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ABSTRACT

Wheat (Triticum aestivum L) is the most widely grown crop in the world and
accounts for approximately 31% of global cereal consumption every year (FAO,
2012). Furthermore, wheat is the most traded product worldwide (Dixon et al. 2009).
In UK, wheat is the largest arable crop, it is grown on about 1.8 M ha p.a. For wheat
productivity and grain quality, nitrogen (N) is the most important fertilizer applied,
and modern wheat culitvars are generally selected under high N supply. However, N
fertilizer represents a significant cost of production and may have negative
environmental impacts. N-use efficiency (grain DM vyield / soil and fertilizer N
available; NUE) can be divided into two main components: N-uptake efficiency (N

uptake / soil and fertilizer N available; NUPE) and N-utilization.
efficiency (grain DM yield / NUP; NUTE).

The current study aims to identify novel variation for grain yield, above-ground dry
matter (AGDM). NUE and NUE components in a panel of AE Watkins landraces
compared to UK check cultivars in the glasshouse and field trials and in two Single
Seed Descent (SSD) populations derived from the crosses between UK spring wheat
Paragon and Watkins landrace line 481 (PxW481) and between Paragon and
Watkins landrace line 141 (PxW141) in field experiments and to investigate the
physiological and genetic bases of this variation.

Two glasshouse experiments (2011/12 and 2012/13) examining 17 genotypes
(comprising five UK check cultivars and 12 Watkins landraces), and one field
experiment (2011/12) examining a panel of 10 genotypes (comprising three UK
cultivars and seven of the 12 Watkins landraces examined in the field) were carried
out. In addition, three field experiments examining two SSD populations PxW481
(79 lines) (in 2011/12 and 2012/13) and PxW141 (97 lines) (in 2012/13) under two
N treatments (HN=200 kg N/ha and LN=0 kg N/ha) were carried out. The
glasshouse experiments were located at the University of Nottingham, School of
Biosciences, Sutton Bonington Campus, UK and field experiments were located at
the University of Nottingham experimental station at Bunny Park, Nottinghamshire,
UK.



The genetic maps were presently constructed using 201 and 491 markers, including
single nucleotide polymorphism (SNPs) and microsatellites (SSR) for PxW481 and
PxW141, respectively. Grain yield (GY), yield components, AGDM, NUPE, NUTE,
and physiological traits including leaf light-saturated photosynthesis rate (Amax), flag
leaf chlorophyll content (SPAD) and the spectral reflectance index, Normalized
Difference Vegetation Index (NDVI, indicative of canopy size, field experiments

only) were measured in the experiments.

Genetic variation in grain yield was more closely associated with AGDM than with
harvest index (HI) in the glasshouse and in the field under both HN and LN. For
biomass production, the results showed that Paragon, Rialto, Xil9 and landrace
W141 had higher AGDM than all other genotypes. In summary, UK check cultivars
generally had higher grain yield (GY) compared to Watkins landraces and higher
AGDM in the glasshouse under HN conditions. Similar results were found in the
field under HN; however, under LN, the majority of Watkins lines maintained GY
and AGDM than the UK cultivars compared to HN conditions.

With regard to N uptake at harvest, the Watkins landraces W040, W141 and W579
had similar NUP to Paragon and higher than Oakley in the glasshouse. In the field, in
general, Watkins lines maintained relatively better NUPE under LN than the UK
check cultivars.. A negative association amongst genotypes was found between
NUTE and grain N concentration (%) in the glasshouse and in the field under HN

and LN treatments, with the strongest association observed under LN conditions.

Variation for light-saturated leaf photosynthesis rate (Amax) was also observed
amongst Watkins lines. In the glasshouse experiments, the UK cultivars, and
landraces W141 and W352, generally had higher pre-anthesis Amax than other
Watkins landrace lines. In the field experiment, landrace lines W352 and W141 had
higher pre-anthesis Anmax than Paragon under LN, whereas lines, W223 and W034
had higher values under HN. Genetic variation in GY and AGDM were overall better
associated with post-athesis flag-leaf Anax than with pre-anthesis flag-leaf Amax in
the field, and the associations with post-anthesis Amax tended to be stronger under

HN rather than under LN conditions.

With regard to the two SSD mapping populations, both N and genotype had a
significant effect on GY, AGDM, NUPE and NUTE for PxW481 in all three



experiments. For the PxW481 population, no SSD line had either higher GY or
AGDM than Paragon under HN, while under LN, 13 lines had higher GY and two
lines had higher AGDM than Paragon (P< 0.05). For the PxW141 population, three
lines had higher grain yield under HN and three lines had higher GY under LN than
Paragon. Five and 10 SSD lines under HN and LN, respectively, had higher AGDM
than Paragon. The transgressive segregation for GY was due to either AGDM or HI,
depending on the line. In both populations under both N treatments, genetic variation
in NUE was more strongly associated with NUPE than with NUTE under HN and
LN; however, the response of NUE to N availability was better associated with
NUTE.

Averaging years for the PxW481 population under HN, no SSD line had higher
NUPE than Paragon, while under LN L481-76 had higher NUPE than Paragon. For
PxW141, no SSD line had higher NUPE than Paragon either under HN or under LN
conditions. Seventeen SSD lines of the PxXW481 population had significantly higher
NUTE than Paragon under HN and 10 lines higher under LN conditions. For
PxW141 under HN, L141-95 and L141-94 had higher NUTE than Paragon under
HN, while under LN 12 SSD lines had higher values.

In both the PxW481 and PxW141 populations, genotype and N treatment had an
effect on NDVI (canopy size) for all measurements pre and post-anthesis. Genetic
variation in yield, biomass and NUPE were more closely associated with NDVI
measured at around anthesis than at other measurement dates. In addition, the
correlation amongst genotypes was stronger under LN than under HN conditions.
Genetic variation for flag-leaf senescence parameters was also found in both
mapping populations, and association with grain yield amongst genotypes was

stronger under LN conditions than under HN conditions in both populations.

QTL analysis identified two major QTLs for grain yield on 6AL and 5A under HN
and one major QTL on 2B under LN conditions in the PxW481 population. The QTL
on 6AL co-located with a QTL for NUPE, while the one on 5A co-located with a
putative QTL for AGDM. Simonds et al. (2014) reported a major stable QTL in the
same region of 6AL in the Spark x Rialto DH population across several
environments. Under LN conditions, the QTL on 2B co-located with a QTL for plant
height.



For AGDM, a major QTL under both HN and LN was identified on chr 4B in the
PxW481 population. This QTL co-located with a QTL for NUPE under both HN and
LN conditions. In addition, a major QTL under HN for NUPE on 3BL (PxW481) co-
located with QTLs for GY and AGDM. Another major QTL on 2A (PxW141), co-
located with flag-leaf stay-green traits. This is consistent with the findings of Bogard
et al. (2011) who reported two QTLs for NUPE under LN on 2A, associated with a

delay in onset of flag-leaf senescence.

With regard to NUTE, two major QTLs on 3B, co-locating with QTL for GY and Hl,
and on 1B, co-locating with a QTL for N grain concentration, were found for the
PxW481 population under LN. In addition, three QTLs on 3A, co-locating with a
QTL for TGW, and on 6D and on 7B, co-locating with QTLs for TGW, were
identified.



Chapter 1: Introduction
1.1 Importance of wheat

Wheat (Triticum aestivum L) is a cereal grain originally from the fertile crescent in
the near East and Ethiopia highlands (Gill and Friebe, 2002). The bread wheat crop
is currently cultivated worldwide on 217 million hectares of land per annum and
plays therefore a crucial role in global food security with total production of about
653 million metric tons per annum (FAO, 2010). It is the most widely grown crop in
the world and accounts for about 31% of global cereal consumption every year
(FAO, 2012) (Figure 1.1). Wheat provides 20% of the total calories of the world's
population (Reynolds et al. 2011). It is the most important source of carbohydrate in
a majority of countries and is the best of the cereal grains nutritionally as its starch
and most of its proteins are easily digested. It also provides more nourishment for
humans than any other food source. Wheat grain also contains vitamins, minerals,
and lipids. In addition, bread wheat is a popular source of animal feed providing a
valuable source of protein in animal diets, particularly in the industrial countries (e.g.
45 percent of total use in the EU) (FAO 2002). A low protein grain is often used by
industry to make alcohol, paper additives and adhesives (B.C. Curtis 2002). Finally,

wheat grain has also become also a biofuel crop (HGCA, 2010).

Several studies have predicted that due to predicted population increase to > 9
billion, increasing meat and dairy consumption and increasing biofuel consumption,
crop production should increase by 60% to 110% by 2050 to meet demand (Godfray
et al. 2010, Tilman et al. 2011, Foley, et al. 2011; Pingali 2006; UN DESA). Crop
area is likely to increase only by 10% over the same period (The Land Commodities
Global Agriculture and Farming Investment Report, 2009). Therefore, increasing
grain yield per unit land area is required to achieve the global food security goal
(Hulme, et al. 2013). Future area expansion for agriculture would incur a significant
risk to remaining forests and savannah, so agricultural growth must rely more than
ever on productivity gains through increased crop and animal yields (Fischer et al.
2014).

Since the current rate of genetic gain of grain yield of about 1% per year under
optimal conditions (Miralles and Slafer, 2007; Foulkes al. 2010; Fischer and
Edmeades, 2010) is lower than the predicted rate of demand for wheat (Rosegrant



and Cline, 2003; Singh and Trethowan, 2007; Foulkes et al. 2010; Hall and Richards,
2013), an acceleration in genetic yield potential improvement is required for global
food security. In addition to these factors, environmental concerns associated with
intensive agriculture (Montgomery, 2007 and WBCSD, 2008) and the impacts of
climate change on grain yield associated with increased frequency of drought and

heat stress (IPCC, 2007) reinforce the need for genetic improvement of yield

potential.
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Figure 1. 1: Bread wheat grain production, grain yield per unit land area and harvested
area in the world since 1960 (data from FAO 2013 web site: http://www.faostat.fao.org/)

In the UK, winter wheat is the most widely grown arable crop accounting for over
40% of tilled land in eastern countries of England (Foulkes et al. 2001; DEFRA
2012).

The UK currently produces around 15 million tonnes of wheat each year and around
20% of this is exported to countries around the world. About 40% of the national
crop is used in animal feed rations going to chickens, cows and pigs. The balance of

the crop is used for human consumption with wheat being used in literally thousands


http://www.faostat.fao.org/

of products and responsible for the daily production of 10 million loaves of bread

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

In addition to the current 0.8 M tonnes of grain used by UK distillers for alcohol
production, a potential market of some 2.5 million tonnes per year could be created
in UK for bio-ethanol (Agriculture and Horticulture Development Board 2010). High
starch/low protein grains are usually needed for bioethanol production. In order to
minimise environmental impacts and maximize profitability, biofuel crops should be

managed as for feed wheat with moderate nitrogen (N) rates (HGCA, 2010).

However, bioconversion of wheat straw to ethanol is becoming an attractive
alternative to ethanol production from conventional grain crops, especially with
wheat straw being a low commercial value, high volume agricultural by-product and
grain prices continuously increasing. Similarly, using wheat straw as an energy
source in the ethanol biorefinery has become a subject of interest in recent years,

since using grain competes with grain crop for food (Ghayur et al. 2011).

1.2 Wheat genetics

With a global output of 681 million tonnes in 2011 (USDA, 2012), bread wheat
accounts for 20% of the calories consumed by humans (FAO, 2011) and is an
important source of protein, vitamins and minerals. It is an allohexaploid species
(2n=6x=42); its genetics are more complicated than that of majority of other crop
species (Hancock, 2004). It has three sets of seven diploid homozygous
chromosomes called genomes (AABBDD) derived from three different diploid
donor species (Zohary et al. 1969). The genome A originated from Triticum urartu,
the genome D from Triticum tauschii (Gill and Friebe, 2002); howeverthe exact
origin of the B genome is still unclear, but a closely related species or an ancestral
relative of Ae. speltoides (S genome) has been suggested to be the likely donor. The
process evolved between 2.5 and 4.5 million years ago in two stages: the cross
between Triticum urartu (A genome) and Aegilops speltoides (B genome) produced
Triticum turgidum subsp. (Emmer wheat, AB genome) and then a second cross about
8,000 years ago (Nesbitt, M. and Samuel, D., 1996) between Triticum turgidum
subsp. durum (AB genome) and Triticum tauschii (D genome) resulted in Triticum

aestivum L. (AABBDD) bread wheat carrying the three genomes A, B and D.



Triticum urartu
(A Genome)
Einkorn Wheat (2n=14)

Aegilops speltoides
(B genome)
Wild goat grass (2n=14)

Triticum turgidum subsp
(AB genome)
Emmer Wheat (2n=4x=28)

Triticum tauschii
(D genome)
Wild grass (2n=14)

Triticum aestivum
(ABD genome)
(2n=6x=42)

Figure 1. 2: Hybridization process of creating polyploid wheat

1.3 Yield potential and its limitations

Serious concerns about the environmental impacts of fertilisers emphasize the need
to improve nutrient-use efficiency and climate change is leading to increased
frequency of heat and water stress making wheat production more unpredictable. To
solve these two problems, grain yield potential of cultivars should be increased but
without commensurate increases in N and water inputs (Slafer and Araus, 2007;
Foulkes et al. 2011). Some progress has been made in the last two decades in a
number of research areas to improve biomass production and photosynthetic capacity
through genetic interventions, mainly by increased carbon fixation rate, spike
fertility, and leaf stay-green and other physiological traits (Parry et al. 2003a, 2007,
Long et al. 2006; Zhu et al. 2008; Reynolds et al. 2009).


http://jxb.oxfordjournals.org/content/60/7/1899.full#ref-121
http://jxb.oxfordjournals.org/content/60/7/1899.full#ref-126
http://jxb.oxfordjournals.org/content/60/7/1899.full#ref-99
http://jxb.oxfordjournals.org/content/60/7/1899.full#ref-192

During the Green Revolution (1960s and 1970s) novel high-yielding wheat cultivars
were produced carrying semi-dwarfing genes. The main phenotypic effect of these
genes is a 10-20 cm decrease in plant height (Hellwell et al. 2000). This
characteristic of reduced plant height prevents the varieties from lodging before
harvest and allows higher N fertiliser inputs. Additionally the reduced stature of the
semi-dwarf cultivars leads to the reduction in the competition for assimilate from the
growing stem during stem elongation and consequently greater spike dry weight at
anthesis, more grain per spike, grain per m?, and higher harvest index (HI, proportion
of above gounr dry matterin the grain) (Fischer and Stockman, 1986). Thus, genetic
gains in yield potential in the last decades have resulted mainly from increased
partitioning of biomass to the grain (improved harvest index) rather than above-
ground biomass (Calderini et al. 1999a, Brancourt-Hulmel et al. 2003; Acreche et al.
2008). Austin (1980) estimated that HI has a hypothetical upper limit in wheat
(0.62). In addition to that, limited genetic progress in HI was observed since 1990.
The highest values reported worldwide are typically ca. 0.55 for winter wheat
(Reynolds et al. 1999; Shearman et al. 2005) and 0.50 for spring wheat (Foulkes et
al. 2011). However, increasing biomass production is an alternative for increasing

yield potential, as HI is approaching its maximum limit.

Therefore, improvement of breeding programs focused on yield potential requires
improved physiological understanding of the traits limiting the performance of
genotypes as well as factors influencing stability across target environments, e.g. N
availability. More effective approaches to crop improvement require knowledge of
selection criteria for the important traits limiting yield potential including biomass
and photosynthetic capacity for application in plant breeding.

Cereals are frequently affected by abiotic stresses which constrain their growth and
productivity. Water availability is the single greatest abiotic stress factor that limits
crop growth worldwide (Araus et al. 2002). Genetic increases in yield potential,
however, are not only associated with enhanced yields in favourable environments
but also under abiotic stress, e.g. drought (Trethowan et al. 2002; Araus et al. 2002;
Slafer and Araus, 2007) and nitrogen deficiency (Ortiz-Monasterio et al. 1997;
Abeledo et al. 2003). These gains are significant because further large increases in
the area under irrigation are not expected, and intensive agriculture threatens land

deterioration in those areas already irrigated (Araus, 2004).
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Since a comprehensive understanding of the genetic basis of adaptation among elite
cultivars is not yet fully achieved, plant improvement will continue to rely on
selection for crop phenotype in addition to selection according to molecular markers.
To avoid stress phenological patterns of crops should be optimised (Ludlow and
Muchow, 1990). The development of a more extensive root system is another
physiological mechanism for minimizing the occurrence of water and/or nutrient
stress through accessing deeper soil levels when drought and nutrient deficiencies
occur (Lopes and Reynolds, 2010) allowing higher photosynthetic efficiency and
transpiration rates matching evaporative demand (Amani et al. 1996). The potential
beneficial impact of physiological breeding in Australia (Richards, 2006; Rebetzke
et al. 2009) and trait-based breeding at CIMMYT Mexico (Reynolds et al. 2012)
have been demonstrated in wheat breeding programs.

1.4 Nitrogen fertiliser use by wheat and environmental
impacts

1.4.1 Function of N in wheat plants

Crops need nutrients from the soil in order to grow. However, in general, the soil and
environment cannot supply enough nutrients, thus fertilisers are applied to
supplement the soil nutrients taken up by plants. Nitrogen is the most important
nutrient required by plants. While the plant root is the major organ involved in N
uptake, the whole plant utilises N. In plants, N is particularly important for leaf
photosynthesis. Indeed, in wheat leaves more than 75% of the total N is in
photosynthetic proteins (soluble and in thylakoids) (Field and Mooney, 1986; Evans,
1989). Nitrogen is needed for both fixing CO, (Ribulose 1,5-Bisphosphate
Carboxylase/Oxygenase; RubisCO) and harvesting the light (chlorophyll and
associated proteins) (Evans, 1989). Chlorophyll, a light harvesting pigment, can
account for 60-85% of the thylakoid protein and each chlorophyll molecule contains
four atoms of N (Heldt, 1997). The chlorophyll-protein complex can comprise
between 20 and 60% of photosynthetic N, depending on irradiance (Hikosaka and
Terashima, 1995). RUBISCO is a large molecule (560 kDa) and is the most
abundant soluble protein in plant tissue. It is located in the chloroplast stroma.
RUBISCO has two enzymic activities. It catalyses the carboxylation of Ribulose 1,5-

Bisphosphate (RUBP), fixing CO; to form two molecules of 3-phosphoglycerate



(PGA) within the Calvin cycle. It also catalyses the oxygenation of RUBP by O, to
form phospho-glycollate and PGA (Heldt, 1997). RUBISCO, however, has a low
catalytic rate and a poor affinity for CO, (Evans, 1989) and so is required in large
amounts to maintain adequate carboxylation rates for growth. Proteases, peroxidases,
some inhibitors (i.e. trypsin and chymotrypsin) and elements of replication and
transcription of DNA (deoxyribonucleic acid) also require N during their formation

process.

During grain filling, nitrogen is transported from different vegetative plant organs to
the grains (N remobilisation). This process is linked to the senescence of the yield-
forming leaves during the grain filling stage. In the grains, N is important for as a
constituent of gluten content (allowing the viscoelasticity of wheat dough) (Shewry,
2009).

Nitrogen and phosphorus, key nutrients included in growth process, need to be
restored to the soil to achieve high yields. Nitrogen is very mobile in the soil, and is
not maintained because of plant absorption, leaching, surface run off and
denitrification. Furthermore, there is soil heterogeneity in addition to a seasonal
variation in soil N mineralization (Jackson and Caldwell, 1993), necessitating N
fertiliser application to produce optimal yields. As N fertiliser, wheat plants
generally prefer a mixture of ammonium and nitrate (Crawford and Glass, 1998).
Global N consumption worldwide in 2005 was estimated to be 90.9 Mt (Heffer and
Prud’homme, 20086). In the UK, over the last 25 years, between 180 - 190 kg ha™ of
N fertiliser was applied on average to winter wheat crops (British Survey Fertiliser
Practice, 2013). Recent projections state that global N demand for N fertilisers could
be between 107 and 171 Mt in 2050 (Millennium Ecosystem Assessment, 2005).
Other scenarios suggested that global fertiliser N consumption could be between 110
and 140 Mt. In fact the long term projection is subject to large uncertainty because it
depends on the ability to improve N-use Efficiency (NUE = grain yield DM /N
supply from soil and fertiliser) in new cultivars (Stanley et al. 2004). In addition,
growing global demand for grain crops has generated higher crop prices and
increased demand for fertilisers. In addition, the demand for N fertiliser is increasing
annually mainly in South and East Asia and Africa (FAO, 2011). Therefore

improving NUE in new released cultivars is a necessity in wheat production.



1.4.2 N fertiliser usage and management

Nitrogen (N) is one of the most complex elements regarding all of the potential
processes and forms involved in the N cycle. However, it is an element essential for
life. The historical perspective on the N cycle and world patterns for N use show that
N use continues to increase (Keeney and Hatfield 2001). In the last 20 years largest
increases in N fertiliser use are observed in developing countries while developed
countries have fairly consistent levels of N use (FAO, 2013). Figure 2 shows the
nitrogen fertiliser consumption between 1961 and 2012 in five regions in the world

(Data from http://faostat.fao.org/faostat). Asia (mainly China) has shown a linear

increase in N fertiliser use since 1976 levelling off since about 1996, while in Europe
a significant decrease was observed and in the Americas there was no significant

change in annual N use since 1978 (FigureFigure 1.3).
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Figure 1.3: N fertiliser consumption from 1961 to 2012 in the most important regions and
in the world (Data source is http://faostat.fao.org/faostat).

Improved crop N management will also play a crucial role in stabilizing and
increasing crop Yyields (Reynolds and Tuberosa, 2008). Indeed losses of N have been
reduced while grain yield was increased by optimized agronomic N management.
This has been achieved by optimising soil and irrigation management, N fertilisation
monitoring (quantities and timing of application) and by taking into account seasonal

and environmental variation in soil N supply and climate.

8



http://faostat.fao.org/faostat
http://faostat.fao.org/faostat

For UK wheat, solid ammonium nitrate granules (AN: about 34% N) is the main
form of straight N application. Alternative forms of soil-applied fertiliser N are: Urea
(U: 46% N), combination of AN and U, calcium ammonitrate (CAN: 27% N),
compound (NPK) fertiliser and ammonium sulphate (AS: 21% N). Fertiliser price,
quality (spreading ease and efficiency) and efficiency of crop recovery are the most

important factors affecting N fertiliser choice.

N already in the soil as part of the organic matter may partly fulfil crop N
requirement and the remainder has to be supplied by N fertiliser. However, it is very
difficult to accurately estimate the N mineralisation from organic matter. Previous
cropping and manuring history have a large influence on N availability in the soil.
The need for fertiliser N is high in a continuous cereal rotation. The timing of N
applications will depend on the total N rate and the crop’s stage of growth. All N
should generally be applied by the springtime. In the UK, N is typically applied in
three splits to winter wheat: the first split (1/4) is applied to encourage tiller
development and survival (GS 25: End February and beginning of March). The main
split (1/2) is applied when the crop is growing rapidly (GS 30/31: End March and
beginning of April). Finally, the third split (1/4) is applied to achieve canopy
required for optimum yield or to help improve grain protein levels in bread making

varieties.

In order to optimize N management, two nitrogen terms, ‘nitrogen supply’
and ‘nitrogen losses’ should be considered. Nitrogen supply can be from the soil,
organic manures, atmosphere and fertiliser. Nitrogen losses may be by leaching, run-
off, ammonia volatilisation and denitrification (DEFRA RB209). To make accurate
decisions on fertiliser timings and amounts, the soil proprieties in the surface and
subsoil of the field should be considered. Soil type is usually related to soil texture,
which is defined by the proportion of sand, silt and clay sized mineral particles in the
soil and can be determined by laboratory soil analysis or by extrapolated regional
soil maps (DEFRA RB209).

Some spectral reflectance indices were developed such as NDVI (Normalised
Difference Vegetation Index) used to assess crop nitrogen status in cereals (Aparicio,
et al. 2000). Rapid screening techniques (e.g. SPAD light transmission indicating

chlorophyll content and NDVI spectral reflectance index indicating canopy area and
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N uptake) are methods to estimate leaf/canopy N status during the season in order to
optimise N fertiliser inputs (Li et al. 2009). Indeed, spectro-radiometers estimating
NDVI have been demonstrated to successfully estimate soil N availability and yield
potential hence optimum N amount for wheat grown in the USA (Raun et al. 2001;
Raun et al. 2005; Raun et al. 2002).

Under the EU Nitrates Directive in England and Wales, the area covered by Nitrate
Vulnerable Zones (NVZs) was increased from 55% to 70% between 2002 and 2009
(www.defra.gov.uk). The NVZs are areas of land which drain to waters where nitrate
concentrations exceed, or are likely to exceed, the 50 mg I level dictated by the EC
Surface Water Abstraction Directive (1975). In 1996, the UK government designated
66 NVZs in England. Aiming to reduce the loss of nitrate from agricultural lands, the
Government introduced an action programme to change farming practices within
these NVZs to minimise N-leaching from the soil the crop. According to the action
programme, the crops should receive optimum doses of N according to the
guidelines set out in fertiliser manual RB209 (DEFRA, 2010). Adequate N
fertilisation practises are related to application of the correct N dose at the correct

crop developmental stage and weather conditions.

1.4.3 Environmental impacts of N fertilisers

N fertilisers may have negative environmental impacts through: (i) nitrate leaching
into ground water (health concerns associated with elevated nitrate levels in drinking
water), (ii) nitrate release into rivers and lakes causing eutrophication which is
harmful to aquatic plant and animal species and (iii) denitrification of nitrate by soil
bacteria that releases nitrous oxide (N,O) into the atmosphere contributing to the
greenhouse effect and global warming (DEFRA RB209 fertiliser recommendations).
Reducing N,O emissions from N fertiliser use would contribute to the reduction of
the global warming impact of greenhouse gas emissions, since the impact of N,O on
global warming is 300 times more than that of CO, per molecule. N,O contributes
6% of global greenhouse emissions (Aldhous, 2008). The main cause of agricultural
N,O emissions is the application of synthetic N fertiliser to arable soils. Ninety
percent of N,O emissions are from three sources: direct emissions from soils (42%),
indirect emissions from soils (33%) and emissions from pasture range and paddock

manures (15%) (Defra 2011). Therefore, improved NUE in new cultivars will help in
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reducing N input and limit emissions of N,O in direct proportion as well as improve

economic returns.

Wheat is cultivated in temperate regions worldwide; therefore development of
sustainable agricultural systems that are more economically efficient with reduced
environmental impacts requires breeding wheat with improved NUE. Many studies
reported genetic variation for NUE in wheat (VanSanford and Mackown, 1986;
Dhugga and Waines, 1989; Van Sanford et al. 1991; Ortiz-Monasterio et al. 1997;
and Le Gouis and Pluchard, 1996). These investigations indicated that NUE is
genetically controlled and a heritable trait and genetic improvement is feasible to
reduce N requirements hence N applications. This breeding goal, however, requires
improved understanding of the genetic control of NUE and it stability across
environments and related traits in wheat under different N availability. Indeed,
physiological and molecular studies on N uptake and assimilation pathways reveal

the high complexity of N use in plants (Crawford and Forde, 2002).

1.5 Nitrogen-use efficiency and components

Modern cereal cultivars grown in high yield potential environments require large
amounts of N fertiliser; and they are selected under non-limiting N conditions
(Foulkes et al. 2009). For wheat plant productivity and grain quality, nitrogen (N) is
the most important fertiliser applied. However, N fertiliser represents a significant
cost of production for the growers and has an effect on the environment as

mentioned above.

Nitrogen-use efficiency (NUE) is defined as grain dry matter yield per unit of N
available (from the soil and/or fertiliser) and is divided into two components: (i) N-
uptake efficiency (above-ground N uptake/ N available; NUPE) and (ii) N-utilization
efficiency (grain DM / above-ground N uptake; NUTE) (Moll et al. 1982). NUPE is
linked to the ability of the crop to capture available N from the soil and is principally
determined by root-associated traits such as root length density (RLD, root length
per unit soil volume) at depth. Total N-uptake may also be affected by the capacity
for N accumulation in the stem (Foulkes et al. 2009; Hawkesford 2012). NUTE
reflects the functionality of the above-ground biomass and is determined by
photosynthetic rate, canopy architecture, and canopy longevity (Hawkesford 2012).

Shanahan et al. (2008) reported that cereal production is generally characterised by
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low NUE. In fact, worldwide fertiliser N-uptake efficiency was estimated to be about
33% (Raun and Johnson, 1999).

There is an increasing need to reduce fertiliser N inputs in current cereal systems
whilst maintaining acceptable grain yields and adequate grain protein contents.
Breeding to develop new wheat varieties which can use N more efficiently can be
achieved by exploiting new genetic resources with wider variation like landraces to
improve uptake and utilisation in order to lower crop fertiliser N requirements
without compromising yields. The improvement of fertiliser N use through the
identification and selection of new genetic resources and physiological traits linked
to efficient use of N is now a high priority in wheat production systems

(http://www.wheatisp.org and http://www.breedwheat.fr).

1.6 Use of wheat relatives and landraces in wheat
breeding

Many years ago, the National Research Council (1972) scientist raised an alarm
about genetic erosion. The genetic erosion is the term given to describe the
phenomenon of narrowing of the germplasm by crops improvement processes
(Harlan, 1972). In most regions wheat production is replaced by modern cultivars;
landraces are only cultivated by farmers in very limited areas (Moragues et al.
2006a). This landrace replacement by homogeneous cultivars has resulted in a
significant loss of genetic variation in resistance to biotic stresses. Thus drastic crop
loss can be caused by a simple mutation in a disease and insect or by an
environmental change. Improvement of new cultivars by introgressing genes and
traits from landrace population is one of the strategies to improve yield and yield

stability in agricultural system mainly reduced input levels.

Feldman and Sears, (1981) reported that landraces and wild relatives of crop plants
are very important sources to broaden genetic base. These landraces are rich in
agronomic traits that should be characterized (Murphy and Withcomebe 1981).
Many studies conducted on durum wheat (GOkgol, 1939; Zhukovsky et al. 1951;
Kin, 1988; Damania et al. 1996; Zencirci and Kin, 1996) revealed that there is a
great amount of variation in terms of agronomic and grain quality traits and disease

resistance in wheat relatives.
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In wheat breeding programs, genetic variation often comes from landraces. For
instance, Rht dwarfing genes came from Japanese wheat “Norin 10, derived from
landrace Shiro Daruma (Kihara, 1982). The two genes RhtB1 (Rhtl) and RhtD1
(Rht2) affected directly yield by reducing hight and lodging. The same landrace
diversity was used to introduce the resistance to some diseases, such as stem rust,
leaf rust, Russian wheat aphid (Skovmand and Rajaram, 1990; Skovmand et al.
1994) and also for some abiotic stresses like heat (Hede et al. 1999; Skovmand et al.
2001).

In the International Maize and Wheat Improvement Center (CIMMYT) wheat
breeding programme, exotic wheat relatives have been used to increase the wheat
diversity through inter-specific hybridization and crossing with landraces (Reynolds
et al. 2007). Crossing conventional lines can achieve new transgressive segregation
leading to better performance, however, crossing more adapted cultivars with
landraces accessions is required to increase allelic diversity by introducing new
genes and new gene combinations. Such accessions may complement existing stress-

adaptive process by providing novel alleles.

In barley, landraces have been used for some time for breeding (Ceccarelli, 1984),
their use in bread wheat still limited and physiology of wheat landrace needs to be

more investigated (Reynolds et al. 2007).

1.7 Mapping populations: development and uses for QTL
discovery

Within a given plant species several different types of segregating populations may be
utilized for mapping genes. One of the most important types of population is
Recombinant Inbred Lines (RILs). RILs are developed from inbreeding of individual F2
plants following an initial outcrossing to develop an F1 plant. The population consists of
a series of homozygous lines, each containing a unique combination of chromosomal
segments from the original parents (Collard et al. 2005). For developing RILs by the
Single Seed Descent (SSD) method, usually six to eight generations of self-
polination are required. Single seed descent is a high-throughput method to achieve
homozygosity while often practising minimal selection (Goulden 1939). The method
consists of selfing a random sample of F,-derived plants in each generation and

advancing only one seed per plant in up to 3 generations per year. This process
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attempts to represent each genotype present in the F, regardless of merit (no

selection).

Linkage analysis with molecular genetic markers is a very powerful tool in the
genetic analysis of quantitative traits (van Ooijen, 1999) such as grain yield, NUE
and many other quantitative traits. These traits are often called complex or
quantitative traits in contrast to Mendelian traits and the relation between genotype
and phenotype cannot be observed directly. The regions within genomes that contain
genes associated with a particular quantitative trait are known as Quantitative Trait
Loci (QTLs). The genetics of NUE in the wheat plant is complex since NUE is a
quantitative trait. However, its understanding can be achieved by exploiting high
density molecular linkage maps and carrying out a QTL analysis. Successful NUE
QTL studies have been reported in Arabidopsis (Loudet et al. 2003) and in rice (Lian
et al. 2005; Obara et al. 2004). In wheat also several QTLs for yield and yield
components are mapped (Quarrie et al. 2005, Bogard et al. 2010). By testing 214
European winter wheat cultivars in eight environments, 333 genomic regions
associated with 28 traits related to NUE using genome-wide association were
identified (Cormier et al. 2014).

The identification of QTL with agronomic interest is a first step to develop new
markers to use in indirect selection of genetic determinant of a trait of interest using
marker-assisted selection (MAS). MAS, after marker development, is a simpler
method compared to the phenotypic screening, allowing selection at seedling stage

with increased reliability (no environmental effects).

1.8 Aims and Objectives of Project

A major world agriculture challenge is to optimise the trade-off between enhancing
grain yield and the negative environmental impacts associated with fertiliser N use in
intensive agricultural systems. The breeding of new N-efficient varieties of wheat
will be critical in meeting these challenges and concerns, whilst maintaining

increases in grain production to ensure food security.

To meet these challenges, new traits must be identified exploiting new sources of
genetic diversity for these traits and selection methods developed including
molecular markers to allow new wheat varieties to be bred requiring lower N inputs

whilst maintaining, or ideally increasing, grain yields. This increase in the crop NUE
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should be achieved, through an increase in both the crop N-Uptake efficiency
(NUPE) and crop N-utilisation efficiency (UTE; grain DM vyield/ crop N uptake).

The overall aims of the project aims are to:

Quantify the variation between elite UK winter wheat varieties and AE
Watkins wheat landraces for grain yield, biomass, NUE, NUE components
and related physiological traits in glasshouse and in field experiments under
high and low N conditions.

Compare between genotype performance in the glasshouse and in the field
with regard to genetic variation in grain yield, biomass, NUE and
components and their physiological determinants at the crop, plant and leaf
scale.

Identify novel physiological traits determining genetic variation in biomass
and NUE and NUE components in two wheat SSD mapping populations
developed from crosses between Paragon (UK spring wheat variety) and two
AE Watkins landraces (PxW481 and PXW141) under high N and low N
conditions.

Increase the understanding of the physiological processes determining
genetic variation in biomass production, NUE and N partitioning within the
plant canopy and responses to N availability.

Identify quantitative trait loci (QTL) for NUE, biomass and underlying traits
in the two SSD mapping populations PxW481 and PxW141, under high N

and low N conditions.
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Chapter 2: Literature review

2.1 Yield potential, NUE and use of physiological traits in
breeding

The vyield potential of wheat crops is determined by many factors, genetic,
environmental and socioeconomic. Yield potential may be defined as the yield of a
cultivar grown under environmental conditions to which it is adapted and with the
optimal agronomic conditions, i.e. when pests, diseases, lodging, weeds and other
stresses are effectively controlled (Evans, 1993). The average farm yield (when a
cultivar grows under less favourable conditions in the presence of one or more yield
limiting factors) will be less than the potential yield. The difference between the
potential yield and the farm yield is called the yield gap (Fischer and Edmeades,
2010).

While significant genetic yield gain has been mainly achieved empirically based on
yield per se (Evans, 1993), without the aid of physiological tools (Rajaram and van
ginkel, 1996; Reynolds 2002; Reynolds et al. 1999; Foulkes et al. 2007; Fischer,
2011), breeders, as well as physiologists, generally agree that multidisciplinary
research will be needed to realize acceleration in genetic gain in wheat yield
(Jackson et al. 1996; Reynolds et al. 2012a). In addition, grain yield has a relatively
low heritability and the selection for yield potential per se may not be efficient as
there is a high genotype x environment interaction (Jackson et al. 1994; Slafer,
2005). Therefore trait-based breeding may improve the efficiency of wheat breeding
(Reynolds et al. 2001). There is an urgent need to develop new and more efficient
wheat breeding methodologies to complement existing breeding techniques, as well

as to identify new traits, which will drive faster yield gains (Reynolds, 2002, 2012).

Several studies agreed that physiological selection traits have the potential to
improve rates of genetic yield gains in wheat. Fisher et al. (1998) demonstrated an
association between a number of physiological traits, including flag-leaf stomatal
conductance and photosynthesis rate and yield potential in the high-yielding irrigated
environment in NW Mexico. Under unfavourable wheat-growing regions in
CIMMYT, other physiological traits like canopy temperature depression were
effective in selecting wheat genotypes with improved yield performance cultivars

under water-stressed environments (Reynolds et al. 1996a; Araus et al. 2002, 2003;
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Olivares-Villegas et al. 2007; Mohammadi et al. 2012). In Australia, physiological
selection traits like higher transpiration efficiency, early vigour and reduced tillers
per plant, were introduced into a wheat breeding programme for improved
performance under drought (Richards et al. 1996).

Globally, wheat is the leading source of vegetable protein in human food, having a
higher protein content than other major cereals, i.e. maize or rice (FAO, 2010).
However a major global challenge for wheat nutrition is to increase grain yield under
low N inputs whilst maintaining, or ideally increasing, grain protein content. High
levels of N supply result in a higher grain protein content, but decreased efficiency
of N utilization is realized as grain N concentration increases and grain yield remains
stable (Ortiz-Monasterio et al. 1997). In wheat, the improvement of nutrient use
efficiency in general and NUE specifically in cropping systems can be achieved
through two main strategies: i) by adopting more efficient crop management
practices (such as nutrient rate, timing, source, and placement); and ii) by breeding
more N-use efficient cultivars. Both are important for wheat production in all
environments (Ortiz-Monasterio et al. 2012).

Reports have shown that about 50% of applied N fertiliser is usually recovered in the
above-ground crop under average high-potential field conditions, and efficient
timing and placement of N could increase recovery of applied N up to 60 or to 70%
(Legg and Meisinger, 1982). Appropriate N application timing and rates are critical
to achieve a synchrony between N supply and crop demand in time and space
(Shanahan et al. 2008) and may indicate considerable opportunities for improving
NUE in systems where best management practises are not already in place (Dhugga
and Waines, 1989; Blankenau et al. 2002). Sylvester-Bradley et al. (1998) suggested
that the highest demand on N is during leaf expansion and the optimal timing for N
application should coincide with the appearance of the first large leaf on the main

stem which is around GS31.

Breeding for more N-efficient wheat cultivars is the alternative approach to improve
NUE. Identification and selection of desirable traits which increase NUE
components (NUPE and/or NUTE) can accelerate wheat breeding progress and

complement empirical selection for yield under low N conditions (Araus et al. 2002).

17



These physiological traits can be at the canopy, leaf, or biochemical level and can be

identified through physiological studies.

The identification of Quantitative Trait Loci (QTL) using molecular marker mapping
approaches and appropriate mapping populations is also an alternative for
developing selection criteria for improved NUE cultivars since NUE is a complex
trait (Hirel et al. 2007). The QTL can then be used to develop molecular markers
useful to screen large numbers of lines for traits underlying NUE in marker-assisted

selection.

The main aim of this chapter is to review the literature regarding the physiological
bases of the efficiency of the use of N by wheat crops. and to provide information

on QTL and gene discovery studies carried out to on NUE traits in wheat to date.

2.2 Wheat developmental growth

2.2.1 Wheat vernalisation and photoperiod

Two types of wheat are differentiated by their response to vernalisation (Flood and
Halloran, 1986):

e Winter wheat: For this type a period of cool weather (3 - 7°C) is required in
order to flower. It has a strong response to vernalisation and is very resistant
to frost in the early stages of growth. The vernalisation requirements of
winter types may be fully substituted by short days at no vernalizing
temperatures between 21° and 16°C (Evans, 1987). Winter wheat does not
flower until the completion of a cool period. The double-ridge stage is not
reached until chilling requirements are met, and the vegetative phase is
prolonged generating a higher number of leaves in the main shoot (Mossad et
al. 1995).

e Spring wheat: This type of wheat does not or has lower response to

vernalisation and very sensitive to frost.

For spring types usually temperature between 7° and 18°C for 5 to 15 days are
required for floral induction, while between 0° and 7°C for 30 to 60 days are

required for winter genotypes (Evans et al. 1975). In winter genotypes, vernalisation
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stimulates the cell division processes facing the inhibitory mechanism occurring at

high temperatures.

Photoperiod sensitivity is defined as the physiological reaction of organisms to the
length of day or night. Most cultivated wheats do not require a particular day length
to flower; however they flower faster as the day-length increases (Evans et al. 1975;
Major and Kiniry, 1991).

Bernier et al. (1993) reported that the photoperiod is usually sensed by mature leaves
and not by meristems. For floral initiation, a single leaf could be enough to sense the
photoperiod. Once the vegetative period ends, floral initiation starts and the
reproductive stage begins (double-ridge). The shorter the length of the day, the
longer the spikelet primordia production phase is (Major, 1980; Boyd, 1986) and the
bigger the flag leaf (Mossad et al. 1995); however Evans et al. (1975) showed that
longer days advance floral initiation. After initiation, the spikelet primordia are at a
rate that is also dependent on day length in those genotypes sensitive to photoperiod
(Stefany, 1993). With shorter days, the period from double ridge to terminal spiklet
extends increasing the period to terminal spikelet and the number of spikelets per

spike.

Vernalisation and photoperiod constitute the basic processes of the adaptation of
wheat to various environments. Knowledge and genetic manipulation of them

provides significant tools for adaptation and yield (Acevido et al. 2002).

2.3 Source and sink

For wheat growth, the plant life cycle can be simplified into two main phases: i) the
pre-anthesis phase, when the plant forms its canopy area and root system, and young
developing leaves and root behave as sink, and ii) the phase after anthesis, when

senescing leaves are sources of carbohydrates for the grain (Good et al. 2004)

Sink organs are those plant parts utilizing assimilate produced by others called
source organs (Gardener et al. 1985). An organ can be defined as source or sink
depending on the direction of assimilates. If the organ produces assimilate (i.e.
mature leaves photosynthesizing) it called source organ, whereas if the organ
consumes assimilate products it is called a sink organ. For example, leaves can be

considered sink once young, because they consume sugar, but become source when
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they start photosynthesis and send assimilate to other organs (Hay and Walker,
1989).

Both the accumulation of assimilate (sink) or supply of assimilate (source) can limit
grain yield (Evans et al. 1970; Suwignyo et al. 1995; Wardlaw, 1990). During early
grain-filling source limitation of photosynthate may be more important while during
late grain-filling, when there is less demand from competing sink limitation may be

more important, (Fischer, 1975; Herzog, 1986; Martinez-Carrasco and Thorne, 1979)

2.3.1 Growth and light interception

The green area index (GAI) is defined as the ratio of green area (lamina, stem and
attached sheth and ear) of one side of the canopy area to the ground area. It is a
useful tool in canopy management. Increased GAI leads to an increase in solar
radiation interception as the area receiving radiation is increased. However, when the
light interception increases up to the point when all the incident radiation is
intercepted by the canopy, the increase in green area of the upper leaf lamina will not
increase light interception, but has a maintenance respiration cost, thus decreasing
above-ground biomass (Gardner et al. 1985). As the radiation is transmitted through
the canopy layers, both the quantity and the quality of the intercepted radiation are
changed (attenuation). The light attenuation between canopy layers is explained by
the light extinction coefficient (K) using Beer’s law of absorption (Monsi and Sakei,
1953) (equation 2.1). K is defined as a parameter that describes the efficiency of
light interception for the canopy of a terrestrial ecosystem. A low K indicates that
much radiation can reach the bottom of the canopy. Where, a high K indicates that
only a little radiation can penetrate into the lower leaf layers of the canopy (Monsi
and Saeki, 1953; Campbell, 1986).

k = -In(li/lp)/L Equation 2.1

Where Kk is the light extinction coefficient of the canopy, I; is the PAR below the i
layer of leaves, I, is the photosynthetically active radiation (400-700 nm; PAR)
above the canopy and L is the green area index of the canopy to the i layer of leaves.
Consequently, GAI and leaf inclination affect the amount of radiation transmitted
through the canopy (Gardner et al. 1985), and reducing the extinction coefficient

(more vertical leaf attitude) would optimize the distribution of the intercepted
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radiation within the canopy, hence, radiation-use efficiency through reducing light

saturation of the upper leaves (Araus et al. 1993).

2.3.2 Growth and radiation use efficiency

Biomass accumulation is facilitated by the capture of photosynthetically active
radiation (PAR, 400-700 nm), which is then used in photosynthesis. The
effectiveness of the use of radiation is quantified as the radiation-use efficiency
(RUE, g MJ™) defined as the amount of above-ground dry matter produced per unit
of PAR intercepted (Monteith, 1977).

Radiation-use efficiency can be affected by many factors including nutrient
imbalances (Sinclair and Horie, 1989) and temperature (Goyne et al. 1993). Total
crop biomass is linearly related to the amount of light intercepted (Kiniry et al. 1989;
Monteith and Moss, 1977) although little variance has been observed for RUE as a
result of LAI (Sinclair and Muchow, 1999). Photosynthesis activity is thus affected
by canopy architecture. Vertical leaves allow more light penetration to the lower
levels of the canopy, in addition to more light reflection to the canopy leading to
optimized photosynthesis with reduced light saturation of photosynthesis (Stoskopf,
1981 and Duncan, 1971). Araus et al. (1993) reported that cultivars with erecte
leaves are more efficient in radiation-use. In addition, higher RUE is associated with
smaller, thicker flag leaves (Shearman et al. 2005).

