAAGGAG 0.3379
6 6_GS1.1A_C | GSL.1A TAAGGCGA ACTGCATA 0.3827
7 7_GS11A_ M| GSL1L1A TAAGGCGA AAGGAGTA 3.5186
8 8 GS1.1A_S | GS1.1A TAAGGCGA CTAAGCCT 4.6953
9 9 GS1.1B_G | GS1.1B CGTACTAG TAGATCGC 0.0025
10 10_GS1.1B_D | GS1.1B CGTACTAG CTCTCTAT 1.9041
11 11_GS1.1B_E| GS1.1B CGTACTAG TATCCTCT 0.7432
12 12_GS1.1B_R| GS1.1B CGTACTAG AGAGTAGA 0.1411
13 13_GS1.1B_K| GS1.1B CGTACTAG GTAAGGAG 0.0007
14 14 GS1.1B_C| GS1.1B CGTACTAG ACTGCATA 1.8222
15 15_GS1.1B_M| GS1.1B CGTACTAG AAGGAGTA 0.0214
16 16_GS1.1B_S | GS1.1B CGTACTAG CTAAGCCT 5.5252
17 17_GS1.1D_G| GS1.1D AGGCAGAA TAGATCGC 6.2027
18 18_GS1.1D_D| GS1.1D AGGCAGAA CTCTCTAT 2.9388
19 19 GS1.1D_E| GS1.1D AGGCAGAA TATCCTCT 0.6010
20 20_GS1.1D_R| GS1.1D AGGCAGAA AGAGTAGA 5.5697
21 21 GS1.1D_K| GS1.1D AGGCAGAA GTAAGGAG 0.8231
22 22_GS1.1D_C| GS1.1D AGGCAGAA ACTGCATA 0.7071
23 23 GS1.1D_M| GS1.1D AGGCAGAA AAGGAGTA 5.8994
24 24 _GS1.1D_S| GS1.1D AGGCAGAA CTAAGCCT 6.5856
25 25_GS2A_G GS2A TCCTGAGC TAGATCGC 0.2473
26 26_GS2A_D GS2A TCCTGAGC CTCTCTAT 5.0630
27 27_GS2A_E GS2A TCCTGAGC TATCCTCT 1.9108
28 28_GS2A R GS2A TCCTGAGC AGAGTAGA 2.8281
29 29_GS2A K GS2A TCCTGAGC GTAAGGAG 3.1456
30 30_GS2A C GS2A TCCTGAGC ACTGCATA 2.4464
31 31_GS2A_M GS2A TCCTGAGC AAGGAGTA 1.6683
32 32_GS2A_S GS2A TCCTGAGC CTAAGCCT 0.6201
33 33_GS2B_G GS2B GGACTCCT TAGATCGC 1.1561
34 34_GS2B_D GS2B GGACTCCT CTCTCTAT 6.5931
35 35_GS2B_E GS2B GGACTCCT TATCCTCT 0.0905
36 36_GS2B_R GS2B GGACTCCT AGAGTAGA 0.7018
37 37_GS2B_K GS2B GGACTCCT GTAAGGAG 3.3915
38 38 _GS2B_C GS2B GGACTCCT ACTGCATA 3.0078
39 39_GS2B_M GS2B GGACTCCT AAGGAGTA 0.2723
40 40_GS2D_G GS2D GGACTCCT CTAAGCCT 9.6201
41 41_GS2D_E GS2D TAGGCATG TAGATCGC 0.1936
42 42_GS2D_R GS2D TAGGCATG CTCTCTAT 0.2493
43 43 GS2D_K GS2D TAGGCATG TATCCTCT 0.2024
44 44 _GS2D_C GS2D TAGGCATG AGAGTAGA 0.0919
45 45_GS2D_S GS2D TAGGCATG GTAAGGAG 1.4184
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Table A3.3. The gene sequences of plant species included in phylogenetic
analysis including six reference sequences (6AL_5748909; 6BL 227297,
6DL 249482; 2AL 6391136; 2BL 7944286 and 2DL_9714273).

Plant species Gene Contig

Arabidopsis thaliana GLN 0i|240256493:13830429-13833542
Brassica napus GLN ZS11GLN|919448883:311056-314033
Brachipodium distachyon GS1.1 0i|357138209|ref|XM_003570642.1|
Glycine max GS2 Glycine max GS2

Hordeum vulgare GS1.1 JX878489

Hordeum vulgare GS1.2 JX878490

Hordeum vulgare GS1.3 JX878491

Hordeum vulgare GS2 Modified Barley GS2

Oryza sativa GS1.1 Modified Rice GS 1.1

Oryza sativa GS1.1 Rice GS 1.1 AB037664

Oryza sativa GS2 Rice GS2B

S. bicolor bicolor GS1.1 0i|194326197|emb|FM196538.1|
Solanum tuberosum GLN 0i|564112171:561508-566660

S. bicolor bicolor GS1.1 Modified S. bicolor GS 1.1

S. bicolor bicolor GS2 Modified S. bicolor GS 1.1

Zea mays GLN1.4 | Mol7 GLN 1.4 EU369651

Zea mays GS1.2 AF359511

Zea mays GLN 1-3-4 HM371365

Zea mays GLN 1-3-3 HM371364

Zea mays GLN 1-3-2 HM371363

Zea mays GLN 1-3-1 HM371362

Zea mays GS2 B73 GS2

Reference Contigs

Hordeum vulgare GS1.1A | 6AL_5748909

Hordeum vulgare GS1.1B | 6BL_227297

Hordeum vulgare GS1.1D | 6DL_249482

Hordeum vulgare GS2A 2AL 6391136

Hordeum vulgare GS2B 2BL 7944286

Hordeum vulgare GS2D 2DL 9714273
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High N plants Low N plants Drainage 120 I bucket Water
pipes containing pump
nutrient solution

Fig. AS.1 Hydroponic set-up in controlled environment. Growth chamber used in
phenotyping wheat accessions under low and high nitrogen treatment in a
controlled environment room. Clear phenotypic differences are observable
between low and high treatments. Tissue extracts were used in GS activity assays
and transcript abundance analysis.
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Fig. A5.2 Randomised design of Experiment 2 and 3, utilised in analysing GS
activity in five spring wheat accessions under low and high N treatment in four
hydroponic un its. Key terms: Gladius - G; Drysdale - D; Excalibur - E; RAC875
- R; Kukri - K. Blue circles represent the arrangement of pots within each
hydroponic unit.
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Fig. A5.3 Linear regression plots of different concentrations of seven standard
solutions used in standardizing absorbance data from 4-glutamylhydroxamate (i-
Glutamic acid Y-monohydroxamate).
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Table A4.3 vy -glutamylhydroxamate standards used in GS assay.

Stl| St2 St3 St4 St5 St6 St7

Standard concentration in 50 100

200 L well (nmoliwell) | ° | (53.3) | (1oe7) | 2°0 | 400 | 000 ) 800

Standard concentration in

300 uL well (nmoliwely | © | 80 | 160 | 300 | 600 | 900 | 1200

100nmol/ul stock (uL) 0 0.80 1.6 3 6 9 12

Extraction buffer (uL) 50 | 49.2 48.4 47 44 41 38

Mix 1 (ATP positive (AL) | 100 | 100 | 100 100 | 100 | 100 | 100

Stop-solution (HL) 150 | 150 | 150 150 | 150 | 150 | 150
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