Many studies have explored variation in canopy traits of bread wheat and their
influence over RUE. Calderini and Slafer, (1998) found that pre-anthesis RUE did
not differ widely in cultivars released between 1920 and 1990; however, they
reported a variation for post anthesis RUE. In Australia studies showed an increase
of RUE between modern and old cultivars (Yanusa et al. 1993; Siddique et al.
1989b). Similar results were reported by Shearman et al. (2005) in UK. Resulting
from poorer canopy architecture and radiation distribution, there was a decline in
RUE in the presence of semi-dwarf alleles (Miralles and Slafer, 1997). Muurinen and
Peltonen-Sainio, (2006) also found that, at lower altitudes, RUE differed between old
and modern cultivars; and ancient wheat species had increased RUE. Furthermore,
spelt and emmer wheat purportedly perform favourably in low-input conditions
(Troccoli and Codianni, 2005) and have been observed to display increased RUE
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when compared to their modern counterparts (Muurinen and Peltonen-Sainio, 2006).
Sparkes (2010) also investigated a range of ancient wheat characteristics and
compared them to modern wheat; spelt was found to have the greatest RUE (1.81 MJ

m™).

It is stated that increased RUE usually leads to a rise wheat biomass (Han et al. 2008;
Li et al. 2009) therefore increasing RUE may be central to the improvement of
modern bread wheat yields through biomass improvement. Furthermore, Reynolds et
al. (2000) states that to date, breeding has not substantially improved RUE. Reynolds
et al. (2000), suggested new physiological avenues to achieve this including:
photosynthetic metabolism, canopy photosynthesis, determination of grain number
and size (sink strength), vascular transport of water, nutrients and assimilates,
respiratory costs and buffering of these processes to environmental fluxes (Gaju
2007).

2.3.3 Photosynthetic capacity

In C3 plants like wheat, photosynthesis is the process used to convert light energy,
normally from the sun into chemical energy in the form of organic carbon from
water (taken from the soil) and carbon dioxide (CO,, fixed from the air). The C3
plants use only Calvin cycle for fixing CO; from the air. In the first step, CO, reacts
with ribulose bisphosphate (RuBP) to produce two 3-carbon molecules of 3-
phosphoglyceric acid (3-PGA). The second stage (light independent reactions
through the Calvin cycle) begins with carbon fixation, whereby RUBISCO (ribulose-
1, 5-bisphosphate carboxylase) incorporates CO, from the air into organic molecules
in the chloroplasts by conjugating it to a five carbon sugar (ribulose bisphosphate)
(RuBP) (Beadle and Long, 1985; Campbell and Reece, 2002; Langdale et al. 1988).
Then the Reduction phase, results to the production of complex carbohydrates. In the
final steps of the Calvin cycle, ATP is used to rearrange carbon products to
regenerate the CO, acceptor, RuBP. It is this concluding step that enables the cycle

to continue.

The genetic progress in RUE can be achieved by Increasing the carboxylase activity
of the Rubisco (ribulose 1-5 bisphosphate carboxylase oxgenase) and decreasing its
oxygenase activity (Austin, 1999) and improving the photosynthetic efficiency
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through increasing the activity of Rubisco (Reynolds et al. 2009). Many avenues to
increase Rubisco’s catalytic activity were proposed by Parry et al. (2007 and 2011):
increasing Rubisco amount in the chloroplast, maintaining Rubisco activity,
accelerating RuBP regeneration, increasing the CO, cocentration at Rubisco catalytic
site and finally decreasing the energy lost to photorespiration. Several authors also
suggested introducing C4 mechanism into C3 plant in order to accelerate the rate of
yield gain (Reynolds et al. 2009 and Parry et al. 2011, Murchie et al. 2009).

The flag leaf is a predictor of source capacity as the main source of carbon during
grain filling (Austin and Edrich, 1975; Evans et al. 1970). Flag leaf parameters (CO,
exchange rate, RuBP carboxylation efficiency, chlorophyll concentration and leaf
area) describe photosynthesis capacity which depends itself on source size and
activity during grain filling through feedback and upregulation processes (Herzog,
1986).

Photosynthesis rate per unit area should be improved after canopy architecture, light
interception and photosynthetic duration have been improved (Long et al. 2006;
Raines, 2006; Parry et al. 2007). Theoretically, the photosynthetic energy conversion
efficiency of C3 plants is about 4.6% (Zhu et al. 2008), which is three times higher
than the value in the field leaving substantial room to increase photosynthetic energy

conversion efficiency (Reynolds et al. 2000; Zhu et al. 2008).

Parry et al. (2011) reported that significant improvement in RUE is still possible by
increasing photosynthesis in wheat. The study by Fischer et al. (1998) on spring
wheat cultivars released between 1962 and 1988 by CIMMYT showed that the
increase in grain yield was associated with an improvement in light-saturated flag
leaf photosynthesis rate (Amax). In addition, evidence for increased yield in response
to CO, enrichment (Ainsworth and Long, 2005), and the positive relationship
between photosynthesis and biomass (Kruger and Volin, 2006) support these results.
However, selecting for yield based on Amax was not successful in the 1990’s
(Reynolds et al. 2000). Thus, despite photosynthesis being the primary determinant
of plant productivity, previous research has seldom provided good evidence for a
strong positive relationship between the rate of photosynthesis per unit leaf area and
yield (Driever et al. 2011). Most previous studies assessing variation in wheat have

involved limited measurements on small sets of germplasm, (Fischer et al. 1981,
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1998; Blum, 1990; Watanabe et al. 1994; Reynolds et al. 2000; Xue et al. 2002;
Chytyk et al. 2011; Sadras et al. 2012).

Semi-dwarf genotypes tend to have smaller flag leaves and contain more Rubisco per
unit leaf area than tall genotypes (Pyke and Leech, 1985). Rubisco, is an enzyme that
generally constitutes about 50% of the total soluble leaf protein and it is involved in
RuBP carboxylation efficiency (Van Oosten et al., 1995) which may limit
photosynthesis and could be increased in dwarf lines.

Several studies indicate that tall wheat cultivars have lower maximum CO, exchange
rates (a measure of net photosynthetic rate) and chlorophyll concentrations than
dwarf ones (Morgan et al. 1990; Kulshrestha and Tsunoda, 1981). Photosynthetic
capacity can be influenced by plant height (which in some cases is associated with
grain sink size) (Bonnett and Incoll, 1993 a; Ehdaie and Waines, 1994; Gent, 1995;
Wardlaw, 1990).

Decreases in canopy photosynthesis and biomass accumulation result from a
reduction in height decreasing in light interception in wheat (Gent, 1995). Gent
reported that in early developmental stages, tall wheat lines had 20% more light
interception, canopy photosynthesis and biomass than semi-dwarf isolines. After
spike emergence, no differences were observed among height classes in terms of
photosynthesis and light interception. However, Rawson and Evans (1971) reported
that dwarf wheat cultivars have lower leaf photosynthetic rates in single leaf than the
taller ones. In addition, other cultivars containing dwarfing genes were found to have
higher respiration rates per unit biomass than taller genotypes (Gent and Kiyomoto,
1985).

2.3.4 Senescence and stay-green traits

Stay-green traits allow genotypes a prolonged carbon fixation potential during grain-
filling through longer period of CO; assimilation from the air (Thomas and Howarth,
2000). They described the types of stay-green: i) late senescence initiation, ii) slower
senescence rate, iii) chlorophyll degradation, iv) rapid death and v) enhanced leaf
greenness. Hay and Walker (1989) showed that photosynthesic activity increases
linearly during leaf expansion before declining when the leaf reaches its full size.
Photosynthesis is usually negatively affected by senescence mainly under water and

nutrient-limited conditions (Gardner et al. 1985). The net assimilation rate (the rate
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of photosynthesis minus respiration losses; NAR) is also affected by senescence as
the reduction in photosynthesis in senesced leaves is higher than the reduction in
respiration rate (Milthorpe and Moorby, 1979; Stoskopf, 1981).

Stay-green phenotypes have been described most extensively in monocotyledonous
species. Grain yield was positively affected by stay-green trait in rice mutants (Fu
and Lee, 2008; Yoo et al. 2007). Similar results were reported on sorghum (Borrell
and Hammer, 2000). Borrell and Hammer found that the stay-green phenotype was
directly associated with grain yield and genotypes carrying the stay-green trait had
higher leaf nitrogen concentration (N per leaf area) and could absorb the majority of
the nitrogen required for grain-filling from the soil (Borrell and Hammer, 2000) or

translocate it from the stem (van Oosterom et al. 2010).

In contrast, another study on maize suggested that stay-green cultivars had higher
biomass and took up more N, while no effect on grain yield was observed and grain
N concentration was lower. Similarly, in Canada, extended leaf longevity was
associated with a higher source-to-sink ratio, higher grain yield (Rajcan and
Tollenaar, 1999a) and elevated grain N content from increased N uptake (Rajcan and
Tollenaar, 1999b).

Spano et al. (2003) reported that durum wheat mutants stayed green for longer,
continued photosynthesizing and had higher grain yield and seed weight. The stay-
green characteristics were then validated using gene expression. However, grain N
content was lower in some of the mutants supporting the idea that the maintenance of
N in the photosynthetic machinery might be limiting to N remobilisation to the grain.
In China, wheat lines with a wheat-rye chromosome translocation were developed
which showed a functional stay-green phenotype combined with increased grain
yield and total biomass of up to 25% when grown in the field (Chen et al. 2010; Luo
et al. 2006). In the United States a study on spring wheat revealed that the effect of
stay-green can depend on the environmental conditions (Blake et al. 2007). The
study was on two sets of RILs, one of them showed a positive correlation between
stay-green and yield, grain size and TGW under irrigated and unirrigated conditions,
while in the second population the stay-green phenotype had an effect only on grain
size, TGW and grain N content under unirrigated treatment. Naruoka et al. (2012)
studied another spring wheat mapping population and found that stay-green
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genotypes had lower grain yield under cool and well-watered conditions, however,

they maintained yield under dry and hot environments.

2.3.5 Stem carbohydrate storage

In the pre-anthesis period, plants use mainly the stems to store surplus assimilate
which is relocated to the ear shortly before and after anthesis (Fischer and
Hillierislambers, 1978). In addition, Austin et al. (1977) showed that, during grain
filling, stems can lose about 30% of their dry mass as carbohydrates are remobilized
to the grains. Austin et al. (1980) and by Herzog, (1986) reported that stem
carbohydrate reserves make an increased contribution to the final grain mass. They
added that this contribution can reach 50% under stressed conditions. In taller wheat,
when photosynthesis is not adequate, assimilate stored in stems can act as a buffer.
Nevertheless, under non-stress conditions at anthesis, the stems of dwarf cultivars
contained lower proportion of flag-leaf assimilates than the taller wheat. According
to Rawson and Evans (1971) there were no differences between dwarf and tall

cultivars in the stem reserves utilizating stem carbohydrate reserves.

2.3.6 Grain partitioning

Dwarfing genes which have been used to reduce plant height have substantially
increased harvest index and lodging resistance, thus increasing wheat yields (Peng et
al. 2000, Foulkes et al. 2011). Higher grain yields and HI of the dwarf modern
cultivars reduce competition from the developing stem because a reduction in height
leads to a reduction in stem mass (Rawson and Evans, 1971). To identify further
mechanisms to increase HI and elucidate limitations to grain yield, the relationship
between photosynthetic capacity, stem mass and plant height could be an issue. Sink
strength, grain number, and size are partially under genetic control (Fischer and
HillieRis Lambers, 1978; Thornley, 1979; Walpole and Morgan, 1970).

2.4 Plant growth and N availability

Within plants, seeds, leaves and roots contain the maximum N concentration in
organic and inorganic forms. Nitrogen deficiency leads leaves to lose their green
colour, to decrease their area and photosynthetic capacity. Many studies reported that
N application increases total biomass, grain yield and yield components (tillers,
shoots and grain number) in wheat (Barraclough et al. 1989; Latiri-Souki et al. 1998;
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Mengel and Kirkby, 2001; Jiang et al. 2004; Cossani et al. 2009). N fertiliser
therefore plays an important role in increasing photosynthesis rate and efficiency
(Lawlor et al. 1988) as well as leaf cell number and volume by increasing N uptake.
N also plays a key role in wheat nutrition because of its importance in protein and
nucleic acid synthesis (Clark, 1983). N uptake and distribution in plants and crops
involves many aspects of growth and development. Thus, the relationship between N
and biomass accumulation in crops relies on the reciprocal regulation of multiple

crop physiological process.

Nitrogen helps in improving photosynthetic capacity by increasing radiation
interception though the increases in canopy green area (Lawlor, 1995). Nitrogen
supply has a large effect on leaf growth and increases the leaf area of plants and
therefore photosynthesis. Photosynthetic proteins represent a large proportion to total
leaf N (Evans, 1989; Field and Mooney, 1986). Leaf chlorophyll content is
approximately proportional to leaf N content (Evans, 1983). Many studies showed
that N application in cereals increased the above-ground biomass and LAI (Leaf
Area Index) at anthesis increasing grains m leading to higher grain yield (Cossani
et al. 2009; Fois et al. 2009). However, N fertilisation probably has either no or a
small effect on grain weight and HI (Barraclough et al. 1989, Cossani et al. 2009;
Fois et al. 2009)

2.5 Nitrogen use efficiency and components

2.5.1 Nitrogen consumption in some countries

Wheat grain yield increased in UK by approximately 69 kg ha'year™ between 1948
and 2007, a value that translates into a relative rate of 0.76% year™ in 2007 (Mackay
et al. (2011). Since 1982 at least 88% of improvement in yields across a range of
species could be attributed to genetic improvement (Hall and Richards 2013;
Mackay et al. 2011). In the UK HI was increased from 0.34 to 0.51 from 1900 to
1986 (Austin et al. 1989; Austin, 1999). The genetic yield increase registered in this
period is also supplemented by progressively higher nitrogen (N) inputs (Austin,
1999) making new cultivars more tolerant to lodging compared with the old ones
(Foulkes et al. 1998; Reynolds et al. 1999).
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Over the last 40 years, the doubling of agricultural food production was associated
with a sevenfold increase of N fertilisers (FAO 2001; Tilman et al. 2001) (see Figure
1.2 in the Chapter 1). The use of N fertilisers in agriculture is therefore one of the key
elements for producing sufficient food to meet demand of the increasing human
population and global food security (Angus, 2001; Eikhout et al. 2006). The use of
large amounts of N in intensive agricultural systems, however, has led to important
environmental impacts such as gaseous emission of nitrous oxides and ammonia into
the atmosphere (Galloway and Cowling, 2002) and through problems associated
with eutrophication of marine ecosystems (Beman et al. 2005) and fresh water
(London, 2005), and leaching of nitrates in ground water Bio-fuel production to
ameliorate the impacts of climate change also requires the efficient use of N fertiliser
in biofuel crops.

A substantial increase in yield and in crop stress resistance is therefore required,
along with better use of N fertiliser to ensure food security and environmental
protection in future decades. Improved efficiency of N-use will be particularly
crucial as part of the dynamic to allow greater biomass production to be sustained.

Data compiled by FAO state that annual use rate of Nitrogen fertiliser is increasing

worldwide (http://faostat.fao.org/faostat). The N fertiliser use efficiency has

decreased exponentially from 1961 to 2001 in all countries except Western Europe
and the United States with increasing amount of N fertiliser applied (Figure 2.2).
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Figure 2. 1: Evolution of N fertiliser Use Efficiency (grain production / N consumption)
in six regions in the world (data source: http://faostat.fao.org/faostat)

2.5.2 Nitrogen-Use Efficiency (NUE)

Nitrogen is the mineral nutrient required by plants in the highest concentration (Taiz
and Zeiger, 2006). However, the N available to the plant is generally limited (Elser
et al. 2007). Nitrogen is essential for reproduction (Sinclair and Jamieson, 2006),

growth (Agren, 1985), and for physiological processes (Evans, 1989).

Nitrogen-use efficiency (NUE) is the grain dry matter per unit plant N availability
(from the soil and/or fertiliser) and is divided it into two components: (i) N-uptake
efficiency (crop N uptake/N available; NUPE) and (ii) N-utilization efficiency (grain
dry matter yield/crop N uptake; NUTE) (Moll et al. 1982). This definition of NUE
has since been found useful by crop physiologists. In the UK, NUE was estimated to
be 25 kg DM kg™ nitrogen available with an average fertiliser and soil nitrogen
recovery of 65% and an average nitrogen utilization of 39 kg DM kg™ nitrogen
captured (Sylvester-Bradley and Kindred, 2009)

2.5.2.1 N-uptake efficiency

N-uptake efficiency (NUPE) is determined by the ability of the plant to remove N (as
NO3" or NH4" ions) from the soil (soil N + N fertiliser). Full uptake of available N
by fertilised crop is never completed and crops have a preference to recover soil

mineral N compared to fertiliser N (Vaidyanathan, 1984). In wheat, in a review of
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published literature data on fertiliser-N efficiency in cereal crops, the average N
recovery efficiency in aboveground biomass (grain+straw) in research plots was
44% in rice, 54% in wheat and 63% in maize (Ladha et al. 2005). Similar results (50-
60% of N fertiliser recovery) were found for winter wheat in Europe (Blankenau et
al. 2002; MacDonald et al. 2002; Bloom et al. 1988).

In addition to nitrate (NO3) and ammonium (NH,") forms, plants roots take also
organic N in the form of amino acids (Maathuis, 2009). The N status in the plant
could be affected by root morphology since the roots are responsible for N-uptake.
The root system plays a determinant role in supplying the plant with nutrients such
as N and water (King et al. 2003; Wasson et al. 2012). Total N-uptake may also be
affected by the capacity for N accumulation and storage in the stem (Foulkes et al.
2009; Hawkesford 2012).

Accumulating higher quantities of N in plant tissue is a desirable trait in wheat.
NUPE is a trait under genetic control (LeGouis et al. 2000), but is also affected by
the environment and by management strategies (Sylvester- Bradley et al. 1998).
Several studies have reported high genetic variation of N-uptake in wheat (Van
Sanford and MacKown, 1986; Ortiz-Monasterio et al. 1997; Le Gouis et al. 2000).

2.5.2.2 N-utilisation efficiency

N-utilisation efficiency (NUTE) is the product of the biomass per unit of crop N
uptake and the partitioning of this biomass to the grain (harvest index, HI) at harvest
(Ortiz-Monasterio et al. 1997). Therefore NUTE concerns grain storage capacity,
grain filling through carbohydrates and N remobilisation, canopy formation, and the
maintenance of photosynthetic apparatus (Pask, 2009). Many studies reported
genetic variation in NUTE in wheat (Cox et al. 1985b; Dhugga and Waines, 1989;
May et al. 1991). Austin et al. (1989) suggested that the genetic gain in NUTE from
1830 to 1985 was mainly associated with the increase in HI while biomass
production was broadly maintained. Habash et al. (2001) illustrated that yield and
protein concentration in wheat were improved by the manipulation of glutamine
synthetase, the important enzyme for ammonia assimilation and recycling, therefore

N remobilisation.

To improve NUTE, the improvement of nitrate assimilation could be a potential

avenue (Foulkes et al. 2009). In the plant tissue, nitrate is reduced to nitrite (nitrate
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reductase) then ammonium (nitrate reductase) after that to amino compound and
other proteins in the plastid/chloroplast (synthetase/glutamate synthase GS/IGOGAT)
(Good et al. 2004; Hirel et al. 2007; Lea and Azevedo, 2007; Lea and Ireland, 1999).
While nitrate reductase was considered to play the major role in this process,
Crawford (1995) showed that this enzyme did not have any effect on plant growth.
Furthermore, Kelly et al. (1995) found no correlation between nitrate reductase

activity and grain yield in wheat.

At the leaf level, the photosynthetic N-use efficiency (PNUE) is the rate of C
assimilation per unit leaf N (Field and Mooney, 1986). The relationship between
NUE and PNUE is complex, not least because it depends on the extent to which
PNUE measurements, performed at a given point in time, can be related to growth of
the whole plant integrated over a much longer period of time.

2.6 Physiological traits related to NUE

To attain their maximum yields, modern cereal cultivars in developed countries
require large amounts of fertilisers because they were selected under non-limiting
fertilisation conditions (Bénziger et al. 1997 and Presterl et al. 2003; Foulkes 2009).
However, fertiliser N uptake efficiency (crop N uptake/N available; NUPE) was
estimated globally to be about 33% (Raun and Johnson, 1999).

2.6.1 Nitrogen root N capture

The possible agrotechnical measures for increasing nitrogen uptake from subsoil are
of practical importance for farmers (Haberle et al. 2004, Hoad et al. 2004). The
availability of mineral N in the soil and its distribution are affected by plant uptake,
fertilisation, mineralization, denitrification, leaching and immobilization (Haberle et
al. 2006). Crops absorb N in the form of nitrate and ammonium ions from different
soil profiles (top and subsoil layers) (Miller and Cramer 2004). The above-ground
plant growth and the water and nutrients balance in the soil are affected by the ability
of plant to grow its root system as well as its capability to extract water and nutrients
in different soil environments. There is evidence that N deficiency has an effect on
the equilibrium between root and shoot growth (Novoa and Loomis, 1981; Brouwer,
1983). In fact, the ratio R/S (root weight to total plant weight ratio) is increased
under N deficit (Dreccer et al. 2000; Mengel and Kirkby, 2001; Reich, 2002).
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Furthermore, hydroponic pot and field experiments, increasing nitrogen supply
enhanced both shoot and root growth, but usually shoot growth more than root
growth, leading to decrease R/S dry weight ratio with increase in N supply
(Robinson 1994, Marschner 1995, Lucas et al. 2000).

The horizontal spread of roots is usually 30-60 cm, while the roots grow in depth up
to 200 cm (Barraclough and Weir, 1988; Gregory et al. 1978). However, Nagesh
(2006) reported that about 70% of total root length is found within the top 30 cm of

soil.

It is believed that the ability of root system to respond to special and temporal N
supply affect root N capture (Fitter et al. 1991). In addition, a positive relationship
was found between root length density (root length cm/ soil volume cm®; RLD) and
N capture in maize (Wiesler and Horst, 1993; Wiesler and Horst, 1994) and in wheat
and barley (Ebrahim, 2008). N supply generally increases RLD increasing, therefore,
the N uptake by the crop; however a decrease in NUPE and NUE was observed
(Cabrera-Bosquet et al. 2007; Pask, 2009).

2.6.2 Nitrogen remobilisation efficiency

In wheat, N taken up after anthesis and N remobilised from pre-anthesis N uptake
are the two sources of N used for grain protein synthesis. Grain N content is more
influenced by the amount of N taken up than yield (Dupont and Altenbach, 2003).
After anthesis, leaves provide N which is recycled and exported to the grains in the
form of amino acids (Feller and Fischer, 1994 and Masclaux et al. 2000). Before
anthesis N stored in roots and shoots provides 60 to 95% of N of the grain by
remobilisation (Van Sanford and MacKown, 1986, Palta and Fillery, 1995a and Palta
and Fillery, 1995b). After flowering and under N deficient conditions both the size
and the N content of the grain can be significantly reduced by N deficit (Dupont and
Altenbach, 2003). Yet, determination of genetic variation in grain yield and grain
protein under N limitation is still unclear between N availability (N taken up after

anthesis and N remobilised) and or storage protein synthesis.

Cox et al. (1985) reported in wheat grown in the field that post-anthesis N
remobilisation efficiency N (NRE, the fraction of N in the whole plant or organ at
anthesis which is not recovered in the straw at harvest) before anthesis depends on

the genotype. However, in the absence of environmental factors limiting grain
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filling, the capacity of the plant to store N pre-anthesis explained the differences
observed in NRE (Barbottin et al. 2005). Remobilisation of the N stored before
anthesis and N take up after anthesis can be estimated by the difference between the
amount of above-ground N present at harvest and the amount of above-ground N
present at anthesis in the different components of the plant. However, the necessity
to combine data from the two sampling dates can lead to large experimental errors.
One good alternative, less biased and precise method is the use of °N stable isotope
labelling which allows better estimation of N uptake after anthesis and N stored and
remobilised from source organs pre-anthesis. This technique was used by Cliquet et
al. (1990) who applied **N nitrate to maize plants grown in hydroponics and by Palta
and Fillery (1995a; 1995b) by infiltrating ;sN-urea to the leaves of wheat plants
grown in the field. In order to characterize genotypic differences in remobilisation of
the N stored before anthesis and post-anthesis N uptake in wheat, Le Gouis et al.
(2000) conducted field experiments during two years using post-flowering 15N
labelling at high and low levels of N fertilisation on five cultivars of winter wheat
selected for their different sensitivity to N stress. They showed that both N uptake
after flowering and N remobilisation of pre-anthesis stored N (once 15N is applied

just after flowering) can be estimated.

Many studies reported in wheat that NRE was higher for lamina than for stem and
chaff (Gaju et al. 2014; Pask et al. 2012). N uptake post-anthesis can contribute
between 5 and 50% of grain N (Van Sanford and MacKown, 1986; de Ruiter and
Brooking, 1994) depending on N level and crop growth conditions. The genetic
variation in NRE of the vegetative tissues has been reported in wheat from 0.52 to
0.92 (e.g. Gaju et al. 2014; Cox et al. 1986; Van Sanford and Mackown, 1987,
Barbottin et al. 2005; Kichey et al. 2007; Pask, 2009,).

2.6.3 Nitrogen utilization and plant senescence

Senescence kinetics takes place after anthesis, allowing recycling of nutrients (N in
particular) from vegetative tissues towards reproductive organs (Lim et al. 2007;
2008; Guiboileau et al. 2010), a processes called translocation. In wheat, leaf
senescence is associated with the translocation of leaf N to the grains, which
accounts for 40-90% of final grain N (Sanford and MacKown, 1986; Kichey et al.
2007).
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Senescence is a normal phenomenon in the life cycle of the plants (Borras et al.
2003). Lim et al. (2007a) defined the senescence as the age-dependent complex
degenerative and degradation processes at full maturity which may ultimately lead to
leaf death (Camp et al. 1982; Thomas et al. 2003; Tang et al. 2005). The most
important event in leaf senescence is the loss of chlorophyll and the disturbance of
photosynthetic apparatus, decreasing the leaf photosynthetic efficiency. In addition,
leaf senescence leads to the decrease in the electron transport for the remaining
components in the leaf (Weng et al. 2005; Zhang et al. 2006). The chlorophyll a/b
ratio is also increased because chlorophyll “a” is degraded more rapidly than
chlorophyll “b” during senescence process (Hotta et al. 1987; Humbeck and
Krupinska, 2003; Fang et al. 1998). Lim et al. (2007) reported that this chlorophyll
degradation is accompanied with structural changes in the chloroplasts of mesophyll
cells. This can be easily assessed because plant leaves start to turn yellow.The
balance between N supply and demand had a large effect on leaf senescence during
grain filling in sorghum (Oosterom et al. 2010) and wheat (Triboi and Triboi-
Blondel, 2002). The disturbance in this balance usually causes accelerated or delayed
leaf senescence. If N demand is higher than N supply, an acceleration of the
translocation N from leaves and stems occurs (Triboi and Triboi-Blondel, 2002). On
the other hand, late N application led to higher N availability to plants in the soil
leading to retention of leaf green (Bancal et al. 2008). According to Howarth et al.
(2008), N is transported into the grain through the amino acid “acid glutamine” used

to synthesise other amino acids and proteins.

As senescence is usually accelerated by abiotic stresses, varities with stay-green
traits give higher yield in sorghum (Borrell et al. 2000) and in wheat under these
conditions (Borrell and Hammer, 2000; Gaju et al. 2011; Bogard et al. 2011). A
positive relationships between stay-green phenotypes and yield amongst wheat
genotypes has been demonstrated also by Verma et al. (2004); Christopher et al.
(2008); Lopes and Reynolds (2012); Bogard et al. (2011) and Pask and Pietragalla
(2012). However, there may be a trade-off between keeping N in the leaves to
produce biomass that might be translocated to the grains, and transporting N to the
grain earlier and possibly more efficiently. Thus negative effects on grain N% have
sometimes been reported (Jiang et al. 2004; Kichey et al. 2007; Derkx et al. 2012).
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N remobilisation (NR) is driven by the source supply of the vegetative organs rather
than by the demand for N by the grain (Martre et al. 2003). As leaf senescence
regulated NR (Masclaux et al. 2001; Uauy et al. 2006), in bread-making wheat
cultivars, delaying senescence will decrease grain quality (lower protein content);
however, in feed wheat cultivars, delaying senescence (increasing the photosynthetic

period during grain filling) will enhance grain yield (Foulkes et al. 2009).

2.6.4 HarvestIndex, biomass and partitioning

In small-grain cereals yield potential has increased during the Green revolution by
the introduction of semi-dwarf cultivars. This was due mainly to improvement in HI
(Reynolds et al. 1999; Abdeledo et al. 2002). These increases were associated with
reduction in stature, reduction in lodging, and also reduced competition resulting in
greater spike, more grains per unit area, and then higher harvest index (Fischer and
Stockman, 1986).

However, no significant genetic progress in HI is reported since 1990 with current
values of ca. 0.50 in spring wheat (Reynolds et al. 1999) and ca. 0.55 in winter wheat
(Shearman et al. 2005). In winter wheat the theoretical maximum of HI is 0.62,
calculated based on an extrapolation from the mean value (0.49) observed in four
UK modern cultivars (Austin et al. 1980). In the UK. Austin et al. (1980) reported
decreased stem dry weight was the main reason for the increase of HI in UK
cultivars increased from 1908 to 1978 and he argued that a further increase in HI (to
60%) could be achieved by decreasing stem-and-leaf sheath partitioning at harvest to
20% whilst maintaining the above-ground biomass. Further improvement in HI
could be achieved by improving grain number by increasing partitioning to spike
during stem elongation and decreasing partitioning to the true stem while
maintaining lodging resistance through increase true stem material strength (Foulkes
etal., 2011).

2.7 Breeding and NUE

2.7.1 Genetic variation in N-use efficiency

Genetic as well as agricultural practices have both contributed to the increase in in
NUE worldwide. In the UK, NUE at the optimum N amount increased by +1.2 kg
DM kg N between 1994 and 2008 in wheat (Sylvester-Bradly and Kindred, 2009)
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reaching 24.4 kg DM kg N. This increase was mainly due to the increase in NUPE
rather than to NUTE. Fisher and Edmeades (2010) reported similar conclusion for
Maize in USA. However, Foulkes et al. (1998) reported that genetic gains in NUE
with breeding under low N supply have been related mainly to NUTE in winter
wheat in UK.

Many reports stated that genetic progress in NUE was higher under high N than
under low N conditions. Ortiz-Monasterio et al. (1997) studied 10 genotypes of
spring wheat released between 1950 and 1985 and reported that the genetic progress
in NUE was nearly tripled at high N supply (300 kg N ha™) compared to the nil N
supply treatment. This could be normal, because new released cultivars were
selected under non-limiting N conditions (Brancourt-Hulmel et al. 2005; Foulkes et
al. 1998), thus modern genotypes were adapted to these conditions. While few
studies examined cultivars under optimum N levels, Sylvester-Bradley and Kindred
(2009) showed that the optimum nitrogen level increased by 1.24 kg N ha™ year™,
reaching 174 kg N ha™ for cultivars released from 2001 to 2007. Similarly Foulkes et
al. (1998) showed an increase of optimal N level in modern cultivars. Under
Australian conditions for cultivars released between 1958 and 2007 there was a trend
of increasing yield; yield per unit N remained largely unchanged due to increased N
uptake. In spite of an increased NHI there was still a trend of decreasing grain N
concentration (Sadras and Lawson, 2013).

2.7.2 Quantitative Trait Locus (QTL) for NUE

QTL analysis is usually carried out using Kruskal-Wallis (KW) or interval mapping
(IM) (Lander and Botstein, 1989). Linkage maps are constructed from the analysis of
many segregating markers. 'QTL mapping' is based on the principle that genes and
markers segregate via chromosome recombination (crossing-over) during meiosis (i.
e. sexual reproduction), thus allowing their analysis in the progeny (Paterson, 1996).
There are three main steps affecting construction of a linkage map (Collard et al.
2005): (1) Size of the population (from 50-250 individuals or even larger). (2)
Identification of polymorphism between parents in order to construct a linkage map,
and (3) Linkage analysis of markers: This involves coding of data for each marker on
each individual of a population and conducting linkage analysis using computer

software programs. Linkage between markers is calculated as LOD score (logarithm
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of odds; likelihood ratio statistic). The density of markers depends to some extent on
the genome size and a higher density would give more precisely positioned markers

on a linkage map.

Regions of the genome that show significant LOD values are assumed to contain a
QTL (van Ooijen, 1999). After construction of a linkage map QTL detection is done
by QTL analysis using single marker analysis, simple interval mapping and
composite interval mapping (Liu, 1998; Tanksley, 1993). Phenotyping the
population for the target trait is important and the laboratory marker data have to be
correlated with the field data for QTL identification. Therefore, developing high-
throughput precise phenotyping for the target traits is essential. Phenotypic
correlations are usually used to link markers with traits and to genetically dissect
complex traits into simple and Mendelian factors. After markers that are tightly
linked to genes or QTLs of interest are found, they can be used by breeders as
diagnostic tools to identify lines carrying the genes or QTLs in a marker-assisted
selection (MAS) programme. The selected QTLs should account for a large
proportion of the phenotypic variance for the target trait using a large population size
and a high number of markers ares important to build high resolution mapping for
precise and reliable markers for MAS. Multi-environmental trials can also help in
achieving the goal of reliable markers and can also help to discriminate between a
single gene and several linked genes (Mohan et al. 1997 and Michelmore, 1995).

Using a bread wheat mapping population exhibiting a contrasting response to N
deficiency and three years of field experiment, Le Gouis et al. (2008) identified
several chromosomal regions that explained variations for glutamate dehydrogenase
(GDH) and glutamine synthetase (GS), two enzymes involved in N assimilation and
recycling. A QTL for GS and GDH activities overlapped in four regions located on
chromosomes 2A, 2D, 5A and 7A. Le Gouis et al. (2008) compared the QTL regions
previously detected for yield, physiological and agronomical trait QTL. Three of the
detected QTL were known to carry major genes acting on photoperiod sensitivity
(Ppd-D1 on 2D), plant height (Rht-B1 on 4B) and awnedness (B1 on 5A).

Bogard et al. (2011) studied the genetic factors contributing to correlations observed
between leaf senescence during grain filling, grain protein concentration, and grain
yield in winter wheat. Using a DH CF9107 x Toisondor mapping population, QTLS

affecting leaf senescence, protein concentration and grain yield were identified on
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chromosomes 2D, 2A and 7D. The study showed that delaying leaf senescence was
associated with high grain yield and protein content. This association was mainly

due to the genetic variation in nitrogen availability during grain filling.

An et al. (2006) in a field experiment with high N and low N treatment detected few
QTL for NUP on the chromosomes: 2B, 5B, 6A and 6B under low N and on the
chromosomes 2D, 4B, and 5 A under high N conditions. An et al. (2006) reported
also 2 more QTL on chromosome 1B and 5D in a hydroponics experiment.

However, the genetic control of whole-season N efficiency has rarely been examined
in wheat. Some extensive molecular studies (Charmet et al. 2005; Quarrie et al.
2005; Habash et al. 2007; Laperche et al. 2008; Fontaine et al. 2009) identified
numerous genome regions (QTLs) responsible for grain yield components and yield
under N limitation, grain protein content and N metabolism in the uppermost foliage
as well as for the activity of glutamine synthetase and glutamate dehydrogenase, the
key enzymes involved in N assimilation. On root study, two QTLs for grain yield
and N uptake co-localized with root QTLs on chromosomes 2B and 7D, respectively
(Atkinson et al. 2015).

2.8 Physiological techniques for phenotyping NUE traits

2.8.1 Canopy temperature

As the plants need to fix carbon they transpire water. Canopy Temperature
Depression (CTD) has had widespread application in plant breeding programs since
it was shown that genetic variation in this trait is well associated with yield in
irrigated conditions (Fisher et al. 1998) as well as moisture-limited conditions (Blum
et al. 1982). Vapour pressure deficit has a large effect on CTD, while net radiation,
air temperature, and wind speed have smaller effects (Smith et al. 1986). Water
status of the soil and atmosphere, wind, evapotranspiration, air temperature, relative
humidity, and radiation can affect CTD (Reynolds et al. 2001). CIMMYT began
CTD measurements on different irrigated experiments in Northwest Mexico and it
was found that phenotypic correlations of CTD with grain yield were positive
(Reynolds et al. 1994; Fischer et al. 1998).

Canopy temperature should be measured with an infrared thermometer at midday

(10:00h to 14:00h) throughout the growing season. Infrared temperature should be
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measured under conditions of clear skies with moderately strong winds weekly when
it is possible (Zhang et al. 2012). Canopy Temperature Depression (CTD) is a widely
used method for estimating canopy photosynthesis which is well correlated with
stomatal conductance of wheat genotypes.

2.8.2 Gas exchange and photosynthesis

Photosynthesis and transpiration are the two processes through which leaf stomata
control plant CO, absorption and water loss. Water-use efficiency of crop and the
partitioning of light energy into sensible and latent heat are regulated by the stomata.
By regulating intercellular CO, concentration stomatal opening affects
photosynthesis and the biochemical processes in chloroplasts (Yu et al. 2001). Light
intensity and water balance of cells are responsible for the extent of stomatal
opening. Stomatal conductance is relevant to drought tolerance. The correlations
among grain yield, photosynthetic rate, and stomatal conductance were positive in
irrigated dwarf spring wheat (Shimshi and Ephrat, 1975). Stomatal conductance
depends on the environmental changes like photosynthetically active radiation
(PAR), and temperature (Squire and Black, 1981).

Positive relations between gs and grain yield in 16 genotypes of CIMMYT bread
wheat with high variation for yield were shown by Delgado et al. (1994). These
relations change with the nitrogen amount in bread wheat under Mediterranean
conditions (Koc et al. 2001). Provided that other constraints do not become limiting,
increasing photosynthesis will increase crop yields, as demonstrated by the effects on
yield of CO2-enrichment experiments (Ainsworth and Long, 2005; Parry 2010).
Also, experiments on historic genotypes of CIMMYT spring wheat suggest that
improvements in photosynthesis per unit leaf area may already have occurred, in
concert with improvements in harvest index and grain number, although not

apparently in greater biomass (Fischer et al. 1998).

Photosynthesis is strongly influenced by leaf N content despite it varies widely
between species (Sinclair and Horie, 1989; Arora et al. 2001). Leaves with low N
content have lower maximum rate of photosynthesis and lower carboxylation
efficiency than those with high N content (Lawlor et al. 1987). However, Evans and
Seeman (1984) showed that the rate of CO, assimilation per unit of N is lower in

leaves with high N content than with low N content. Nitrogen metabolism affects
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wheat photosynthesis and controls plant development, possibly through carbohydrate
metabolism which is involved in other important plant signalling and regulatory

pathways (Mcintyre, 2001).

2.8.2.1. Limitations to photosynthetic rate

The main factors affecting net photosynthesis at the leaf level are: (i) light limitation;
(if) COy limitation; (iii) nitrogen limitation and photosynthetic capacity; (iv) water

limitation; (v) temperature effects; and (vi) pollutants. (Chapin et al. 2002).
i- Light limitation

The linear increase in photosynthesis in response to increased light (in the range of
light limitation) indicates relatively constant light-use efficiency. The light
compensation point is the minimum irradiance at which the leaf shows a net gain of
carbon (Chapin, 2011).

At low to moderate light levels, leaves have a near linear response to light intensity.
The rate of change of net photosynthesis in this region to irradiance is the quantum
yield of photosynthesis. This is similar for all C3 plants (in the absence of
environmental stresses) (Chapin et al. 2002). At higher light levels, saturation occurs
as the efficiency of the photosynthetic mechanism is reduced. At higher levels still,
net photosynthesis can decline as a result of photorespiration as described above
(Figure 2.3).

Plants have some capacity to respond to changes in light conditions over time scales
of days to months, resulting in leaves in more direct sunlight having more cell layers
and higher photosynthetic capacity than shade leaves by acclimation or adaptation
over longer time periods (Chapin et al. 2002). Respiration rate depends on tissue
protein content so shade leaves with low photosynthetic capacity generally have a
lower protein content to minimise respiration losses. When upscaling light
limitations to the canopy or ecosystem scale, the leaf area index (LAI) may be a

major constraint.
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Figure2. 2: Relationship of the net photosynthesis rate with Photosynthetically Active
Radiation (PAR)

Ii- CO; limitation
Photosynthesis rate is limited by the rate of CO, diffusion into the chloroplast in the

initial linear portion of the CO, response curve and by biochemical processes at

higher CO; concentrations.

The response curve of net photosynthesis to CO, concentration inside the leaf of a
C3 plant is shown above. At low levels, CO, diffusion limits photosynthesis. With
current atmospheric CO, levels of around 390 ppm most C3 plants would show an
increase in photosynthesis rate with further increases in concentration. The
magnitude of this is however uncertain due to plant acclimation and other factors.
Over the long term, it is likely that (indirect) effects of elevated CO, concentrations
may be more important than increased net photosynthetic rates (Chapin et al. 2002),

such as those arising from changes to the water cycle (Figure 2.4).
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iii- Nitrogen limitation and photosynthetic capacity

In both natural and agricultural environments, nitrogen nutrition plays a crucial role
in determining photosynthetic capacity (Abrol et al. 1999). Leaf growth is a key
determinant of plant N demand because photosynthetic function accounts for a high
proportion of the plant’s reduced N requirements (Novoa and Loomis, 1981). In C3
plants, approximately 60-80% of leaf N is invested in the chloroplasts (Evans and
Seemann, 1989; Makino and Osmond, 1991).

The rate of photosynthesis depends on i) the capacity of light harvesting, ii) the
regeneration rate of NADPH, and ATP, iii) the capacity of carboxylation of ribulose-
1,5-biphosphate (RuBP) by ribulose-1,5-biphosphate (Rubisco), and iv) the rate of
sugar phosphate utilization. The influence of each of these processes on the
photosynthesis rate varies depending on external conditions and internal regulation
and resource availability. The photosynthetic apparatus accounts for a large
proportion of plant N, therefore N availability is a key factor influencing
photosynthetic capacity and plant growth. Many components containing N are
responsible for photosynthesis including: i) the enzyme Rubisco, ii) the chlorophyll
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complex; iii) Electron transport complex; and iiv) the enzyme of the reductive

pentose phosphate pathway (Kumar et al. 2002).

N could be associated with non-soluble proteins (thylakoid membrane and electron
transport complex), or with soluble proteins (phosphorylation, CO, assimilation,
RuBP regeneration, starch and sucrose synthesis. N accounts for 25% of the leaf N in
the thylakoid alone (Sivasankar et al. 1993) consisting of light harvesting chlorophyll
“a” and “b” complex, photosystem I and II, the cytochrome b/f complex and the

coupling factor (CFO-CF1).

The breakpoint for the relationship between specific leaf lamina N (N per unit green
area of leaf lamina; SLN) and radiation use efficiency is estimated to be 2 g N m™
(Pask et al. 2012; Lawlor et al. 1987a; Sinclair and Horie, 1989; Critchley, 2001).
Furthermore, Araus and Tapia (1987) reported in spring wheat grown under
Mediterranean conditions that the asymptote of the relationship between leaf N
content and net CO, assimilation was similar for the flag leaf lamina and the leaf
sheath at ca. 190 mmol N m™ (Araus and Tapia, 1987).

iv- Water limitation

A very strong relationship between dry matter gain and water use is usually observed
(Boyer, 1982) since at the leaf level there is CO, exchange for water (Cowan, 1982).
Potentially useful variability in water-use efficiency (WUE, defined as the AGDW /
total water use) among wheat cultivars has been demonstrated (Condon et al. 1990,
Foulkes et al. 2007). Drought effects on photosynthesis rate and on WUE can be
either stomatal or nonstomatal factors (Bunce 1988). However, it is clear that
stomatal behaviour is important because variation in stomatal conductance (gs)
affects transpiration rate (E) proportionally more than photosynthesis rate (A) (E
increases linearly with gs, whereas A levels off at high gs values). Greater Calvin
cycle capacity is associated with greater carboxylation efficiency, whereas greater
steady-state capacity for photosynthetic electron transport and/or photo-
phosphorylation is associated with greater A (Bjorn 1992).

2.8.2.2. Stomatal conductance and Rubisco content

Diffusion or CO; input through the stomata and carboxylation are two separate steps
involves in the photosynthesis process. The CO, gradient is mainly a function of

plant biological process affecting Ci (partial pressure of CO, inside the sub-stomtal
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cavity), since Ca (partial pressure of CO, in the air surrounding the leaf) is relatively
stable. Whereas, the water gradient is mainly a function of weather variables and leaf
surface temperature. Content and activity of the Rubisco enzyme and the stomatal
conductance (regulated by stomata) have an influence on carboxylation process

which is involved in determining Ci.

For wheat, several strategies have been proposed for increasing photosynthesis rate
per unit leaf area. These include improvement of Rubisco activity, and the
introduction of carbon-concentrating mechanisms. These strategies all require
modification of the photosynthetic components, which can only be achieved through

genetic manipulation (Parry et al. 2011).

A large scale study by Waullschleger (1993) showed significant variation in
photosynthetic capacity in a range of species. Analysis of CO, assimilation and
intercellular CO, concentration of 109 species revealed that species-specific
differences in CO, assimilation rate were due to differences in underlying
biochemistry including carboxylation capacity and RuBP regeneration (via electron
transport). Parry et al. (2014) reported significant variations in photosynthetic
capacity in a panel of 16 elite wheat cultivars. They showed this variation was
associated with components related to maximum capacity and operational rates of

CO, assimilation, and to CO, diffusion.

2.8.2.3 Spectral reflectance indices

Canopy variables related to physiological characteristics can be estimated by
different applications of remote sensing (Thenkabail, Smith and de Pauw, 2001).
Imaging spectroscopy consists of acquiring images in many narrow wavebands
providing a continuous spectrum for each pixel. Spectral reflectance indices have
been developed such as difference or ratio between the reflectance at given
wavelengths based on simple mathematical formula (Araus et al. 2001). Simple ratio
(SR = NIR/VIS) and the normalized difference vegetation (NDVI = Rred - Rpi/ Rreq +
Rnir, Where (Ryeq) is red reflectance and (Ry;) is infra-red reflectance (Rnir) were the
first indices to be developed. This NDVI has been related to crop variables such as
biomass, leaf area, plant cover, leaf gap fraction, nitrogen and chlorophyll in cereals
(Aparicio, Villegas, Casadesus, Araus and Royo, 2000).
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Spectral reflectance is a non-destructive and rapid technique that could estimate
biomass at the genotypic level (Penuelas et al. 1997). The measurement should be
taken; on clear sunny days with negligible wind on leaf surfaces without dew or
moisture. The time of the day is very important, so mesurements should be taken

between 11:00h am and 14:00h to avoid diurnal variation.

To overcome the constraints in field phenotyping capability limiting the ability to
dissect the genetics of quantitative traits, recent progress in high-throughput
phenotyping that has been made by the development of new phenotyping
technologies and highly automated platforms (Fiorani and Schurr, 2013; Araus and
Cairns, 2014; Cooper et al. 2014a; Leitner et al. 2014).
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Figure2. 4: Typical variation in the spectra around mid-grain filling in three water regimes
(adapted from Araus et al. 2002).

2.8.3 Chlorophyll content

Chlorophyll (Chl) is a green pigment found in almost all plants, algae, and
cyanobacteria. Its name is derived from the Greek words chloros ("green™) and

phyllon ("leaf"). Chlorophyll is an extremely important biomolecule, critical in
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photosynthesis, which allows plants to obtain energy from light. Chlorophyll absorbs
light most strongly in the blue portion (at wavelength 665 nm for Chl. “a” and 640
for Chl. “b”) of the electromagnetic spectrum, followed by the red portion (465 nm
for chl. “a” and 450 for Chl. “b”). However, it is a poor absorber of green and near-
green portions of the spectrum, hence the green colour of chlorophyll-containing
tissues. Chlorophyll was first isolated by Joseph Bienaimé Caventou and Pierre
Joseph Pelletier in 1817.

In the leaf chloroplast, chlorophyll “a” and “b” are the main pigments of
photosynthesis. They absorb and exploit the light energy, thereby influencing
photosynthetic efficiency (Pan and Dong 1995). Over the last century little change
has been noticed with breeding in chlorophyll a/b ratio and is typically in the range
3.1to0 3.2 (Manderscheid and Weigel, 1997).

Chlorophyll content of spring CIMMYT wheat genotypes in a warm, irrigated
environment was linked to increased net carbon dioxide fixation rate and positively
correlated with grain yield and biomass (Gutierrez-Rodriguez et al. 2000; Gutierrez-
Rodriguez et al. 2004 Araus et al. 1997). Biomass production and grain yield can be
increased by increasing the chlorophyll content in crops (Wang et al. 2008).
Therefore, for wheat yield improvement, it is important to understand the genetic

mechanisms regulating chlorophyll content.

2.8.4 Chlorophyll fluorescence

The ability of the plants to absorb photosynthetically active radiation is the most
important factor limiting winter wheat productivity. The maximum observed
radiation-use efficiency for wheat is about 4 g DM/Mj™ PAR. To improve wheat
yield more efforts should focus on increasing photosynthesis efficiency, extending
photosynthesis duration and improving the partitioning of assimilate to grain
(Loomis and Amthor, 1996).

In photosynthesis, molecules of antenna absorb light photons; the excitation energy
is transferred to reaction centres of the photosystems | and Il. Photochemical
reactions are driven primary by high energy initiating the conversion of
photosynthetic energy in photochemical and biochemical pathways. Fluorescence is
then the energy emitted by chlorophyll complex of PSII (Govindjee, 1995).
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Useful information can be provided leaf photosynthetic performance can be provided
by chlorophyll fluorescence, nevertheless, many papers of on agricultural and
horticultural plants stated the complicated relationship between vyield and
fluorescence in wheat, therefore there are relatively few examples to date of its
application in any crop breeding programs (Foulkes et al. 2009; Baker and
Rosenqvist, 2004; Yan et al. 2011). The fluorescence of shaded (not dark adapted)
leaves, subjected to double light pulses, have also been used as a fingerprint to
distinguish maize and barley from six different weed species (Tyystjarvi et al. 2011).

2.9 Objectives of the study

2.9.1 General objectives

The present study aims to quantify genetic variation in NUE and NUE components
and related physiological traits and to identify QTL linked to these traits in a panel of
UK cultivars and AE Watkins landraces and two novel Paragon x Watkins SSD
mapping populations. Therefore physiological traits linked to NUE, biomass and
grain yield were investigated in a panel of elite UK winter wheat varieties and AE
Watkins landraces. In addition a physiological and genetic analysis on two mapping
populations from the cross between Paragon and two different AE Watkins lines was
carried out. The overall objectives of the present study were to:

o Quantify the variation for grain yield, above-ground biomass, NUE, NUE
components and related physiological traits amongst elite UK winter wheat

varieties and AE Watkins landraces.

o Identify novel physiological traits determining genetic variation in biomass
and NUE and NUE components under HN and LN conditions in two wheat

SSD mapping populations and QTL on co-location with these traits.

o Identify variation in response to N supply for NUE, biomass and yield and

underlying traits and mechanisms and QTLs associated these traits.
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2.9.2 Specific objectives

The specific hypotheses tested in this study are:

1)

2)

3)

4)

5)

6)

7)

8)

9)

There is variation between elite UK winter wheat varieties and AE
Watkins landraces for grain yield, biomass, NUE, NUE components and
related physiological traits in glasshouse and the field experiments under

high and low N conditions.

Genotype performance in the glasshouse is correlated with performance
in the field in regard to grain yield, biomass, NUE and components and

their physiological determinants at the crop, plant and leaf scale.

Novel variation can be identified in grain yield, above-ground biomass
and NUE components among lines of two SSD mapping populations
(Paragon x landrace W481 and Paragon x landrace W141) under low N

and high N conditions and the response to N availability.

Landraces can be identified with improved performance compared to UK
check cultivars for grain yield, AGDM, NUE under LN conditions.

Genetic variation for physiological traits, canopy size and senescence

traits is linked to grain yield biomass, NUE and NUE components.

The genetic maps for PxW481 and PxW141 populations can be
constructed.

QTL collocations for yield and yield components, biomass, NUE can be
found in the two SSD populations PxW481 and PxW141, under high N
and low N conditions.

Stable QTLs for PxXW481 mapping population can be identified under
HN and LN conditions.

QTLs can be identified in two populations PxW481 and PxW141 that co-
locate with each other and with QTLs in the literature.
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Chapter 3: Materials and methods

This chapter describes the materials and methodologies used in the glasshouse and
field experiments. In 2011/12, one glasshouse experiment under high N conditions
(17 genotypes) and one field experiment under high N and low N conditions (10
genotypes) was carried out examining panels of Watkins landraces and UK check
cultivars for grain yield, biomass, physiological traits and N-use efficiency (NUE)
and NUE components. In addition, a second field experiment under HN and LN
conditions examining 79 lines of a single seed descent (SSD) mapping population
from the cross between UK spring wheat cultivar Paragon and Watkins landrace line
481 (PxW481) was carried out.

In 2012/13, one glasshouse experiment was carried out under HN conditions
examining a panel of 17 genotypes (Watkins landraces and UK check cultivars) for
grain yield, biomass, physiological traits, NUE and NUE components. In addition,
two field experiments were carried out under HN and LN conditions; one experiment
examined 79 lines of P x W481 SSD population and the second experiment
examined 97 lines of a SSD mapping population from the cross between Paragon
and Watkins landrace line 141 (PxW141).

Hereafter 2011/12 and 2012/13 are referred to as the years 2012 and 2013,
respectively.

3.1 Glasshouse experiments

In each of 2012 and 2013, one glasshouse experiment was conducted at the
University of Nottingham, School of Biosciences, Sutton Bonington Campus, UK
(52°5 N, 1°3° W). In each year a panel of 17 genotypes comprising five UK cultivars
(spring wheat Paragon, and winter wheats Oakley, Rialto, Savannah and Xil9) and
12 Watkins landraces (W034, W040, W141, W209, W223, W292, W352, W355,
W468, W481, W579 and W729) was assessed under controlled conditions in the
glasshouse. The experimental design was a completely randomized block design
with three replications. Each pot (25.8 cm diameter x 20.4 cm depth) contained 6
plants of each genotype. In the 1930s A. E. Watkins acquired landrace cultivars of

bread wheat (Triticum aestivum L.) of which originated from local markets in 32
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countries. The geographic distribution of the 826 landrace cultivars of the current
collection, here called the Watkins collection, covers many Asian and European
countries and some from Africa. The Watkins collection captures a snap shot of
genetic diversity present before the start of modern breeding (Wingen et al. 2014)

Figure 3. 1: Glasshouse experiment in 2013 at about GS37 and GS61.

3.1.1 Experimental growing conditions

The glasshouse experiment was conducted in two years 2012 and 2013 at the
University of Nottingham, School of Biosciences, Sutton Bonington Campus, UK
(52.5° N, 1.3° W). The two experiments were sown on 10 February 2012 and on 13
February 2013 and harvested, depending on the genotype, from 1-15 August 2012
and from 25 July-8 August 2013, respectively. In each experiment, seeds of
genotypes were germinated in modules of plastic seed trays using John Innes no. 2
compost (John Innes, Norfolk, UK), then grown in the growth room for vernalisation
for eight weeks at 6°C (night and day) with a 12 hour photoperiod and 80-130 pmol
ms™ radiation intensity. This compost has been specially formulated with a mix of
sterilised loam, peat and sand with essential plant nutrients. The plants were watered
as required with water and with a complete nutrient solution (Vitax, 1:20,
Leicestershire, UK) once during stem-extension.

After vernalisation, six plants of each genotype were transplanted into the 7.5 litre
pots (25.8 cm diameter x 20.4 cm depth) filled with John Innes No. 2 compost on 6
April 2012 and 11 April 2013. The glasshouse was equipped with a vent allowing
the automatic opening beyond the temperature of 25 °C. Minimum and maximum
temperature was measured using a digital thermometer. Plants were watered as
required to maintain them from water stress (three times aweek before anthesis then

five times after that). To avoid lodging, plants were supported using a cane and two
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plastic support rings in each pot. Plants were regularly sprayed with fungicides and
pesticides to minimise effects of disease and pests. Fungicides were applied during

the plant cycle as followed:

In 2012/12 experiment:

05/03/2012 : SB invigorator 2 ml I
- 27/04/2012 : Cerbel 2.2 ml I
- 27/04/2012 : Amistar 1ml I
- 10/05/2012 : Apres 0.75 ml I
- 01/06/2012 : Folicur 3.3 ml I'*
In 2012/12 experiment:

13/04/2013 : Aphox 0.5 g I™*

- 08/05/2013 : Apres 0.75 ml I

- 08/05/2013 : Amistar 1ml I

- 14/05/2013 : SB invigorator 2 ml I
- 28/05/2013 : Folicur 3.3 ml I'*

- 05/06/2013 : Cerbel 2.2 ml I

3.1.2 Developmental stages

The main shoot of each plant was tagged using plastic wires. The developmental
stages were assessed on the main shoot every 4-5 days according to the Zadoks’
decimal scale (Zadoks et al. 1974; Tottman, 1987). The date when each main shoot
reached GS31 and GS61 was recorded. At GS61, one plant amongst six was sampled
for growth analysis. The date of physiological maturity was assumed to be reached
when 100% of green leaf lamina area of the main shoot had senesced.

3.1.2.1 Growth analysis at anthesis

At GS61 in each experiment, one randomly selected plant per pot was sampled
(different genotypes were sampled on different calendar dates according to the date
of reaching the stage) for growth analysis in three replicates. Plants were cut at the

soil surface and stored in the cold room at 4 °C for a maximum two days before
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processing for growth analysis. After sampling, the plant height of the main shoot to
the tip of the ear was measured using a meter rule, after which the shoots were
separated into three categories: main shoot (MS), fertile tillers (those with an ear,
FT) and infertile tillers (those with no ears apparent, IT) and counted. Each of the
MS and FT groups were then separated into: (i) ear, (ii) green flag-leaf lamina, (iii)
non-green flag-leaf lamina, (iv) remaining green leaf lamina, (v) non-green
remaining leaf lamina, and (vi) stem with attached leaf sheath. The area of the green
components was measured using a leaf area meter (Licor 3100, Lexicon instruments,
Lincoln, Nebraska USA) was used. After drying all components in the oven at 80 °C
for 48 hours, their weight was recorded separately. The weight of the infertile tillers

was also recorded after drying to 80°C for 48 h.

3.1.2.2 Growth analysis at harvest

At maturity samples were taken on the same calendar date for all genotypes. Three
plants were selected randomly from each pot. Samples were taken by cutting the
shoots as close to the soil surface as possible. The shoots were divided into three
categories: main shoot (MS), fertile tillers (FT) infertile tillers (1T) and the following

measurements were taken:

For MS, dry weight of: (i) spike, (ii) flag leaf, (iii) stem with attached leaf sheath and
(iv) remaining lamina after drying for 48 h at 80°C.

. For FS, dry weight of spike and straw after drying for 48 h at 80°C.
. For IFS, above-ground dry weight after drying for 48 h at 80°C.

The ears of each shoot category were hand-threshed separately and the dry weight of
grain, chaff and all other parts were recorded separately after oven drying at 80 °C
for 48 hours. The grain number was measured using a seed counter (CONTADOR,

Hoffman Manufacturing, Inc. Jefferson, USA).

3.1.3 Nitrogen analysis

At maturity, nitrogen analysis was carried out on the following aboveground oven-
dried plant material for each of main stem and fertile shoot groups:

i) Grain

i) Flag leaf

iii) Leaf lamina

52



iii) Stem and sheath

All samples were milled to a fine powder (particle size of <200 um) using a Retsch,
ZM 200 ultra-centrifugal mill, (Retsch Haan, Germany) and placed in re-sealable air-
tight plastic bags to avoid moisture absorption (a sub-sample was taken where
necessary). In order to avoid contamination, the mill was thoroughly cleaned
between samples. Two different N analysis analyzers were used:

In 2011/12: 50 mg of samples were encapsulated in aluminium capsules, and put
into the Fisons NA-2000 elemental analyzer (Fisons, Ipswich, UK) calibrated against

a methionine standard (N content = 9.39%).

In 2012/13: 10 mg of samples were encapsulated in aluminium capsules and put into
the Thermo-Scientific Flash 2000 CHNS-O analyzer -calibrated against a
sulphanilamide standard (N content = 16.24%).

For analyzers, the method described below for calculating NUE and components at

the plant level was followed.

The total N content of plant components was calculated by multiplying the N% by
dry weight of the plant component (Eqn. 3.1). The total N uptake per plant (NUP pjant)
was calculated by summing the amounts of N in all aboveground plant components
(Egn. 3.2). Plant N-Uptake efficiency (NUPEpant), plant N-utilization efficiency
(NUTEpiant), plant N-use efficiency (NUEpin;) and plant N harvest index NHIpjant
were calculated using the equations (Egn. 3.3, 3.4, 3.5 and 3.6 respectively).

N plant component (g ) = (N% / 100) * DW (g ) Eqgn. 3.1
NUPpiant = grain Npjant (9) + total straw Npjant (9) Eqn.3.2
NUPEpjant = NUPpiant (9 ) / N available in the soil (g ) Eqgn. 3.3
NUTEpiant = grain Npjant (9 ) / NUPpjant () Eqgn. 3.4
NUEpiant = NUPEpjant X NUTEpjant Eqgn. 3.5
NHIgjant = grain Npjant (9) / NUPpjant (9) Egn. 3.6

In February in each year prior to the first fertilizer N application, a soil analysis was
carried outfor soil N amount. Six soil cores were taken to 90 cm soil depth in two
discard plots per replicate in the low N treatment; the soil cores were separated into

0-30 cm, 30-60 cm and 60-90 cm horizons for soil mineral nitrogen analysis. The 6
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replicates per discard plot were bulked for each soil horizon to give three samples
per plot. The samples were immediately stored in a chilled cool box, prior to storing
in a freezer. The samples were sent to the laboratory for analysis (NOs;™ and NH4"),
in a cool box to avoid defrosting.

The amount of soil N measured was 6.37, 4.90, 9.97 kg N ha™ for the 0-30 cm, 30-
60 cm and 60 -90 cm horizons in 2011/12; and 25.70, 17.50, and 14.17 kg N ha™,
respectively in 2012/13. The total amounts of soil N to 90 cm was 21.23 and 57.37
kg ha™ respectively in 2011/12 and 2012/13

3.1.4 Leaf activity measurements
3.1.4.1 Leaf chlorophyll fluorescence

Using a portable fluorometer (FluorPen PF 100, PSI
Ltd, Brno, Czech Republic) the photosystem I
Quantum Yield (QY) was measured on three main-
shoot flag leaves per pot. Measurements were carried

out between 11.00 and 15.00 under bright conditions. In

2012, the measurements were carried out pre-anthesis

FluorPen on: 10 May, 21 May 09 June 2012 and post-anthesis on:

FP 100 (PSI) 21 June, 30 June and 11 July 2012. In 2013, pre-athesis

measurements were carried out on: 10 May, 19 May, 24

May and 03 June 2013 and post-anthesis measurements on: 23 June, 30 June and 10
July 2013 in centre of leaf abaxial surface.

3.1.4.2 Leaf chlorophyll Content (SPAD)

Leaf chlorophyll content was measured using SPAD chlorophyll
meter (SPAD-502 Plus Minolta, Japan). Three measurements per
leaf (basal, central and distal) of five main-shoot flag leaves were
measured per pot weekly for three replicates from 08 June to 12
July in 2012 and from 10 June to 31 July in 2013 in centre of leaf

SPAD-502P|us  abaxial, surface.
(Minolta)
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3.1.4.3 Leaf gas exchange measurments

Gas-exchange measurements were carried out using a Li-Cor LI-6400XT portable
potosynthesis system (Li-Cor Biosciences, Nebraska, USA). Light-saturated
photosynthesis rate (Amax), Stomatal conductance (gs) and transpiration rate (mmol)
with the Licor light source set at PAR 2000 pmol m s™were recorded on a weekly
basis over the whole season from the onset of tillering until mid to late grain filling.
Before anthesis, all measurements were taken on the middle of the newest fully
emerged leaf, and after GS39 on the flag leaf. The protocol set radiation intensity to
1500 pmol m™ s™ for 90 seconds, then raising it to 2000 umol m™ s for 90 seconds,
and recording Amax (defined as the maximal rate of photosynthesis under light

! once it had stabilised. The other

saturated conditions) at 2000 pmol m? §
instrument specifications were 400 ppm CO,, 500 umol s™ flow rate, fan set to fast,
block temperature set to 22°C, humidity maintained in the range 30 to 70%, stomatal
ratio 1.4 (after Estiarte et al. 1994; Lu, 1989), measuring light off and radiation set to
10% blue (induces stomatal opening) (the protocol was adapted from instructions in
Li-Cor (2008)). All measurements were made between 10.00 and 16.00, on the
adaxial surface of three randomly selected flag leaves per pot avoiding outer rows in

three replications on the 10 genotypes.

Figure 3. 2: LiCor 6400-XT Photosynthesis System in the glasshouse

55



60 - Hravest
anthesis

Temprature ( °C)

'10 T T T T T T T T T T T T T T T T T
41 61 81 101 121 141 161 181 201
Figure 3. 3: Minimum and maximd%“t%%gearﬁure during the plant cycle in 2013

3.2 Field experiments

3.2.1 Experimental site and plot management

All field experiments were located at the University of Nottingham experimental
station at Bunny Park, Nottinghamshire, UK latitude: 52° 51' 45" N longitude: 1° 7'
30.6" W. Experiments were sown on 28 October 2011 and 19 October 2012,
respectively, for 2011/12 and 2012/13 experiments. For all experiments, the target
spring plant population was 200 plants per m?. Seed weights to achieve this plant
population were based on thousand grain weight (TGW) and the seed rate was 350
seeds per m? in each experiment. All experiments were sprayed prophylactically with
herbicides, fungicides and pesticides to minimize effects of weeds, diseases and
pests. The previous cropping was oilseed rape for all experiments and the soil type
was a sandy loam in both 2011/12 and 2012/13.

In 2011/12, the field was ploughed on 19 September, harrowed on 20 September and
drilled and rolled on 31 October 2011. Manganese Jett (2.0 | ha™) was applied twice
during early tillering (on 29 February and 20 March 2012). Herbicides were applied
as: Lierator (0.6 | ha™) on 09 September 2011, Spitfire (1.0 | ha™) on 20 March and
23 May 2012, Foxtrot (1.0 | ha™) and Toil (1.0 I ha™) on 20 March 2012. Fungicides
were applied as: Opus (0.75 | ha'), Bravo (1.0 kg ha™*) and Justice (0.15 | ha™) on 20
March 2012, Tracker (1.5 | ha™) on 24 May 2012, Opus (0.75 | ha™) and Phoenix
(1.3 1 ha™) on 23 May 2012 and Orius (0.85 | ha™) and Vegas (0.15 | ha™) on 26 June
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2012. In addition the insecticide Aphos (0.28 kg ha™) was applied on 26 June 2012,
Plant growth regulators (PGR) were applied as: Moddus (0.2 | ha™) on 20 March
2012 and Chloromequat (2.0 | ha™*) and Moddus (0.2 | ha™*) on 24May 2012.

In 2012/13, the field was ploughed on 21 September and drilled and rolled on 19
October 2012. Manganese Jett (2.0 | ha™*) was applied twice during early tillering (on
27 February and 21 March 2013) and twice during stem extension (on 03 May and
13 May 2013). Herbicides were applied as: Harta (1.0 | ha™), harge (2.0 | hal)
Lierator (0.3 | ha™) and Zeal (0.3 | ha™) on 11 April 2013 and Lorgate (25.0 g ha™)
on 03 June 2013. Fungicides were applied as: Kestrel (1.0 | ha™), Phoenix (1.0 | ha™)
and Flexity (0.14 | ha™) on 03 May 2013; Brutus (1.25 | ha™), Amistar Opti (1.0 | ha™
1) and Vegas (0.15 | ha™) on 03 June 2013, and finally Brutus (1.0 | ha™), Bravo (1.0
kg ha™) and Instinct (0.5 | ha™) on 26 June 2013. In addition, three applications of
plant growth regulators (PGR) were applied, Chlormequat (1.4 1 ha™) on 03 May
2013, Moddus (0.2 | ha™) and 13 May 2013 and Terpal (0.5 | ha™) on 03 June 2013.

Figure 3. 4: Field experiment at stem elongation a) high N treatment, b) low N treatment and at
grain filling c) high N treatment and d) low N treatment
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3.2.2 Experimental design and treatments
3.2.2.1 Experimental design

For all field experiments, a split-plot design was used with two nitrogen (N)
treatments, Low N (LN) and High N (HN) and 3 replicates, randomised on main
plots and genotypes randomised on sub-plots in three replicates. Each sub-plot was

formed of 6 rows (1 m length and 20 cm row spacing) and the plot area was 1.2 m?.

3.2.2.2 N treatments
In each of the two experiments in 2011/12 the N treatments were as follows:

Under LN, one application of 30 kg N ha™ was applied on 10 May 2012 as Nitram
(34.5% N).

Under HN, 200 kg N ha™ was applied in three splits. Each N application was made
to all genotypes on the same calendar date. Nitrogen fertiliser was applied as
ammonium nitrate prill Nitram (34.5% N) in three doses: 40 kg N ha™ (08 March
2012); 80 kg N ha™* (11 April) and 80 kg N ha™* (10 May 2012) in HN treatment.

In each of the two experiments in 2012/13 the N treatments were as follows:
Under LN, no N application was applied.

Under HN, 200 kg N ha™ was applied in three splits. Each N application was made
to all genotypes on the same calendar date. Nitrogen fertiliser was applied as
ammonium nitrate prill Nitram (34.5% N) in three doses: 40 kg N ha™ (06 March
2012); 80 kg N ha™ (17 April) and 80 kg N ha™ (21 May 2012) in HN treatment.

3.2.2.3 Genotype treatments

a Genotype panel 2011/12
In 20111/12, a panel of 10 genotypes comprising three UK cultivars (spring wheat

Pargon and winter wheats Rialto and Savannah) and seven AE Watkins landraces
namely (W034, W040, W141, W209, W223, W352 and W729) were assessed under

field conditions.

b Single Seed Descent populations 2012 and 2013
Two populations of recombinant inbred lines derived from the crosses of Paragon
and Watkins line 481 (PxW481) and Paragon and Watkins 141 (PxW141) were used
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in this study. The lines were at F4 generation in 2011/12, they were developed by
single seed descent (SSD) by John Innes Centre. Paragon is a spring bread wheat
bred by RAGT Seeds Ltd (CSW 1742/19/6/68 x (Axona x Tonic)) first listed on the
UK Recommended List in 1999. It is widely grown in the UK and is known for its
bread-making quality. It has good all round disease resistance and good straw
characteristics. Watkins lines were selected lines from an international collection of
landraces collection from 32 countries established in 1920s and 1930s and curated at
the John Innes Centre, UK. A total of 79 SSD lines of PxW481 and 97 SSD lines of

PxW141 mapping populations were developed and used in the present study.

b) 97 SSD Lines (F5)

Figure 3. 5: Field plots and single ears of parental lines of a) PxW481 b) PxW141 mapping
populations

These two mapping populations were selected based on the yield and lodging results
of 2011/12 field experiment. The SSD populations were developed by Dr Simon
Griffiths and Mr Simon Orford at John Innes Centre,Norwich,Norfolk, UK.
In 2011/12, the field experiments carried out were as follows:
4+ Experiment 1: 2 N treatments x 10 genotypes (namely: Paragon, Rialto,
Savannah, and Watkins landraces W034, W040, W141, W209, W223, W352,
and W729).
4+ Experiment 2: 2 N treatments x 79 lines of PxW481 SSD mapping population
and parents
In 2012/13, the field experiments carried out were as follows:
4+ Experiment 3: 2 N treatments x 79 lines of PxW481 SSD mapping population
4+ Experiment 4: 2 N treatments x 97 lines of PxXW141 SSD mapping population

and parents
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3.2.3 Physiological measurements

The following measurements were taken at different growth stages.

3.2.3.1 Plant development

In each experiment, developmental stages were recorded in two replicates of the HN
and LN treatments on a weekly basis, and every 3-4 days during the anthesis
window. This was done by visually observing each plot and examining the
individual plants when necessary at GS30 and GS31. Growth stages were based on
the decimal codes of the growth stages (GS) devised by Zadoks et al. (1974) as
revised by Tottman and Broad (1987). For GS30 and GS31, three plants per plot
were pulled up, and the stage of the main shoot recorded. The plot was considered to
have reached GS30 or GS31 when more than 50% of main shoots were at the stage;
it was considered to have reached GS39 (flag leaf emergence) and GS61 (anthesis)
from a visual assessment of all shoots in the plot, when more than 50% of all shoots
were at the particular stage. Physiological maturity was taken as the date when for
more than 50% of the shoots all green lamina had senesced, and there was less than

10% of stem area remaining green.

3.2.3.2 Leaf chlorophyll fluorescence

a Genotype panel
Leaf chlorophyll fluorescence was measured on three flag leaves per sub-plot
following the protocol described in paragraph 3.1.4.1 at anthesis (GS61); different
genotypes were measured on different calendar dates according to the date of

reaching the stage.

b SSD mapping populations
The measurements were taken as described in 3.2.2.4.a. The measurements were
taken in the two experiments in 2013 under HN and LN treatments on two replicates.
Two measurements were taken: one pre-anthesis (11 June) and one post-anthesis (5
July). Readings were taken during 11.00 - 13.00 under bright conditions. No flag-

leaf QY assessments were taken in the experiments in 2012.
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3.2.3.3 Leaf chlorophyll content (SPAD)

a Genotype panel
The measurements were taken as described in 3.1.4.2 on five flag leaves of primary
shoots (those within top 10 cm of tallest shoot per plot) for each sub-plot at anthesis
(GS61) (different genotypes were measured in different dates according to the date

of the satge flowering.

b SSD mapping populations
Three measurements per leaf (basal, middle and distal) of five randomly selected
flag leaves were taken per plot on reaching anthesis (GS61) in two replicates at HN
for the PxW481 and PxW141 experiments in 2013. The protocol described in 3.1.4.2
was used for measurements. No leaf SPAD measurements were carried out for the
PxW481 experiment in 2012.

3.2.3.4 Crop spectral reflectance indices

a Genotype panel
In 2012, five spectral reflectance measurements were taken during the season, on: 16

May, 22 May, 20 June, 12 July and on 23 July. All measurements were taken using a
remote-sensing multispectral radiometer (CROPSCAN: MSRSYS16R, CropScan
Inc, USA). It measured reflectance at 16 wavelengths from 500 to 970 nm. The
Normalized Difference Vegetation Index (NDVI) was calculated as:

NDVI = (NIR-VIS) / (NIR+VIS)  Eqn 3.7
Where NIR is the reflectance at near infra-red
wavelength 900 nm and VIS is the reflectance at
visual wavelength 680 nm. Readings were taken
between 11:00 and 15:00 on days with clear
skies or lightly cloudy days with incident
radiation readings above 300 W m? If there
were cumulus type clouds, then readings were
not taken until after the cloud had passed (when
the incident radiation was at least 300 W m™).

The radiometer was positioned toward the sun

Figure 3. 6: CROPSCAN:
MSRSYS-16R multispectral

radiometer operator from falling across the sample area

when taking readings to avoid the shadow of the
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b SSD mapping populations
In 2012, at around anthesis (19 June) under HN conditions all sub-plots of the
PxW481 experiment in one replicate were scanned; and post anthesis on 24 July
under HN and LN conditions all sub-plots of two replicates were scanned. In 2013,
in the PxW481 and PxW141 experiments, one assessment pre-anthesis was carried
out on 6 June and three post-anthesis on 5, 17, 27 July 2013 on all sub-plots in two

replicates under HN and LN conditions.

3.2.3.5 Gas exchange measurements

In 2012, in field experiment 1 examining the panel of 10 genotypes, flag leaf activity
traits (light-saturated net rate of CO, exchange (Amax), intracellular carbon
concentration (Ci) and stomatal conductance (gs), were measured using the Li-Cor
6400 (Li-Cor Biosciences, Nebraska, USA), on 23 May, 14, 27 June and 11 July
2012, on the middle of the flag leaves post-anthesis, avoiding plot outer rows. The
protocol used for glasshouse experiment (paragraph 3.1.4.3) was used for this field
experiment. Three measurements were taken on the adaxial surface of three different
well developed leaves for each sub-plot. The measurements were taken between
11:00 and 15:00 on clear sunny days.

3.2.3.6 Flag leaf senescence scoring

In 2013 in both mapping populations (PxW481 and PxW141), senescence kinetics
were assessed visually by recording the percentage green area of the flag leaf
senesced in the whole sub-plot using a standard diagnostic key based on a scale from
0 (no senescence) to 10 (100% senesced) (Gaju et al. 2011). For the scoring, the
same operator assessed senescence in all sub-plots during the season. Assessment
was carried out weekly after anthesis (GS61) until full canopy senescence. Data were
fitted against thermal time from anthesis (GS61; base temperature of 0° C) using a
monomolecular-logistic equation describing leaf senescence kinetics during grain
filling as a two phase process with a slow and a rapid phases (Génard et al. 1999;
Figure 3.8).
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Figure 3. 7: Scale used for flag leaf senescence scoring
3.2.3.7 Plant height

In all experiments, plant height was assessed before harvest on two

randomly

selected fertile shoots (those with an ear) shoots per sub-plot to the tip of the ear in

three replicates.
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Figure 3. 8: Definitions of the parameters derived from the observed senescence scores during

the post-anthesis period where pO0 is the initial senescence score at GS61; pl

is the senescence

score of first slow senescence phase, p2 is the maximum rate of first phase; p3 is the maximum

rate of second rapid senescence phase; p4 is the time when rate is maximum
TTA is the thermal time post-anthesis (From Gaju et al. 2011).
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3.2.3.8 Biomass, grain yield and yield components

a Anthesis measurements
In 2013, at GS61 five fertile shoots in each sub-plot were sampled at random in the

HN treatments in two replicates. Sampling was carried out on the actual date of
reaching the stage GS61; therefore different lines were sampled on different calendar

dates. Samples were processed on the day of field sampling.

b Harvest measurements
In each experiment, at maturity just before combining, a row-length sample was

taken (1 m row-length for the two field experiments in 2012, PxW481 MP and the
panel of 10 genotypes) and 0.5 m row length in 2013 long of one row for both
PxW481 and PxW141 MPs in 2013, corresponding respectively to 0.2 m? and 0.1
m?). In order to avoid a border effect, the sample was selected from the four middle
rows avoiding the outer rows on each side of the plot. Each sample was put in a
paper sack and brought to the laboratory for processing. At harvest, all genotypes
were sampled within two days in each experiment.

In the laboratory, roots were removed at ground level and the number of fertile
shoots (those with an ear) and infertile shoots were counted. The fertile shoots were
separated into ears, leaf lamina and stem-and-leaf-sheath. The total fresh weight of
the stem-and-leaf-sheath was recorded. The ears were threshed using a Walter and
Wintersteiger LD180 thresher (Wintersteiger, Upper Austria) and the grain counted
using a seed counter (Pfeuffer Contador, Bavaria, Germany) before grain and chaff
were dried and weighed separately at 80 °C for 48 h. Above-ground dry matter
(AGDM) was then calculated by dividing the combine grain yield expressed at 100%
DM (Eqgn 3.9) by the harvest index (proportion of AGDM in the grain; HI).

AGDM = (1/HI) x combined yield (100% DM) Egn 3.9

Combine yield was adjusted to account for the pre-harvest sampling at physiological
maturity by adding the relevant hand-threshed grain weight to the weight of the
machine-harvested grain per plot.

Combine grain yield of each plot (1.2 m?) was measured through machine harvesting
and the moisture content of the grain was recorded. Thousand grain weight (TGW)

was calculated by counting out > 200 grains using the seed-counter, drying at 80°C
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for 48h and weighing. Grains m was calculated by dividing combine grain yield by
TGW; grains ear was calculated by dividing the total number of grains in the

rowlength sample by the ear count for the row-sample at PM.

3.2.4 Plant nitrogen analysis

In experiments, at maturity, N analysis was carried out on the aboveground oven-

dried plant material for:

(1) Leaf lamina, stems plus leaf sheaths, grain and chaff for Px\W481 mapping
population in 2012 and 2013 and

(if) Grain and straw for subset of 10 genotypes in 2012 and PxW481 and
PxW141 mapping populations in 2013.

All samples (except grain) were milled to a particle size of <200 um using a Fritsch
cutting mill “Pulverisette 15 (Fritsch Idar-Oberstein, Germany). However, nitrogen
content for whole grains (without milling) was obtained by scanning using near-

infrared reflectance spectroscopy (NIRS).

Grain and milled leaf lamina, stem plus leaf sheath and straw samples were scanned
in a small circular cup cell (part number IH-0307, NIR Systems, USA). Samples
were scanned in the visible and NIR regions of the electromagnetic spectrum (400-
2500 nm) at 2 nm intervals using a scanning Foss-NIRSystems 6511 scanning
monochromator (Silver Springs, Maryland, USA). Samples were scanned once and
not rotated during spectra collection and spectral data were stored as a logarithm of
the reciprocal of reflectance [log (1/R)]. The spectrum of each sample was the
average of 32 successive scans. Data collection and instruments were operated with

Infra-soft International (ISI) software (version 2.0).

The NIR data sets were calibrated by selecting approximately 10% of samples for
each component (grain, leaf lamina, stem plus leaf sheath and straw) and analysing
these samples for N% according to the Dumas method using the Fisson NA-2000
elemental analyzer (Fisson, Ipswich, UK) calibrated against a methionine standard
(N content = 9.39%). About 10 mg of sample was weighed and encapsulated in an
aluminium capsule. The Dumas N method consists of firstly converting all N forms
in the sample into gaseous nitrogen oxides by complete combustion in pure oxygen

at T>1000°C; secondly, the gaseous products of the combustion are passed over a hot
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copper catalyst to convert the oxides of N to gaseous N, after which CO, and water
are removed, and the amount of N in the sample is determined by the change in
thermal conductivity in the sample stream (N2 gas in helium carrier gas) compared to
a reference cell. The results are expressed as N% of the sample dry weight (Simonne
et al. 1997; Pask, 2009).

"

Figure 3. 9: Machine used for N analysis in the lab: a) Flash 2000 Combustion CHNS/O
Analyser and b) NIR System 6500 Spectrophoto-meter

The total N content was calculated by multiplying the N% by dry weight of the plant
component (Eqgn. 3.10). The total N uptake (NUP) was calculated by summing the
amounts of N in all aboveground parts (Eqgn. 3.11). N-Uptake efficiency (NUPE), N-
utilization efficiency (NUTE), plant N-use efficiency (NUE) and NHI were
calculated using the equations (Eqgn. 3.12, 3134, 314 and 3.15 respectively).

N (g m?) = (N% / 100) * DW (g m?) Eqn. 3.10
NUP = grain N (kg ha™) + total straw N (kg ha™) Eqn.3.11

NUPE = NUP (kg ha™) / N available in the soil (kg ha™) Eqn. 3.12
NUTE = grain N (kg ha™*) / NUP (kg ha™) Eqn. 3.13
NUE = NUPE x NUTE Eqgn. 3.14
NHI = grain N (kg ha™) / AGN (at harvest)(kg ha*) Eqn. 3.15

3.3 Statistical analysis

3.3.1 ANOVA, correlation and regression analysis

All data were entered into Microsoft EXCEL 2007 spreadsheets and the statistical
analysis of data was carried out using version 15 of the GENSTAT package (VSN
International (2011). GenStat for Windows 15th Edition. VSN International, Hemel
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Hempstead, UK). For field data, analysis of variance (ANOVA) procedures for a
split-plot design were used to analyse N treatments and cultivar effects and test their
interaction in individual seasons where replicates were regarded as random effects
and genotypes as fixed effects. A cross-site-season ANOVA was applied to analyse
N treatments and cultivar effects across experiments and the interaction with site-
season, assuming N treatments and cultivars were fixed effects and replicates and
site-seasons were random effects. For glasshouse data ANOVA was carried out
using procedures for a randomised block design, where replicates were regarded as
random effects and genotypes as fixed effects. ANOVA was applied to analyse
genotype effects across experiments and the experiment X genotype interaction,
assuming replicates and experiments were random effects and genotypes were fixed
effects. Treatment means were compared using the LSD of the means of Fisher,
calculated from standard errors of the difference of the means using appropriate
degrees of freedom, when the ANOVA indicated significant differences.

Regression analysis was performed using the regression procedure in Genstat 15.1

(www.genstat.com) using the genotype means across replicates.  Pearson’s

correlation coefficient between traits amongst genotypes was calculated using the
correlation procedure in GenStat 15.1 to quantify relationships between traits using
the genotype means across replicates. For senescence data fitting data against
thermal time, R package ‘stats’ (R Foundation for Statistical Computing, Vienna,

Austria: http://www.R-project.org/) was used to calculate different senescence

parameters of the monomolecularr logistic equation (Génard et al. 1999).

3.3.2 Map construction and QTL analysis
3.3.2.1 Data file for map construction

Linkage analysis was performed using JoinMap v 4 (Van Ooijen, 2006). Data files
containing marker loci scores (Locus genotype file ”.loc”) were prepared for each
mapping population by transferring data from MS-excel spreadsheets to text editor
program (WordPad) and saved under extension “.loc”. Each locus genotype file (loc-
files, one for each mapping population), containing the marker segregation patterns
within the population, was then loaded to two different JoinMap projects created for
each mapping population. The loc-file has a sequential structure, containing four line

header instructions with the following syntax:
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name = NAME

popt = POPT
nloc = NLOC
nind = NIND

Where NAME was the name given to the population, POPT was the code for the
population type (R15: Recombinant Inbred lines at 5™ generation in our case), NLOC
was the number of loci and NIND was the number of individuals. The data body
contains the actual genotype information for all individuals grouped according to

locus as defined in the manual.

It is important that the order of the individuals is identical over all loci in the file.

The genotype code for population types RIL5 was as follows:

Table 3.1: Classification codes of mapping population scores; the ratios of expected
Mendelian segregation.

Code Description
a homozygote as the one parent
b homozygote as the other parent
h Heterozygote

- unknown genotype

3.3.2.2 Construction of linkage groups of markers

The genotyping data of Paragon x W481 and Paragon x W141 was developed using
201 Markers (27 SSRs and 174 SNPs) and 491 markers (23 SSRs and 468 SNPs)
which are segregating markers, respectively for PxW481 and PxW141. and
developed by John Innes Centre, Norfolk, UK and University of Bristol, UK as part
of the BBSRC Wheat Improvement Strategic Programme. A total of 79 and 94 SSD
lines, respectively, were screened by the SSR markers. Linkage analysis was

performed using JoinMap v 4 (Van Ooijen, 2006).

Using the JoinMap package, the linkage groups of each mapping population were
separately assembled by applying default calculation options starting with
calculating the LOD scores and pairwise recombination frequencies between
markers. The loci of all individuals in each population were grouped according to

“independent LOD”. The groups were manually selected using thresholds from LOD
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3-5 and regression mapping was carried out using Haldane’s mapping function to
convert recombination frequencies into map distances (centiMorgan: cM). The third
mapping round forces markers to be grouped which have been grouped, but rejected
in the first and second rounds of mapping into the genetic map. The markers forced
to be grouped after first round but which showed negative map distances and large

jumps (threshold value >5) in mean chi-square values were removed from the map.

3.3.2.3 QTL analysis (data file preparation)

For QTL analysis, MapQTL 6.0 software (Van Ooijen, 2009) was used based on the
mean values of phenotypic data of traits over replicates. MapQTL uses plain text
files to load the data for analysis. Plain text files were made with editor text program

“WordPad”. For the QTL analysis three types of data files were required:

1- Loc-file: the locus genotype file is the same file used in JoinMap to construct
the linkage groups. This file contains the genotype codes (a, b, h and -) for

the loci of segregating lines.

2- Map-file: the map file contains the map positions of all loci in different
linkage groups. It is the result of the grouping of the markers using the
JoinMap package (see before). The nonparametric mapping of MapQTL (i.e.
Kruskal Wallis, KW) analyses the loci one by one; the position of the loci is
not important, it is used only to sort the loci. However, for Interval Mapping
(IM) and MQM mapping, the positions were used to calculate the
recombination frequencies necessary for likelihood calculation. The map file

has no headers and starts with group numbers.

3- qua-file: the quantitative file contains the data of quantitative traits of all
individuals. Three instructions, as headers, should precede the data followed

by the names of the traits. The syntax of the three instructions is:

ntrt = the numbers of traits
nind = the numbers of individuals

37 0]

miss = missing value indicator usually
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3.3.2.4 Kruskal-Wallis, nonparametric mapping

The Kruskal-Wallis (KW) analysis is regarded as the nonparametric test equivalent
of the one-way analysis of variance. It is suitable for normally as well as non-
normally distributed traits. Unlike interval mapping (IM), the KW test does not rely
on the assumption of probability distribution. The test is performed on each locus
separately, regardless of its position in the linkage map. The test ranks all individuals
according to the quantitative trait, while it classifies them according to their marker
genotype. A segregating QTL (with large effect) linked closely to the tested marker
will result in large differences in average rank of the marker genotype classes. A test
statistic based on the ranks in the genotype classes is calculated. For individuals in
ties, i.e. several individuals have equal values of the quantitative trait, the average
rank (mid rank) is used, while for the test the statistic adjusted for ties is used
(indicated by K*) (Lehmann, 1975).

The Kruskal-Wallis statistic K* is a Chi-square like distribution and the significance
level is indicated in asterisks. (Significance level: *:0. 1, **: 0.05, ***: 0.01, ****:

0.005, *****: 0.001, ******: 0.0005, *******: 0.0001)

3.3.2.5 Interval mapping

The interval mapping method was developed by Lander and Botstein (1989). In
interval mapping, the likelihood of presence of a segregating QTL under the null
hypotheses, HO, is calculated for each position in the genome (every centiMorgan),
as well the likelihood under the alternative hypothesis, H1, and the genotypic effects
of the QTL and the residual variance are calculated. This likelihood under H1 is
compared to the likelihood for the situation when a locus with zero genetic effects
(no segregation) (the likelihood under the null-hypothesis HO). This comparison is
done with LOD score (likelihood ratio statistic), which is the 10-base logarithm of
the quotient of the two respective likelihoods. The maximal LOD position is
determined as the most likely position of the QTL and a one LOD decrease on either
side of LOD peak is considered as a confidence interval for the effect. A genome-
wide significance threshold with a p-value of 0.05 was calculated by a permutation
test based on 1000 iterations. A QTL was considered significant if its LOD score

was higher than the threshold value.
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Chapter 4: Grain yield, nitrogen-use efficiency and
yield components in Watkins parental lines and UK
check cultivars

4.1 Introduction

Intensive agriculture raises costs for growers, through the use of fertilisers and
chemical inputs (fungicide, insecticide and herbicides), and also exhausts energy
resources. Modern wheat cultivars in developed countries which are selected under
non-limiting fertilisation conditions require large amounts of N fertilisers (Foulkes et
al. 2009), and environmental pollution by nitrates in water and gaseous emissions in
the atmosphere is associated with the inefficient use of N. N-use efficiency (NUE) is
defined as the grain dry matter (DM) yield (kg DM ha™) per unit N supply from soil
or fertiliser (kg N ha™; Moll et al. 1982). NUE can be subdivided into two
components that identify soil and above-ground plant processes that contribute to the
overall use of N: (1) N-uptake efficiency (above-ground N uptake per unit N
available from the soil and fertiliser; NUPE) and (2) N-utilization efficiency (grain
yield DM per unit crop N uptake at harvest; NUTE) which is a function of the
utilization or physiological efficiency. Genetic variation is reported in wheat for
nitrogen-use efficiency (Van Sanford and Mackown 1986, Dhugga and Waines 1989
and Ortiz-Monasterio et al. 1997).

The ability to capture N depends mainly on the amount of nitrate present in the soil
relative to the morphology of the root system (Foulkes et al. 2009). N-utilisation
efficiency, by contrast, is dependent on the efficiency of nitrate reduction, biomass
accumulation, N storage and N remobilisation from senesced tissues to grain (Lea
and Azevedo, 2007, Good et al. 2004 and Foulkes et al. 2009). Developing cultivars
with lower fertiliser N requirements will require improved efficiency of N absorption

efficiency and N utilization processes (Le Gouis et al. 2000).

When growing wheat, grain quality along with grain yield must be considered, thus
N fertilisation must be economically feasible and environment-friendly. To obtain
higher protein content in wheat grain, presently, a high amount of nitrogen fertiliser
must be applied (Ortiz-Monasterio et al. 1997, Strong and Holford, 1997). An
inverse relationship exists between the grain protein concentration and yield (Triboi
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et al. 2006), making the simultaneous genetic improvement of yield quantity and
bread-making quality a difficult task (Cox et al. 1985). However, it is possible to
identify bread-making genotypes having higher grain N% than would be expected
from their grain yield in turn associated high post-anthesis N uptake (Kramer, 1979;
Bogard et al. 2010, 2011). Ortiz Monasterio et al. (1997) reported that at low N
input, NUPE is dominant in explaining genetic variation in NUE compared to

NUTE, whereas under high N inputs, NUTE is relatively more important.

Ensminger et al. (2006) stated that photosynthetic capacity is tightly related with
biomass accumulation through photosynthesis process. Indeed in the Calvin cycle by
the Rubisco enzyme, plants are able to convert sunlight into usable chemical energy
by a direct reduction of CO, into sugar (triose) phosphates. All metabolic processes
of the plant, including growth and development use sucrose synthesised from CO,
assimilated during photosynthetic processes. Canopy and leaf processes affecting
photosynthesis per unit N uptake include: (i) leaf photosynthesis per unit leaf N and
(i) post-anthesis canopy N remobilization and senescence. The photosynthesis per
unit area of flag leaf and carboxylation efficiency in both winter and spring wheat
were proportional to the amount of total soluble protein up to 7.0 g m™ and to the
amount of RuBP protein up to 4.0 g m? (Lawlor et al. 1989). The amount of N
remobilized to the grain is highly dependent on N stored at anthesis (Gooding and
Davies, 1992; Palta and Fillery, 1993; Bly and Woodward, 2003). N remobilization
is linked to the regulation of leaf senescence (Sinclair and De Wit, 1975; Masclaux
et al. 2001; Uauy et al. 2006; Gaju et al. 2011). Modifying NRE to delay senescence
could be advantageous to favour a longer period of active photosynthesis during
grain filling and higher grain yield in feed, distilling, and biofuel cultivars (Gaju et
al. 2013).

This chapter describes a panel of 17 genotypes (12 Watkins landraces and 5 UK
check cultivars) examined in two glasshouse experiments conducted during 2011/12
and 2012/13 under high nitrogen conditions and in one field experiment in 2011/12
under high N (HN) and low nitrogen (LN) conditions. The results for above-ground
dry matter (AGDM), yield and its components, growth and partitioning, leaf gas

exchange, flag leaf senescence scores, and nitrogen-use efficiency (NUE) and its
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components are presented and discussed. The comparison between field and

glasshouse results is also discussed.

The specific hypotheses tested in this chapter are:

1- Genetic variation can be identified amongst AE Watkins landraces for grain
yield, biomass, NUE, NUE components and related physiological traits.
2- Higher expression of biomass, NUE components and associated traits can be

identified in AE Watkins landraces compared with elite UK wheat varieties
under high N conditions in the glasshouse and under low and high N in the
field

3- The genetic variation in grain yield, biomass, NUE components and related
physiological traits in the glasshouse experiment is correlated with field
expression of these traits.

4- The physiological processes determining genetic variation in NUE can be
identified in relation to N accumulation, N partitioning and N remobilization

within the plant

4.2 Materials and methods

Two glasshouse experiments in 2011/12 and 2012/13 and one field experiment in
2011/12 were carried out. The glasshouse experiments examined 17 genotypes: 5
UK RL cultivars (spring cultivar, Paragon and winter cultivars, Oakley, Rialto,
Savannah, Xil9) and 12 A. E. Watkins landraces namely: W034, W040, W141,
W209, W292, W352, W355, W468 and W729.

A completely randomized block design with three replications was used in both
years. Six plants were grown in each pot. Full irrigation and fungicides were applied
during the whole plant cycle to keep the plants healthy.

In the glasshouse the following measurements were taken for each genotype in three

replicates:

e Leaf chlorophyll content (SPAD 502 meter, 4 and 7 measurement dates,
respectively, in 2012 and 2013).

o Leaf chlorophyll fluorescence (Fluorpen FP10 meter: 6 measurement dates in
2012 and 7 in 2013).
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o Leaf photosynthesis rate (LICOR 6400 : 4 measurement dates in 2012 and 4
in 2013).

e Growth analysis at GS61 (one plant per genotype at GS61 was harvested for

biomass and N partitioning).
e Flowering date (GS61).
e Plant height at maturity.

¢ Yield and biomass at harvest (three plants were selected randomly per pot).

N analysis for grain, lamina and stem at GS61 and harvest.

In the field, 10 genotypes (three UK cultivars, Rialto, Pargon and Savannah) and
seven Watkins landraces namely, W034, WO040, W141, W209, W223, W352 and
W729) in both HN and LN in three replicates, the following measurements were

taken for each genotype.

o Leaf chlorophyll content (SPAD, one measurement at anthesis, 5 shoots per

plot, 2 replicates) under HN

o Leaf chlorophyll fluorescence (Fluorpen: one measurement date at around
anthesis on one calendar day for all genotypes, 3 shoots per plot, 2

replicates).

e Photosynthesis rate (LICOR: 4 measurement dates, 3 shoots per plot, 3

replicates).

e Sampling and growth analysis GS61 (5 shoots per genotype reaching GS61
was harvested for biomass partitioning).

o Flowering date (for each genotype in both HN and LN, in three replicates)
e Plant height at maturity.

e Biomass at harvest (one row of 1 m length harvested and processed by

separating grain from straw).

¢ N analysis for grain and straw for each genotype at both GS61 and maturity.
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At maturity for glasshouse experiments, the aboveground oven-dried plant material
for each of the main-shoot and fertile tiller groups, was separated into: i) true stem
plus leaf sheath, ii) flag leaf, iii) remaining lamina. In the field experiment, the
aboveground oven-dried plant material was separated into grain and straw. All
samples were then milled to a particle size of < 200 um. About 10 mg of milled
sample was then weighed and encapsulated in aluminium capsules and analysed

using the same Dumas protocol described for field experiment (see section 3.2.4).

All data were entered to Microsoft EXCEL 2007 and statistical analysis of data was
carried out using version 15 of GENSTAT package. Analysis of variance (ANOVA)
was used to test the significance of the treatment, and to calculate means, LSDs and
standard errors. Linear regression analysis was used to establish causal relationships

between different traits.

The genotype WA481 (yield = 1.9 g and AGDM = 13.72 g plant™) was excluded from
the analysis during 2012. This genotype, in 2012, was severely infected by powdery
mildew which reduced its yield and AGDM.

The N remobilisation efficiency (NRE) was calculated as the fraction of N in the
whole plant or organ at anthesis which was not recovered in the straw at harvest

(Cox et al. 1986). Full details of the methodologies are presented in Chapter 3.

4.3 Results

4.3.1 Glasshouse experiments
4.3.1.1 Anthesis date (AD) and plant height (PH)

In 2012, anthesis date (GS61) of the genotypes ranged from 24 May (W034) to 22
June (W040) (P<0.001). Six genotypes (W034, W468, W292, W209, W223 and
W?729) had early flowering in the range 27 May - 2 June, whereas six (W040, W481,
W352, W355, W141 and W579) along with UK cultivars (Savannah, Oakley and
Paragon) were later in flowering in the range 10 - 22 June. Variation in plant height
was observed in the range 66 (Savannah) to 122 cm (W355) (P<0.001). All UK
varieties were shorter than Watkins lines except Paragon (86 cm), which was taller
than W034 (79 cm).
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In 2013, the earliest genotypes were W034, W209, W468, W729, W223, W292 and
W579 (5 - 6 June). All other genotypes including UK varieties had anthesis dates
after 15 June, with the latest genotype, Savannah, flowering on 20 June (P< 0.001).
The plant height ranged from 67 (Savannah) to 122 cm (W355) (P<0.001). As in
2012, all UK cultivars were shorter than Watkins lines except Paragon (87 cm),
which was taller than W034 (81 cm).

Year had a significant effect on anthesis date (P<0.001), but not on PH (P=0.895).
The year x genotype interaction was also significant for anthesis date (P<0.001), but
not for PH (P>0.05). Averaging over years, no correlation between either PH or AD
and AGDM was observed, however, a trend of a negative correlation was found

between each of PH and AD and grain yield (r = 0.35 and r = 0.40, respectively).

4.3.1.2. Grain yield and components and aboveground
dry matter

In 2012, grain yield ranged amongst genotypes from 0.77 g (W468) to 2.66 g (Xil19)
per main shoot (MS) (P<0.001) and from 0.56 g (W209) to 1.86 g (Paragon) per
fertile tiller (FT) (P<0.001; Table 4.1). Overall grain yield per plant ranged from
5.02 g (W355) to 12.01 g (Xi19) (P<0.001). In 2013, MS grain yield ranged from
0.74 g (W468) to 2.73 g (Paragon) (P<0.001), and FT grain yield from 0.54 g
(W209) to 1.77 g tiller® (Paragon). Paragon produced the highest grain yield per
plant (11.61 g) and W209 (5.57 g) the lowest (P<0.001).

Cross-year analysis showed that year did not have an effect on grain yield per plant
(P=0.963) and overall grain yield ranged from 5.36 (W355) to 11.76 g plant™ (Xi19)
(P<0.001). The year x genotype interaction was significant (P=0.006). Averaging
over years two UK varieties, Xi19 (11.76 g plant™) and Paragon (11.72 g plant™),
had higher yield than all other genotypes (P<0.05) and Oakley (10.33 g plant™),
Rialto (10.16 g plant™) and W141 (9.51 g plant™) had similar yield (P=0.180).

In 2012, harvest AGDM per MS ranged from 1.84 (W468) to 5.53 g (Paragon)
(P<0.001) and from 1.59 (W209) to 3.83 g (WO040) per FT (P<0.001; Table 4.1).
AGDM ranged from 15.33 (W468) to 25.64 g plant” (Rialto) (P<0.001). In 2013,
AGDM per MS ranged from 1.73 (W209) g to 3.93 g plant™ (Paragon) (P<0.001)
and per FT AGDM ranged from 1.78 (W468) to 6.05 g plant™ (Paragon) (P<0.001).
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The AGDM per plant ranged from 16.45 (W468) to 25.77 g plant™ (Paragon)
(P<0.001).

Across years ANOVA revealed no year effect on AGDM (P=0.725). However,
genotype had an effect on AGDM in the range 15.87 (Savannah) - 25.07 g plant™®
(Paragon). The year x genotype interaction was significant (P=0.006). This
interaction could be explained by Rialto, W352 and W579 which had much higher
AGDM in 2012 than in 2013 while all other genotypes had similar or higher AGDM
in 2013. Averaging over years, the highest biomass was recorded for Paragon (25.07
g plant™), Rialto (24.08 g plant™), Xi19 (23.63 g plant™) and WO040 (23.19 g plant™).

In 2012, Xil19 had the highest harvest index (HI) for MS and FT groups (0.55 and
0.50, respectively) and W355 had the lowest values (0.33 and 0.29, respectively)
(P<0.001). For the whole plant, HI ranged from 0.30 (W355) to 0.51 (Xil9)
(P<0.001). In 2013, HI ranged from 0.36 (W040) to 0.58 (W729) (P<0.001) for the
MS and from 0.27 (W481) to 0.49 (Oakley) (P<0.001) for FT. Harvest index per
plant varied from 0.31 (W355) to 0.50 (Xi19) (P<0.001). No significant interaction
between genotype and shoot category was observed (P=0.228 and P=0.421,
respectively, in 2012 and 2013).

Averaging across two years, HI ranged from 0.23 (W481) to 0.50 (Xi19) (P<0.001).
Amongst Watkins lines the range was 0.30 - 0.45; W034 had HI (0.45) which was
not significantly lower than Xil9 (0.50) (Table 4.1). Three Watkins lines: W729
(0.44), W223 (0.43) and W141 (0.42) had HI which was not significantly lower than
Paragon (0.47).

Cross-year analysis indicated that there was no year effect on yield, AGDM or HI
(P=0.963, P=0.725 and P=0.669). The linear relationship amongst genotypes across
years was significant for grain yield, HI and AGDM for values in 2012 versus 2013
(R?*= 0.70, R?=0.65 and R?*= 0.81, respectively, for yield, AGDM and HI) (Figure
4.2). Nevertheless, the year x genotype interaction was significant for these variables
(P=0.006, P=0.006 and P<0.001, respectively; Table 4.2).
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Table 4.1: Grain yield, aboveground biomass (AGDM) per plant and harvest index (HI)

of 17 genotypes in 2012 and 2013

Genotype Yield plant™ (g) AGDM plant™ (g) HI

@) 2012 2013  Mean 2012 2013  Mean 2012 2013  Mean
Oakley 9.76 1091  10.33 1974 2217 20.96 049 049  0.49
Paragon 1183 1161 1172 2437 2577 2507 049 045 047
Rialto 1141 891 10.16 2564 2251  24.08 044 040 042
Savannah 663 611 637 1576 1598  15.87 042 038 040
Xi19 1201 1152 1176 2363 2364 2363 051 049 050
W034 862 849 855 1897 1881  18.89 045 045 045
W040 766 623 694 2231 1976 21.04 034 031 033
W141 930 971 951 2256 2294  22.75 041 042 042
W209 647 557  6.02 1790 17.34  17.62 036 032 034
w223 969 851  9.10 2212 2057  21.35 044 041 043
W292 643 701 672 1678 1814  17.46 038 039 038
W352 687 648  6.68 2193 1934  20.64 031 034 032
W355 502 569 536 1678 1836  17.57 030 031 030
W468 571 620 595 1533 1645  15.89 037 038 037
W481 190 614 402 1372 1907  16.40 014 032 023
W579 956 850  9.03 2351 2091  22.21 041 041 041
W729 668 813  7.40 1611 1743  16.77 041 046 044
Mean 797 798  7.98 1983  19.95  19.89 039 040  0.39
S.E.D (df)
G (32) 101+ 076w 067+  171e 094w 099w 003w+ 003+ 002w
Year (66) 0.229 NS 0.340 NS 0.007 NS
GXY (66) 0.944 ** 1.401 ** 0.029

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05

Overall grain yield was more closely associated amongst genotypes with HI per plant
(R?=0.76 P<0.001) than AGDM per plant (R? = 0.26 P<0.05) (Fig, 4.1).
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AGDM (g plant-1) 2013

AGDM (g plant-1) 2012

Figure 4.2: Linear relationship amongst 17 genotypes between 2012 and 2013 data for a)
grain yield b) AGDM and c¢) Harvest Index (HI).
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4.3.1.3 Yield components

In 2012, grain number per shoot ranged from 20.1 (W468) to 70.1 (Paragon) for the
MS and from 8.8 (W468) to 44.6 (Paragon) for fertile tillers (P< 0.001; Table 4.2).
Grains per plant ranged from 68.4 (W481) to 368.9 (Xil9) (P<0.001). Except for
W579, which had more grains plant™ than Savannah, other Watkins lines had fewer
grains plant® than UK varieties, TGW ranged from 31.8 (Savannah) to 59.5 g
(W141) for MS, and from 29.2 (Savannah) to 58.1 g (W141) for FT. For the whole
plant, TGW ranged from 29.9 (Savannah) to 58.6 g (W141) (P<0.001). Ears per
plant ranged from 5.5 for Savannah to 11.4 for W209 (P<0.001) (Table 4.2). In
2013, grains per MS and per FT differed between genotypes in the ranges 22.7
(W468) to 68.8 (Paragon) and 15.4 (W468) to 45.2 (Xi19), respectively (P<0.001).

Cross-year analysis (on whole plant data) showed that genotype and year had an
effect on grains ear (P<0.001 and P=0.019, respectively) and TGW (P<0.001 and
P<0.001, respectively). The genotype x year interaction was also significant for both
grains ear™ (P=0.009) and TGW (P=0.006). The interaction for grains ear™ could be
explained by the genotype W481 (much lower grains per ear in 2012), however two
genotypes explained the interaction for TGW W141 and W481 which had much
lower TGW in 2013. For ears plant™, the effect of the genotype was significant
(P<0.001) with differences (between 2012 and 2013) in the range -1.78 to +0.44;
however, year did not affect ears plant® (P=0.416) and the year X genotype

interaction was not significant (P=0.902).

Averaging over years, grains per ear varied amongst genotypes from 16.0 (W468) to
47.5 (Paragon) (P<0.001). TGW ranged from 28.3 g (Savannah) to 60.4 g (W141)
(P<0.001). Overall ears plant™ ranged from 5.6 (W481) to 10.6 (W209) (P<0.001).

Overall, grain yield in the glasshouse was highest for UK cultivars Xil19 (11.76 g
plant™) and Paragon (11.72 g plant™). However, W141 (9.51 g plant™) had similar
yield to UK cultivars: Oakley (10.33 g plant™) and Rialto (10.16 g plant™). on the
other hand, W141 had the highest TGW (60.4 g) followed by W355 (45.7 g), W034
(42.6 g) and Paragon (40.8). Rialto (30.25 g) and Savannah (28.3g) had lower than
the TGW majority of Watkins lines.
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Table 4.2: Ear plant™, grain number ear® and Thousand Grain Weight (TGW) for 17
genotypes in 2012 and 2013.

Genotype Ears plant™ Grain ear? TGW (g)

(G) 2012 2013 Mean 2012 2013  Mean 2012 2013 Mean
Oakley 683 678 681 417 415 416 343 389 366
paragon 600 611  6.06 489 462 475 404 412 408
Rialto 778 811  7.94 427 419 423 343 262 303
Savannah 550 578 564 403 394 399 299 267 283
Xi19 700 678  6.89 465 479 472 369 356 362
W034 956 856  9.06 211 236 223 428 424 426
WO40 556 578  5.67 378 399 389 365 270 317
W14 633 589  6.11 251 267 259 586 622 604
W209 1144 967 1056 170 209 189 333 278 305
W223 867 900 883 255 255 255 439 371 405
W292 8.44 856 850 196 193 195 389 424 406
W352 811 856 833 226 200 213 376 379 378
V355 600 633  6.17 192 190 191 437 477 457
Wa68 922 922 922 158 162  16.0 39.3 418 406
. 556 556 556 107 290 107 318 378 348
W579 678 622 650 348 395 371 406 347 377
W72 922 844 883 198 227 213 365 422 393
Mean 753 737 745 2876 3053 2964 3877 3821 38.49
SED (DF)

G (66) 0.67 *xx 2.69 *x 2.45 %%
Year (66) 0.23NS 0.92 * 0.842 %
GXY (66) 0.94 ** 3.81** 3.470 **

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05

Grain yield per shoot (MS and FT included) was positively associated with grains
per ear (R* = 0.75, P<0.001) and negatively with ears per plant (R* = 0.32, P<0.05)

(Figure 4.3). There was also a negative relationship between grains per ear and ears

per plant (R® = 0.28, P<0.05). There was no association between grains per ear and
TGW (R? = 0.13, P=0.161) (Figure 4.4).
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Figure 4.3: Linear relationship amongst 17 genotypes a) between grains ear™ and grain
yield shoot™ b) between ears plant™, grains ear® and grain yield shoot™.

Values represent mean across two years 2012 and 2013.
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Figure 4.4: Linear relationship amongst 17 genotypes a) between ears plant™ and Grain

ear™, b) between TGW and grains ear™

4.3.1.4. Shoot number and biomass at anthesis

In 2012, genotype had an effect on the number of shoots per plant at all stages
(P<0.001). W481 and Savannah, the latest genotypes to reach GS31, produced more
shoots per plant (19 and 16 shoots, respectively) at this stage than other genotypes in
the range 8 to 14. (P<0.001) (Table 4.3). The two genotypes W481 and Savannah

lost respectively 70% and 66% of their shoots between GS31 and maturity, whereas

shoots per plant was increased for W141 and stable for W468.
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In 2013, genotype differences in shoots per plant were significant at all stages
(P<0.001). W481 had the most shoots per plant at GS61 (16). Other genotypes
ranged from 6 (W034) to 11 (Xil19). At maturity, shoots per plant varied from 5
(W481) to 9 (W209). Savannah and W034 continued to produce shoots after GS31
(+59% and +37%, respectively); whereas W481 showed high shoot death between
GS31 and maturity (-71%, similar to 2012 experiment).

Cross-year analysis showed that genotype, year and genotype X year interaction had
a significant effect on shoots per plant at GS61 (P<0.001, P=0.028, and P=0.028
respectively. However, at maturity, only genotype had a significant effect on shoots
plant™ (P<0.001) (Table 4.3).

Table 4.3: Fertile shoots m™ at GS61 and ears plant™ at maturity for 17 genotypes in
2012 and 2013.

Shoot number at anthesis shoot number at maturity
Genotype (G)
2012 2013 Mean 2012 2013 Mean

Oakley 13.39 12.42 12.90 6.83 6.78 6.81
Paragon 9.11 10.83 9.97 6.00 6.11 6.06
Rialto 14.17 12.08 13.13 7.78 8.11 7.94
Savannah 16.17 10.33 13.25 5.50 5.78 5.64
Xi19 9.78 11.08 10.43 7.00 6.78 6.89
W034 8.28 7.33 7.81 9.56 8.56 9.06
W040 12.22 12.17 12.19 5.56 5.78 5.67
W141 12.33 10.25 11.29 6.33 5.89 6.11
W209 11.83 11.92 11.88 11.44 9.67 10.56
W223 10.67 10.50 10.58 8.67 9.00 8.83
W292 8.94 9.75 9.35 8.44 8.56 8.50
W352 14.39 14.83 14.61 8.11 8.56 8.33
W355 13.11 12.25 12.68 6.00 6.33 6.17
W468 9.22 8.92 9.07 9.22 9.22 9.22
w481 18.72 18.83 18.78 5.56 5.56 5.56
W579 9.72 10.83 10.28 6.78 6.22 6.50
W729 10.11 9.33 9.72 9.22 8.44 8.83
Mean 11.89 11.39 11.64 7.53 7.37 7.45
S.E.D (df)
G (66) 1.33%** (. 95%** () g5xx* 0.72%**  0.56***  (.56%**
Year (66) 0.29 * 0.19 NS
GXY (66) 241%* 0.79 NS

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05
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Cross-year ANOVA showed genotype affected AGDM per plant and per MS, and
DM of plant components (ear, stem, lamina) (P<0.001) and main shoot flag leaf area
(FLA) (P=0.027). Year affected all variables (P<0.001) except lamina DM per plant
(P=0.807) and FLA (P=0.141). There was a year x genotype interaction for AGDM
and stem DM per plant (P<0.001), but not for ear (P=0.012) or lamina DM per plant
(P=0.123) and FLA (0.226).

Averaged over years, at anthesis Oakley had the highest AGDM per plant (14.04 g)
and W468 the lowest (5.97 g). Overall, stem represent 55%, lamina 25% and ear
20% of the total AGDM at anthesis (Figure 4.5 and Table 4.4). No significant
relationship was observed between plant height and AGDM per plant.
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Table 4.4: Ear dry matter (DM), Lamina DM (Lam), stem DM, above-ground DM per plant at anthesis (GS61) for 17 genotypes in 2012 and 2013.

Genotype (G) Ear DM (g) Lam DM (g) Stem DM (g) AGDM (g)
2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean
Oakley 3.96 266 3.31 3.27 317 3.02 759 743 751 1482 13.26 14.04
Paragon 225 189 2.07 293 247 241 6.05 4.46 5.26 11.23 8.83 10.03
Rialto 270 291 281 272 294 263 6.66 558 6.12 12.08 1143 11.75
Savannah 349 218 2.83 352 337 325 751 572 6.61 1452 11.26 12.89
Xil9 311 249 280 286 272 2.56 595 589 592 1192 11.11 1151
w034 1.32 158 145 169 248 1.92 3.55 458 4.06 6.55 8.63 7.59
W040 190 1.73 182 3.66 322 3.23 918 521 7.19 1473 10.16 12.44
w141 239 183 211 341 270 2.82 785 6.66 7.26 13.65 11.19 12.42
W209 183 167 1.75 208 239 2.07 476 5.60 5.18 8.67 9.65 9.16
w223 1.27 145 1.36 169 224 181 450 498 4.74 746 8.68 8.07
W292 148 1.68 1.58 154 228 1.69 352 3.79 3.66 6.54 7.76 7.15
W352 226 114 1.70 276 2.08 2.26 952 360 6.56 1454 6.81 10.68
W355 262 214 2.38 352 265 293 1055 5.13 7.84 16.68 9.92 13.30
W468 142 155 1.49 1.36 2.02 153 262 296 2.79 540 6.53 5.97
w481 131 197 164 263 280 255 6.75 588 6.32 10.69 10.65 10.67
W579 287 209 248 255 277 2.46 7.08 563 6.36 1251 1049 11.50
W729 114 148 131 168 205 1.72 348 3.75 3.62 6.31 7.28 6.79
Mean 220 191 2.05 258 261 240 6.30 5.11 5.70 11.08 9.63 10.35
SED (df)
G (66) 0.284%** 0.303 *** 0.724 *** 1.103 ***
Year (Y) (66) 0.097** 0.104 NS 0.248 *** 0.378 ***
GXY (66) 0.401* 0.428 NS 1.024 *** 1.560 ***

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05
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Figure 4.5: Dry matter partitioning at anthesis amongst 17 genotypes. Values represent
mean across two years 2012 and 2013.

4.3.1.5 Nitrogen-use efficiency (NUE) and NUE
components

In both years, genotype had an effect on N uptake at anthesis (GS61) (NUPA), N
uptake at maturity (NUPy;) and NUTE (P<0.001; Table 4.5). Year did not have any
effect on these traits (P=0.971, P=0.662 and P=0.686, respectively). The genotype x
year interaction was not significant for NUPA (P=0.726) and for NUTE (P=0.253).
However, it was significant for NUPy, (P=0.020). The interaction was explained by
W481 (0.17 g/plant higher in 2013).

At anthesis, averaging across years, Savannah accumulated the most N amongst the
genotypes (0.32 g N plant™) and W468 the lowest (0.15 g N plant™) (P<0.001). UK
varieties Savannah and Oakley had higher NUP than all other genotypes. Amongst
Watkins lines, W355, W141 and WO040 had the highest values. These three lines had
a trend to have higher values than Xil9, Rialto and Paragon. At maturity, Rialto
accumulated the highest amount of N (0.43 g N plant™) and W292 the lowest (0.30 g
N plant™) (P<0.001). For post-anthesis N uptake (NUPa.v), genotypes ranged from
0.01 g N plant™ (Savannah) to 0.18 g N plant* (W729) (P<0.001). No significant
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relationship was found between NUPa.v and anthesis date. Except for Rialto and
Xi19, which had similar post-anthesis NUP to W729, W352, W223 and W468, all
other UK varieties tended to have lower post-anthesis NUP than Watkins lines.

In 2012, post-anthesis nitrogen remobilisation (NR) for all genotypes ranged from 25
(W468) to 155 mg plant™ (Paragon) (P<0.001) and in 2013 from 44 (W352) to 200
mg plant® for (Oakley) (P<0.001). The effects of year and year x genotype
interaction were not significant (P=0.132 and P=0.774, respectively). Averaged
across years, genotypes ranged from 0.05 mg plant™ (W468) to 0.18 mg plant™ (P<
0.001) NR was negatively associated with NUPa.y (R? = 0.34, P<0.001).

Regarding N-remobilisation efficiency (NRE), four genotypes remobilised more than
50% of N accumulated at anthesis: Oakley (58.5%), Paragon (57.8%), W141
(55.0%) and W579 (54.2%). The lowest NRE was observed for W292 (24.8%).
Averaging across years, a positive linear association amongst genotypes was found
between NUPA and N remobilisation (NR) (R?=0.81, P<0.001).

Genotype had an effect on grain N concentration (P<0.001), but effects of year and
the interaction Y x G were not significant (P=0.391 and P>0.05, respectively).
Averaging over years, for all shoots per plant genotypes differed in grain N
concentration in the range 2.22 (Oakley) - 3.66 (W481)% (P<0.001), whereas the
year and Y x G interaction were not significant (P= 0.391 and P>0.05). Averaging
across years, a negative relationship was found amongst the genotypes between grain
N concentration and grain yield (R*= 0.42, P=0.005), and NRE was positively
associated with grain yield (R’= 0.46, P=0.002) and AGDM (R?= 0.40, P=0.006)
(Figure 4.6). HI was also related to NUTE (R%= 0.40, P=0.008).
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Figure 4.6: Linear relationship between a) NRE and grain yield b) NRE and AGDM ¢c)
NRE and NUP at anthesis and d) NUTE and Harvest index (HI) amongst
17 genotypes. Values represent means across 2012 and 2013.

Averaging across years, genotypes W468, W729, W352, W223 and W292 (range

46% - 51%) seem to have higher proportion of N uptake post-anthesis compared

with Rialto (cultivar accumulating 41% of its N uptake at pre-anthesis) (P<0.05). All

other UK varieties uptake less than 40% of total NUP at post-anthesis, and Savannah

did not uptake any N post-anthesis (Figure 4.7). In addition no correlation was found

between pre or post-anthesis NUP and anthesis date amongst the genotypes.
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Figure 4.7: Percentage of N uptake at maturity in the pre- and post-anthesis period for 17
genotypes. Values represent means across 2012 and 2013
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Table 4.5: Nitrogen uptake at anthesis (NUP_A), at maturity (NUP_M), nitrogen utilization efficiency (NUTE), nitrogen remobilisation (NR), nitrogen remobilisation
efficiency (NRE) and grain nitrogen concentration (grain N) in 2012, 2013 and the average across two years.

NUP Anthesis

NUP Maturity

Genotype (@ plant?) (@ plant?) NUTE (g g% NR (g plant™) NRE (%) Grain N (%)
2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean
Oakley 0.28 0.34 0.31 0.34 0.38 0.36 28.28 28.85 28.57 0.16 0.2 0.18 57.35 59.63 58.49 2.23 2.21 2.22
Paragon 0.25 0.21 0.23 0.37 0.38 0.37 31.77 30.77 31.27 0.16 0.11 0.14 64.85 50.77 57.81 2.33 2.33 2.33
Rialto 0.23 0.27 0.25 0.46 0.39 043 25.28 22.89 24.08 0.09 0.11 0.1 41.24 39.44 40.34 2.42 2.5 2.46
Savannah 0.31 0.33 0.32 0.31 031 0.31 21.45 19.4 20.42 0.16 0.16 0.16 50.99 48.03 49.51 2.31 2.32 2.32
Xil9 0.24 0.27 0.26 0.42 0.41 042 28.62 28.11 28.36 0.11 0.14 0.12 46.17 50.28 48.22 2.38 2.4 2.39
W034 0.19 0.21 0.2 0.35 0.34 0.34 2426 2519 24.72 0.07 0.11  0.09 40.12 50.18 45.15 2.72 2.69 2.71
W040 0.26 0.27 0.26 0.39 0.34 0.37 1961 18.24 18.93 0.1 0.11 0.1 37.29 40.53 38.91 2.9 2.93 2.91
W141 0.27 0.26 0.26 0.37 0.39 0.38 2521 25.17 25.19 0.15 0.14 0.15 55.67 54.39 55.03 2.73 2.87 2.8
W209 0.22 0.22 0.22 0.32 031 0.31 20.01 1819 191 0.08 0.07 0.07 34.44 31.03 32.73 2.76 2.78 2.77
W223 0.18 0.19 0.19 0.36 0.33 0.35 26.92 26.01 26.47 0.07 0.08 0.08 38.52 4425 41.38 2.57 2.62 2.59
W292 0.16 0.16 0.16 0.28 0.31 0.3 23.06 2258 22.82 0.05 0.06 0.06 31.91 40.36 36.14 2.49 2.51 2.5
W352 0.22 0.14 0.18 0.36 0.33 0.34 1891 19.83 19.37 0.1 0.05 0.08 45.62 38.9 42.26 3.14 3.22 3.18
W355 0.27 0.26 0.27 0.29 0.32 0.3 17.7 18.26 17.98 0.13 0.11 0.12 46.62 40.9 43.76 2.77 2.84 2.81
W468 0.14 0.16 0.15 0.3 031 031 18.78 19.93 19.36 0.03 0.06 0.05 229 36.7 298 2.84 2.9 2.87
W481 0.18 0.24 0.21 0.25 0.42 0.33 7.79 147 11.25 0.05 0.09 0.07 2513 371 3111 3.61 3.71 3.66
W579 0.25 0.23 0.24 0.39 0.34 0.37 2445 2493 24.69 0.13 0.13 0.13 50.83 575 54.17 2.81 2.92 2.86
W729 0.18 0.17 0.17 0.33 0.36 0.35 20.39 22.67 2153 0.06 0.05 0.06 342 3215 33.17 3.03 2.98 3
Mean 0.22 0.23 0.23 0.35 0.35 0.35 2250 22.69 2259 0.10 0.10 0.10 4258 4424 4341 2.75 2.71 2.73
SED
Genotype 0.04*  0.04%%*  0,027%** 0.03***  0.04*  0.03*** 2.19%%% L AfRRR ] 3pF 0.33**  0.03*  0.02%** 9.72%%%  O5**  §.24%%x 0.18%**  0.19%**  (13%%*
Year 0.09 NS 0.09 NS 0.465 NS 0.008 NS 2.120 NS 0.044 NS
GXY 0.038 NS 0.037 * 1.916 NS 0.033 NS 8.830 NS 0.183 NS

Probability significance: ***: P<0.001, **; P<0.01 and *: P<0.05
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Grain yield/AGDM (g)

4.3.1.6 Relationship between NUE components, yield
and AGDM
Regression analysis showed that overall grain yield per plant was more positively
associated with NUTE (R®=0.89, P<0.001) than with NUP at harvest (R?*=0.61,
P<0.001). In contrast, AGDM per plant was more positively associated with NUP
(R?=0.73, P<0.001) than with NUTE at harvest (R?=0.52 P<0.001) (Figure 4.8).
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Figure 4.8: Linear relationship between a) grain yield and AGDM per plant vs NUP and
b) grain yield and AGDM per plant vs NUTE amongst 17 genotypes. Values
represent mean across two years 2012 and 2013.

4.3.1.7 Photosynthesis, chlorophyll fluorescence and
content (SPAD)
In both years, leaf Amax and stomatal conductance were measured on three pre-

anthesis dates and two post-anthesis dates.

a- Leaf photosynthetic rate

Averaging over genotypes and years, flag-leaf light-saturated photosynthesis rate
(Amax) Was higher pre-anthesis (20.91 pmol m? s™) than post-anthesis (13.78 pmol
m? s1) (P<0.001) without significant interaction with genotype. For individual
years, the Amax was higher in 2012 (22.76 pmol m? ) than in 2013 (19.05 pmol m™
s™1) (P<0.05; Table 4.6).

Overall the 5 UK RL varieties (18.00 - 21.50 umol m™ s™), W141 (20.66 umol m™ s’
1), W352 (18.35 pmol m? s*) and W040 (18.07 umol m™? s™) had higher Amax
(P<0.05) than other genotypes in the range 13.55 - 17.23 pumol m™ s, Amongst UK
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AGDM (g plant?)

varieties, Savannah had the highest Amax (21.50 pmol m™ s™) (P<0.05) post-anthesis
and Oakley, Rialto, and Xil9 had similar Ama. Amongst Watkins lines, W141
(20.66 pmol m™? s™) had higher Ama than other lines (P<0.005). Watkins lines
reduced from 27% (W141) to 56% (W579) pre-antthesis leaf Amax compared to post-

anthesis; however UK varieties lost only between 2% (Savannah) and 36% (Rialto).

A positive linear relationship was found between pre-anthesis Amax and grain yield
per plant (R?=0.25, P<0.01), between pre-anthesis Amsx and AGDM per plant

(R?=0.36, P<0.05) and between pre-anthesis Ams and grain number per ear

(R2=0.35, P=0.002) (Figure 4.9).
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Figure 4.9: Linear relationship amongst 17 genotypes between a) pre-anthesis
photosynthesis rate (Ama) and AGDM; b) pre-anthesis A, and grain yield;
¢) pre-anthesis Ama and grain number per ear. Values represent mean

across two years 2012 and 2013.
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b- Flag leaf chlorophyll fluorescence (Quantum Yield: QY)

In 2012, pre-anthesis QY ranged amongst genotypes from 0.39 (W223) to 0.61
(Paragon and W729) (P<0.001), and post-anthesis in the range 0.35 (W468 and
W481) to 0.70 (Savannah) (P<0.001). Measured at anthesis QY ranged from 0.35
(W292) to 0.70 (Savannah) (P<0.01).

In 2013, pre-anthesis QY ranged from 0.36 (W355) to 0.64 (W729) and post-
anthesis from 0.34 (W579 and W223) to 0.72 (Savannah) (P<0.001). At anthesis QY
ranged from 0.34 (W292) to 0.70 (savannah) (P<0.01). Averaging over all
genotypes, QY decreased from 0.53 pre-anthesis to 0.47 at post-anthesis (P<0.005).

c- Chlorophyll content (SPAD) and leaf senescence

In 2012 genotype had an effect on flag leaf chlorophyll content (SPAD value) at
anthesis and at all dates of measurements (9, 16 June as pre-anthesis; and 21, 30
June, 11, 21 and 31 July post-anthesis) (P<0.01). At anthesis, SPAD values were the
highest and ranged from 41.7 (W352) to 56.7 (Oakley) (P<0.001). Just after anthesis,
SPAD values started to decrease for all genotypes. Overall genotypes ranged from
41 (W141) to 51 (WO040) (P<0.001) pre-anthesis and from 30 (W223) to 35
(Savannah and Xi19) (P<0.001) post anthesis.

In 2013 genotype differed in flag leaf chlorophyll content (SPAD value) at anthesis
and at all dates of measurements (10, 16 June as pre-anthesis and 23, 30 June, 10, 17
and 27 July as post-anthesis) (P<0.01). At anthesis, SPAD values were the highest
and ranged from 36.2 (W223) to 57.2 (Xil9) (P<0.001). Just after anthesis, SPAD
values started to decrease for the majority of the genotypes. Overall genotypes
ranged from 39 (W223) to 53 (Xi19) (P<0.001) pre-anthesis and from 27 (Oakley
and Paragon) to 37 (W481 and W729) post-anthesis (P<0.001).

In 2013, leaf senescence duration in thermal time (SEN+o7), leaf senescence duration
in calendar days (SENpur) and senescence rate (SENgate) Iin the post-anthesis
period were measured. SEN+tot ranged from 739 °Cd (W481) to 1021 °Cd (Oakley)
(P=0.006). A positive relationship amongst genotypes was found between SENtort
and grain yield per plant (R?=0.51, P<0.001) and with the last leaf SPAD
measurement (27 July 2013) (R*=0.34, P<0.013). SENpur ranged from 19 (W468)
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days to 37 days (Paragon) (P<0.001). Finally SENgate varied from 26 °Cd™
(Paragon and W352) to 42 °Cd™ (W468).

Cross-year ANOVA analysis showed no year effect on flag-leaf SPAD (P=0.16),
though the year x genotype interaction was significant (P=0.036). Indeed, SPAD
values decreased significantly for W223 (-27%) and for W141 (-15%) in 2012
compared to 2013, however, no significant differences between years for all other
genotypes. Overall Xil9 had the highest chlorophyll content at anthesis (55.74) and
W355 the lowest (38.36) (P<0.001).

Averaging over years regression analysis showed amongst genotypes: 1) a positive
linear relationship between SPAD and NUP at anthesis (R?=0.37, P=0.030); 2) a
negative linear relationship between leaf SPAD and NRE (R?=0.46, P<0.001) and 3)
a positive relationship between leaf SPAD at anthesis and leaf N concentration (%)
(R?=0.35, P<0.013) (Figure 4.10).
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Figure 4.10: Linear relationship between a) leaf post-anthesis chlorophyll content
(SPAD) and nitrogen remobilisation efficiency (NRE,%) amongst 17
genotypes, b) N uptake and SPAD at anthesis, ¢) SPAD at anthesis and leaf
N content (%) Values represent mean across two years 2012 and 2013.

Grain yield was positively associated amongst genotypes with AGDM (R =0.86, P <
0.001), NUP (R =0.78, P < 0.001), NUTE (R = 0.94, P < 0.001), NRE (R =0.70, P
< 0.01), flag leaf green area (FLA) (R = 0.59, P < 0.05) and with pre-anthesis
photosynthesis rate (PrA_Amax) (R = 0.52, P < 0.05). While AGDM was positively
associated with FLA (R = 0.57, P < 0.01), NRE (R =0.64, P <0.01), NUP_M (R =
0.85, P < 0.001), NUTE (R = 0.72, P < 0.001) and PrA_Amax (R = 0.60, P < 0.05)
(Table 4.17).
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Table 4.6: Flag leaf photosynthesis rate (Amay), relative chlorophyll content (SPAD) and chlorophyll fluorescence for 17 genotypes.

Armax (mmol m?2s?) SPAD Chl. Fluorescence
Genotype Pre-anthesis Post-anthesis Pre-anthesis Post-anthesis Pre-anthesis Post-anthesis
2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean 2012 2013 Mean
Oakley 248 197 222 199 156 177 453 50.6 48.0 324 269 297 0.57 0.60 0.59 0.60 057 058
Paragon 218 212 215 16.8 122 145 439 421 430 302 271 287 0.61 0.63 0.62 0.43 0.46 0.5
Rialto 257 230 244 156 154 155 466 469 468 342 341 341 0.54 055 0.54 0.62 059 0.61
Savannah 223 211 217 221 205 213 474 444 459 352 300 326 0.58 0.65 0.63 0.70 071 071
Xi19 226 213 219 174 150 16.2 46.7 534 501 352 318 335 0.58 0.60 0.59 0.60 0.60 0.60
W034 225 177 201 169 119 144 439 439 439 314 340 327 0.51 0.54 052 0.38 0.44 0.41
W040 238 183 211 169 132 151 51.0 494  50.2 347 308 328 0.43 0.44 0.44 0.40 0.44 0.42
W141 262 216 239 195 154 174 414 424 419 314 326 320 0.52 047 047 0.41 0.37 0.39
W209 229 188 209 139 108 123 452 453 453 315 326 320 0.58 061 0.59 0.48 052 0.50
W223 225 157 191 145 104 125 417 387 402 299 341 320 0.39 042 041 0.46 043 0.44
W292 239 183 211 11.0 95 102 474 447  46.0 341 316 328 0.44 0.44 0.44 0.37 034 0.36
W352 248 197 223 13.9 150 144 445 439 442 30.7 348 327 0.48 0.52 0.50 0.37 0.42 0.40
W355 215 165 19.0 16.0 102 13.1 46.1 449 455 327 346 336 0.43 0.36 0.36 0.38 036 0.37
W468 199 158 178 102 840 9.30 442 506 474 338 316 327 0.53 053 0.3 0.35 0.43  0.39
w481 199 185 192 11.4 850 9.90 472 443 458 314 371 342 0.56 0.60 0.58 0.35 039 0.37
W579 209 186 19.8 114 610 870 423 412 418 326 288 307 0.52 047 0.44 0.38 029 0.34
W729 211 181 19.6 13.0 101 116 424 453 439 29.0 368 329 0.61 0.64 0.63 0.41 0.46  0.44
Mean 228 191 209 153 122 1338 451 454 453 324 323 323 052 053 052 045 046  0.46
S.E.D (df)
Genotype (66) L4wes ] Qrrx D Zwwx IS Rt T W 1.6%%x 3QRwx 4 ] 1.8%%x 3 gEwx ] Bk 0.04%*%  0,02%%*  2,02%** 1.04%%*  002%**  (,03%**
Year (66) 0.4* 0.009 NS 0.7NS 0.5NS 0.009*** 0.01%*=*
GXY (66) 3.6%* 0.037 * 5.8 NS 4.2%** 0.035 *** 0.08**=*

Probability significance: ***: P<0.001, **; P<0.01 and *: P<0.05
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Table 4.7: Pearson’s correlation coefficient between different traits (AGDM: above-ground dry matter, AD: anthesis date, PH: plant height, Pr_Anax:

pre-anthesis photosynthetic rate, Po_Ana: post anthesis photosynthetic rate, Pr_SPAD: pre-anthesis Chlorophyll content, Po_SPAD: post-anthesis
Chlorophyll content, Pr_QY:: Pre-anthesis chlorophyll fluorescence, Po_QY: Post-anthesis chlorophyll fluorescence, FLA: flag leaf area, SFLA:
specific flag leaf area, NUPA: N uptake at anthesis, NUPM: N uptake at maturity, NUTE: N utilisation efficiency, NRE: N remobilisation efficiency

and GNC: grain N concentration (%). The correlations are based on means of 2012 and 2013.

PoA
Traits Yieldk AGDM  AD PH Zrnﬁx— Zzan— ELAA—D ASDP gré— g‘;A— FLA SFLA NUPA ,'E'/IUP NUTE  NRE
AGDM  0.86%**
AD 035  0.08
PH 040  -0.04 0.90%%x
Pr Ame  051*  060**  -003  -026
PO Amx 037 027 021 -049%  0.67*
Pr SPAD -051* -0.41 0.15 0.14 009 011
Po_SPAD -008  -0.07 007 028 0.25 0.37 0.36
PrQY 018  -0.07 0.64%  -0.73%* 022 0.32 017  -0.03
PoQY 035 014 0.58%  -0.83%* 049%  0.75%** 000 043 0.59*
FLA 0.59*  0.66**  -005  -0.27 0.71**  0.39 047 011 039 0.33
SFLA 010  0.06 0.14 0.18 016 007 0.01 035 -047 -019  -0.21
NUPA 028  0.29 0.06 -0.28 0.48*  0.75*** 020 043 014 061** 033 023
NUPM  0.78%** 085** 006  -0.24 0.62%*  0.32 008 008 018 0.33 0.55* -0.05 0.32
NUTE 0.94%%* (072%* 043  -0.40 0.39 0.33 0.65** -0.14 011 0.29 049* 017 020  0.54*
NRE 0.70%*  0.64**  0.01 -0.16 0.47 056**  -0.67** -008 003 0.26 055% 017  0.64** 043 0.72%**
GNC -0.65%* -0.37 0.58*  0.64** 037  -052* 046 029 -0.15 -0.61** -036 -026 -042 -021 -0.78*** -0.56*

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05
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4.3.2 Field experiment (10 genotypes) 2011/12
4.3.2.1 Biomass, grain yield and components

AGDM increased from 11.1 t ha under LN to 15.60 t ha™ under HN (P< 0.05).
Genotypes ranged from 9.5 t ha (W209) to 21.2 t ha™ (Paragon) under HN and
from 6.8 t ha’ (W209) to 14.6 t ha™ (Paragon) under LN (P<0.001). The N x

genotype interaction was not significant (P=0.806).

Grain yield increased from 4.61 t ha™ under low N to 5.47 t ha™ under high N
conditions (P=0.005). Genotypes ranged from 3.21 t ha® (W729) to 9.05 t ha®
(Paragon) under HN and from 2.30 t ha™* (W209) to 6.37 t ha™ (Paragon) (P< 0.001)
under LN conditions. There was a trend for a N treatment x genotype interaction
(P=0.096). Under high N, UK varieties generally had higher grain yield than
Watkins lines. Furthermore, Rialto, Paragon, and Savannah lost relatively more yield
under low N (-30%, -30% and -24% respectively) than WO040 (-9.8%) and W141
(6%).

HI increased from 0.35 under HN to 0.42 under LN (P=0.005). Amongst genotypes,
HI ranged from 0.27 (W141 and W352) to 0.43 (Rialto) under HN and from 0.33
(W352) to 0.50 (Savannah) under LN (P<0.001). There was a trend for a N X
genotype interaction (P=0.096); the lines W141, W034 and W729 decreased HI
relatively more under HN conditions (-32%, -29% and -24% respectively) than UK

varieties Rialto, Savannah and Paragon (-2.4%, -7.82% and -15%, respectively).

A positive correlation was found amongst genotypes between AGDM and grain
yield (R?=0.79, P<0.001 under HN and R®=0.85, P<0.001 under LN) and between Hl
and grain yield (R?=0.36, P<0.05 under HN and R?=0.17, P=0.188) (Figure 4.11).
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Table 4.8: Grain yield, above-ground biomass (AGDM) and Harvest Index (HI)
amongst 10 genotypes

Grain Yield AGDM
(t 100% (t 100% HI
Genotype (G) 1 1
DM ha™) DM ha™)
HN LN HN LN HN LN
Paragon 9.05 6.37 21.2 14.6 0.42 0.44
Rialto 8.86 6.24 21.0 13.8 0.43 0.46
Savannah 6.01 4.56 14.3 9.2 0.42 0.50
W034 4.34 4.79 13.5 10.5 0.32 0.46
W040 6.27 5.65 18.3 14.2 0.36 0.41
w141 4,98 5.29 18.7 13.3 0.27 0.40
W209 3.18 2.30 9.5 6.8 0.35 0.34
W223 4,37 4,51 12.8 10.9 0.34 0.41
W352 4.47 3.84 16.7 11.5 0.27 0.33
W729 3.21 2.55 9.9 5.9 0.33 0.44
Mean 5.47 4.61 15.60 11.1 0.35 0.42
SED (df)
Genotype (36) 0.38*** 1.78*** 0.026***
Nitrogen(2) 0.25* 0.85*
GXN (36) 1.29%** 2.54NS 0.035NS
Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05
12 4 =
¢HN 41N a) 2 oHN LN
e
Y=24.15X-2.52
g | Y=0.39X+0.18 g RZ= 0.36*
_ R? = 0,85***
©
£
T 4 4 - .’/‘/{/‘
2
= 7 Y=0.49X-1.66
R = 0.79*** Y=10.31X+0.20
R?=0.17
O T T T T O T T T |
4 8 12 16 20 0.2 0.3 0.4 0.5 0.6
AGDM (tha?) HI

Figure 4.11: Linear relationship amongst 10 genotypes between grain yield (100% DM)
and a) AGDM, b) harvest index (HI).
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Ears per m? increased from 408 under LN to 535 under HN (P<0.032). Genotypes
ranged from 412 (W040) to 863 (W223) m™ under HN and from 252 (Savannah) to
490 (W352) m? under LN (P<0.001). The N x genotype interaction was not
significant (P=0.232). Amongst UK cultivars, Rialto had the most ears m™ under HN
(523), and Paragon (450) had the most under LN. However, amongst Watkins lines,
the highest ear density was recorded in W223 (92% significantly higher than Rialto)
under HN in the range 412 - 863 and in W352 (10% higher than Paragon) under LN
in the range 327 - 490.

Grains per m? increased from 12679 under LN to 15539 under HN (P=0.046).
Genotypes ranged from 10,018 (W209) to 24,941 (Rialto) under HN and from 7,051
(W209) to 17,778 (Paragon) undr LN (P<0.001). The N x genotype interaction was
significant (P=<0.001). W209, Rialto, Paragon and Savannah lost relatively more
grains per m? under LN (-30%, -29% -26% and -22% respectively) than W034,
W223 and W141 (+3%, -7% and -7%).

Regarding TGW, the effects of genotype and the genotype x N treatment interaction
were highly significant (P<0.001, P<0.001). However, N treatment did not have any
effect (P=0.309). UK cultivars lost less TGW under LN (-5%, -3% and -1% for
Paragon, Savannah and Rialto respectively) than W141 (+13%), W223 (+9%) and
W209 (+95%).
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Table 4.9: Ears per m?, grains per m? and thousand grain weight (TGW) amongst 10

genotypes
Ears m™ Grains m™ TGW (g)

Genotype

HN LN HN LN HN LN
Paragon 450 444 24 117 17778 37.7 35.8
Rialto 523 331 24 941 17719 35.9 354
Savannah 416 252 15 658 12 168 38.6 37.4
W034 583 446 12734 13 106 34.3 36.5
W040 412 401 16 015 14 018 39.5 40.3
W141 545 327 13 094 12 166 37.9 43.5
W209 649 456 10018 7051 31.6 345
W223 863 488 13 262 12 383 33.2 36.4
W352 441 490 15 105 12 328 29.1 31.2
W729 463 432 10 444 8074 30.7 31.6
Mean 535 417 15539 12 679 34.8 36.3
SED (df)
Genotype (36) 57.8*** 1148*** 0.72 ***
Nitrogen (2) 23.7* 793*
GXN (36) 81.1NS 1733%** 1.43 ***

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05

4.3.2.2 N-use efficiency components and grain N

content (NG)

a- NUE and NUE components

NUP ranged from 164 kg N ha™ (W209) to 414 kg N ha™® (Rialto) under HN and
from 108.4 kg N/ha (W209) to 214.6 kg N ha™ (W040) under LN (P<0.001). The N
treatment x genotype interaction was significant (P<0.001). A larger decrease in
NUP under HN was recorded in W355 (-66%) and in Paragon (-55%) than for W040

(-23%) and W223 (-37%).

There was a positive linear relationship between NUP and grain yield (R?=0.69,
P<0.05) under HN and (R?=0.81, P<0.001) under LN; and also between NUP and
AGDM (R?=0.73, P<0.001) under HN and (R?=0.65, P<0.01) under LN conditions

(Figure 4.12).

Both N treatment (P=0.002) and genotype (P<0.001) had an effect on NUTE. The N

treatment x genotype interaction was not significant (P=0.158). NUTE ranged from
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17.7 kg kg™ (W040) to 26.7 kg kg™ (Paragon) under HN and from 24.0 kg kg™
(W729) to 38.2 kg kg™ (Paragon) under LN.

A positive linear association was found between NUTE and grain yield under HN
(R?=0.39, P<0.05) and LN (R?=0.64, P<0.01). Also a positive relationship between
NUTE and AGDM under LN was found (R*=0.56, P<0.05), However under LN
there was no significant relationship between AGDM and NUTE (Figure 4.13).
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Figure 4.12: Linear relationship amongst 10 genotype under HN and LN between: a)
grain yield and NUP and b) AGDM and NUP

102



=
N
J

°LN s HN a)
10 7 A A
& 8 v=043x-293
= R?=0.39* A
% 6 1 A,
=
£ 4 - 4
e A A
© [ ]
2 - Y=0.23X - 3.09
R? = 0.64**
O T T T T 1
0 10 20 30 40 50
NUTE (Kg Kg')
_ 25 -
r,-m e LN a HN b)
= A A
= 20 -
w A
: L
15 - o

(=] A [
@ 'Y o
=]
g 10 - A A °
o
oo P L4
@ 5 4 vy=0.43X+6.70 Y=0.50X-5.33
3 R?=0.13 R?= 0.56%
s
ﬁ O T T T T |

15 20 25 30 35 40

NUTE (Kg Kg?)

Figure 4.13: Linear relationship amongst 10 genotypes under HN and LN a) between
NUTE and grain yield, and b) between NUTE and above-ground biomass
(AGDM)

A positive linear association was found between NUTE and NUE (R®=0.31, P=0.093
under HN and R?=0.66, P<0.001 under LN) and between NUPE and NUE (R?=0.75,
P<0.001 under HN and R?=0.80, P<0.001 under LN) (Figure 4.14).
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Figure 4.14: Linear relationship amongst 10 genotypes between NUPE and NUTE a)
under HN, b) under LN conditions

b- Grain nitrogen concentration (GNC)

Both N treatment and genotype had an effect on grain N concentration (GNC)
(P=0.008 and P<0.001 respectively). However, the N treatment X genotype
interaction was not significant (P=0.052). GNC ranged from 2.44 (Savannah) to 3.37
(W352) under HN and from 1.95 (Paragon) to 2.75 (W729) under LN. A negative
linear relationship was found between grain N content and grain yield (R*=0.41,
P<0.05 and R?=0.62, P<0.01, respectively, for HN and LN) (Figure 4.15).
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Figure 4.15: Linear relationship between grain yield (t ha™ 100% DM) and grain N
content (GNC) under HN and LN amongst 10 genotypes

Table 4.10: N-uptake (NUP, kg N ha™), N-utilisation Efficiency (NUTE, kg DM kg™ N)
and grain N concentration (%) amongst 10 genotypes under high (HN) and low (LN) N

treatments.
NUP
GN
(kg Ntha NUTE
Genotype ) 1 (%)
) (KgKg™)

HN LN HN LN HN LN
Paragon 370 166 26.7 38.2 2.48 1.95
Rialto 414 - 23.8 - 2.61 2.18
Savannah 233 127 25.6 36.9 2.44 1.99
W034 302 154 19.2 311 3.06 2.46
W040 226 174 17.7 32.9 2.84 2.24
w141 318 163 17.9 324 3.04 2.35
W209 164 88 20.8 26.2 3.01 2.67
W223 226 142 19.5 32.2 2.92 2.44
W352 329 111 18.0 34.6 3.37 2.30
W729 183 121 17.9 24.0 3.18 2.75
Mean 276 138 20.53 321 2.9 2.3
SED (df)
Genotype (36) 14.7%** 1.93*** 0.10***
Nitrogen (2) 12.4* 0.52** 0.05**
GXN (36) 23.3*%** 2.65NS 0.14*

Probability significance: ***: P<0.001, **: P<0.01 and *: P<0.05
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Amax (umol m2st)

4.3.2.3 Photosynthesis rate and canopy size
a- Flag-leaf Photosynthesis (Amax)

Overall, leaf Amax increased from 22.6 pumol m? st under HN to 24.80 umol m?s?t
under LN pre-anthesis (P<0.001) and from 20.95 pumol m? s to 22.60 pmol m?s?t
post-anthesis (P=0.002).

Leaf photosynthesis rate differed between genotypes in the range 19.64 - 24.14 pmol
m? s under HN and 19.31 - 24.71 umol m? s under LN pre-anthesis (P=0.002)
and in the range 16.81 - 23.62 pmol m? s™ under HN and 19.31 - 24.71 pmol m? s™
under LN post-anthesis (P<0.001). The N treatment x genotype interaction was not
significant pre-anthesis (P=0.216). However, it was significant post-anthesis
(P=0.003): Rialto, W729, W034, W209 and W352 had relatively higher Anax under
LN conditions (+29%, +26%, +17%, +17% and +12% respectively), than W141 and
Savannah (-9% and -6% respectively) compared to HN conditions.

Photosynthesis rate decreased between pre-anthesis and post-anthesis from 24.80 to
25.60 pmol m? s under LN (P<0.001), and from 22.56 to 20.96 pmol m™ s™* under
HN. (Figure 4.16).
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Figure 4.16: Leaf photosynthesis rate (Ama, pmol m?s™): a) pre-anthesis and b) post-
anthesis.

There was a linear relationship between post-anthesis Anax and grain yield under HN
(R?=0.37, <0.05) than under (R?*=0.09, NS). Similarly, the linear regression of
AGDM on post-anthesis Amax Was significant (R?=0.35, P<0.05) under HN, but not
under LN conditions. Post-anthesis Amax had a trend of positively associated with
NUP at maturity under HN (R?=0.11, P<0.001) but not under LN (Figure 4.17).
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Figure 4.17: Linear regression of a) grain yield on post-anthesis flag-leaf An.x b) above-

ground DM on post-anthesis flag-leaf Amax and ¢) N uptake on post-

anthesis flag-leaf Anyax.

b- Normalized difference vegetation Index (NDVI)

Five NDVI measurements were taken using the CropScan MSR16 radiometer.

Differences between genotypes and between N treatments were observed for all

measurements (P<0.01; Figure 18). The measurements were grouped into pre-
anthesis NDVI (PrA_NDVI: average of two measurements on 16 and 22 May) and

post-anthesis NDVI (PoA_NDVI: average of three measurements on 20 June, 12 and

23 July).

Under HN, there were two groups of genotypes having similar NDVI in all dates of

measurements. The first group was formed by UK cultivars (Paragon, Rialto and

Savannah) in addition to W040 and the second group by all other Watkins lines
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(W034, W141, W209, W223, W352 and W729). For the first group, NDVI was
higher pre-anthesis (0.90), and the decrease slower after anthesis (0.85) and finally
this group decreased to about 0.70. The second group had also high NDVI pre-
anthesis (0.90) but decreased more rapidly after anthesis to lower NDVI (0.50) at the

last measurement (Figure 14.19).
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Figure 4.18: NDVI on four dates under HN and LN conditions

Under HN, overall NDVI decreased from 0.90 pre-anthesis to 0.65 post-anthesis
(P<0.001). Pre-anthesis NDVI ranged from 0.88 (W729, W209 and W034), to 0.92
(W141 and Rialto). However, post-anthesis, NDVI ranged from 0.53 for W729 to
0.78 for Paragon. Paragon, W141 and W040 had generally higher NDVI than most
other genotypes on all assessment dates, whereas Savannah had the lowest NDVI on
the first assessment date (0.65) but did not decrease as quickly as other genotypes
(Figure 4.19).
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Figure 4.19: NDVI measurements in 4 different dates under HN and LN conditions

N treatment had an effect on PrA_NDVI (P=0.003) and PoA NDVI (P=0.006).
NDVI both pre- and post-anthesis was higher in HN for all genotypes; there was no
significant genotype x N treatment interaction for either prA or POA NDVI, P=0.143
and P=0.067, respectively).

Under LN, overall NDVI decreased from 0.70 pre-anthesis to 0.56 post-anthesis
(P<0.001). The highest NDVI pre-anthesis was for Paragon (0.77) and the lowest for
Rialto (0.63). Post-anthesis the highest NDV1 was for Paragon (0.67) and the lowest
for W729 (0.42).

Regression analysis showed that:

- Under HN, grain yield was more strongly associated with Pre-anthesis
NDVI (R*=0.71, P<0.01) than with post-anthesis (R?=0.53, NS) (Figure
4.20 a).

- Under LN, the linear relationship between grain yield and NDVI was
stronger post-anthesis (R?=0.67, P<0.05) than pre-anthesis (R°=0.51,
P<0.05) (Figure 4.20 b).
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- Under HN, the linear relationship between NDVI and AGDM was
stronger pre-anthesis (R?=0.68, P<0.01) than post-anthesis (R?=0.27, NS)

(Figure 4.20 c).

- Under LN, the relationship between NDVI and AGDM was similarly
associated with pre-anthesis NDVI (R°=0.59, P<0.05) and post-anthesis
(R?=0.53, P<0.05).

Table 4.11: Regression coefficient (R?) between harvest AGDM and NDV| assessments
on four dates in both HN and LN treatments.

NDVI assessments ~ 16-May  22-May 11-Jul 23-Jul
AGDM HN 0.68** 0.58** 0.25 0.42*
LN 0.52* 0.64** 0.01 0.31
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Figure 4.20: Relationship between NDVI and a) grain yield (100% DM) under HN b)
grain yield under LN ¢) AGDM under HN d) AGDM under LN.
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4.3.3 Relationship between results in glasshouse and
field experiments

For the same set of 10 genotypes, linear regression analysis of glasshouse data and
field data under HN conditions showed a positive association between (Figure 4.21):

- Grain yield in the field (t ha™) and in the glasshouse (g plant™) (R? =

0.45, P<0.05).

- AGDM in the field (t ha™) and in the glasshouse (g plant™®) (R = 0.71,
P<0.01).

- NUP in the field (t ha™) and NUP in the glasshouse (g plant™) (R? = 0.58,
P<0.01).

- Post-anthesis flag-leaf photosynthesis rate in the field and in the
glasshouse (R? = 0.45, P<0.05).

- Grain N concentration in the field and in the glasshouse (R? = 0.82,
P<0.001).
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4.4 Discussion

The discussion will start with grain yield and biomass results. Secondly, it will
consider N-use efficiency and components and finally it will finish with
physiological measurements in both glasshouse and field trials. The discussion will
focus on the comparison between UK cultivars and Watkins landraces, followed by a
comparison between field and glasshouse results for the 10 genotypes sown in both

environments.

4.4.1 Grainyield and biomass

For glasshouse experiments, all genotypes were pre-vernalized for 8 weeks and
grown in the same conditions in both years. The year effect was not significant for
grain yield, AGDM and Hl.

Grain yield in the glasshouse was highest for UK cultivars Xil9 and Paragon.
However, other UK cultivars: Oakley and Rialto had similar yield to W141, with the
highest grain yield amongst Watkins lines. In the field, grain yield increased under
HN. Under HN, Paragon and Rialto had the highest yield amongst genotypes with
Savannah, W034 and W141 also showing high yields. Under LN Paragon, Rialto,
W040, W141 had the highest and significantly similar yields.

The genetic gain in wheat grain yield in the last decades was mainly associated with
improvement in HI (Foulkes, 2009). Grain yield improvement was also associated
with improvement in biomass in some countries since ca. 1985 (Austin, 1982,
Shearman et al. 1990; Foulkes et al. 2009). Consistent with theoretical predictions
for C3 species (Zhu et al. 2010), increases in above-ground biomass of wheat have
been reported in recent years (Shearman et al. 2005; Bustos et al. 2013 Sadras et al.
2013) and some physiological and genetic bases identified (Reynolds et al. 2009).

In the current study, grain yield in glasshouse and field experiment under HN
conditions was more associated with AGDM. Breeders should exploit the positive
association between yield and biomass for increased yield in wheat varieties. Under
HN, the two Watkins lines, W040 and W141 had significantly AGDM to the three
UK cultivars, while under LN all Watkins genotypes had similar AGDM to UK
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cultivars except W209, and W729. However, five lines (W034, W040, W209, W223
and W729) maintained AGDM better under LN than all UK cultivars.

In the glasshouse, grain yield was stongly associated with grains per ear, however no
association was found with ears plant™ or with TGW. In the field experiment, the
increase in grain yield was mainly associated with ears m™ and grain m™ rather than
with TGW. Among the yield components, the grains m™ was observed to be the best
indicator of grain yield response to N application. However, yield components
frequently mutually compensate and high yields are often attainable by diametrically

opposite routes (Pask, 2009).

The grain “sink size” is determined by the grains m™, which is typically more closely
associated with grain yield under optimal conditions than under abiotic stress
(Satorre and Slafer, 1999; Shearman et al. 2005; Gaju et al. 2011) than grain weight
(Fischer, 1985; Savin and Slafer, 1991). During development ears m™ is determined
first, then grains ear™, and finally grain weight. Grain number per m? in wheat is
largely determined by the number of florets that survive to anthesis (Gonzalez et al.
2012). Wheat plants generally produce a large number of floret primordia but only a
small proportion survive and complete their development to produce a fertile floret
(Kirby, 1988; Sibony and Pinthus, 1988). Miralles et al. (2000) suggested that ear
growth during the stem elongation phase, in which the spike and stem competing for
assimilates, was associated with the number of fertile florets per spike. Thus the
extending of the stem-elongation period could be a way to reduce assimilate

competition and thereby increase the number of fertile florets and grain yield.

In the glasshouse experiments, W141 had the highest TGW followed by W355,
WO034 and Paragon. Rialto and Savannah had lower TGW than the majority of

Watkins lines.

The vyield response to the N availability of UK cultivars is different from Watkins
lines. Indeed, the UK cultivars Paragon, Rialto, W209 and Savannah lost more yield
under LN. In contrast, the grain yield did not change for W034, W141 and W223.
This confirms previous findings that to attain their maximum yield, modern varieties
in developed countries require more N inputs because they were selected under non-

limiting fertization conditions (Brancourt-Hulmel et al. 2005; Banziger et al. 1997
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and Presterl et al. 2003; Foulkes, 2009; 1998). On the other hand, wheat landraces
could have a deeper rooting system. Studies on landraces noted that root size of
landraces is bigger than that of modern cultivars. The root system of which may be
too small to uptake more water and nutrients from deeper layers resulting in reduced
biomass and reduced grain yield (Waines, Ehdaie 2007; Grando and Checcarelli,
1995).

Regarding AGDM in the glasshouse, Paragon, Rialto, Xi19 and W141 produced
more biomass per plant than all other genotypes, however; some Watkins lines
produced similar AGDM to Xi19 and more than Oakley (W579 and W040). Miralles
and Slafer, (1997) found that AGDM was positively associated with plant height in
wheat, however, in the present experiment, no association was found between

AGDM and plant height either in the glasshouse or in the field.

In the field averaging overall genotypes, AGDM was increased under HN. UK
cultivars lost more biomass under LN than some Watkins lines. Biomass was
associated with post-anthesis photosynthesis rate under HN conditions in the field.
Extended duration of photosynthesis increases total photosynthesis, biomass and
yield (Richards, 2000). Chlorophyll content, total photosynthesis, the onset of
senescence and green leaf duration were positively associated with biomass and
grain yield (Wand et al. 2008 and Kichey et al. 2007). A positive relationship was
found between post-anthesis senescence duration (SENtor) and grain yield in the
glasshouse experiment (2013). Genetic variation for AGDM response to N was
found, and, W729,Savannah, Rialto, W352 and Paragon lost significantly more
biomass under LN than W040, W034 and W223. UK cultivars seemed to be more
adapted to the high N environment, and landraces may have deeper root allowing

keeping higher AGDM under LN conditions.

4.4.2 N use efficiency and components

Overall NUE and NUE components differed between genotypes in the glasshouse,
and field experiment, which confirms that there is a genetic component of NUE that
potentially allows for breeding.. High correlation was found between genetic
variation in the field (under HN conditions) and glasshouse experiments for NUP.
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Some Watkins landraces had high NUP in both glasshouse and field experiments
(W040, W141 and W579), with similar NUP to Paragon, and better than Oakley.

In the field, there was high genetic variation in NUE response to increasing N
supply. This variation was more associated with NUTE than with NUPE.. A negative
relationship was also found between NUE response to N and grain N concentration
response to N.

The genetic variation in NUTE was positively associated with NHI in the glasshouse
and in the field experiment under HN, however, no association was found under LN
in the field. The association between NUTE and grain N concentration was negative
in the glasshouse, and in the field under HN and under LN . These results are
consistent with previous findings (Ortiz-Monasterio et al. 1997; Brancourt-Hulmel et
al. 2003; Foulkes et al. 1998). Increasing NUTE is associated with decrease in GNC,
which is advantageous for feed, distilling and biofuel wheats (high ratio of starch to
protein required); however, for bread wheat cultivars for which protein concentration
is required, increasing NUTE should be associated with the increase in NHI. The
minimum amount of grain protein concentration (GPC) reported in wheat is in the
range 6.8-7.2% (Martre et al. 2006; Bogard et al. 2011; Kindred et al. 2006),
equivalent (assuming conversion ratio of 5.7) to 1.2% of grain N. It is uncertain
whether is is possible to decrease below this value since N is required for the cells
structure and other metabolisms. This gives grain a minimum N concentration of
approximately 1.5% (Sinclair and Amir, 1992), after which, the synthesis of grain
storage proteins typically increases the grain N concentration to 2.1-2.3% (about 12-

13% protein, typical of milling wheat).

Previous studies reported genotypic variation for NUTE in wheat and barley (Cox et
al. 1986; May et al. 1991; Gaju et al. 2011; Barraclough et al. 2011). In addition,
Slafer et al. (1996) and Ortiz-Monasterio et al. (1997) stated that NUTE could be the
trait the most affected by breeding. Increased HI by breeding (Austin et al. 1980) has
a substantial effect on the improvement of NUTE (Calderini et al. 1999). In fact,
examination of the NUTE in this study showed that the effect of genotype on HI was

the main cause of the variety effect on NUTE in the glasshouse and in the field.
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4.4.3 Physiological traits

Significant genetic variation in leaf photosynthesis rate was identified both pre- and
post-anthesis. In the field, all genotypes had higher Amax under LN both pre- and
post-anthesis except for W223. In the field, significant variation in Amax exceeding
UK cultivars was found pre-anthesis in W352 and W141 under LN. However, under
HN, W223 and W034 had the highest values of Anax pre-anthesis. In the glasshouse,
UK cultivars generally had higher pre-anthesis. However, post-anthesis W141 and
WO040 had higher Anax than all UK cultivars. Since Amax Was partially associated
with yield and biomass, it could be a useful breeding trait to improve wheat biomass
and vyield. Pre-anthesis Anax Was also associated with grains per ear. This is in
agreement with findings by Slafer and Andrade, (1993), which demonstrated that

grain number per m? was related to floret survival determined just before anthesis.

Some recent evidence has suggested that an association between breeding progress
for yield and leaf activity traits, in particular increased photosynthetic may exist for
modern semi-dwarf wheats. Positive correlation between grain yield, photosynthetic
rate, and stomatal conductance in irrigated short spring wheats was observed by
Shimshi and Ephrat (1975). Fischer et al. (1998) reported higher stomatal
conductance pre-anthesis with year of release and found a positive association
between grains m? and grain yield and crop growth rate and RUE in the three week
period before flowering in one year out of the three in CIMMYT experiment in
Mexico. Greater light-saturated photosynthesis rate (Amax) was found in the more
recent cultivars. Changes in the flag leaf with breeding progress at CIMMYT (e.g.,
smaller, more erect flag leaves, higher N and chlorophyll per unit area) were similar
to those reported for winter wheat progress in the United Kingdom (Shearman et al.
2005).

However, Fischer et al. (1981) were unable to confirm fully this result in northwest
Mexico, possibly because photosynthesis measurements were indirect and imprecise,
relying upon carbon-14 uptake by the adaxial leaf surface. On the other hand,
Ensminger et al. (2006) demonstrated that photosynthesis rate and biomass
accumulation were tightly related. This was consistent with our finding since,
genetic variation pre-anthesis photosynthesis rate was better associated with biomass

than with yield.
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Genetic variation was also observed for leaf chlorophyll content (SPAD), pre-
anthesis, post-anthesis and at anthesis. A negative relationship was found between
leaf SPAD and NRE. Previous investigations have reported that genetic variation in
leaf senescence was associated with post-anthesis N remobilization in maize
(Masclaux et al. 2001) and sorghum (Van Oosterom et al. 2010a and b).

A high correlation between post-anthesis photosynthesis rate (Amax) and chlorophyll
fluorescence (QY) indicates scope for phenotyping for photosynthesis rate by
chlorophyll fluorescence measurement, since photosynthesis measurement is
laborious and time consuming. Also, since the most important traits (yield, AGDM,
NUP and Anmax) in the field and in the glasshouse (all per plant) were correlated,
high-throughput phenotyping may be carried out in the glasshouse and extended to
the field measurements, mainly the photosynthesis, since measurements are
laborious in the field associated with heavy equipment and also with variables

affected by weather conditions.
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Chapter 5: Grainyield, yield components, above-
ground biomass and NUE components in Paragon x
W481 and Paragon x W141 SSD mapping populations

5.1 Introduction

Since the current rate of genetic gain of grain yield in wheat is about 0.5-1.0% per
year (Miralles and Slafer, 2007; Foulkes al. 2010; Fischer and Edmeades, 2010)
which is lower than the predicted rate of increase of demand for wheat of 1.2%
year * (lower biofuel requirement estimate) or 1.3% year* (upper biofuel
requirement estimate) from now until 2050 (Rosegrant and Cline, 2003; Singh and
Trethowan, 2007; Foulkes et al. 2010; Hall and Richards, 2013), an acceleration in
genetic yield potential improvement is required. This must be achieved whilst at the
same time meeting the challenge of climate change which makes grain production

more unpredictable.

Future gains in grain yield by increasing HI may be difficult since HI in some
countries is already approaching its theoretical limit of ca. 0.64 (Mann, 1999, Evans
and Fischer 1999, Foulkes, 2009). Therefore, the most promising option for yield
potential increase in the future years will be increasing aboveground biomass. To
improve biomass productivity genetically, wheat scientists have focused on a
number of physiological traits in the last two decades, including increased leaf

carbon fixation rate, leaf stay-green and spike fertility (Reynolds et al. 2012).

Modern wheat cultivars in developed countries require large amounts of N fertilisers
to produce high yields and are selected under non-limiting N fertilisation conditions
(Foulkes et al. 2009). Consumption rates of nitrogen in the world for cereals
increased from 13.5 million tons in 1962 to ~ 120 million tons in 2012 (FAO 2012).
Nevertheless, due to economical and ecological factors, agricultural practices have
tended towards extensive systems with lower inputs of nitrogen (N) fertilisers.
Therefore, wheat breeders must aim to release cultivars with a lower requirement for
N fertiliser not only to decrease the pollution risk to ecosystems (Le Gouis et al.

2000), but also to lower production cost.

Since breeding is more focused and effective when limiting processes are known, the

improvement of breeding programs through selection for physiological traits needs
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better understanding of the traits limiting the performance of cultivars across
different target environments (e.g. according to N availability). More effective
approaches to wheat improvement require knowledge of the important physiological
limits to yield potential.

New genetic resources should be tested for NUE to enhance the selection base of
wheat germplasm and pre-breeding investigations on wider germplasm are required
Crossing more adapted cultivars with landrace accessions is one avenue to increase

allelic diversity for abiotic stress tolerance (Reynolds et al. 2006).

The objective of this chapter was to quantify genetic variation in grain yield, N-use
efficiency and NUE components and associated traits at harvest in two SSD mapping

populations under contrasting N supply. The specific aims were to:

1) Quantify novel variation in grain yield, above-ground biomass, NUE and
NUE components among lines of two SSD mapping populations (Paragon x
landrace W481 and Paragon x landrace W141) under low N and high N
conditions and the response to N availability.

2) Increase the understanding of the physiological processes determining
genetic variation in grain yield, biomass production, NUE, N-Uptake
Efficiency, N-Utilization Efficiency and N partitioning within the crop at
harvest.

3) ldentify novel genetic variation in the two SSD populations for
physiological determinants of crop growth at harvest linked to grain yield,

above-ground biomass, NUE and NUE components.

4) Determine the contribution of each NUE component in the genetic variation
in NUE in the two SSD populations under high N and low N conditions.

5) Determine the relationships amongst genotypes in the two SSD populations
between anthesis date and plant height NUE, NUE components, grain yield

and above-ground biomass.
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5.2 Materials and methods

5.2.1 Plant material and experimental design

In 2011/12, one field experiment examining 79 SSD lines of a mapping population
from the cross between the UK spring wheat cultivar Paragon and the AE Watkins
landrace line W481 (P x W481) and the two parents was carried out. Two N
treatments were applied, high N (HN = 200 kg N ha™®) and low N (LN =30 kg N ha’
1. In 2012/13, two field experiments, one examining 79 SSD lines of P x W481 and
the two parents and another examining 97 SSD lines of a mapping population from
the cross between Paragon and AE Watkins landrace line W141 (P x W141) and the
tow parental lines, were conducted under two N treatments (HN =200 kg N ha™ and
LN = 0 kg N ha™). In each experiment, a split-plot design with three replicates was
used with N treatments randomised on main plots and genotypes randomised on sub-
plots. Sub-Plots (1 x 1.2 m) comprised 6 rows of 1 m length with 20 cm between

rows.

5.2.2 Grainyield and biomass

At physiological maturity, a sample of above-ground material of one row of 1 m
length in 2011/12 and 0.5 m row length in 2012/13 was harvested (avoiding the outer
rows on either side of the plot) and analysed for above-ground biomass (for more

details see chapter 3.1.6).

Grain yield, HI (Harvest Index) and above-biomass were measured on the sample at
harvest and the remaining plot area was machine-harvested to obtain grain yield. The
total grain yield per plot was calculated by adding the grain from the 1.0/0.5 m row
length and machine harvested grain together and biomass was calculated by dividing
total grain yield by HI (from the 1.0/0.5 m row length sample).

5.2.3 Crop N content, NUE and NUE components

To estimate N content of plant material (grains and straw) at harvest, all samples
were scanned (milled samples for straw and whole grain without milling) using Near

Infra-Red Spectroscopy (monochromator NIRS 6511 analyzer systems).

This technique needed to be calibrated by chemical analysis on a subset of samples

using the combustion method (Dumas) for the straw and grain separately. NIRS
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calibration was carried out for each mapping population and each year. The Dumas
method using the Fisson NA-2000 elemental analyzer (Fisson, Ipswich, UK) was

calibrated itself against Sulfonamide (N content = 16.24%).

N-use efficiency (NUE) was calculated using the equation 4.1:
NUE = NUPE x NUTE: Equ4.l

NUPE (N-uptake efficiency) = above-ground N uptake per unit N available from the

soil and fertiliser.

NUTE (N-utilisation efficiency) = grain DM vyield per unit above-ground N uptake at
harvest.

Genotype, N treatment, year and interaction effects were analysed using GENSTAT
version 15 software. Full details are given in the Material and Methods section
(Chapter 3).

5.3 Results

5.3.1 Paragon x W481 mapping population
5.3.1.1 Anthesis date (AD) and plant height (PH)
a-2011/12

There was a trend for increased N supply to slightly delay anthesis date (AD)
(P=0.055), with SSD lines ranging from 17 June (L481-19) to 20 June (L481-22)
under HN and from 16 June (L481-50) to 21 June (L481-69) under LN (P<0.001).
There was no N treatment X genotype interaction (P = 0.119). There was no
significant difference between Paragon (19 June under HN and 18 June under LN)
and W481 (19 June under both HN and LN) (P=0.768). Transgressive segregation
was observed; under HN five SSD lines flowered before either Paragon (19 June) or
W481 (19 June) and under LN one line: L481-50 (16 June) flowered before Paragon
(18 June) and 12 lines (16 - 17 June) were earlier than W481 (19 June). Under high
N six lines (20 June) flowered later than W141 (19 June) however, no line flowered
later than Paragon (19 June). Under LN, 29 lines had later flowering than Paragon
(18 June) and one line: L481-69 (21 June) than W481 (19 June).
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Plant height (PH) was increased from 98 cm under LN to 116 cm (+18%) under HN
conditions (P=0.007). Amongst SSD lines plant height ranged from 93 to 133 cm
under HN and from 72 to 120 cm under LN (P<0.001). The N treatment x genotype
interaction was significant (P<0.001), with response to increase N supply ranging
from -2 cm (L481-49) to +43 cm (L481-28). Plant height increasing under HN by
23% (from 81 to 100 cm) for Paragon and by 34% (from 100 to 134 cm) for W481.
Under HN, no line was taller than W481 (133.5 cm), however, under LN seven lines,
in the range 109.3 (L481-59) - 119.8 cm (L481-27) were taller than W481 (100.2

cm).

b-2012/13

Increased N supply did not have any effect on anthesis date (P=0.212). All SSD lines
ranged from 14 June (L481-28) to 24 June (L481-19) under HN and from 16 June
(L481-30) to 24 June (L481-13) under LN (P<0.001). There was a N treatment X
genotype interaction (P = 0.728) with response to increased N supply ranging from -
5 days (L481-02) to +3 days (L481-61) days. There was no significant difference
between Paragon (21 June under both HN and LN) and W481 (21 June under both
HN and LN). Transgressive segregation was observed with, 26 SSD lines flowering
before either Paragon (21 June) or W481 (21 June) under HN and 17 SSD lines
flowering before either Paragon (21 June) or W481 (21 June) under LN.

There is a trend for increase plant height from 89 under LN to 99 cm under HN
(P=0.055). However, SSD lines ranged in height from 86 (L481-09) to 112 (L481-
19) cm under HN and from 72 (L481-28) - 106 (L481-19) cm under LN (P<0.001).
The N treatment x genotype interaction was significant (P=0.008). Under HN, no
line was taller than W481 (111.5 cm), however, all SSD lines were taller than
Paragon (82.0 cm) except L481-09 (86.67 cm). Under LN two lines, L481-27
(105.8) and L481-19 (106.0 cm) were significantly taller than W481 (98.3 cm),
while 54 SSD lines were taller than Paragon (80.3 cm) in the range of 86.2 cm
(L481-71) to 106.0 cm (L481-19) (Table 5.1).
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Table 5.1: Plant height (PH ) days to anthesis (DA, days after sowing) for parental lines and
mean, maximum and minimum of 79 lines of Paragon x W481 SSD population under HN and
LN treatments and in 2011/12 and 2012/13 experiments

PH (cm) DA (days)
2012 2013 2012 2013
HN LN HN LN HN LN HN LN

Paragon 100 81 82 80 236 234 245 245
W481 134 100 112 98 235 235 245 245
Min 93 72 87 72 233 233 238 240
Max 133 120 112 106 236 238 248 248
Mean 116 98 99 89 117 99 243 244
N-trt. 0.007 0.055 0.007 0.212
Genot. <0.001 <0.001 <0.001 <0.001
NXG <0.001 0.119 <0.001 0.728

5.3.1.2 Grain yield and yield components
a-2011/12

N treatment increased grain yield from 7.25 under LN to 8.63 t ha™ under HN
(P=0.06; Table 5.1). Amongst SSD lines, grain yield ranged from 5.24 (L481-14) to
11.02 (L481-64) t ha™ under HN and from 5.29 (L481-74) to 9.81 t ha™* (L481-76)
under LN (P<0.01). The N treatment X genotype interaction was significant
(P<0.001) with responses to reduced N ranging from -2.89 (L481-14) to -4.75 t ha
(L481-74).

Overall there was a significant difference in grain yield between the parental
genotypes, Paragon (10.45 under HN and 8.08 t ha™under LN) and W481 (6.80 and
6.81 t ha™, respectively). Grain yield of Paragon was amongst the highest genotypes
under HN; however, 10 SSD lines significantly exceeded its yield under LN.
Frequency distributions for grain yield under HN and LN are shown in Figure 5.1.
Grain yield under both N levels showed an approximately normal distribution,

suggesting polygenic inheritance.
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Figure 5.1: Frequency distribution of 79 Paragon x W481 SSD lines for grain yield (t ha™) in
2012 a) under HN and b) under LN.

Overall, ears m? increased from 389 under LN to 582 under HN conditions
(P=0.032) (Table 5.2). Amongst SSD lines, ears m™ ranged from 378 to 838 under
HN and from 282 to 557 under LN (P<0.001). The N x genotype interaction was
significant (P=0.025). There was no significant difference in ears m™ between the
two parental lines (625 under HN and 343 under LN for Paragon vs 653 under HN
and 323 under LN for W481) (P=0.929), and there was no interaction N treatment x
parental genotype (P=0.613).

There was a trend for increasing N supply to decrease TGW (P = 0.083) from 38.1
(LN) to 33.74 (HN) g (Table 5.2). Thousand grain weight of SSD lines ranged from
24.1 to 42.1 g under HN and from 30.0 to 44.3 g under LN (P<0.001). The N
treatment x genotype interaction was significant (P<0.001) with increases under LN
ranging from -2.9 g (L481-69) to +11.0 g (L481-57). Parental line W481 (38.1 g)
had higher TGW than Paragon (35.4 g).

In 2012, grain number per ear (GE) increased from 44.7 under HN to 50.7 under LN
(P<0.001). SSD lines ranged from 31.3 (L481-47) to 61.0 grains ear" (L481-29)
under HN and from 33.7 (L481-33) to 75.2 grains ear" (L481-64) under LN
(P<0.001). The N treatment x genotype interaction was significant (P=0.021), with
response to decreasing N supply ranging from -14.9 (L481-14) to +34.1 grains ear™
(L481-68). Under HN no SSD lines had more grains ear™ than Paragon (55.7) but 68
SSD lines had significantly higher GE than W481 (26.3). Under LN, no SSD line
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had higher GE than Paragon (66.3); however, three lines had significantly higher
values than W481 (55.8). The grains ear™ response to decreasing N supply was
higher for six SSD lines than Paragon (+10.6), whilst no SSD line had significantly
higher values than W481 (+29.4).

Increased N fertiliser overall increased grains m™ in SSD lines by 32% (from 19,26
to 26,34) (P=0.027; Table 5.3). Differences were observed between genotypes
(P<0.001) in the range 17,56 (L481-60) to 36,45 (L481-64) under HN and 13,26
(L481-74) to 28,10 (L481-64) under LN. The N treatment x genotype interaction was
significant (P=0.023) with decreases under low N ranging from 599 (L481-14) to
14,748 (L481-74). Under HN no line had higher grains m™ than Paragon (34.703),
however under LN; three lines: L481-80 (26,480), L481-44 (27,731) L481-64
(27,102) had significantly higher grains m™ than Paragon (22,813).

Regression analysis showed that grain yield was more strongly associated amongst
SSD lines with grains m™ under both HN an LN (R*= 0.68, P<0.001 under both HN
and LN) (Figure 5.2) than with TGW (P=0.088 and P=0.804, respectively).Grains m’
2 was negatively associated amongst SSD lines with TGW under both HN (R?= 0.26,
P<0.001) and LN (R?= 0.34, P<0.001) (Figure 5.3).
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Figure 5.2: Linear regression of grain yield (100% DM) on grains m~ amongst 79 Paragon x
W481 mapping population lines in HN (#) and LN (0).The parental lines are
indicated by: Il Paragon under HN, A W481 under HN, [J Paragon under LN and
A WA481 under LN.
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Figure 5.3: Linear regression betweenm(& and grains m? amongst 79 mapping population
lines in HN (@) and LN (0).The parental lines are indicated by: ll Paragon under
HN, A W481 under HN, [] Paragon under LN and A W481 under LN.

Table 5.2: Grain yield and thousand grain weight (TGW) for parental lines and mean,
maximum and minimum of 79 lines of Paragon x W481 SSD population under HN and LN
treatments and in 2011/12 and 2012/13 experiments

Grain Yield (t
ha) 100% DM TGW (g)

2012 2013 2012 2013

HN LN HN LN HN LN HN LN
Paragon 1045 8.08 1151 8.7 303 354 36.4 37.7
w481 6.8 6.81 9.23  8.02 36.3 381 379 394
Min 524 5.29 7.23 597 241  30.0 273  31.0
Max 11.02 9.81 11.81 10.68 421 443 51.4 459
Mean 863 7.25 9.74 829 33.7 381 37.0 380
N-trt. 0.006 0.017 0.083 0.267
Genot. <0.001 <0.001 <0.001 <0.001
NXG <0.001 <0.001 <0.001 <0.001
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Table 5.3: Ears per m?, grains per m? and grain per ear for parental lines and mean, maximum and minimum of 79 lines of Paragon x W481 SSD population in

2011/12.
Ears m? Grains m? Grains ear*
2012 2013 2012 2013 2012 2013
HN LN HN LN HN LN HN LN HN LN HN LN
Paragon 625 343 580 413 34,703 22,813 31,935 23,138 55.69 66.34 5799 57.37
WA481 653 323 607 427 19,145 18,065 24,327 20,534 26.34 55.75 4096 48.02
Min 378 282 390 280 15,502 13,262 17,037 15,420 31.27 33.71 29.05 36.13
Max 838 557 820 640 36,453 28,102 38,984 29,390 60.95 75.19 7191 6541
Mean 582 389 554 447 26,341 19,263 26,670 21,959 4471 50.73 4943 50.26
N-trt. 0.032 0.003 0.027 0.042 <0.001 0.674
Genot. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
NXG 0.025 0.01 0.023 <0.001 0.021 0.024
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Number of line

b-2012/13

Grain yield overall decreased from 9.73 t ha™ under HN to 8.29 t ha™* under LN (-
15%) (P< 0.05) (Table 5.2). Amongst SSD lines, grain yield varied from 7.23 (L481-
73) to 11.81 t ha™ (L481-36) under HN and from 5.97 (L481-96) to 10.68 t ha'l
(L481-82) under LN (P<0.001). The N treatment x genotype interaction was
significant (P<0.001), with decrease under LN ranging from -2.32 (L481-37) to 4.91
(L481-39). Paragon (11.51 t ha™ under HN and 8.70 t ha™* under LN) tended to have
higher yield than W481 (9.23 t ha™* under HN and 8.02 t ha™* under LN) (P=0.111).
Under HN, no line had higher yield than Paragon (11.51 t ha™); however, under LN,
two lines: L481-37 (10.66 t ha™) and L481-82 (10.68 t ha™) had significantly higher
yield than Paragon (8.70 t ha™).

The frequency distribution of grain yield amongst the 79 lines (Figure 5.4) shows

that yield was approximately normally distributed, suggesting polygenic inheritance.
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Figure 5.4: Frequency distribution of 79 Paragon x W481 lines for grain yield (t ha™ at 100%
DM) in 2013 a) under HN and b) under LN.

Averaging over all SSD lines, ears m™ increased from 447 under LN to 554 under
HN conditions (Table 5.2). Genotype ranged from 390 (L481-41) to 820 ears m™
(L481-69) under HN and from 280 (L481-58) to 640 ears m™ (L481-67) under LN.
The N treatment x genotype interaction was significant (P=0.010), with decreases
under LN supply ranging from +55 (L481-67) to -290 (L481-69). For parental lines
no significant effect of the genotype or N treatment X genotype interaction was
observed (P=0.130, and P=0.910 respectively). Under HN three lines had
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significantly higher ears m than two parental lines (580 and 607 ear m™ for Paragon
and W481, respectively). However, under LN six lines had significantly higher
values than both Paragon (413) and W481 (427) in the range 530 - 640 ear m™.

N treatment did not affect TGW (P=0.399) (Table 5.3). SSD lines ranged from 27.3
(L481-05) to 51.4 g (L481-77) under HN and from 31.0 (L481-64) to 45.9 g (L481-
57) under LN (P< 0.01). A N treatment x genotype was found (P<0.001), with
responses to increasing N supply ranging from -8.5 (L481-05) to +6.0 g (L481-14).
Under HN, ten lines had significantly higher TGW than the higher parent W481
(37.8 g) in the range 41.3 (L481-08) - 51.4 g (L481-77). Under LN only seven lines
had higher TGW than the higher parent W481 (39.4 g), in the range 43.01 (L481-17)
—45.9 g (L481-57).

In 2013, grains ear™ was not affected by N treatment (P=0.671). Grains ear™ ranged
amongst SSD lines from 29.1 (L481-35) to 71.9 grains (L481-67) under HN and
from 36.1 (L481-70) to 65.4 grains (L481-58) under LN (P<0.001). Response to
increasing N supply ranged amongst SSD lines from -28.5 (L481-58) to 32.1 (L481-
67) (P = 0.024). Under HN one SSD line, L481-67 (71.9), had higher grains per ear
than the higher parent Paragon (58.0); however, under LN, no line had higher values

than the higher parent Paragon (57.4).

Grain m? increased from 21,959 under LN to 26,670 under HN (P=0.042) (Table
5.3). SSD lines overall varied from 17,037 to 38,984 under HN and from 15,420 to
29,390 under LN (P<0.001). The interaction was also significant (P<0.001), with
responses to increasing N supply ranging from -3,772 (L481-19) to +15 491 (L481-
39).

As in 2012, regression analysis showed that variation in grain yield amongst DH
lines was more strongly associated with grains m? (R’= 0.43, P<0.001) under both
HN (R?= 0.70, P<0.001) and LN than with grain weight (TGW) (Figure 5.5).
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Figure 5.5: Linear regression of grain yield (100% DM) on grains m? amongst 79 SSD lines of
Paragon x W481 population for HN () and LN (0).The parental lines are indicated
by: Bl Paragon under HN, A W481 under HN, [ Paragon under LN and A W481
under LN.
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Figure 5.6: Linear regression of TGW (g) on grain number par m? amongst 79 SSD lines of
Paragon x W481 for HN () and LN (0).The parental lines are indicated by: H
Paragon under HN, A W481 under HN, [] Paragon under LN and A W481 under
LN.
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Cross-year ANOVA showed that grain yield was lower in 2012 (8.63 t ha™) than in
2013 (9.74 t ha™) under HN conditions (-15%), and also lower in 2012 (7.25 t ha)
than in 2013 (8.29 t ha™) under LN conditions (-15%) (P<0.001). The year x N
treatment interaction was not significant (P=0.296), however the year x N treatment

X genotype interaction was significant (P=0.011).

From the cross year ANOVA, the N treatment x genotype interaction was significant
for grains m (P=0.006), ears m™ (P< 0.001) and TGW (P = 0.002); and the year x N
treatment x genotype interaction for grains ear (P =m0.002) and TGW (P = 0.001).

5.3.1.3 Above-ground dry matter and HI
a-2011/12

Averaging over SSD lines, AGDM increased from 17.38 t ha™* under LN to 25.29 t
hat under HN (+42%) (P=0.004) (Table 5.4). Biomass ranged amongst SSD lines
from 15.89 to 20.36 t ha™ under HN and from 11.98 t ha™* to 22.93 t ha™ under LN
(P<0.001; Table 5.4). The responses of SSD lines to increasing N supply ranged
from -2.23 t ha™ (L481-14) to +15.08 t ha™ (L481-74) (P = 0.024). Under HN
amongst all genotypes, Paragon (30.85 t ha™) had highest AGDM, whereas under
LN two lines: L481-76 (22.19 t ha™) and L481-48 (22.93 t ha™) lines had
significantly higher AGDM than the higher parent Paragon (18.0 t ha™).

The frequency distribution of biomass amongst SSD lines followed an approximately
normal distribution (Figure 5.7).
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Figure 5.7: Frequency distribution of 79 Paragon x W481 SSD lines for biomass (t ha™) in 2012
a) under HN and b) under LN.

Grain yield was highly associated with AGDM amongst the genotypes in both HN

(R?=072, P<0.001)
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and LN (R?=084, P<0.001) conditions (Figure 5.8).

¢ HN Y=0.30X + 0.99 R2 = 0.72 ***
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Figure 5.8: Linear regression of grain yield (100% DM) on above-ground dry matter (AGDM t
ha™) amongst 79 SSD lines of Paragon x W481 population for HN () and LN
(0).The parental lines are indicated by: Il Paragon under HN, A W481 under HN,
[J Paragon under LN and A W481 under LN.

Averaging over SSD lines, HI increased from 0.34 under HN to 0.42 under LN
(+22%) (P<0.01) (Table 5.4). Amongst SSD lines, HI ranged from 0.24 to 0.42
under HN and from 0.30 to 0.44 under LN conditions (P<0.001). The N treatment X
genotype interaction was significant (P=0.007), with responses to increasing N
supply ranging from -0.14 (L481-73) to -0.02 (L481-69). Under HN, four lines had
significantly higher HI than either Paragon (0.31) or W481 (0.30) in the range 0.38
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(L481-28) to 0.41 (L481-49). However under LN no line had higher HI than the
higher parent Paragon (0.45).
Table 5.4: Above-ground dry matter (AGDM) and harvest index (HI) for parental lines and

mean, maximum and minimum of 79 lines of Paragon x W481 SSD population under HN and
LN treatments and in 2011/12 and 2012/13 experiments

AGDM (t ha™) HI
2012 2013 2012 2013
HN LN HN LN HN LN HN LN

Paragon  30.85 18.03 2199 17.45 0.35 0.45 0.52 0.50
W481 2240 16.30 21.30 18.69 0.30 0.42 043 043

Min 1589 11.98 1535 1308 0.8 0.38 041 0.43

Max 30.36 2293 2505 2354 041 0.6 051 0.49

Mean 2529 17.38 2091 18.03  0.34 0.42 047 0.46

N-trt. 0.004 0.027 0.007 0.140

Genot. <0.001 <0.001 <0.001 <0.001

NXG 0.041 <0.001 0.007 0.008
b-2012/13

Averaging over SSD lines AGDM increased from 18.03 t ha™ under LN to 20.91 t
ha™ under HN (P< 0.05) (Table 5.4). SSD lines ranged from 15.35 to 25.05 t ha™
under HN and from 13.08 t ha™* to 23.54 t ha™ under LN (P<0.001). Responses of
SSD lines to increasing N supply ranged from -8.22 (L481-48) to +12.41 t ha™
(L481-67) (P< 0.001). Two lines: L481-81 (24.88 t ha™') and L481-39 (25.05 t ha™)
had significantly higher AGDM than Paragon (21.99 t ha™*) or W481 (21.30) under
HN, whereas under LN, four lines had significantly higher values than W481 (18.69
t ha™) or Paragon (17.45 t ha™), in the range 21.82 (L481-82) - 23.54 t ha™ (L481-
37).

N treatment did not have any significant effect on HI (P=0.267). SSD lines ranged
from 0.41 to 0.51 under HN and from 0.43 to 0.49 under LN (P<0.001) (Table 5.4).
The N treatment x genotype interaction was significant (P<0.001), with responses to
increasing N supply ranging from -0.06 (L481-24) to +0.04 (L481-35). Under HN
and LN Paragon (0.52 and 0.50, respectively) had higher HI than all other genotypes.
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Figure 5.9: Frequency distribution amongst 79 Paragon x W481 SSD lines for grain above-
ground dry matter (AGDM t ha™) in 2013 a) under HN and b) under LN conditions.
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Figure 5.10: Linear regression of grain yield (100% DM) on on above-ground dry matter
(AGDM t ha™) amongst 79 SSD lines of Paragon x W481 population for HN (#)
and LN (0).The parental lines are indicated by: ll Paragon under HN, A W481
under HN, [] Paragon under LN and A W481 under LN.

135



Cross-year ANOVA showed that for AGDM the N treatment x genotype and year X
N treatment x genotype interactions were significant (P = 0.005 and P = 0.027,
respectively). For HI there was a N treatment x genotype interaction (P = 0.02) and

year X N treatment x genotype interaction (P = 0.004).

5.3.1.4 N-use efficiency (NUE) and NUE components
a-2011/12

N-use efficiency increased from 39.2 kg kg™ under HN to 140.5 kg kg™ under LN
(P=0.002, Table 5.5). Within SSD lines NUE varied from 25.2 kg kg™ (L481-60) to
49.8 kg kg™ (L481-64) under HN and from 110.0 kg kg™ (L18468) to 191.5 kg kg™
(L481-76) under LN (P<0.001). The N treatment X genotype interaction was
significant (P=0.003), with responses to increasing N supply amongst SSD lines
ranging from -150.7 kg kg™ (L481-01) to -67.5 kg kg™ (L481-68). Under HN no line
had higher NUE than the higher parent Paragon (47.2 kg kg™), whereas under LN,
three lines: L481-48 (180.3 kg kg™*), L481-01 (184.9 kg kg™*) and L481-76 (191.5 kg
kg™) had higher NUE than the higher parent Paragon (157.8 kg kg™).

NUP overall increased from 310 kg N ha™ under LN to 503 kg N ha™ under HN
(P=0.005, Table 5.5). SSD lines ranged in NUP from 254 to 503 kg ha™ under HN
and from 174 kg ha™* to 310 kg ha™* under LN (P<0.001). A N treatment x genotype
interaction was also found (P<0.001), with responses to increasing N supply ranging
amongst genotypes from 41.8 kg ha™* (L481-60) to 269.1 kg ha™ (Paragon). Under
HN Paragon (497.7 kg N ha™) had higher NUP than all genotypes; however, under
LN, two lines: L481-01 (304.4 kg N ha*) and L481-76 (310.5 kg N ha™) had higher
NUP than the higher parent Paragon (253.4 kg ha™). Finally, amongst all genotypes,
Paragon (269.1 kg N ha™*) had the highest NUP response to increasing N supply.

N-uptake efficiency (NUPE) overall increased from 1.84 kg kg™ under HN to 4.53
kg DM kg™ N under LN (P=0.009, Table 5.6). SSD lines ranged from 1.15 (48160)
to 2.28 (L481-64) kg kg™ under HN and 3.39 (L481-68) to 6.06 kg kg™(L481-76)
under LN (P<0.001); however, the N treatment x genotype interaction was not
significant (P=0.102). Amongst SSD lines under HN, no line had higher NUPE than
the higher parent Paragon (2.36 kg kg™); however, under LN two lines, L481-01
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(5.94 kg kg™) and L481-76 (6.06 kg kg™), had higher NUPE than the higher parent
Paragon (4.95 kg kg™).
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Figure 5.11: Linear regression amongst 79 SSD Paragon x W481 mapping population lines of a)
grain yield (DM t ha™* 100% DM) on N uptake efficiency (NUPE kg kg™) under HN
(#) and LN (0) and b) above-ground dry matter (AGDM t ha™) on N uptake
efficiency (NUPE kg kg™) under HN (#) and LN (0).The parental lines are
indicated by: Il Paragon under HN, A W481 under HN, [] Paragon under LN and
A WA481 under LN.

N-utilisation efficiency (NUTE) overall was higher under LN (31.2 kg DM kg™ N)
than HN (17.1 kg DM kg™ N) (P=0.011; Table 5.6). N-utilization efficiency ranged
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amongst SSD lines from 17.1 (L481-33) to 24.2 kg DM kg™ N (L481-54) under HN
and from 24.7 (L481-33) to 38.5 kg DM kg™ N (L481-24) under LN (P<0.001). The

N treatment x genotype interaction was significant (P<0.001) with responses to

increasing N supply amongst SSD lines ranging from -17.3 (L481-24) to -5.9 kg DM
kg™ N (L481-34). Under HN 25 lines had higher NUTE than Paragon (20.1 kg DM
kg™ N) in the range 22.0 (L481-10) - 24.2 kg DM kg™ N (L481-06) and four lines
had significantly higher values than W481 (18.8 kg DM kg™ N) in the range 23.1
(L481-26) - 24.2 kg DM kg™ N (L481-06). However, under LN only 30 lines had
significantly higher NUTE than Paragon (29.9 kg DM kg™ N) in the range 31.9
(L481-29) - 38.5 kg DM kg™ N (L481-67); while only seven lines had higher values
than W481 (32.0 kg DM kg™ N) in the range 34.1 (L481-30) - 38.5 kg DM kg™ N

(L481-67).
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Figure 5.12: Linear regression of grain yield (t DM ha™) on N-utilisation efficiency (NUTE kg
kg™) amongst 79 mapping population lines of PxW481 in HN (#) and LN (0).The
parental lines are indicated by: Il Paragon under HN, A W481 under HN, []
Paragon under LN and A W481 under LN.
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Table 5.5: N-use efficiency (NUE, kg kg™ N) and N uptake (NUP kg N ha™) for parental lines
and mean, maximum and minimum of 79 lines of Paragon x W481 SSD population in 2011/12
and 2012/13.

NUE (kg DM kg™ N) NUP (kg N ha™)
2012 2013 2012 2013

HN LN HN LN HN LN HN LN
Paragon  47.2 158 427 152 523 254 367 230
W481 30.7 133 35.9 140 364 205 323 204
Min 252 110 27.8 08 255 174 230 127
Max 498 192 456 186 504 311 384 273
Mean 39.2 141 36.9 140 406 232 317 202
N-trt. 0.002 <0.001 0.005 0.025
Genot. <0.001 <0.001 <0.001 <0.001
N X G 0.003 <0.001 <0.001 0.041

Table 5.6: N-uptake efficiency (NUPE kg N kg N™) and N-utilisation efficiency (NUTE in kg DM
kg™ N) for parental lines and mean, maximum and minimum of 79 lines of Paragon x W481
SSD population in 2011/12 and 2012/13

NUPE (kg kg™) NUTE (kg kg™)
2012 2013 2012 2013
HN LN HN LN HN LN HN LN
Paragon 236  4.95 142 401 201 299 30.0 379
w481 1.64 401 1.26 355 188 320 285  39.3
Min 1.15  3.39 089 221 171 247 278 355
Max 228  6.06 149 476 242 385 321 477
Mean 1.84 453 1.23 352 214 312 30 40.2
N-trt. 0.009 <0.001 0.011 0.003
Genot. <0.001 <0.001 <0.001 <0.001
NXG NS 0.001 <0.001 0.009

Table 5.7: N harvest index (NHI kg N kg N*) and biomass production efficiency (BPE in kg DM
kg™ N) for parental lines and mean, maximum and minimum of 79 lines of Paragon x W481
SSD population in 2011/12 and 2012/13

NHI (kg kg™ BPE (kg kg?)

2012 2013 2012 2013

HN LN HN LN HN LN HN LN
Paragon 055 0.71 0.83 0.86 586 711 58.88  75.93
w481 055 0.77 0.78 0.84 621 79.5 66.01 91.43
Min 0.50 0.67 0.75  0.80 51.7 63.0 59.21  74.33
Max 0.67 0.79 0.85 0.88 708 875 72.01 105.10
Mean 0.60 0.74 0.81 0.84 620 745 64.72  88.09

N-trt. 0.01 0.079 0.016 0.003

Genot. <0.001 <0.001 <0.001 <0.001

NXG 0.431 <0.001 <0.001 0.126
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Figure 5.13: Linear regression amongst 79 SSD lines of Paragon x W481 mapping population
lines of N use efficiency (NUE kg kg™) on N uptake efficiency (NUPE kg kg™) a)
under HN and b) under LN, of NUE (kg kg™) on N utilisation efficiency (NUTE kg
kg™ c) under HN and d) under LN. The parental lines are indicated by: l
Paragon under HN, A W481 under HN, ] Paragon under LN and A W481

under LN.
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Figure 5.14: Linear regression of grain yield (t DM ha™) on grain N concentration amongst 79
mapping population lines of PxW481 (211/12 data). The parental lines are
indicated by: Il Paragon under HN, A W481 under HN, [1 Paragon under LN
and A W481 under LN.

N harvest index (NHI) increased from 0.60 under HN to 0.74 under LN (P=0.010).

Within genotypes, NHI varied from 0.50 kg kg™ (L481-421) to 0.67 kg kg™ (L481-

26) under HN and from 0.67 kg kg™ (L18433) to 0.79 kg kg™ (L481-41) under LN

(P<0.001). The N treatment x genotype interaction was not significant (P=0.431).

The responses to N supply amongst SSD lines ranged from -0.21 kg kg™ (L481-45)

to -0.07 kg kg™ (L481-69). NHI in Paragon decreased from 0.71 kg kg™ under LN to

0.55 kg kg™* under HN (-23%) and W481 from 0.77 kg kg™ under LN to 0.55 kg kg™

under HN (-29%).

Biomass production efficiency (BPE; AGDN/Above-ground N uptake) increased
from 61.9 kg kg™ under HN to 74.5 kg kg™ under LN (P=0.016). Amongst SSD
lines, BPE ranged from 51.7 kg kg™ (L481-417) to 70.8 kg kg™ (L481-14) under HN
and from 63.0 kg kg™ (L481-33) to 87.5 kg kg™ (L481-24) under LN (P<0.001). The
N treatment x genotype interaction was significant (P<0.001) with responses to
increasing N supply amongst SSD lines ranging from -23.2 kg kg™ (L481-24) to
+0.06 kg kg™? (L481-73). Under HN, 29 SSD lines had higher BPE than Paragon
(58.6 kg kg™) or W481 (62.1 kg kg™). However, under LN, only 11 SSD lines had
higher values than Paragon (71.1 kg kg™) or W481 (79.6 kg kg™).
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b-2012/13

NUE overall increased from 36.9 kg kg™ under HN to 140 kg kg™ under LN
(P<0.001, Table 5.5). The SSD lines ranged from 27.8 to 45.6 kg kg™ under HN and
from 98.2 kg kg™ to 186 kg kg™ under LN (P<0.001). The responses to decreasing N
supply ranged amongst SSD lines from 67.6 kg kg™ (L481-26) to 153 kg kg™ (L481-
37) (P< 0.001). Under HN, 5 SSD lines had higher NUE than the higher parent
Paragon (42.7 kg kg™), whereas under LN 22 lines had higher values than higher
parent Paragon (152 kg kg™).

NUP increased from 201.9 kg ha™ under LN to 317.37 kg ha™ under HN (P< 0.05,
Table 5.5). SSD lines ranged from 229.7 to 383.9 kg ha™ under HN and from 126.7
to 273.2 kg ha* under LN (P<0.001). The N treatment x genotype interaction was
significant (P=0.041), with responses to increasing N supply ranging amongst
genotypes from 8.5 kg ha™ (L481-37) to 222 kg ha™ (L481-39). Under HN, 6 lines
had higher NUP than the higher parent Paragon (366.7 kg ha™), whereas under, LN
16 lines had higher NUP then the higher parent Paragon (230.2 kg ha™).

NUPE overall increased from 1.23 kg kg™ under HN to 3.52 kg kg™ under LN
(P=0.003, Table 5.6). Amongst SSD lines NUPE ranged from 0.89 to 1.49 kg kg™
under HN and 2.21 to 4.76 kg kg™ under LN (P<0.001). The N treatment x genotype
interaction was significant (P=0.005), with responses to increasing N supply ranging
from -0.98 kg ha™ (L481-26) to -3.67 kg ha™ (L481-37). Under HN, four SSD lines
had higher NUPE than the higher parent Paragon (1.42 kg ha™), whereas under LN
16 lines had higher NUPE than the higher parent Paragon (4.01 kg ha™).
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Figure 5.15: Linear regression amongst 79 SSD lines of Paragon x W481 mapping population
lines of a) grain yield (DM t ha™) on N uptake efficiency (NUPE kg kg™) under HN
(#) and LN (0), b) bove ground dry matter (AGDM t ha*) on N uptake efficiency
(NUPE kg kg™) under HN () and LN (0).The parental lines are indicated by: Hl
Paragon under HN, A W481 under HN, [] Paragon under LN and A W481
under LN.

N-utilisation efficiency (NUTE) increased from 30.0 kg kg™ under HN to 40.23 kg
kg™ under LN (P=0.003, Table 5.6). The SSD lines ranged from 27.8 (L481-83) to
32.1 kg DM kg™ N (L481-07) under HN and from 35.5(L481-23) to 47.7 kg DM kg™
N (L481-26) under LN (P<0.001). The N treatment x genotype interaction was
significant (P=0.009), with responses to increasing N supply amongst SSD lines
ranging from -17.8 (L481-24) to -6.2 kg kg™ (L481-34). Under HN, 11 SSD lines
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had significantly higher NUTE than the higher parent Paragon (30 kg kg™), whereas
under LN 18 SSD lines had higher NUTE than the higher parent W481 (39.3 kg kg

by,

There was a trend for a small increase of N harvest index from 0.81 under HN to
0.84 kg kg™ under LN (P=0.079) (Table 5.7). Within SSD lines, NHI varied from
0.75 kg kg™ (L481-424) to 0.85 kg kg™ (L481-76) under HN and from 0.80 kg kg™
(L18433) to 0.88 kg kg™ (L481-57) under LN (P<0.001). The N treatment X
genotype interaction was significant (P<0.001) with responses to increasing N
supply amongst SSD lines ranging from -0.11 kg kg™ (L481-24) to -0.01 kg kg™
(L481-35). Under HN, 12 SSD lines had higher NHI than higher parent Paragon
(0.83), whereas under LN, only 13 SSD lines had higher NHI than the higher parent
Paragon (0.86).

Biomass production efficiency increased from 64.8 kg DM kg™ N under HN to 88.0
kg kg under LN (P=0.003; Table 5.7). Amongst SSD lines, BPE ranged from 58.9
kg kg™t (L481-475) to 72.0 kg kg™ (L481-24) under HN and from 74.3 kg kg™
(L18449) to 105.1 kg kg™ (L481-26) under LN (P<0.001). The N treatment x
genotype interaction was not significant (P0.126). Under HN, 26 SSD lines had
higher BPE than the higher parent W481 (66.0 kg kg™), whereas under LN 24 SSD
lines had higher values than the higher parent W481 (91.4 kg kg™).

Cross-year ANOVA (Table 5.5 and 5.6) revealed the main effect of genotype was
significant for all traits (P< 0.001). For NUP there was a trend for a N treatment x
genotype interaction (P=0.083) and a year x N treatment x genotype interaction
(P=0.039) For NUPE the N treatment x year interaction (P<0.001) was also
significant but the year x N treatment x genotype interaction was not significant
(P=0.703). For NUTE and NUE the N treatment x genotype interaction was
significant (P<0.001), but the year x N treatment X year, genotype interaction was

not significant (P=0.450 and P=0.253, respectively).
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Table 5.8: Pearson’s correlation coefficient in 79 SSD lines of Paragon xW481 SSD population between Grain Yield (GY kg DM ha™), Harvest Index
(HI), Above-ground Dry Matter (AGDM, kg DM ha™), N-Use Efficiency (NUE, kg DM kg™ N), N-Uptake Efficiency (NUPE, kg kg™), N-Utilisation
Efficiency (NUTE, kg kg™), Anthesis Date (AD), Plant Height (PH), Grains per m* (GM) and Thousand Grain Weight (TGW, g). Values based on
means in 2012 and in 2013. The values are for HN (unshaded) and under LN (shaded).

GY HI AGDM NUE NUPE NUTE AD PH GM TGW

2012 experiment

GY 0.44*** (.91*** (. 99*** (0.77*** 0.47*** -0.25* 0.23*  0.75*** 0.04
HI 0.37%** 0.05 0.46*** 0.26* 0.37*** -0.18 -0.14  0.36*** 0.01
AGDM 0.83*** -0.19 0.90*** 0.79***  0.30** -0.14  0.28*  0.69*** 0.01
NUE 0.98*** 0.35* (.84*** 0.82%** (.42*** -0.20 0.19  0.75%** 0.03
NUPE 0.87*** 0.05 0.91*** (.88*** -0.18 -0.08 0.05  0.65*** -0.03
NUTE 0.35* 0.65*** -0.02 0.36*** -0.11 -0.20  0.24* 0.26* 0.11
AD -0.12 -0.10 -0.06 -0.10 -0.02 -0.17 -0.31** -0.09 -0.22
PH -0.08  -0.27* 0.03 -0.08 -0.16 0.13 -0.23* -0.22  0.60***
GM 0.72%** 0.05 0.72*** (0. 71*** 0.67*** 0.15 0.03 -0.10 -0.59***
TGW 0.22 0.38*** 0.02 0.21 0.13 0.22* -0.17 0.05 -0.51***

2013 experiment

GY 0.43*** 0.96*** 1.00*** 0.93*** -0.20 0.12 0.30**  0.75*** 0.18
HI 0.42%*** 0.19 0.43*** 0.37** 0.00 -0.07 0.08  0.39*** 0.17
AGDM 0.85*** 0.01 0.96*** 0.90*** -0.20 0.17 0.32**  0.70*** 0.16
NUE 1.00*** 0.39***  0.91** 0.93*** 0.05 0.13  0.30* 0.74*** 0.18
NUPE 0.91***  0.29** 0.91** 0.96*** -0.53*** 0.10 0.23  0.66*** 0.18
NUTE 0.16 0.35** 0.02 0.18 -0.11 0.00 0.09 -0.07 -0.06
AD 0.05 -0.17 0.19 0.10 0.12 -0.09 0.30* 0.05 -0.06
PH 013 -0.27* 0.30** 0.18 0.13 0.15 0.12 0.22 0.16
GM 0.48*** 0.10 0.49*** 0.50*** 0.48*** 0.15 0.15 -0.11 -0.35**
TGW 0.10 0.29** 0.00 0.09 0.08 0.02 -0.19 0.20 -0.67***

Significance: *: P<0.005, **: P<0.001 and ***; P<0.001
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5.3.2 Paragon xW141 Mapping population

5.3.2.1 Anthesis date (AD) and plant height (PH)

For the PxW141 mapping population, anthesis date was only recorded in HN
conditions on two replicates. SSD lines ranged from 20 June (L481-01) to 27 June
(L481-68) (P=0.032). Paragon flowered on 26 June and W141 on 21 June.
Regarding transgressive segregation, no lines flowered earlier than W141 (21 June).

However, one line L141-67 (24 June) flowered later than Paragon.

Anthesis date was positively correlated amongst SSD lines with grain yield (r=0.30,
P=0.003 under HN and r=0.30, P=0.031 under LN), harvest index (r=0.30, P=0.003
under HN and R=0.34, P<0.001 under LN), and grains per m? (r=0.49, P<0.001
under HN and r=0.40, P<0.001 under LN). However, no significant relationship
amongst SSD lines was found between AD and AGDM, and the relationship was
negative with TGW (r=-0.49, P<0.001 under HN and r=-0.40, P<0.001 under LN).

Averaging over SSD lines, plant height increased from 87 cm under LN to 96 cm
under HN (P=0.047). Amongst SSD lines PH varied from 72 to 112 cm under HN
and from 62 to 107 cm under LN (P<0.001). There was a trend for a N treatment x
genotype interaction (P=0.089). The parent W141 (115 cm under HN and 106 cm
under LN) was overall 34% taller than Paragon (86 cm under HN and 78 cm under
LN) (P<0.001). Under HN, W141 was the tallest genotype, whereas under LN, two
SSD lines L141-22 (107 cm) and L141-20 (107 cm) were taller than W141 (106 cm).
In total, 11 genotypes were shorter than Paragon (86 cm) under HN and, 18
genotypes were shorter than Paragon (78 cm) under LN.

Plant height was negatively correlated amongst SSD lines with grain yield under HN
(r=-0.29, P=0.005) and LN and (r=-0.18, P=0.079), harvest index (r=-0.75, P<0.001
under HN and r=-0.78, P<0.001 under LN), grains m™ (r=-0.67, P<0.001 under HN
and r=-0.57, P<0.001 under LN). However, a positive correlation was found between
PH and AGDM (r=0.30, P=0.003 under HN and r=0.40, P<0.001 under LN) and
TGW (r=0.64, P<0.001 under HN and r=0.76, P<0.001 under LN).
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5.3.2.2 Grain yield and yield components

Averaging over 79 lines of the PxXW141 mapping population, grain yield increased
from 8.47 t ha™ under LN to 9.72 t ha™* under HN (P=0.001; Table 5.9). SSD lines
ranged from 7.55 (L141-41) to 11.94 t ha™ (L141-83) under HN and 5.96 t ha™
(L141-83) to 10.92 (L141-46) under LN (P<0.001). Responses to increasing N
supply ranged amongst SSD lines from -2.93 t ha™ (L141-46) to 5.98 t ha™ (L141-
83) (P< 0.001). Under HN conditions, three lines, L141-52 (11.80 t ha™), L141-04
(11.91 t ha') and L141-83 (11.94 t ha™), had significantly higher yield than the
higher parent Paragon (10.33 t ha™), whereas under LN, one SSD line: L141-46
(10.9 t ha™), had higher yield than Paragon (9.62 t ha™).
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Table 5.9: Values of parental lines and mean, maximum, minimum and ANOVA significance for treatments of the 97 SSD lines of Paragon x W141 mapping
population for grain yield (t ha™) Ears per m? thousand grain weight (TGW), grains m? and grains ear™.

TGW

0 hg.[f‘ ;noé/:;: dDM Ears m? @ Grains m™ Grains ear™

HN LN HN LN HN LN HN LN HN LN
Paragon 10.33 9.62 527 370 34.47 36 30066 26806 57.29 68.00
w141 8.39 6.68 450 337 47.94 4645 17544 14393  38.99 43.64
Min 7.55 5.96 333 280 28.46 31.08 18132 13731 32.48 31.88
Max 11.94 10.92 637 570 48.8 48.36 39733 30865 89.32 85.08
Mean 9.72 8.47 500 425 38.26 40.31 26019 21311 53.79 51.66
N-trt. 0.001 0.055 0.015 0.003 0.213
Genot. <0.001 <0.001 <0.001 <0.001 <0.001
NXG 0.004 0.062 <0.001 <0.001 0.003

148



Number of lines

W 141 Paragon 20 1 b)
W 141 Paragon

'\' = =
Yield (t ha'l) Yield (t ha?)

Figure 5.16: Frequency distribution of 97 SSD Paragon x W141 lines for grain yield (t ha™ 0%
moisture content a) under HN and b) under LN.

There was a trend for ears m™ to increase from 425 under LN to 500 under HN
conditions (P=0.055). There was also a trend for N treatment x genotype interaction
(P=0.062), with responses to increasing N supply ranging from -107 to +278 ears m’
2.SSD lines under HN ranged from 333 to 637 and under LN from 280 to 570 ears
m? (P< 0.001). Under HN, six lines had more ears m™ than the higher parent
Paragon (527) in the rage 620 (L141-21) - 637 (L141-57), whereas under LN 22
lines had more ear m™ than the higher parent Paragon (370) in the range 463 (L141-
11) - 570 (L141-90).

N treatment did not have any effect on grains ear (GE) (P=0.372). Amongst SSD
lines, GE varied from 32 (L141-21) to 89 (L141-40) and under HN and from 32
(L141-06) to 85 (L141-61) under LN (P<0.001). Response to N supply amongst
lines ranged from -35 (L481-61) to 38 (L481-83) GE (P = 0.004). Paragon (57 under
HN and 68 under LN) had higher GE than W141 (39 and 44, respectively). Under
HN, seven SSD lines had higher GE than Paragon (58) in the range 71 (L141-76) -
89 (L141-40) and under LN, no line had higher GE than Paragon (73).

Thousand grain weight increased from 38.3 g under HN to 40.3 under LN (P=0.015).
SSD lines ranged from 28.5 to 48.8 g under HN and from 31.1 to 48.4 g under LN
(P<0.01). The N treatment x genotype interaction was significant (P<0.001), with
responses to increasing N supply ranging from -9 g to +4 g. W141 (47.9 g under HN
and 46.5 g under LN) had higher TGW than Paragon (34.5 g and 36.0 g,
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respectively). Under HN, no line had higher TGW than the higher parent W141 (47.9
g), and under LN also no line had higher TGW than the higher parent W141 (46.5).

Grains m™ overall increased from 21,311 under LN to 26,019 under HN (P< 0.01;
Table 5.9). SSD lines ranged from 18,132 (L141-61) to 39,733 (L141-83) grains m™
under HN and from 13,731 (L141-02) to 30,865 (L141-92) grains m under LN (P<
0.001). There was a trend for an N treatment x genotype interaction (P=0.062), with
responses to increasing N supply ranging from 3,874 (L141-46) to 22,211 (L141-83)
Paragon had more grains m™ (30,066 under HN and 26,806 under LN) than W141
(17,544 under HN and 14,393 under LN). Under HN, 11 lines had more grains m
than Paragon, whereas under LN only two lines: L141-86 (30,737) and L141-92
(30,865) had higher values than Paragon (26,806).

Similar to P x W481 in both 2012 and 2013, grain yield was more strongly
associated with grains m™ than with grain weight amongst SSD lines under both HN
and LNconditions (R?=0.49, P<0.001 and R?*=070, P<0.001 respe6ctively) (Figure
5.17).
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Figure 5.17: Linear regression of grain yield (100% DM) on grain number per m*? amongst 97
Paragon x W141 mapping population SSD lines in HN (#) and LN (0).The
parental lines are indicated by: Il Paragon under HN, A W141 under HN, []
Paragon under LN and A W141 under LN.
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5.3.2.3- Aboveground dry matter and HI

Averaging over SSD lines, AGDM increased from 18.3 t ha™ under LN to 20.7 t ha™
under HN (P=0.013, Table 5.10). SSD lines varied in the range 15.9 t ha™ to 26.6 t
ha* under HN and from 10.9 t ha™ to 24.4 t ha™ under LN (P<0.001). Responses of
SSD lines to increasing N supply ranged from -5.48 t ha™* (L141-46) to 11.83 t ha*
(L141-83) (P= 0.015). Under HN, six SSD lines had higher AGDM than the higher
parent Paragon (21.0 t ha™), and under LN four lines had higher AGDM than the
higher parent Paragon (18.9 t ha™).

The N treatment did not affect HI (P=0.43). SSD lines overall, ranged from 0.36 to
0.57 (P<0.001, Table 5.10). There was a trend for an N treatment x genotype
interaction (P=0.06), with responses to increasing N supply ranging from -0.05 to
+0.16. Under HN, ten SSD lines had higher HI than the higher parent Paragon
(0.49), and under LN four lines had higher HI than the higher parent Paragon (0.51).

14 - *HN

Y=0.39X + 1.42 R* = 0.61***

o LN
12 -

Grain yield (t ha?)

10 15 20 25 30

AGDM (t ha't)

Figure 5.18: Linear regression of AGDM (t ha™) on grain yield (t ha™) amongst 97 SSD lines of
PxW141 mapping population in HN (#) and LN (0).The parental lines are
indicated by: l Paragon under HN, A W141 under HN, [] Paragon under LN
and A W141 under LN.
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Figure 5.19: Frequency distribution of 97 Paragon x W141 lines for biomass (t ha™) a) under
HN and b) under LN.

Table 5.10: Values of parental lines and mean, maximum, minimum and ANOVA significance
results of the 97 SSD lines of Paragon x W141 mapping population, for above-ground dry
matter (AGDM) harvest index (HI) and plant height (PH).

?ﬁg'};‘ HI PH (cm)
HN LN HN LN HN LN

Paragon 21.04 18.94 049 051 86 78
W141 1991 16.51 0.42 0.41 115 106
Min 15.87 10.91 036 0.36 72 62
Max 26.56 24.39 0.57 0.55 112 107
Mean 20.74 18.33 047 0.46 96 87
N-trt. 0.013 0.426 0.047
Genot. <0.001 <0.001 <0.001
NxG 0.015 0.061 0.089

5.3.2.4- N-use efficiency and NUE components

Averaging over SSD lines, NUE decreased from 148 kg kg™ under LN to 37.6 kg kg’
! under HN (-75%) (P<0.001, Table 5.11). Amongst SSD lines, NUE ranged from
29.3 (L141-41) to 46.4 kg kg™ (L141-83) under HN and from 104 kg kg™ (L141-83)
to 190 kg kg™ (L141-46) under LN (P< 0.001). Responses of SSD lines to N supply
ranged from -57 (L141-83) to 159 kg kg™ (L141-46). Under HN, no line had higher
NUTE than the higher parent Paragon (40.3 kg kg™), while one SSD line, L141-46
(190 kg kg™, had greater NUE than the higher parent Paragon (168 kg kg™).
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N-uptake overall increased from 238 kg ha™ under LN to 349 kg ha™ under HN (P<
0.01). SSD lines ranged from 260 kg ha™ to 425 kg ha™* under HN and from 149 kg
ha™ to 309 kg ha™ under LN (P< 0.01). The N treatment x genotype interaction was
significant (P<0.001), with response to N supply ranging from -12.1 kg ha™ (L141-
46) to 263.1 kg ha™ (L141-83). Under HN, one line, L141-04, had higher NUP than
the higher parent Paragon (363 kg ha™), and under LN no SSD lines had higher NUP
than the higher parent Paragon (271 kg ha™).

N-uptake efficiency overall decreased from 4.15 kg kg™ under LN to 1.35 kg kg™
under HN (P< 0.01). SSD lines ranged from 1.01 kg kg™ to 1.65 under HN and from
2.59 kg kg' to 5.39 kg kg™* under LN (P<0.01). Responses of SSD lines to
increasing N supply ranged from -4 kg kg™ (L141-46) to -0.99 (L141-83) (P = 0.002;
Table 5.11). Amongst SSD lines, no lines had higher NUPE than Paragon either
under HN (1.41 kg kg™) or LN (4.72 kg kg™).

Table 5.11: Mean values of parental lines and mean, maximum, minimum and ANOVA
significance results of the 97 SSD lines of Paragon x W141 mapping population, for N use
efficiency ( NUE, kg DM ha™ N) N uptake (NUP, kg N ha™) and N uptake efficiency (NUPE, kg
N kg™ N).

NUE NUP NUPE
(kg DM ha™ N) (kg N ha™) (kg N kg’ N)
HN LN HN LN HN LN
Paragon 40.3 168 363 271 1.41 4.72
W141 32.6 118 308 197 1.19 3.44
Min 29.3 104 260 149 1.01 2.59
Max 46.4 190 425 309 1.65 5.39
Mean 37.6 148 349 238 1.35 4.15
N-trt. <0.001 0.006 <0.001
Genot. <0.001 0.006 0.002
NxG <0.001 0.006 0.002

Overall N-utilisation efficiency increased from 27.8 kg kg™ under HN to 36.0 kg kg™
under LN (P<0.01) and SSD lines ranged from 23.5 kg kg™ to 30.6 kg kg™ under HN
and from 29.98 kg kg™ to 42.13 under LN (P<0.001) (Table 5.12). Response to N
supply ranged amongst SSD lines from -13.2 kg kg™ (L141-80) to -4.17 (L141-33).
Under HN, no line lines had higher NUTE than the higher parent Paragon (28.6 kg
kg™), whereas under LN 28 lines had higher NUTE than the higher parent Paragon
(35.6 kg kg™).
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Figure 5.20: Linear regression amongst 97 Paragon x W141 mapping population SSD lines of a)
grain yield (DM t ha™) on N uptake efficiency (NUPE kg kg™) under HN (#) and
LN (o) and b) above-ground dry matter (AGDM t ha™*) on N uptake efficiency
(NUPE kg kg™) under HN () and LN (0).The parental lines are indicated by: H
Paragon under HN, A W141 under HN, ] Paragon under LN and A W141
under LN.
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Figure 5.21: Linear regression of grain yield (t DM ha™) on N utilisation efficiency (NUTE kg kg™)
amongst 97 mapping population lines of PxW141 in HN (@) and LN (0).The parental lines are
indicated by: l Paragon under HN, A W141 under HN, [J Paragon under LN and A W141 under

LN.
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Figure 5.22: Linear regression amongst 97 mapping population lines of N use efficiency (NUE kg kg’
1y on N-uptake efficiency (NUPE kg kg™) a) under HN () and b) under LN (0) and NUE (kg kg™) on
N-utilisation efficiency (NUTE kg kg™) c) under HN (#) and d) under LN (0).The parental lines are
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LN.
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Averaging all SSD lines, grain N concentration increased significantly from 2.31%
under LN to 2.74% under HN (P=0.006). SSD lines ranged from 2.58 (L141-94) to
2.94 (L141-39) under HN and from 1.90 (L141-53) to 2.63% (L141-23) under LN.
The responses of SSD lines to N increasing supply ranged from +0.7% (L141-22) to
+0.8% (L141-80). Under HN, one SSD line, L141-39 (2.94%), had higher GNC than
W141 (2.78%), and six lines had higher values than Paragon (2.72%). However
under LN, 10 lines had higher GNC than the higher parent W141 (2.38%). N harvest
index increased from 0.76 under HN to 0.82 under LN (P = 0.03), and amongst SSD
lines varied from 0.67 (L141-435) to 0.81 kg kg™ (L141-58) under HN and from
0.75 (L141-35) to 0.87 kg kg™ (L141-58) under LN (P<0.001) (Table 5.12). The N
treatment x genotype interaction was not significant (P<0.001) Under HN, one SSD
line: L141-58 (0.81) had higher NHI than the higher parent Paragon (0.78); under
LN three SSD lines: L141-71 (0.87), L141-68 (0.87) and L141-58 (0.87) had higher
NHI than the higher parent Paragon (0.84).

A significant negative linear relationship was found amongst SSD lines between
grain yield and grain N concentration (R*=0.09, P=0.002 under HN and R?=0.07,
P=0.007 under LN) (Figure 5.23).
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Figure 5.23: Linear regression of grain yield (t 100% DM ha™) on N grain concentration (GNC)
amongst 97 line of PxW141 mapping population in HN () and LN (0).The
parental lines are indicated by: Il Paragon under HN, A W141 under HN, []
Paragon under LN and A W141 under LN.
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Biomass production efficiency increased from 59.7 kg kg™ under HN to 77.5 kg kg™
under LN (P=0.004) (Table 5.12). Amongst SSD lines, BPE ranged from 52.5 kg kg
! (L141-12) to 67.9 kg kg™ (L481-22) under HN and from 68.2 kg kg™ (L114-33) to
90.3 kg kg™ (L141-42) under LN (P<0.001). The N treatment x genotype interaction
was not significant (P=0.249). BPE in Paragon decreased from 70.1 kg kg™ under
LN to 57.3 kg kg™ under HN (-18%) and in W141 from 83.5 kg kg™ under LN to
65.1 kg kg™ under HN (-22%). Under HN, there was no SSD lines with higher BPE
than the W141 (65.1 kg kg™) and under LN, one SSD line, L141-42 (90.3 kg kg™),
had higher BPE than W141 (83.5 kg kg™).

Table 5.12: Values of parental lines and mean, maximum, minimum and ANOVA significance
results of the 97 SSD lines of Paragon x W141 mapping population, for N utilisation efficiency
(NUTE, kg DM ha™ N) N harvest index (NHI, kg kg™*) and biomass production efficiency (BPE,
kg DM kg™ N).

NUTE NHI BPE

(kg DM kg™ N) (kg kg™) (kg DM kg™ N)

HN LN HN LN HN LN
Paragon  28.6 35.6 0.78  0.84 57.3 70.1
W141 27.3 34.2 0.76 081 65.1 83.5
Min 23.5 30.0 067 075 525 55.6
Max 30.6 42.1 081 0.87 67.8 90.3
Mean 27.8 36.0 0.76  0.82 59.5 77.1
N-trt. 0.007 0.03 0.005
Genot. <0.001 <0.001 <0.001
NxG <0.001 0.459 0.774

Across years for the PxW481 population, the increase in grain yield with N supply
(+18%) resulted from increased AGDM (+30%) whilst HI was almost stable. For
PxW141, however, the increase in yield with N supply (+15%) resulted also from
AGDM (+13%) whereas HI did not change under HN. Under HN, lines of PxW481
produced slightly more AGDM (22.9 t ha™) than PxW141 mapping population (20.7
t ha); however, PxW141 seemed to produce more yield (9.71 t ha™) than PxW481
(9.15 t ha'). Under LN, PxW141 seemed to produce more AGDM and More yield
(18.31 t ha™ and 8.46 t ha™ respectively) than PxW481 (17.73 t ha™ and 7.78 t ha™*
respectively for AGDM and grain yield).
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Table 5.13: Pearson’s correlation coefficient in 97 SSD lines of PxW141 between Grain Yield (GY kg DM ha™), Harvest Index (HI), Above-ground
Dry Matter (AGDM, kg DM ha), N-Use Efficiency (NUE, kg DM kg™ N), N-Uptake Efficiency (NUPE, kg kg™), N-Utilisation Efficiency (NUTE, kg
kg™), Anthesis Date (AD), Plant Height (PH), Grains per m* (GM) and Thousand Grain Weight (TGW, g). Values based in 2013. The data are under
HN (unshaded) and under LN (shaded). 2012 experiment

GY HI AGDM  NUE NUPE  NUTE AD PH GM TGW
GY 0.40***  0.71*** 0.99*** 0.76*** 0.26* 0.18 -0.17 0.83***  -0.25*
HI 0.47%** -0.35*** 0.39*** -0.14 0.77***  0.34**  -0.78*** 0.66***  -0.67***
AGDM 0.69*** -0.29** 0.72*** 0.89*** -0.32** -0.05 0.42***  0.34** 0.24*
NUE 0.98*** 0.48***  0.66*** 0.77*** 0.25* 0.19 -0.16 0.83***  -0.25*
NUPE 0.88*** 0.14 0.86***  0.88*** -0.40***  0.00 0.28** 0.41***  0.21*
NUTE 0.39*** 0.75***  -0.22* 0.44*** -0.03 0.27**  -0.65***  0.56***  -0.69***
AD 0.29**  0.30** 0.02 0.32** 0.14 0.39*** -0.26* 0.37***  -0.39***
PH -0.29** -0.75*** 0.31**  -0.28** -0.07 -0.45***  -0.21* -0.57***  0.76***
GM 0.70*** 0.65***  0.20 0.72*** 0.50*** 0.57***  047*** -0.67*** -0.74%**
TGW -0.21 -0.52***  0.23* -0.26*  -0.03 -0.49***  -0.46*** 0.64***  -0.83***

Significance: *: P<0.005, **: P<0.001 and ***: P<0.001
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5.4 Discussion

The genetic variation in grain yield, yield components, above-ground biomass and
NUE components and responses to N availability are presently discussed. The traits
determining genetic variation in grain yield and NUE in two mapping populations
are considered in relation to the N response and the transgressive segregation of the
traits.

5.4.1 Grainyield and yield components

In the present study, grain yield increased with N supply in all three experiments. It
increased for PxW481 mapping population in both 2012 and 2013 and and for
PxW141 mapping population. Large genetic variation in yield was found in each
mapping population. Averaging across years for PxW481 MP, no SSD line had
significantly higher yield than Paragon under HN; however, 13 SSD lines had
similar grain yield. Under LN, two SSD lines, L481-48 and L481-76 , had higher
grain yield than Paragon. The two lines maintained yield better under LN conditions
because L481-48 maintained higher AGDM and higher grains per m? (, while L481-
76 maintained higher AGDM and TGW than Paragon.

Regarding the PxW141 mapping population, three SSD lines, L141-83, L141-04 and
L141-52, had higher grain yield than Paragon under HN. The three lines had higher
AGDM than Paragon. In addition, L141-83 and L141-04 had higher grains m? than
Paragon, while L141-52 had much higher TGW than Paragon. Under LN one SSD
line, L141-46, had higher yield than Paragon associated with higher TGW.

For PxW481, yield was more positively correlated with grains m™ under HN (and
under LN than with grain weight. Regarding PxW141, grain yield was associated
with grains m under HN and under LN.

Grains m? (GM) is an indicator of grain sink size of the crop and is historically
better associated with genetic progress in grain yield under optimal conditions than
grain weight (GW) (Sayre et al. 1997; Shearman et al. 2005; Peltonen-Sainio et al.
2007; Savin and Slafer, 1991). In this study, the increase in grain yield under HN

conditions for PxW481 was associated with the increase in GM. For the PxW141
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mapping population, the increase in yield under HN was again associated with GM
rather than GW.

5.4.1.1 Grain number per m? and grain weight

Grain number can be expressed as a product of ears m™ (EM) and grain per ear (GE).
During the wheat development cycle, EM is the first yield component to be
determined, followed by GE and finally GW determined during grain filling period.
However, yield components are not independent (Slafer, 2003); For example, GM is
negatively correlated with GW and also GE is negatively correlated with EM.

The anthesis stage is considered as the transition from vegetative to reproductive
growth, at which point grain filling starts. Before anthesis, the N supply has an effect
on the grain sink capacity, mainly through increased GM determined by GE (Fisher,
2008) and EM (fertile shoot). Post-anthesis photosynthesis and pre-anthesis storage
provide assimilates to the grain. For PxW481, anthesis date did not have any effect
on grain yield under HN in both 2012 and 2013 and under LN in 2013, however, a

negative relationship was found under LN in 2012.

In contrast, plant height (PH) did not have any effect on grain yield under HN and
had a positive effect under LN conditions. For PxW141, PH had a positive effect on
grain yield under HN, while no effect on grain yield under LN conditions. On the
other hand, PH had negative effect on grain yield under HN, while no effect was
observed under LN conditions. Plant height reduction leads to an increase in DM
partitioning to the grain by reducing the competition from the stem resulting in
greater ear and more grain per ear and higher harvest index (HI) (Reynolds et al.
1999; Peng et al. 2000; Riggs et al. 1981; Abeledo et al. 2002).

Genetic variation in grains m? was found to be strongly associated with grain yield
(Austin et al. 1980; Slafer et al. 1990; Slafer et al. 1996) and determined in the
period between 20-30 days before flowering and 10 days after anthesis. This period
coincides with active stem elongation and rapid spike growth. Grain number,
however, is not translated directly to the yield because of the grain weight
compensation (Acevedo et al. 2002). In the present study, grains m? and TGW
increased under HN in both 2012 and 2013 for PxW481 and for PxW141 in 2013.
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Under HN conditions GM was better associated amongst SSD lines with GE than
with EM. Under LN, GM was again more associated with GE than EM for PxW141,;
but for Px481 the relationship between GM and GE was similar to that between GM
and EM for PxW481. Geleto et al. (1995) stated that N level and application time
affect the ear population density through influencing tillering ability of the plant
(Ayoub et al. 1994; Verma et al. 1993). Wheat plants require N for growth and
development, allowing them to produce more grains per ear (Geleto et al. 1995;
Ayoub et al. 1994; Slafer et al. 2003; Jan et al. 2000).

Grain weight is determined during the grain filling period. Amongst all yield
components grain weight is the most stable component (Gallagher et al. 1975) and
less affected by N supply (decrease with N supply) than grains m™ (Siddique et al.
1989; Waddington et al. 1986). In 2012 for PxW481 there was a trend for a decrease
of TGW under HN supply; however N did not have any significant effect on TGW in
2013. For the PxW141, GW decreased under HN for all SSD lines (N treatment X
genotype interaction). Under optimal conditions at grain filling, once grain number is
established, competition between grains for assimilates increased within the spike,
which results in reduction in grain weight (source limitation). Slafer et al. (1996)
argued that the lower grain weight observed with increased grain number is also the
result of an increased number of grains with a lower weight potential coming from

more distal florets.

5.4.1.2- Above-ground biomass and HI

Yield is the product of above-ground biomass and HI. In PxW481 averaging over
years, grain yield was more strongly associated amongst SSD lines with AGDM than
with HI. In PxXW141 mapping population, genetic variation in grain yield was again
more strongly associated with AGDM than HI. These results are generally consistent
with findings by Donmez et al. (2001) who examined 13 winter wheat cultivars and
found significant correlation between grain yield and both biomass and HI.
Shearman et al. (2005) attributed yield increase in eight winter wheat varieties
introduced in the UK between 1972 and 1995 to increased HI in those varieties
introduced before 1980 and increased biomass in varieties introduced after 1983. It
has been reported also that variation in grain yield was more strongly associated with
variation in biomass than in HI by White at al. (2006) in 10 UK cultivars.
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Averaging two years for PxW481, no SSD line had significantly higher AGDM than
Paragon under HN. However under LN, two SSD lines had higher AGDM than
Paragon. In addition, L481-76 had higher HI than Paragon while L481-48 and
Paragon had similar HI.

For PxW141, five SSD lines had higher AGDM than Paragon under HN; while 10
lines had higher HI. Under LN, four SSD lineshad higher AGDM than Paragon,

while four lineshad higher HI than Paragon.

Since harvest index for winter wheat is approaching its theoretical maximum value,
in some countries and regions, which is 62% (Austin at al., 1982), above-ground
biomass has been reported as the main target to improve grain yield. There is recent
evidence of genetic gains in biomass in UK winter wheat (Shearman et al. 2005;
Clarke et al. 2012).

Increasing HI can be achieved mainly by reducing the partitioning to the stem.
Further small increases can be achieved, although HI is approaching its maximum
(Foulkes et al. 2009). Another option for increasing HI is by stay-green trait. Stay-
green in genotypes was associated with higher grain filling rate and duration
increasing HI (Spano et al.2003). More discussion on senescence and a sty green will

be presented in the next Chapter 6.

For both PxW481 and PxW141 mapping populations, no effect of anthesis date was
observed either under HN or under LN. However, a positive relationship between
plant height and AGDM was observed for PxW481 under LN in 2012, and under HN
and LN in 2013. Similar results were found for PxW141 under HN and under LN.

5.4.2 N-use efficiency (NUE) and components

N uptake and utilisation can be analysed by two physiological models, the first
concerns N uptake efficiency (NUPE) and N utilisation efficiency (NUTE), whereas
the second includes grain yield (GY), N uptake, N harvest index (HNI) and grain N
concentration (GNC):

NUE = NUPE x NUTE

_ NUPx NHI

GNC
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NUE is a complex trait because its two components (NUPE and NUTE) affect each
other, and the relationship between them is variable and mainly affected by the
environmental factors and N supply (Ortiz-Monasterio et al. 1997; Le Gouis et al.
2000). An ideal N-efficient wheat variety would acquire N from soil efficiently, and
use the absorbed N efficiently to produce biomass and grain yield.

NUE decreased significantly under HN in all experiments (In 2012, NUE decreased
for PxW481 in 2012 and in 2013 and for PxW141 in 2013). The NUE was similar in
the two mapping populations under both HN and LN. The values of NUE in the
present experiments are higher than the average NUE of 25 kg DM kg™ N reported
in UK by Sylvester-Bradley and Kindred, (2009). These differences are due first to
the big gap usually found between experiment trials and farm fields, and secondly
the present experiment was based on small plots (1.2 m?) giving the ability to over-

estimate yield, biomass and therefore NUE parameters due to egde effects.

For PxW481 the decrease in NUE between HN and LN was associated with NUTE,
but not with the decrease in NUPE. For PxW141, the NUE response to N supply was
associated with a decrease in both NUTE and NUPE.

Furthermore, for the three experiments, the genetic variation in NUE was more
closely associated with NUPE than with NUTE under both LN and HN conditions.
The relative contributions of NUPE and NUTE to NUE have been compared in
previous studies (Moll et al. 1982; Kessel et al. 2012; Berry et al. 2010; Ortiz-
Monasterio et al. 1997; LeGouis et al. 2000; Gaju et al. 2011; Liang et al. 2014). In
maize, it has been reported that the genetic variation of NUE was due largely to
variation in NUTE with low N supply and NUPE with high N supply (Moll et al.
1982). Hirel et al. (2007) confirmed the relationship by genetic studies on
quantitative traits loci associated with NUE in maize. Gaju et al. 2011 found stronger
association between NUE and NUTE than NUPE in winter wheat.

Present results showed that there was an association between NUPE and NUE at all
three experiments almost equally under HN and LN. In contrast, the association
between NUTE and NUE was significant at PxW481-2012 and PxW141-2013 under
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both HN and LN, whereas no association was found for PxW481-2013 either under
HN or under LN conditions. This result is consistent with NUE studies on durum
wheat, bread wheat and rice (Ehdaie et al. 2001; Liang et al. 2014; Le Gouis et al.
2000; Singh et al. 1998; Ortiz-Monasterio et al. 1997; Dhugga and Waines, 1989).
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Chapter 6: Physiological traits and associations with
grain yield, biomass and NUE in Paragon x W481 and
Paragon x W141 SSD mapping populations

6.1 Introduction

Above-ground dry matter is associated with genetic variation in grain yield in wheat
(Reynolds et al. 2005) as found in both the PxW481 and PxW141 mapping
populations (Chapter 5). In this chapter, results for traits underlying biomass
including canopy size and flag-leaf senescence for PxXW481 mapping population in
2011/12 and 2012/13 and for PxW141 mapping population in 2012/13 are presented
and discussed. The relationship between the Normalized Deference Vegetation Index

(NDVI) and and biomass is investigated.

Grain yield is limited by either the grain number per unit area or the potential weight
per grain (sink) or the assimilate availability to fill these grains (source), whichever
is the lower. The balance between grain sink (storage capacity of the grains to
accumulate available carbohydrates) and grain source (supply of carbohydrates to
grains) determines the final grain yield. Carbohydrates for grain filling are supplied
by current photosynthetic activity post-anthesis and from carbohydrates accumulated
in the stem and leaf sheath pre-anthesis and remobilized during grain filling. In
wheat, grain growth under optimal conditions is generally shown to be sink-limited.
Borras et al. (2004) in a review of responses to source sink manipulation treatments
concluded that the yield of wheat is mainly limited by the size of the sink during
grain filling. However, some studies on modern germplasm have reported that grain
yield of wheat is co-limited by both the source and the sink (Beed et al. 2007; Kruk
et al. 1997; Achreche et al. 2008. With regard to genetic variation in grain yield
under low N, there is evidence for a strong correlation between onset of flag-leaf

senescence and grain yield (Gaju et al. 2011).

With regard to N accumulation in the grain, a study by Ma et al. (1995) suggested
that the accumulation of N in the grain may be largely source limited, i.e limited by
N supply to grains during grain filling. The grain normally has an ability to store the
entire translocatable N accumulated before anthesis (Borghi et al. 1986). However,
under optimal N conditions, N in the grain may become co-limited by both supply
and demand (Martre et al. 2006). Bogard et al. (2011) reported that post-anthesis flag
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leaf senescence was associated with genetic variation in grain yield and grain N
concentration in a doubled-haploid population of French winter wheat from the cross
Toisondor X CF9107. Post-antheis senescence is a process allowing the translocation
of N from vegetative tissues to grains. This translocation accounts for 40-90% of all
grain N (Kichey et al. 2007). Leaf senescence is reported to be affected by the
balance between N supply and N demand in sorghum (Triboi and Triboi-Blondel,
2002; van Oosterom et al. 2010). Accelerated senescence process could result from
an inadequate balance between N demand and N availability: if N demand from
grain is higher than source N from the soil, the N translocation occurs earlier leading
to early senescence. Stay-green phenotypes and broader genetic variation in
senescence have been reported in hexaploid wheat (Silva et al. 2000; Verma et al.
2004; Joshi et al. 2007; Christopher et al. 2008; Chen et al. 2010; Bogard et al. 2011,
Chen et al. 2011; Gaju et al. 2011; Naruoka et al. 2012; Derkx et al. 2013). A better
understanding of the mechanisms determining post-anthesis N remobilization and
senescence and their genetic regulation in wheat offers scope to raise grain yield in
feed wheats and to increase the stability of high GPC in bread-making cultivars,

particularly under low N conditions.
The aims of the experiments reported in this chapter were:

1) To quantify novel genetic variation for physiological traits (flag leaf
chlorophyll content (SPAD), flag leaf chlorophyll fluorescence (as an
indicator of maximum rate of photosystem II), NDVI and flag leaf
senescence parameters) and associations with grain yield, biomass, NUE
and NUE components amongst SSD lines from the two crosses Paragon x
W481 and Paragon xW141 under HN and LN conditions.

2) To increase the understanding of the physiological processes determining
genetic variation in grain yield biomass, NUE and NUE components and
associations with the NDVI and senescence parameters amongst SSD lines
SSD lines of P x W481 and PxW141 populations under LN and HN

conditions.
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6.2 Methodology

6.2.1 Materials and experimental design

The results of three field experiments are included in this chapter: Seventy nine lines
(and parents) of the Paragon x W481 SSD population in 2012 and in 2013 and 97
lines (and parents) of the Paragon x W141 SSD population in 2013. The experiments
were carried out at Bunny Park, University of Nottingham Farm, Nottinghamshire.
In each case, the experimental design was a split plot with two N treatments (HN =
200 kg N ha™ and LN = 30 and 0 kg N ha™ respectively in 2012 and 2013) and three
replicates. The N treatment was randomised on main plots and genotypes on sub-
plots. Each sub-plot comprised 1.2 m? (6 rows of 1 m of length with 20 cm between

rows).

6.2.2 Crop measurements
6.2.2.1 Canopy size

In each experiment, Normalised Difference Vegetation Index (NDVI) was
determined using a spectral radiometer (CROPSCAN: MSRSYS16R multispectral
radiometer, Cropscan Inc, Rochester, MN, USA). The spectroradiometer measured
reflectance at 16 wavelengths from 500 to 970 nm. The NDVI is calculated as:
(NIR-VIS) / (NIR+VIS), where NIR is the reflectance at near infra-red wavelength
(900 nm) and VIS is the reflectance at visual wavelength (680 nm). During 2011/12,
two measurements were carried out, one at around anthesis (19 June) in one replicate
and one post-anthesis (24 July) in two replicates of the PxW481 population in HN
and Ln treatments. In 2013, four measurements in two replicates in both HN and LN
treatments were carried out in each sub-plot on two populations PxW481 and
PxW141. One measurement was pre-anthesis (06 June) and three post-anthesis (05,
17 and 27 July). Each measurement was taken on the same calendar day for the two

mapping populations in 2013.

6.2.2.2 Flag leaf senescence

Senescence kinetics of the flag leaf were assessed visually by recording the
percentage green area senesced using a standard diagnostic key based on a scale
from 0 (no senescence) to 10 (full senescence) (Gaju et al. 2011). The assessment

was carried out approximately weekly from anthesis until physiological maturity.
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The data were then fitted against thermal time from anthesis (GS61; base
temperature of 0 -C) using a modified version of an equation with five parameters
consisting of a monomolecular and a logistic function (Génard et al. 1999 see
Chapter 3, section 3.2.3.6). The fitted curves were discibed two phases of
senescence: a slow phase and a rapid phase. In this chapter, data are presented for the
duration of the first phase of senescence (i.e. the onset of the rapid phase of
senescence; ONSEN), the duration of the rapid phase (SEN) and the total duration of
the post-anthesis senescence (DURTOT).

6.2.2.3 Leaf photosynthetic activity

In 2013, two flag-leaf chlorophyll fluorescence measurements, one pre-anthesis and
one post-anthesis, were carried out in both experiments (PxW481 and PxW141). The
measurements were taken on 11 June and 5 July 2013 in each sub-plot in two
replicates in HN and LN treatments. In addition, 5flag-leaf chlorophyll content
(SPAD) measurements were taken in each sub-plot in two replicates in the HN
treatment. The measurement was taken for each genotype on the date of reaching
anthesis. For each measurement, assessments were carried out on the randomly

selected fertile shoots (those with an ear) per sub-plot at GS61.

6.2.2.4 Dry matter per shoot and DM partitioning at
anthesis

In each experiment in 2013, five fertile shoots (those with an ear) were sampled
randomly at GS61 random per sub-plot by cutting at ground level in the HN
treatment in each sub-plot in two replicates. The shoots were separated into three
components: leaf lamina, stem (with attached leaf sheath) and ear. After drying for

48 hours at 80 °C, the weight of each component was recorded.

6.3 Results

6.3.1 Crop NDVI
6.3.1.1 PxW481 population 2012

At anthesis (19 June), NDVI increased from 0.80 under LN to 0.93 under HN; and
SSD lines ranged from 0.88 (L481-58) to 0.95 (L481-55) under HN and from 0.74
(L481-32) to 0.85 (L481-55) under LN. The response to increasing N supply ranged
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from 0.07 (L481-58) to 0.20 (L481-10). Under HN 34 SSD lines had higher NDVI
than parental lines (Paragon 0.93 and W481 0.92), and under LN 47 lines had higher
NDVI than Paragon (Paragon 0.80 and W481 0.76).

Post-anthesis (24 July), NDVI increased from 0.43 under LN to 0.60 under HN
(P=0.014, Table 6.1). SSD lines ranged from 0.46 (L481-52) to 0.77 (L481-26)
under HN and from 0.34 (L481-55) to 0.51 (L481-67) under LN (P<0.001); and
responses to increasing N supply from 0.02 (L481-01) to 0.32 (L481-54) (P< 0.001).
Under HN, two SSD lines, L481-09 (0.76) and L481-26 (0.77), had higher NDVI
than the higher parent Paragon (0.70) (P<0.05). Under LN conditions, no SSD line
had higher NDVI than Paragon (0.49) but 19 SSD lines had higher values than W481
(0.41) (P<0.05).

Table 6.1: NDVI at anthesis (GS61) on 19 June and post anthesis (Post_GS61) on 24 July .of
parental lines and mean, maximum, minimum for HN and LN treatments of the 79 SSD lines of
Paragon x W481 mapping population in 2011/12 and ANOVA significance. N/A =
not/applicable, measurement in one replicate.

NDVI GS61 NDVI Post GS61

HN LN HN LN
Paragon 0.93 0.80 0.70 0.49
W481 0.92 0.76 0.55 0.41
Min 0.88 0.74 0.46 0.34
Max 0.95 0.85 0.77 0.51
Mean 0.93 0.80 0.60 0.43
Sig.
N-trt. (N) N/A 0.014
Genot. (G) N/A <0.001
NXG N/A <0.001

Averaging over SSD lines, NDVI decreased between anthesis (19 June) and late
grain filling (24 July 2012) by 0.33 under HN and by 0.37 under LN (Figure 6.1).

6.3.1.2- PxXW481 mapping population 2013

N limitation in the low N treatment decreased NDVI at all measurement dates
(P=0.028, P=0.042, P=0.044 and P=0.038 on 06 June, 05 July, 17 July, and 27 July
respectively). Pre-anthesis, NDVI decreased from 0.89 under HN to 0.82 under LN
(P<0.05) and lines ranged from 0.79 (W481-35) to 0.92 (W481-09, W481-20,
W481-62 and W481-64) under HN and from 0.72 (W481-72 and W481-73) to 0.89

169



(W481-50) under LN (P<0.001, Table 6.2). Responses to increasing N supply ranged
from -0.03 (L481-35) to +0.17 (L481-14) (P< 0.001). No SSD line had higher NDVI
than the higher parent W481 (0.90), under HN or Paragon (0.87) under LN.
However, three SSD lines: L481-35 (+0.03), L481-34 (-0.00) and L481-82 (-0.00)
maintained NDV| better under LN than both Paragon (-0.03) and W484 (-0.04).

Post-anthesis (average for three measurements) NDVI decreased overall from 0.66
under HN to 0.58 under LN (P<0.05), and SSD lines ranged from 0.50 (W481-01
and W481-50) to 0.80 (W48-106) under HN and from 0.46 (W481-44, W481-46 and
W481-72) to 0.70 (W481-67) under LN conditions (P<0.001, Table 6.2). Response
to decreasing N supply ranged from -0.26 (L481-46) to +0.17 (L481-48) to (P<
0.001). Under HN, no SSD line had higher NDVI than the higher parent Paragon
(0.76) under HN or the higher parent Paragon (0.65) under LN. Finally, two SSD
lines, L481-21 (+0.24) and L481-46 (+0.26), maintained better NDVI under LN than
Paragon (-0.11) and 10 lines better than W481 (-0.07) (P<0.05).

Table 6.2: NDVI of parental lines of the 79 SSD lines of Paragon x W481 mapping population
and mean, maximum, minimum and ANOVA significance for HN and LN treatments in 2012/13
for NDVI pre-anthesis (Pre_A, 6 June) and post anthesis (Post_A, 5, 17, 27 July).

Pre_ ANDVI Post_ A NDVI

HN LN HN LN
Paragon 0.89 0.87 0.76 0.65
W481 0.90 0.86 0.70 0.62
Min 0.79 0.72 0.50 0.46
Max 0.92 0.89 0.80 0.70
Mean 0.89 0.82 0.66 0.58
Sign.
N-trt. (N) 0.028 0.035
Genot. (G) <0.001 <0.001
NXG <0.001 <0.001

Averaging over PxW141 SSD lines, NDVI increased from 0.84 at around flag-leaf
emergence (22 May) to 0.90 shortly before anthesis (06 June) under HN and from
084 to 0.87 under LN, respectively. After anthesis, NDVI decreased to 0.88 (5 July)
then to 0.75 (15 July) and 0.54 (24 July) under HN and decreased to 0.84, 0.67 and
0.44, respectively under LN (Figure 6.1).
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Figure 6.1: NDVI averaging over 79 SSD lines of PxW481, between 22 May and 24 July 2013
under HN (@) and LN ( x).

Cross-year ANOVA showed that post-anthesis NDVI was higher in 2013 (0.66) than
in 2012 (0.60) under HN conditions (+10%), and also under LN conditions (0.43 vs
0.58, respectively, +35%) (P<0.001). All the interactions (N treatment x genotype, N
treatment x year, genotype x year and N treatment x year X genotype) were
significant (P<0.001). Overall 21 lines maintained significantly higher post-anthesis
NDVI under LN than both the parental lines. The NDVI response of these lines to N
decrease ranged from -0.00 (L481-43) to - 0.17 (L481-48).

6.3.1.3 PxW141 mapping population 2013

N treatment did not have any effect on NDVI at the first two measurements;
however, the N effect at the last two measurements was significant (P<0.05 and
P<0.01, respectively). Pre-anthesis, SSD lines ranged from 0.87 (W141-33 and
W141-36) to 0.93 (W141-81 and W141-96) under HN and from 0.84 (W141-36) to
0.86 (W141-01) under LN (P< 0.001).

Post-anthesis (average for three measurements) NDVI increased from 0.52 under LN
to 0.64 under HN (P=0.031). SSD lines ranged from 0.45 (W141-39) to 0.77 (W141-
84 and W141-93) under HN and from 0.39 (W141-60) to 0.64 (W141-49 and
W14167) under LN (P<0.001, Table 6.3). Responses to increasing N supply ranged
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from -0.10 (L141-82) to +0.32 (L141-93) (P = 0.06). Under HN, three SSD lines,
L481-44 (0.76), L141-93 (0.77) and L141-84 (0.77), had significantly higher NDVI
than the higher parent Paragon (0.67) (P<0.05). Under LN no lines showed higher
NDVI than Paragon (0.58), whereas 22 SSD lines were significantly higher than
W141 (0.48) (P<0.05).

Table 6.3: NDVI pre-anthesis (Pre_A) and post anthesis (Post_A).of parental lines and mean,
maximum, minimum for HN and LN treatments of the 97 SSD lines of Paragon x W141
mapping population in 2012/13 and ANOVA significance.

Pre_ ANDVI Post A NDVI

HN LN HN LN
Paragon 0.90 0.86 0.67 0.58
W141 0.90 0.88 0.58 0.48
Min 0.87 0.79 0.45 0.39
Max 0.93 0.90 0.77 0.64
Mean 0.90 0.86 0.65 0.52
P values
N-trt 0.206 0.031
Genot. 0.435 <0.001
NXG 0.351 0.006

Averaging over all SSD lines, NDVI increased slightly from 0.86 pre-anthesis (22
May) to 0.89 (06 June) under HN whilst it was stable between the two measurements
under LN (0.82). NDVI was then stable up to 5 July (mid grain filling) in both N
treatments, After mid grain filling, NDVI decreased to 0.86 (5 July) then to 0.69 (15
July) and finally to 0.45 (24 July) under HN. Under LN, overall NDVI decreased to
0.78 (5 July) then to 0.59 (15 July) and finally to 0.38 (24 July (Figure 6.3).
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Figure 6.2: NDVI averaged over 97 SSD lines of PxW481, between 22 May and 24 July 2013
under HN (@) and LN ( x).

6.3.2 Relationships between NDVI and GY, AGDM and
NUP

6.3.2.1 PxW481 mapping population 2012

In the present study, post-anthesis NDVI was more strongly associated amongst SSD
lines with grain yield under HN (R?=0.21, P<0.001) than under LN (R®=0.07,
P<0.001, Figure 6.3a). Similarly, post-anthesis NDVI was more strongly associated
with AGDM under LN (R?=0.12, P<0.001,) than under HN (R?=0.09, P<0.01 Figure
6.3b). The relationship between post-anthesis NDVI and NUP amongst SSD lines
was also stronger under LN (R?=0.16, P<0.001) than under HN conditions (R?=0.05,
P<0.05, Figure 6.3 c). However, post-anthesis NDVI was not associated with NUTE
either under HN or under LN conditions. No relationship was found between pre-
anthesis NDVI and NUTE, while pre-anthesis NDVI was associated with NUP only
under HN conditions (Figure 6.3 d).
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Figure 6.3: Linear regression between post-anthesis NDVI (post-A NDVI) and a) grain yield
(100% DM), b) above-ground biomass (AGDM, 100% DM) and c) Above-ground N
uptake (kg ha™) amongst 79 Paragon x W481 mapping population lines in HN (#)
and LN (o) treatments in 2011/12. The parental lines are indicated by: ll Paragon
under HN, A W481 under HN, [J Paragon under LN and A W481 under LN.
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6.3.2.2 PxW481 mapping population 2013

For the PxW481 population in 2013, post-anthesis NDVI was more strongly
associated amongst SSD lines with grain yield under LN (R*=0.32, P<0.001) than
under HN (R?=0.20, P<0.001, Figure 6.4a). Similarly, post-anthesis NDVI was more
strongly associated with AGDM under LN (R*=0.28, P<0.001, Figure 6.4 b) than
under HN (R?=0.20, P<0.001). Similar effects were observed for the relationship
between NDVI and NUP under LN (R®=0.33, P<0.001) and under HN (R?=0.25,
P<0.001, Figure 6.4c). Post-anthesis NDVI was negatively correlated with NUTE
under LN (R? =0.05, P< 0.05); however no significant association was found under
HN.

A correlation matrix showing the associations amongst the 79 SSD lines between
NDVI measurements, NUE components, grain yield and AGDM is shown in Table
6.4 for both LN and HN conditions. Under LN conditions, grain yield was positively
correlated with the four NDVI measurements (P<0.001, and r = 0.50, 0.56, 0.59, and
0.46 respectively for measurements on 04 June, 05, 15 and 24 July). Grain yield was
also correlated with NUPE and AGDM (P<0.001,. r=0.93 and 0.96 respectively) and
correlated with NUE (P<0.05, r=0.27).

Similarly, AGDM was positively correlated with the four NDVI measurements
(P<0.001, and r = 0.50, 0.53, 0.56, and 0.43 respectively for measurements in 04
June, 05, 15 and 24 July). AGDM was also correlated with NUPE (P<0.001. r=0.90).

175



GrainYield (t ha?)

NUP (kg ha)

13 4 *HNy=6.5X+52R*=0.20%* 30 - ¢ HN v=11.9x+12.5R? = 0.20%**
OLN y=10.7X+1.8 R? =0.32%** O LN y=20.01X+5.9 R? = 0.28***
L 4
11 25
R
1]
<
9 o0
=
o
()
<
7 T 15 4
5 10 T T T 1
04 0.4 0.5 0.6 0.7 0.8
Post-A NDVI Post-A NDVI
o HN y= 220.7X + 171.6 R? = 0.25*%* 55 o ° : Y=-1.23X + 30.79 R? = 0.009
400 -
© LN y=305.1X +24.57 R? = 0.33*** ¢ . s Y=-9.22X + 45.56 R? = 0.05*
* 50 -
350 - o
45 ° °
300 - = pod o
&D 8 % o Lo 008 °
bo o° 0% § o
X 40 4 %D 5
250 =3 ° ®5 %50 =
L 0o o8 oﬂ
= © o0 o0 o
2 35 °o
200 - 2
20 | ’0"0’£00‘”:l"
150 - e et T+ %4 ¥y
d)
100 25 T T T 1
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
Post-A NDVI Post-A NDVI

Figure 6.4: Linear regression between post-anthesis NDVI (post-A NDVI) and a) grain yield
(100% DM), b) above-ground biomass (AGDM, 100% DM) and c) NUP (kg ha™)
and d) NUTE amongst 79 Paragon x W481 mapping population lines in HN () and
LN (o) treatments in 2012/13. The parental lines are indicated by: Il Paragon
under HN, A W481 under HN, [J Paragon under LN and A W481 under LN.
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Table 6.4: Pearson’s correlation coefficient for 79 SSD lines of the PxW481 population under HN (Unshaded) and LN (shaded) treatments in 2013 for
grain yield (100% DM), AGDM: above-ground dry matter, NUPE: N-uptake efficiency, NUTE: N-utilisation efficiency, and NDVI on 04 June, 05
July, 15 July and 24 July 2013.

NDVI ~ NDVI  NDVI  NDVI

oatun  05iul  151ul 241y NUE  NUPE  NUTE  Yield AGDM

NDVI 04 Jun 0.82*** 0.68*** 0.52*** 0.24*  0.47*** -0.09 0.50***  0.50***
NDVIO05Jul  0.58*** 0.89*** 0.73*** 0.26*  0.56*** -0.19 0.56***  0.53***
NDVI 15 Jul  0.54*** (.92*** 0.82*** 0.19 0.62*** -0.27* 0.59***  0.56***
NDVI 24 Jul  0.29* 0.68*** 0.75*** 0.11 0.46*** -0.16 0.46*** 0.43***
NUE 0.29**  0.24* 0.17 0.01 0.24* 0.06 0.27* 0.19
NUPE 0.53*** 0.62*** 0.57*** 0.30** 0.20 -0.47***  0.93*** (0.90***
NUTE -0.08 -0.07 -0.08 -0.13 0.32** -0.10 -0.12 -0.13
Yield 0.45*** 0.55*** (0.52*** 0.26* 0.21 0.91*** 0.16 0.96***
AGDM 0.55*** (0.59*** 0.54*** 0.20 0.23*  0.91*** 0.03 0.85***

Significance: *: P<0.005, **: P<0.001 and ***: P<0.001
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6.3.2.3 PxW141 mapping population

For the PxW141 mapping population, post-anthesis NDVI was more strongly
associated amongst SSD lines with grain yield under LN (R*=0.21, P<0.001) than
under HN (R?=0.12, P<0.001, Figure 6.5 a). Post-anthesis NDVI showed positive
associations with AGDM under LN (R?=0.07, P<0.01) and under HN (R?=0.05,
P<0.05, Figure 6.5 b), but associations were less strong than with grain yield. Post-
anthesis NDVI was associated with NUP under both HN (R?=0.14, P<0.001) and LN
conditions (R?=0.13, P<0.001, Figure 6.5 c) conditions. However, post-anthesis
NDVI was not associated with NUTE either under HN or LN conditions.
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Figure 6.5: Linear regression between post-anthesis NDVI (post-A NDVI) and a) grain yield
(100% DM), b) above-ground biomass (AGDM, 100% DM) and c) N uptake (kg ha’
') amongst 97 Paragon x W141 SSD lines in HN (#) and LN (0) conditions in
2012/13. The parental lines are indicated by: l Paragon under HN, A W141 under
HN, L1 Paragon under LN and A W141 under LN.

179



Table 6.5: Pearson’s correlation coefficient in 97 SSD lines of PxW141 population between grain yield (100% DM), AGDM: above-ground dry
matter, NUPE: N uptake efficiency, NUTE: N utilisation efficiency, and NDVI in high N (HN unshaded) and low N (LN shaded) conditions in 2013 in
four different dates: 04 Jun, 05 July, 15 July and 24 July 2013.

NDVI  NDVI NDVI NDVI

04Jun 05Jul  15Jul  24Ju NUE  NUPT - NUTE  Yield ~ AGDM

NDVI 04 Jun 0.62*** 0.31** 0.14 0.30**  0.46*** -0.27** 0.30**  0.49***
NDVI 05 Jul  0.58*** 0.78*** 0.61*** 0.41*** 0.47*** -0.13 0.41*** 0.50***
NDVI15Jul  0.41*** 0.76*** 0.86*** 0.51*** 0.39*** 0.16 0.51*** 0.36**
NDVI 24 Jul  0.31** 0.48*** 0.67*** 0.34*** 0.27** 0.11 0.34*** 0.20
NUE 0.44*** 0.48*** 0.42*** 0.30** 0.78*** 0.29** 0.99*** 0.73***
NUPE 0.50*** 0.47*** 0.41*** 0.28** 0.89*** -0.36***  0.77*** 0.89***
NUTE -0.03 0.13 0.12 0.08 0.44*** -0.03 0.30**  -0.27**
Yield 0.45***  0.47*** 0.39*** 0.27** 0.98*** 0.89*** 0.39*** 0.72%**
AGDM 0.41*** 0.45*** 0.30** 0.15 0.68*** 0.86*** -0.22* 0.69***

Significance: *: P<0.005, **: P<0.001 and ***: P<0.001
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6.3.3 Flagleaf senescence
6.3.3.1 PxW481 mapping population 2012/13

The onset of the rapid senescence phase (ONSEN) was advanced from 392°Cd under
HN conditions to 308 (°Cd after GS61) under LN conditions (P<0.05; Table 6.6).
Amongst SSD lines, ONSEN ranged from 161°Cd°Cd (L481-25) to 854°Cd (L481-
36) under HN and from 161°Cd (L481-77) to 854°Cd (L481-56) under LN
(P<0.001) conditions. Responses to decreased N availability ranged from -502°Cd
(L481-43) to +216°Cd (L481-25) (P< 0.001). There were 16 SSD lines with higher
ONSEN than W481 (377°Cd) and Paragon (377°Cd) (P<0.05). However, under LN,
only two SSD lines L481-32 (754°Cd) and L481-56 (854°Cd) had significantly
higher ONSEN than the higher parent Paragon (377°Cd)= (P<0.05). Eleven SSD
lines maintained ONSEN better under LN than the better stay-green parent Paragon
(+0°Cd) (P<0.05).

The total duration of post-anthesis flag-leaf senescence (DURTOT) increased from
615°Cd under LN to 708°Cd under HN (P = 0.020; Table 6.6). SSD lines ranged
from 399°Cd (L481-49) to 1376°Cd (L481-05) under HN and from 395°Cd to
794°Cd under LN (P<0.001). Responses to increased N ranged from -239°Cd
(L481-49) to +453°Cd (L481-26)°Cd (L481-56) (P< 0.001). Under HN, six SSD
lines had significantly higher DURTOT than the higher parent W481 (735 °Cd
(P<0.05). Under LN, no SSD line had higher DURTOT than the higher parent
Paragon (709°Cd).

N treatment did not have any effect on the duration of the rapid phase of senescence
(SEN) (P=0.482). Averaging over the HN and LN treatments, SSD lines ranged from
164°Cd (L481-26) to 468°Cd (L481-46) (P<0.001). Responses to increasing N
availability ranged from -297°Cd (L481-43) to +323°Cd (L481-44) (P = 0.002). One
SSD lines: L481-46 (468°Cd) had significantly higher SEN than the higher parent
Paragon (341°Cd) (P<0.05).
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Table 6.6: Flag-leaf senescence parameters of parental lines and mean, maximum, and
minimum of 79 SSD lines of Paragon x W481 for HN and LN treatments in 2012/13 mapping
population and ANOVA significance: onset of senescence (ONSEN,°Cd) senescence duration of
the second phase (SEN,°Cd) and total duration of the senescence (DURTOT,°Cd ).

ONSEN SEN DURTOT
°Cd °Cd °Cd

HN LN HN LN HN LN
Paragon 377.0 377.0 3510 3320 728 709.0
W81 377.0 252.0 3575 2420 7345  624.0
Min 161.0 161.0 1440 1200 3990  395.0
Max 854.0 854.0 583.0  490.0 1376 794.0
Mean 392.4 307.7 2968 3243 7077 6148
N trt Prob. 0.038 0.482 0.020
Gen. Prob. <0.001 <0.001 <0.001
N X GProb. <0.001 0.002 <0.001

6.3.3.2 PxW141 mapping population

The onset of the rapid senescence phase (ONSEN) was advanced from 431°Cd under
HN to 366°Cd under LN (P<0.05; Table 6.7). Amongst SSD lines, ONSEN ranged
from 252°Cd (L141-39 and L481-58) to 687°Cd (L141-94) under HN and from
252°Cd (L141-58) to 854°Cd (L141-47) under LN (P<0.01). Responses to reduced
N ranged from +167°Cd (L141-04) to -373°Cd (L141-49) (P< 0.001). Under HN,
one SSD line (L141-49) had higher ONSEN than either W141 (448.5°Cd) or
Paragon (448.5°Cd) (P<0.05). Under LN also one line had higher ONSEN than the
higher parent Paragon (520°Cd) (P<0.05). No SSD line maintained higher ONSEN
under LN than W141 (+196.5°Cd) whilst 13 maintained higher ONSEN than
Paragon (-71.5°Cd) (P<0.05).

For PxW141, N treatment did not have any effect on the total duration of leaf
senescence (DURTOT); 686°Cd under LN vs 696°Cd under HN (P=0.671; Table
6.7). Averaging over HN and LN treatments, SSD lines ranged from 500°Cd (L141-
56) to 818°Cd (L141-49) (P<0.05). Two SSD lines, L141-56 (+390°Cd), L141-60
(+386°Cd) maintained higher DURTOT than both W141 (+133°Cd) and Paragon
(+57°Cd).

N treatment did not affect the duration of the rapid phase of senescence (SEN)
(P=0.208), although there was decrease from 324 under HN to 266 under LN°Cd.
Averaging over HN and LN treatments, all SSD lines ranged from 198°Cd (L141-
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06) to 637°Cd (L141-51) (P<0.001). The ability to maintain SEN values under LN
ranged from -126 (L141-21) to +308 (L141-11) (P=0.003).

Table 6.7: Flag-leaf senescence parameters of parental lines and mean, maximum, and
minimum of 97 SSD lines of Paragon x W141 mapping population for HN and LN treatments
and ANOVA significance: onset of senescence (ONSEN,°Cd) senescence duration of the second
phase (SEN,°Cd) and total duration of the senescence (DURTOT,°Cd ).

ONSEN SEN DURTOT
°Cd °Cd °Cd
HN LN HN LN HN LN
Paragon 4485  520.0 298.5  170.0 747.0  690.0
W141 4485  252.0 287.0 3510 7355  603.0
Min 252.0  252.0 136.0  152.0 486.0  297.0
Max 687.0  854.0 697.0 5455 826.0  964.0
Mean 4306  365.6 268.7  325.6 6955  685.8
N-trt. 0.024 0.208 0.591
Genot. <0.001 0.029 <0.001
NXG <0.001 0.004 <0.001

6.3.4 Relationships between harvest traits and leaf
senescence

6.3.4.1 PxW481 mapping population

For 2013, Pearson’s correlation coefficient amongst SSD lines between senescence-
related traits in the PxW481 population (ONSEN, SEN, and DURTOT) and grain
yield, NUPE and NUTE are shown in Table 6.8. Under HN, no significant
correlations were found between any of the senescence-related traits and grain yield
and NUE traits (Figue 6.6). However, under LN a positive correlation between SEN
and grain yield (r = 0.35, P=0.001) and between DURTOT and grain yield (r = 0.46,
P<0.001) was found. In addition, a positive correlation was found between SEN and
NUP (r = 0.40, P<0.001) and between DURTOT and NUP (r = 0.49, P<0.001).
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Figure 6.6:

Post-A NDVI

Linear regression between a) grain yield (100% DM) and total duration of
senescence (DURTOT), b) N uptake (NUP, kg ha™) and DURTOT and c) N uptake
(kg ha™) and post-anthesis NDVI (post-A NDVI) amongst 79 Paragon x W481 SSD
lines in HN (#) and LN (0) treatments in 2013.The parental lines are indicated by:
B Paragon under HN, A W481 under HN, [J Paragon under LN and A W481
under LN.
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For the PxW481 population, post-anthesis NDVI was more strongly associated with
grain yield under LN (r=0.57, P<0.001) than under HN (r=0.47, P<0.001). Similarly,
post-anthesis NDVI was better associated with AGDM under LN (r=0.53, P<0.001)
than under HN (r=0.46, P<0.001). Post-anthesis NDVI was also better associated
amongst SSD lines with ONSEN, SEN and DURTOT under LN (r=0.38, P<0.001;
r=0.42, P<0.001 and r=0.65, P<0.001 respectively) than under HN (r=0.32, P<0.001;
r=0.01, NS and r=0.38, P<0.001, respectively) (Table 6.8).
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Table 6.8: Pearson’s correlation coefficient amongst 79 SSD lines of Paragon x W481 for grain yield (Yield, 100% DM), AGDM: above-ground dry
matter, NUPE: N-uptake efficiency, NUTE: N-utilisation efficiency, ONSEN: onset of post-anthesis rapid phase of senescence, SEN: duration of the post-
anthesis rapid phase of senescence, DURTOT: total duration of post-anthesis senescence, PH: plant height, AD: date of anthesis (GS61) and GNC: grain N

concentration (GNC). The values are based on means in 2013 with HN (Unshaded) and LN (Shaed)

Yield AGDM NUE NUPE NUTE ONSEN SEN DURTOT NDVI PH AD GNC
Yield 0.97*** 1.00*** 0.93*** -0.12 0.12 0.35**  0.45***  0.57*** 0.31** 0.15 0.13
AGDM 0.85*** 0.97*** 0.90*** -0.13 0.10 0.33**  0.40***  0.53*** 0.34** 0.17 0.10
NUE 1.00*** (0.91*%** 0.93*** -0.12 0.13 0.35**  0.45***  0.57*** 0.31** 0.15 0.13
NUPE 0.91*** 0.91*** (0.96*** -0.47***  0.11 0.40*** 0.49***  0.58*** 0.27** 0.16 0.46***
NUTE 0.16 0.02 0.18 -0.11 -0.01 -0.27*  -0.31** -0.22*  0.02 -0.07 -0.94%**
ONSEN 0.14 0.11 0.15 0.14 0.07 -0.17 0.43***  0.20 0.12 0.14 0.02
SEN -0.11 -0.12 -0.12 -0.1 -0.13 -0.23* 0.80***  0.42*** 0.18 0.19 0.24*
DURTOT 0.08 0.06 0.09 0.09 -0.01 0.70*** 0.21 0.62*** 0.15 0.27* 0.27*
NDVI 0.49*** 0.47*** 0.52*** 0.53*** -0.11 0.32**  -0.03 0.36** 0.33** 0.50*** 0.17
PH 0.13 0.30** 0.18 0.13 0.15 0.09 -0.08 -0.01 0.12 0.24* 0.03
AD 0.05 0.19 0.1 0.12 -0.09 -0.02 0.19 0.09 0.17 0.12 0.06
GNC -0.07 -0.14 -0.12 0.1 -0.77***  -0.06 0.06 -0.03 -0.05 -0.24*  -0.16

Significance: *: P<0.005, **: P<0.001 and ***: P<0.001
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6.3.4.2 PxW141 mapping population 2013

The correlations amongst SSD lines between senescence-related traits in the
PxW141 population (ONSEN, SEN, DURTOT, GY, NUPE and NUTE) are shown
in Table 6.9. Under HN, ONSEN was positively correlated with grain yield (r = 0.25,
P=0.012) and with NUPE (r = 0.30, P=0.002) and DURTOT was positively
correlated with grain yield (r = 0.23, P=0.021) and with NUPE (r = 0.23, P=0.023).
However, no significant correlation was found between SEN and grain yield or

NUPE or between the three senescence parameters and NUTE.

Under LN, ONSEN was positively correlated with grain yield (r = 0.29, P = 0.004)
and NUPE (r = 0.25, P = 0.013). The correlation between DURTOT and each of
yield and NUPE was significant (r = 0.29, P = 0.003 and r = 0.22, P = 0.03,
respectively). The correlation was not significant between SEN and yield and NUPE

or between senescence traits and NUTE.

Under HN, post-anthesis NDVI (PoA_NDVI) was more strongly correlated with
DURTOT (r = 0.59, P<0.001) than ONSEN (r = 0.48, P=0.001); the correlation with
SEN was not significant. Under LN, PoA NDVI was again highly positively
correlated with DURTOT (r = 0.60, P<0.001) and ONSEN (r = 0.59, P<0.001); no
significant relationships were found with SEN.

Under HN, similar to the PxW481 mapping population, no correlation was found
between senescence traits (ONSEN, SEN and DURTOT) and TGW. However under
LN, TGW was negatively correlated with DURTOT (r = -0.28, P<0.01) and with
ONSEN (r = -.021, P<0.005). Therefore, overall as for PxXW481, senescence traits
for the PxW141population were more strongly associated with post-anthesis NDVI
under LN than under HN.
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Figure 6.7: Linear regression between a) grain yield (100% DM), and total duration of

senescence (DURTOT), b) N uptake (NUP, kg ha™) and DURTOT, ¢) DURTOT and
post-anthesis NDVI (post-A NDVI) and d) 1000 grain weight and DURTOT
amongst 97 Paragon x W141 SSD lines in 2013 lines in HN (@) and LN (0)
conditions. The parental lines are indicated by: Il Paragon under HN, A W141
under HN, [] Paragon under LN and A W141 under LN.
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Senescence score

Averaging over SSD lines, flag-leaf senescence score against thermal time is shown
in Figure 6.8 for the PxW481 and PxW141 populations.

PxW481 PxW141
12 - 12+
a) b)
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Figure 6.8: Post-anthesis flag-leaf senescence scores against thermal time post-anthesis
(GS61)(°Cd) inin HN and LN for a) PxW481 PxW481 b) PxW141 mapping

population in 2013
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Table 6.9: Pearson’s correlation coefficient for 97 SSD lines of PxW141 in 2013 between grain yield, AGDM: above-ground dry matter, NUPE: N-
uptake efficiency, NUTE: N-utilisation efficiency, ONSEN: onset of the rapid flag-leaf post-anthesis senescence phase, SEN: duration of the rapid flag-leaf
post-anthesis senescence phase DURTOT: total duration of flag-leaf senescence, PH: plant height and AD; date of anthesis (GS61). HN (Unshaded) and Ln

(shaded)

Yield AGDM NUPE NUTE ONSEN SEN DURTOT NDVI PH AD GNC
Yield 0.71*%** 0.77*** 0.29** 0.29** -0.01 0.29*%* 0.45*** -0.18 0.22* -0.27**
AGDM 0.69*** 0.89*%** -0.29** 0.13 0.00 0.12 0.27*%*  0.40*** -0.01 0.25*
NUPE 0.88*** 0.86*** -0.38***  0.25* 0.01 0.22* 0.36*** 0.27** 0.02 0.36***
NUTE 0.38*** -0.23* -0.04 0.06 0.00 0.13 0.12 -0.65***  0.30** -0.96***
ONSEN  0.25* 0.19 0.31** 0.03 -0.23*  0.54***  0.59*** -0.18 0.31** -0.10
SEN 0.02 -0.01 0.01 -0.07 -0.16 0.42*** 0.01 -0.05 -0.05 -0.06
DURTOT 0.26* 0.16 0.26* 0.06 0.71*** 0.36*** 0.60*** -0.22* 0.34***  .0.18
NDVI 0.34*** (0.20* 0.36*** 0.10 0.48*** (.15 0.63*** -0.12 0.54***  _0.16
PH -0.32**  0.27** -0.11 -0.44***  -0.07 -0.01 -0.08 -0.15 -0.23* 0.65***
AD 0.31** 0.05 0.17 0.37*%**  0.23* -0.16 0.19 0.33*** -0.18 -0.37***
GNC -0.27** 0.07 0.04 0.04 0.06 0.07 0.02 -0.07 0.29** -0.34%**

Significance: *: P<0.005, **: P<0.001 and ***: P<0.001
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6.3.5 Leaf photosynthetic activity

6.3.5.1 Leaf chlorophyll fluorescence PxW481

Post-anthesis chlorophyll fluorescence was overall slightly higher than at anthesis
(P<0.001), increasing from 0.64 pre-anthesis to 0.67 post-anthesis under HN and
from 0.59 to 0.61, respectively, under LN.

For the PxXW481 population in 2013, N treatment did not have a significant effect on
flag-leaf chlorophyll fluorescence (Quantum yield: QY) at around anthesis (11 June
2013) (P=0.288). SSD lines ranged from 0.53 (L481-06) to 0.71 (L481-34) under
HN and from 0.32 (L481-53) to 0.69 (L481-75) under LN (P<0.001). Response to
increasing N supply ranged from -0.14 (L481-35) to +0.32 (L481-23) (P< 0.001).

Post-anthesis (5 July 2013), even though QY increased overall from 0.60 to 0.67, no
significant effect of N treatment on QY was observed (P=0.219). SSD lines ranged
from 0.59 (L481-59) to 0.76 (L481-54) under HN and from 0.44 (L481-44) to 0.73
(L481-76) under LN (P=0.03). The N treatment x genotype interaction was not
significant (P= 0.114).

6.3.5.2 Chlorophyll fluorescence PxW141

At anthesis, flag-leaf QY increased overall from 0.59 under LN to 0.65 under HN
(P=0.05). SSD lines ranged from 0.53 (L141-33) to 0.71 (L141-52) under HN and
from 0.27 (L141-72) to 0.70 (L141-28) under LN (P<0.001). Response to increasing
N supply ranged from -0.10 (L141-04) to +0.40 (L141-72) (P< 0.001).

Post-anthesis, neither N treatment nor genotype had an effect on flag-leaf
chlorophyll fluorescence; however, there was a trend for a N treatment x genotype
interaction (P= 0.085) with responses to increasing N supply ranging from -0.16
(L141-82) to +0.36 (L141-21).
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Table 6.10: Pearson’s correlation coefficient in 79 SSD lines of PxW481 between

Chlorophyll fluorescence on 11 June and 5 July 2013 and SPAD at anthesis (GS61, 11
June), (only under HN) and Grain yield, AGDM: above-ground dry matter, NUPE: N

uptake efficiency and NUTE: N-utilisation efficiency.

Chlorophyll fluorescence (QY) SPAD
11 June 5 July 11 June
HN LN HN LN HN

Yield -0.17 0.21* 0.03 0.00 0.16
AGDM -0.16 0.20 0.07 0.01 0.10
NUPE -0.14 0.15 0.11 -0.07 0.21*
NUTE 0.14 0.09 -0.12 0.17 -0.07
QY1 - - 0.05 -0.26 0.19
QY2 0.05 -0.26 - - -0.03

6.3.5.3 Flag leaf chlorophyll content (SPAD) under HN

Flag-leaf chlorophyll content was only measured under high N conditions in 2013.
Flag-leaf chlorophyll content (SPAD) under HN ranged from 39.2 (L481-73) to 55.9
(L481-55) (P = 0.02). Twenty SSD lines had higher SPAD than both Paragon

(53.45) and W481 (49.35).

For the PxXW141 population, SPAD under HN (P=0.035) ranged from 48.0 (L141-
86) to 57.0 (L141-40). Thirty seven SSD lines had higher SPAD than both parental
lines Paragon (53.7) and W141 (51.9).

Table 6.11: Pearson’s correlation coefficient for 97 SSD lines of PxW141 popuation in
2013 for correlations between flag-leaf chlorophyll fluorescence on 11 June and 5 July

2013 and SPAD at around anthesis (11 June) under HN each of grain yield,above-

ground dry matter (AGDM), N-uptake efficiency (NUE) and N-utilisation efficiency

(NUTE).
Chlorophyll fluorescence (QY) SPAD
11 June 5 July 11 June
HN LN HN LN HN
Yield 0.14 0.15 0.25* 0.15 0.22*
AGDM 0.06 0.09 0.22* 0.07 -0.10
NUPE 0.15 0.06 0.27** 0.07 0.07
NUTE 0.01 0.06 0.01 0.14 0.35***
QY1 - - 0.22* -0.09 0.28**
QY2 0.22*  -0.09 - - 0.17
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6.3.6 Dry matter per shoot and partitioning at anthesis
under HN

6.3.6.1 PxW481 mapping population 2013

Ear dry weight of SSD lines at anthesis ranged from 232 (L481-72) to 551 g m™
(L481-56) (P=0.025). Lamina dry weight of SSD lines ranged from 192 (L481-72) to
440 g m™ (L481-75) (P<0.001). Stem dry weight ranged from 775 (L481-67) to 1729
g m” (L481-76) (P=0.032).

AGDM_A of SSD lines at anthesis ranged from 1307 g m™ (L481-67) to 2700 g m™
(L481-47) (P=0.003). Only one line, L481-47 (2700 g m™) had higher AGDM_A
than Paragon (2690 g m™).

Table 6.12: Ear dry matter, (Ear DM), lamina dry matter (Lamina DM), stem dry
matter (Stem DM) and total above-ground dry matter at anthesis (AGDM_A), parental
lines and mean, maximum, minimum and ANOVA significance for HN treatment of
the 79 SSD lines of Paragon x W481 mapping population in 2013

Ear DM Lamina DM StemDM AGDM_A

(@m?) (gm?) @m?  (@m?)
Paragon 616 450 1625 2690
W481 442 294 1344 2081
Min 232 192 775 1307
Max 551 440 1729 2700
Mean 369 285 1224 1877
Gen. Prob 0.025 <0.001 0.032 0.032
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6.3.6.2 PxW141 mapping population

Ear dry weight of SSD lines at anthesis ranged from 184 (L141-82) to 536 (L141-92)
(P=0.008). Lamina dry weight of all SSD lines at anthesis ranged from 110 (L141-
82) to 503 g m? (L141-37) (P = 0.039). Stem dry weight ranged from 567 g m™
(L141-82) to 1911 g m™? (L141-78) (P = 0.011).

At anthesis AGDM of SSD lines ranged from 861 (L141-82) to 2905 g m™ (L141-
47) (P=0.02). Three SSD lines, L141-63 (2714 g m®), L141-21 (2760 g m™) and
L141-78 (2905 g m™) had higher AGDM_A than either W141 (1820 g m™) or
Paragon (1700 g m™). The values of AGDM at anthesis were obviousely

overestimated, because they are extrapolated from five shoots sample to the m?.

Table 6.13: Mean, maximum, minimum and ANOVA significance for the HN treatment for 97
SSD lines of Paragon x W141 mapping population and parental lines for ear dry matter (DM),
leaf lamina DM (Lamina DM), stem dry matter (Stem DM) and above-ground dry matter
(AGDM) per m? at anthesis (GS61).

Ear DM Lamina DM Stem DM AGDM

(gm?) (gm?) @m?®  (gm?)
Paragon 372 327 1001 1700
W141 347 242 1231 1820
Min 184 110 567 861
Max 536 503 1911 2905
Mean 362 298 1131 1791
Genot. 0.008 0.039 0.011 0.020
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6.4 Discussion

This discussion considers the response of NDVI and senescence parameters to the N
supply in two mapping populations (PxW481 and PxW141) and the relationship of

these parameters with grain yield and biomass as well as NUE components.

6.4.1 Canopy size

In the present investigation, restricted N availability reduced NDVI on four
assessments (pre- and post-anthesis) for PxW481 mapping population; and on two
post-anthesis measurements for PxW141 mapping population. Pre-anthesis, N had an
effect on NDVI of the PxW481 mapping population, but not on the PxW141
mapping population. However, N supply significantly affected post-anthesis NDVI

in both mapping populations.

The canopy reflectance results confirmed that an increase in greenness results in
lower reflectance at visual (VIS) wavelengths (400-700 nm), because of increased
light absorption due to a higher density of pigments per unit soil surface area
(Hinzman, Bauer, and Daughtry, 1986). However, the opposite effect was observed
for near infr-red reflectance (NIR) (700-1300 nm), the relatively higher reflectance
observed is due to the canopy and leaf internal scattering (Colwell, 1974).

All wheat genotypes in the populations had highest NDVI value at about flowering;
NDVI then declined during the grain-filling period. Reflectance-based measurements
of NDVI often become saturated at a high leaf area index near anthesis (Christopher
et al. 2013). As plant tissues become older, the crop loses its greenness; it reflects
more light and the spectral reflectance characteristics of the canopy change.
Adamsen et al. (1999), using a digital camera on spring wheat, reported that NDVI
and SPAD were associated with senescence in wheat. However, the difference
between highest and lowest NDVI was more pronounced during grain-filling
compared with pre-anthesis stage since certain genotypes had a sharper decline.
Present results showed; averaging all SSD lines; that NDVI decreased in the end of
grain filling to 0.45 under HN and to 0.38 under LN for PxW481 and to 0.54 under
HN and 0.42 under LN for PxW141 mapping population.
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a) 6.4.1.1 Relationship between NDVI and grain
yield
Post-anthesis NDVI1 was positively and more strongly associated with grain yield
amongst SSD lines under LN for both PxW481 and PxW141 than under HN. Indeed,
under LN conditions, the crop has lower biomass but higher biomass production
efficiency (BPE). Therefore, under LN present results indicated that there is more
source limitation, while under HN the crop is more sink limited. In addition, when
leaf area index (LAI) is approaching 4, NDVI becomes saturated and less sensitive to
changes in vegetative development (Hatfield et al. 2010) which is the case under HN
in our experiment. Although under optimal conditions wheat crops are in general
little limited by the assimilate supply during grain filling (Dreccer et al. 1997; Borra”
s et al. 2004; Calderini et al. 2006), under low to moderate N fertiliser levels yields

may be more limited by post-anthesis assimilate supply.

The post-anthesis NDV1 response to N was associated amongst genotypes with grain
yield response to N, therefore NDVI measurements could detect SSD lines

maintaining high yield under LN conditions.

In the past, selection for yield per se has been effective in raising wheat yield (Ferrio
et al. 2005). Nevertheless, the assessment of grain yield requires the harvesting of
field plots, which is expensive and time consuming for large sets of genotypes in
plant breeders’s trials. A non-destructive way to estimate yield before harvesting
would therefore be an important tool in breeding programs. Bauer (1975) showed
that monitoring crop growth conditions by using spectral signature of crop canopies
in visible and near-infrared regions was successful. Thus, spectral reflectance
measurements have been successfully used to estimate biomass, leaf area index,
photosynthesis and yield in several species like rice (Vaesen et al. 2001), barley
(Bort et al. 2002), bread wheat (Filella et al. 1995 Babar et al. 2006b) and durum
wheat (Aparicio et al. 2000; Royo et al. 2003). The NDVI and simple ratio (SR) are
related to the photosynthetic active biomass (Penuelas et al. 1997).

NDVI was positively associated with yield under different environments (Lopes and
Reynolds, 2012). Many studies reported that NDVI could be used to predict genetic
variation in grain yield in cereals (Raun et al. 1999, Babar et al. 2006, Teal et al.
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2006, Wang et al. 2010). However, other studies have reported that NDVI recorded
at different growth stages of the wheat crop differed in its relationship with grain
yield. Freeman et al. (2003) reported that NDVI was well correlated with wheat
grain yield at growth stages when the flag leaf was fully emerged and heading was
complete. Under HN, the correlation between NDVI two weeks after anthesis and
grain yield was highest in both mapping populations (r=0.55 and r=0.47 respectively
for PxW481 and PxW141). These correlations are similar to those reported by
Aaparicio et al. (2000) (r=0.55) and lower than those reported by Ferrio et al. (2005)
(r=0.64). Under LN condition, the best correlation between NDVI and grain yield
was found at three weeks after flowering. The milky-ripe grain filling stage was also
found to be the best developmental stage for recording genetic variation in NDVT as

correlations with yield are stronger than for earlier measurements (Royo et al. 2003).

b) 6.4.1.2 Relationship between NDVI and
biomass
The post-anthesis NDVI was positively correlated with biomass production under
HN and LN in PxW481 and in PxW141. In both HN and LN, post-anthesis NDVI
was better associated with biomass in PxW481 than in PxW141. Also in both
mapping populations, post-anthesis NDVI was better associated with biomass under
LN than under HN.

Similar to grain yield, NDVI measured two weeks after anthesis date was the better
correlated with biomass under HN and LN for PxW141 mapping population, and
under HN for PxW481 mapping population, and NDVI measured three weeks after
flowering was the best correlated with biomass under LN conditions. These results
are consistent with those reported by Babar et al. (2006a and b) who showed that the
relationship between biomass and NDVI was strongest at about two weeks after

flowering under normal N conditions.

PxW481 and PxW141 had similar post-anthesis NDVI under HN conditions;
however, under LN conditions PxW481 had higher NDVI than PxW141. The
difference between the two populations could be explained by the higher biomass for
PxW481. Indeed, averaging two years, PxW481 produced much more biomass under

HN and LN conditions than PxW141. The results on the two mapping populations
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used in this study confirm the presence of genotypic variation for NDVI, which can

be utilized to predict biomass in breeding programmes.

In order to produce high vyielding, stress-tolerant plants rapidly and efficiently,
connecting genotype to phenotype is required. Given the rapid development of plant
genomic technologies (i.e. next generation DNA sequencing), a lack of access to
high-throughput field phenotyping capabilities limits our ability to dissect the
genetics of quantitative traits related to growth, yield and adaptation to stresses
(Phillips et al. 2010). However, new high-throughput phenotyping platforms are now
being developed functional including a variety of imaging spectroscopy
(multispectral and hyperspectral remote sensing), thermal infrared imaging,
fluorescence imaging, 3D imaging and tomographic imaging (MRI, Magnetic
Resonance Imagers, PET Positron Emission Detectors and CT, X-ray Computed
Tomography) (Li et al. 2014). New high throughput phenotyping platforms (HTPPs)
were reported by Araus and Cairns (2014). A combination of advances in
aeronautics, remote sensing and high performance computing leads to develop
ground based platforms to aerial systems of HTPPs. Most of the ground-based
HTPPs include modified vehicles equipped with GPS, navigation devices, cameras

and sensors (Araus and Cairns 2014).

c) 6.4.1.3 Relationship between NDVI and N
uptake
There were significant correlations between NUPE and NDVI at all measurement
dates (before and after anthesis) in both PxW481 and PxW141 mapping populations.
These results are consistent with findings by Stone et al. (1996). The correlations in
the present study increased from the early stages of stem elongation to flowering,
and then started to decrease up to maturity. However, the highest correlations were
observed around anthesis. Indeed, under HN, the highest correlation was observed
in the two weeks before flowering time for PxW481 and PxW141, whereas under
LN conditions the correlation was highest three weeks after anthesis for Px\W481 and
two weeks after anthesis for PxXW141. Dekker et al. (2003) emphasized that the early
readings (around booting) were far superior for predicting total N uptake than the
later readings. Poole and Craig (2010) using a panel of wheat cultivars under

different N treatments showed that NDV1 correlation with the nitrogen content of the
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plant biomass, becomes weaker at NDVI levels approaching 0.75 (due to saturation

of greenness).

Crop reflectance (light wavelengths reflected from the crop) can be measured by
remote sensors from aircraft/satellite or proximal sensors mounted on a spray boom
or tractor cab (Roberts al. 2009). New plant phenomics offer technologies to enable
breeders to develop new wheat germplasm with improved NUE to support future

sustainable wheat production (Furbank and Tester 2011).

6.4.2 Flagleaf senescence

In the present study, pre-anthesis NDVI was highly correlated with the total duration
of post-anthesis senescence (DURTOT) for both the PxW481 and PxW141 mapping
populations under HN and LN conditions. Indeed, high NDVI pre-anthesis relates to
high N uptake pre-anthesis allowing delayed senescence by providing N for

remobilisation during grain filling.

For wheat, there is evidence that the N sink demand for grain protein initiates
senescence in order to remobilise nitrogen from vegetative organs to the grain (Gan
and Amasino, 1997; Martre et al. 2006). This process is affected by the genetic
variability of the N source-sink balance. Several investigations have concluded that
the genetic control of N remobilization seems likely to be involved in the regulation
of leaf senescence (Sinclair and De Wit, 1975; Masclaux et al. 2001), and an
improved understanding of N remobilization could be important in developing
cultivars with stay-green properties. The stay-green phenotype has been attributed to
higher cytokinin levels and/or reduced ethylene production or perception (Thomas
and Howarth, 2000). Christopher et al. (2008) postulated under drought in Australia
that a stay-green genotype had a narrower root system which conferred a yield
advantage in areas where moisture was available in deep non-constrained soils. This
characteristic allows these genotypes to extract a small amount of extra soil moisture
and nutrients (N) from deep in the profile late in the season (Lopez and Reynold,
2012).

Present results suggested no significant associations between ONSEN and either
grain yield or NUTE or NUPE under both HN and LN conditions for the PxW481
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mapping population. However, for PxW141 mapping population, ONSEN was
slightly better associated with yield under HN and LN conditions, and ONSEN was
slightly better associated with NUPE under HN than under LN. Previous studies in
wheat have demonstrated that genetic variation in grain growth is not associated with
post-anthesis senescence parameters under HN conditions whereas associations
between grain yield and NUTE and post-anthesis senescence parameters were
reported under LN conditions (Gaju et al. 2011). This is in general agreement with
present results where under LN conditions grain yield and NUTE were more strongly
correlated with the timing of the onset of the rapid phase of senescence hence

potentially limited by assimilates supply during grain filling.

The results of this study show that the genetic variation in ONSEN was associated
with anthesis date (AD). Indeed, under LN, later onset of the rapid phase of
senescence was associated with later anthesis date for PxXW481 and for PxW141,;
however under HN, ONSEN was correlated with AD only in the PxXW141 mapping
population. This difference between the two mapping populations under HN could
be due to the difference in the range of AD amongst lines for the two populations.
The findings of the current study are consistent with those of Gaju et al. (2011) and
Bogard et al. (2011). Bogard et al. (2011) added that the relationship between AD
and flag-leaf senescence depended on the environment. Another explanation of
relationship between AD and ONSEN could be that increased rooting capacity may
be associated with the genotype differences in N acquisition under restricted N
supply. Later AD could be associated with deeper roots (Foulkes et al. 2004) and/or
a relatively deeper distribution of roots or a lower specific root mass (King et al.
2003).

A positive correlation amongst SSD lines was found between grain N concentration
(GNC) and both SEN and DURTOT for PXW481 under LN, however no correlation
between these traits was found for PxW141 either under HN or under LN. The effect
in PxXW481 could be due to staygreen genotypes accumulating more N before
anthesis while maintaining high N remobilization efficiency (Slafer et al. 1990).
These two processes may increase GNC, SEN and DURTOT simultanousely.

Delayed leaf senescence has been reported to increase grain yield in durum wheat
(Spano et al. 2003) and bread wheat genotypes (Gong et al. 2005; Luo et al. 2006;
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Christopher et al. 2008; Chen et al. 2010; Bogard et al. 2011), presumably because of
prolonged photosynthetic duration. Bogard et al. (2011) argued that the use of the
relationship between leaf senescence traits and grain N should be interpreted with
caution. Indeed leaf senescence during grain filling was highly prone to the genotype
X environment interaction (GXE) so leaf senescence, as a selection criterion to
improve grain N, strongly depends on the targeted environments and presumably the

N availability during the post-anthesis period.

A negative correlation was also found between grain N concentration (GNC) and AD
for PXW141 mapping population under HN (r=-0.34, P<0.001) and under LN. For
PxW481, there is a trend of negative relationship under HN and no relationship
under LN. This may be associated with the positive correlation between GY and

anthesis date leading to starch dilution of N in the grain.

NUTE was negatively associated with GNC in both mapping populations. This
finding is consistent with findings by Gaju et al. (2011). In feed and biofuel wheat
cultivars, increasing NUTE with lower GNC is feasible. However, in bread-making
genotypes any trade-off with grain protein concentration (GPC) with regard to the
ca. 13% threshold for bread-making must be considered carefully (Gaju et al. 2011).
The minimum amount of GNC required for viable grain in wheat was reported to be
1.25% (Pask et al. 2012). One strategy to increase NUTE would be to develop grain
with a lower minimum GNC in future phenomics studies linked to genomics studies

to identify the genes regulating grain protein structural and functional requirements.
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Chapter 7: Genetic analysis of the phenotypic data of
Paragon x W481 and Paragon x W141 mapping
populations

7.1 Introduction

This chapter describes the results of the genetic analysis carried out on the Paragon x
W481 (2012 and 2013) and Paragon x W141 (2013) mapping populations for traits
measured in the field experiments at University of Nottingham. The phenotypic
evaluation was carried out for grain yield, above-ground biomass, NUE and NUE
components and target physiological traits. The two maps (for PxwW481 and
PxW141) were constructed using JoinMap version 4 (Van Ooijen, 2006). The
quantitative trait loci (QTL) analysis was performed using the software package
MapQTL version 5 (van Ooijen, 2004). The nonparametric mapping or Kruskal
Wallis (KW) analysis was performed first to classify the effect of the markers one by
one, followed by Interval Mapping (IM) identifying loci between markers. The
results are presented for significant QTL (LOD> significant threshold of each trait)

and putative QTLs (LOD>2) and their location on the chromosomes of interest.

The objective of this chapter was to identify quantitative trait loci (QTL) for grain
yield and yield components, above-ground biomass, NUE and NUE components and

physiological traits under high N and low N conditions. The specific aims were to:

o Construct the genetic map for the PxW481 and PxW141 mapping

populations.

o Identify quantitative trait loci (QTL) for grain yield and yield components,
above-ground biomass, NUE, NUE components and underlying traits in the
two SSD mapping populations, PxW481 and PxW141, under high N and low

N conditions.

o Identify the stable QTLs for PxW481 and Px141 mapping populations under
HN and LN and QTLs which interaction with N treatment.

o Compare the locations of the identified QTLs in two mapping populations
PxW481 and PxW141.
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o Compare the locations of the QTLs with previous published NUE QTLs in

wheat.

7.2 Methodology

7.2.1 Phenotyping

The methodology for phenotyping grain yield and the target traits including yield
components, biomass, NUE and NUE components and physiological traits for
PxW481 in 2012 and 2013 and for PxW141 in 2013 for PxXW141 SSD mapping
populations was described in Chapter 3 and the results presented in Chapters 5 and
6. In each experiment for each trait mean values across replicates were used for QTL

analysis.

7.2.2 Genotyping

The initial mapping work was carried out at John Innes Centre, Norwich, UK and
University of Bristol, UK in the two mapping populations as part of the BBSRC-
funded collaborative programme (Wheat Improvement Strategic Programme, WISP).
This was achieved using Simple Sequence Repeats (SSR) and Single Nucleotide
Polymorphism (SNPs). From the characterized genotype data provided by John
Innes Centre, one map for each of the mapping populations (PxW481 and PxW141)
was presently constructed using JoinMap version 4.1 (Van Qoijen, 2006). For
PxW481, a total of 201 Markers (27 SSRs and 174 SNPs) were used to build a
genetic map; and for PxXW141 mapping population a total of 491 markers (23 SSRs
and 468 SNPs) were used. The Haldane mapping function was used to calculate the

centiMorgan (cM) distances.

In the mapping of the 201/491 marker loci into linkage groups several LOD
thresholds were tested. Usually, a LOD of 3.0 is widely applied for linkage analysis
(Collard at al., 2005). Using this threshold (LOD of 3.0), one large linkage group
containing almost all marker loci was obtained. Linkage analysis with a LOD of 5.0
and 8.0 still resulted in large linkage groups. The LOD threshold for significant
linkage was gradually increased until obtaining individual loci in a group. Only at a
LOD of 10.0 were linkage groups obtained which in all cases were in agreement

with nulli-tetrasomic data. However, markers with a genetic distance of more than 20
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cM were no longer significantly linked at this threshold. After finding the best order
of markers within these linkage groups, they were assembled into larger units by
lowering the LOD threshold.

After the maps were constructed, a QTL analysis was performed using MapQTL
version 5 (van Ooijen, 2004). Two methods were used for QTL analysis of each trait:
Kruskal Wallis (KW) for individual QTL identification and Interval Mapping (IM)
to estimate the position of a QTL within two markers. After IM analysis to test the
(LOD) significance, a Permutation Test (PT) was performed to estimate the
logarithm of the odds (LOD) threshold for each trait. In this study, when LOD >
threshold, the QTL is considered significant, but when the LOD > 2.00 and <
threshold, the QTL is considered as putative, finally, when LOD > 1.00 and < 2.00

the QTL is considered as candidate.

In the results, the significant and putative effects identified by IM analysis are
described and discussed. In addition, candidate QTL identified are referred in

relation to colocation of QTLs where appropriate in the discussion.

7.3 Results

7.3.1 Genetic map construction

7.3.1.1 PxW481

For PxW481, the mapping of the 201 marker loci with a LOD of 10.0 resulted in 35
distinct linkage groups consisting of 172 loci and 29 unlinked loci. After flowering,
the markers were assembled into larger groups. This resulted in a genetic map with
26 linkage groups comprising 173 loci and spanning 852.7 cM. These linkage groups
could be assigned to the 21 wheat chromosomes based on published maps (Sommers
et al. 2004, Sourdille et al. 2004) and the available nulli-tetrasomic data, except for
one linkage group 26 containing two markers, which belongs to either 6D or 1B.
There was relatively poor coverage of markers on chromosomes 1D, 4B, 3A and 7B,

and no markers on chromosomes 3D, 4D, 6D and 7D.

The map lengths were 416, 330 and 108 cM for the A, B and D genomes,
respectively (Table 7.1). The D genome had lower marker numbers (M) coverage
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and lower density (13 M and 8.27 cM M™) than the B genome (82 M and 4.01 cM
M™) and A genome (75 M and 5.54 cM M™) (Table 7.1).

The map lengths of individual chromosomes ranged from 5.0 (chr 1D) to 95.0 cM
(chr 6A). The number of markers per chromosome ranged from 2 on 1D to 33 on 6A.
The chr 6A was formed by 3 linkage groups and chr 1B, 3B, 5A, 7A and 7B each
comprised of two linkage groups.

The marker data were used for QTL analysis of selected quantitative traits using 79
SSD lines of the population PxW481 in the present study. The most relevant QTLs
are discussed in this chapter.

7.3.1.2 PxW141

For PxW141, the mapping of the 491 marker loci with a LOD of 10.0 resulted in 45
distinct linkage groups consisting of 475 loci and 16 unlinked loci. After lowering
the LOD threshold, the markers were assembled into larger groups. This resulted in a
genetic map with 28 linkage groups comprising 482 loci and the total genetic
distance of the linkage maps was 1585 cM with an average density of one marker per
3.29 cM. These linkage groups could be assigned to the 21 wheat chromosomes
based on published maps and the available nulli-tetrasomic data. The map lengths
were 667, 650 and 268 cM for the A, B and D genomes, respectively (Table 7.2).
Genome D had lower marker number (M) coverage but higher density (268 M and
2.79 ¢cM M™) than genome B (650 M and 3.19 cM M™) and genome A (667 M and
3.67 cM M™) (Table 7.2).

The chr 4D did not contain any markers and map lengths of other individual
chromosomes ranged from 18.8 (chr 6D) to 141.9 (chr 2B) cM. The number of
markers per chromosome (excluding 4D) ranged from 8 on chr 6D to 60 on 6B. The
chr 3B and 6D were formed by 3 linkage groups and the chromosomes 1B, 2B, 3B

5A and 6A each comprised of two linkage groups.

These marker data were used for QTL analysis of selected quantitative traits using
97 SSD lines of the population PxW481 in the present study. The most relevant

QTLs are discussed in this chapter.
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Table 7.1: Marker coverage for the Paragon x W481 genetic map by chromosome

Chromosome 1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D
('\'I\‘A)')markers 4 8 2 4 23 3 7 13 0 5 6 0 12 10 8 3 14 0 10 8 0
Length (cM) 47 46 5 31 67 24 19 57 0 66 13 O 8 8 78 95 30 0 68 28 O
Density ((M/M) 11.83 578 250 7.68 2.89 810 277 438 - 1328 212 - 743 892 978 287 213 - 681 354 -
Genome A B D Total

No. marker (M) 75 82 13 170

Length (cM) 416 330 108 853

Density (cM/M) 554 402 827 5.02

Table 7.2: Marker coverage for the Paragon x W141 genetic map by chromosome

Chromosome 1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 58 5D 6A 6B 6D 7A 7B 7D
(Nl\sl")marker 15 19 29 26 37 23 21 33 9 15 13 0 21 60 18 57 17 8 27 25 9
Length (cM) 64 8 66 95 142 73 120 89 52 71 58 0 8 97 29 92 108 19 136 70 28

Density (cM/M) 4.27 453 230 3.64 3.83

320 573 270 6.00 4.73 444

424 162 159 162 633 200 503 281 3.00

Genome A B D Total
Marker (M) 182 204 96 482
Length (cM) 667 650 268 1585
Density (cM/M) 367 319 279 3.29
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7.3.2 Genetic analysis of grain yield and components

In the text unless stated otherwise the QTLs described are those identified by interval

mapping.

7.3.2.1 PxW481
a) 2012

Grain yield: Under HN conditions, one QTL (LOD = 3.91) was found at 23.9 cM on
chr 6A (Table 7.3, Figure 7.1) close to marker BS0001037 (K*=14.4; P<0.001; LOD
= 3.26) at 23.9 cM explaining 20.4% of the phenotypic variation. Yield was
increased by the presence of the Paragon allele. In addition, two putative QTLs were
identified, one on 3B (LOD = 2.71) and one on 4B (LOD = 2.18) explaining
respectively 14.6 and 11.9% of the phenotypic variation.

Under LN conditions, one QTL was found at 17.05 cM on chr 2B which coincided
with marker BS00003589 (K*=2.73; P=0.1; LOD = 3.09) explaining 16.5% of the
phenotypic variation (Table 7.4, Figure 7.1). Yield was increased by the WA481
allele. In addition, eight more putative QTLs on 2B (1), 2D (1), 3A (1), 3B (2), 4B
(1), 5A (1), and 6A (1) were identified explaining between 11.8 and 14.3% of the

total phenotypic variation.

Grains per m% Under HN, a major QTL was found on chr 7B coinciding exactly
with marker barc32 at 20.3 cM (K*=12.33; P<0.001; LOD = 3.88) explaining 20.3%
of the phenotypic variance (Table 7.3, Figure 7.1). Grains per m? was increased by
the Paragon allele. In addition three putative QTLs were identified, one on chr 2D
(LOD = 2.74), one on 5B (LOD = 2.30) and one on 5A (LOD = 2.16). These QTLs
explained respectively 14.7, 12.5 and 11.8% of the phenotypic variation.

Under LN, four putative QTLs were found for GM using the IM method (Table 7.4,
Figure 7.1): two on 3B (LOD = 2.51 and 2.06), one on 2D (LOD = 2.48) and one on
5A (LOD = 2.07). These QTLs explained between 11.3 and 13.6% of the phenotypic

variation.

Grains per ear: Under HN no QTL was significant for GE (Table 7.3, Figure 7.1).
The highest LOD (1.68) was recorded for a marker BS00009531 Chr 5A at 55.04
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cM. Under LN conditions, one QTL was found at 2.00 cM on chr 2D close to marker
gwm577 (K*=6.6; P<0.05; LOD = 2.90) (Table 7.4, Figure 7.1). The QTL explained
15.7% on the phenotypic variance and GE was increased by the W481 allele. In
addition, two putative QTLs were found on 5A (LOD = 2.34) and on 1A (LOD =
2.18) explaining, respectively, 12.7 and 11.9% of the phenotypic variation.

Ears per m?: Under HN, two putative QTLs were found on 7B (LOD = 2.10) and on
3B (LOD = 2.06) explaining respectively 11.3 and 11.5% of the phenotypic variation
(Table 7.3, Figure 7.1).

Under LN, one QTL was found coinciding with the marker BS00021895 at 0.00 cM
position on 1A (K*=3.01; P=0.1; LOD = 4.12) (Table 7.4, Figure 7.1). In addition,
three putative QTLs were found on 3B (LOD = 2.48), 3A (LOD = 2.34) and 7A
(LOD = 2.15). These QTLs explained respectively 13.4, 12.8 and 11.8% of the total
phenotypic variation.

Thousand grain weight: Under HN, one QTL was found at 84.2 cM on chr 5B
(LOD = 2.80) (Table 7.3, Figure 7.1) close to marker BS00016286 (K*=11.44;
P<0.001; LOD = 2.67) at 87.4 cM position explaining 15.1% of the phenotypic
variance. TGW was increased by the W481 allele. In addition, two putative QTLs
were found, one on 5B (LOD = 2.25) and one on 2A (LOD = 2.08) explaining,
respectively, 12.3 and 11.4% of the total variation. Under LN, four putative QTLs
were found for TGW (Table 7.4, Figure 7.1): two on 7B (LOD = 2.59 and 2.00), one
on 2D (LOD = 2.49) and one on 5B (LOD = 2.07). These QTLs explained between
11.0 and 14.0% of the phenotypic variation.
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Table 7.3: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) methods for grain yield and components under HN
treatments for Paragon x W481 mapping population in 2011/12.

. Position Kroskal Wallis Interval mapping
Trait Chr. Locus —
! (cM) “ K*  Signif. =~ LOD PT  Var.  %Expl. Add.
3B 34.6 BS00011570 7.76 *** 271 29 0.95 146  0.39
Grain yield 4B 12.7 BS00012107 8.11 **x** 2.18 0.98 119 036
6A 23.9 BS00001037 14,40 *x*xx* 3.91 0.88 204 045
2A 24.9 BS00004004 7.73 **=* 2.08 2.7 10.06 114 -1.15
1000 grain weight 5B 84.2 BS00016286 11.44 ****x 2.80 9.64 15.1 -1.39
5B 43.2 BS00003637 0.47 - 2.25 9.96 123 -0.18
2D 5.0 gwm577 372 * 2.74 2.8 1.1E+07 14.7 -2067
. ) 5A 63.0 BS00009531 0.52 - 2.16 1.1E+07 11.8  -972
Grains per m
5B 31.4 BS00010573 1.91 - 2.30 1.1E+07 125  -658
7B 20.3 barc3?2 12,53  kwrkx 3.88 1.0E+07 20.3 1762
2 3B 1.00 BS00020861 2.44 - 2.06 2.8 5223 11.3  8.90
Ears perm
7B 17.49 Barc3?2 455 ** 2.10 5211 115 29.24

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.. the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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Table 7.4: Summary of QTLs identified using both Kruskal wallis (KW) and Interval Mapping (IM) methods for grain yield and components under
LN treatments for PxW481 mapping population in 2011/12.

. Position Kroskal Wallis Interval mapping
Trait Chr. " em) Locus =5 sign. LOD PT _ Var.  %Expl.  Add,

2B 17.1 BS00003589 2.73 * 3.09 28 0.51 16.5 -0.13

2B 61.7 BS00009442 5.17 ** 2.53 0.52 13.7 -0.15

2D 24.3 BS00009575 6.61 ** 2.65 0.52 14.3 -0.3

3A 18.6 gwm2-2 7.07 *** 2.46 0.53 13.4 0.23

Grain yield 3B 31.1 BS00010881 9.13 **** 2.43 0.53 13.2 0.28

3B 2 BS00020861 2.01 - 2.27 0.53 12.4 0.21

4B 12.6  BS00015504 0.05 - 2.5 0.52 135 0.03

5A 65 BS00009531 8.31 **** 2.16 0.53 11.8 -0.33

6A 9.9 BS00003881 2.73 * 2.37 0.53 12.9 -0.17

2D 0 gwmb77 481 ** 249 28 8.87 135 1.48

1000 grain weight 5B 86.2 BS00010679 4.08 ** 2.07 9.09 11.4 -0.75

7B 17.5 barc32 11.28 ***xx 2.59 8.81 14 -1.43

7B 1 BS00011217 6.17 ** 2 9.12 11 -1.03

2D 0 gwmb577 8.04 FHxx 2.48 2.7 6.50E+06 13.5 -1582

. 2 3B 1 BS00020861 0.81 - 2.51 6.50E+06 13.6 521
Grains per m

3B 31.1 BS00010881 6.67 *** 2.06 6.70E+06 11.3 918

5A 70 BS00000645 2.37 - 2.07 6.70E+06 11.4 -1131

1A 19.45 BS00010416 8.74 **** 218 28 43.7 11.9 351

Grains per ear 2D 2 gwmb77 6.61 ** 2.93 41.8 15.7 -4.46

5A 40.36 BS00011890 13.01 ***x*x* 2.34 43.3 12.7 -2.46

1A 0 BS00021895 6.77 *** 412 2.7 1648 21.4 -9.55

Ears per m2 3A 19.36 gwm2-2 2.62 - 2.34 1828 12.8 -4.57

3B 8.51 BS00009651 0.01 - 2.48 1814 13.4 10.23

TA 1 BS00011724 511 ** 2.15 1848 11.8 14.95

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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b) 2013

Grain yield: Under HN conditions, one QTL was found at 32.8 cM on chr 5A (LOD
= 3.06) close to the marker BS00011227 (K*=1.75; NS; LOD = 0.74) at 30.8 cM.
This QTL explained 16.3% of the phenotypic variance and yield was increased by
the W481 allele (Table 7.5, Figure 7.1). In addition, five putative QTLs were found,
two on 6A (LOD = 2.44 and 2.29), one on 4A (LOD = 2.23) and one on 3B (LOD =
2.06). These QTLs explained between 11.3 and 13.3% of the phenotypic variation.

Under LN, five putative QTLs were found, two on 2B (LOD = 2.54, 2.29 and 2.21),
explaining 12.1 and 13.8% of the phenotypic variation, respectively, one on 7A
(LOD = 2.47) explaining 13.4% of the phenotypic variation and two on 5A (LOD =
2.37 and 2.11) explaining 12.9 and 11.6% of the phenotypic variation, respectively.

Thousand grain weight: No marker was significant under HN. The highest LOD
was observed for BS0001405 in 6A (1.91) (Table 7.5, Figure 7.1). Under LN, one
QTL was found at 29.9 cM on chr 5B (LOD = 2.86) close to the marker
BS00010573 (K*=7.47; P<0.001; LOD = 2.67) at 31.4 cM explaining 15.4% of the
phenotypic variance; yield was increased by the Paragon allele. In addition a putative
QTL was found on 6A (LOD = 2.38) explaining 13.0% of the phenotypic variation.

Grain per m?: Under HN conditions, one QTL was found at 6.0 cM on chr 2D (LOD
= 3.53) close to marker gwm577 (K*=4.97; P<0.05; LOD = 3.09) at 0.00 cM (Table
7.5, Figure 7.1) explaining 18.6% of the phenotypic variance; yield was increased by
the W481 allele.

Under LN conditions, three significant QTLs were found for GM:

- QTL at 32.4 cM on chr 5B (LOD = 4.29) close to the marker BS00010573
(K*=13.10; P<0.001; LOD = 3.97) explaining 20.6% of the phenotypic
variance; GM was increased by the W481 allele.

- QTL at 65.0 cM on chr 5B (LOD = 2.81) close to the marker BS00009531
(K*=3.04; P<0.1; LOD = 2.80) explaining 15.1% of the phenotypic variance
GM was increased by the W481 allele.
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- QTL at 8.00 cM on chr 5A (LOD = 3.15) close to the marker BS00011846
(K*=7.02; P<0.01; LOD = 3.12) explaining 16.8% of the phenotypic
variance; GM was increased by the Paragon allele.

Grains per ear: Under HN, one putative QTL was found on 2D (K*=4.34; P<0.01;
LOD = 2.32) explaining 12.6% of the phenotypic variation (Table 7.5, Figure 7.1).
Under LN conditions, one QTL on marker BS00011846 (K*=7.02; P<0.01; LOD =
3.78) was found at 8.20 cM on chr 5A explaining 19.8% of the phenotypic variance
and GE was increased by the Paragon allele. In addition, two putative QTLs were
found on 6A (LOD = 2.814) and on 5B (LOD = 2.27) explaining 15.1 and 12.4% of
the phenotypic variation, respectively.

Ears per m?: Under HN, one QTL: BS00011047 (K*=6.72; P<0.01; LOD = 2.95) on
chr 2B at 16.8 cM was identified explaining 15.8% of the phenotypic variance
(Table 7.5, Figure 7.1). Under LN, one putative QTL (K*=4.95; P<0.05; LOD =
2.28) was found on chr 2B explaining 12.4% of the phenotypic variation.
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Table 7.5: Summary of QTLs identified using both Kruskal wallis (KW) and Interval Mapping (IM) methods for grain yield and components under
HN and LN treatments for PxW481 mapping population in 2012/13.

. Position Kroskal Wallis Interval mapping
N Treat Trait Chr. M) Locus e gign. LOD PT  Var.  %Expl. Add.

3B 7.5 BS00009651 0.065 - 2.06 2.8 1.13 11.3 0.07

@ 4A 20 BS00010455 0.32 * 2.23 1.12 12.2 -0.05
2 Grain yield 5A 32.8 BS00011227 1.754 - 3.06 1.07 16.3 -0.28
'-g 6A 12.3 BS00010576 3.654 * 2.44 111 13.3 -0.23
S 6A 0.2 BS00010326 11.83 **** 2.29 1.12 12.5 0.39
pd Grains per m” 2D 6 gwmb77 4973 ** 353 2.7 1.1E+07 18.6  -2505
I Grains per ear 2D 0 gwmb577 4341 ** 232 29 70 12.6 -4.83
Ears per m’ 2B 16.8 BS00011047 6.718 *** 295 2.8 4900 15.8 22.9

2B 46.3 BS00021713 10 *Hxx 254 2.9 315 13.8 -7.23

2B 58.6 BS00003585 10.44 **** 2.21 321 12.1 -6.66

Grain yield 5A 8 BS00011846 5.872 ** 2.37 318 12.9 4.57

5A 66 BS00009531 3.986 ** 2.11 323 11.6 -4.28

% 7A 14 BS00001450 09 - 2.47 316 13.4 -1.44
2 1000 grain weigh 5B 29.9 BS00010573  7.47 *** 2.86 2.8 7.94 15.4 1.07
S 6A 9.1 BS00011122 8.734 **** 2.38 8.16 13 -1.12
§ 5A 8 BS00011846 7.016 **** 3.15 2.8 8.4E+06 16.8 1107
= Grains per m* 5A 65 BS00009531 4.879 ** 2.81 8.6E+06 15.1 -894
- 5B 32.4 BS00010573 131 *x***xx 4.29 7.9E+06 221  -1627
5A 8.2 BS00011846 13.26 ****** 3.78 28 39.19 19.8 3.26

Grains per ear 5B 33.4 BS00010573 3.525 * 2.27 42.8 124 -2.67

6A 0 BS00003818 8.782 **** 2.81 41.5 15.1 2.29

Ear per m” 2B 62.7 BS00011630 4.949 ** 2.28 2.7 3300 12.4 -15.3

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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7.3.2.1 Paragon x W141

Grain yield: Under HN, two putative QTLs were found on 6D (LOD = 2.37) and on
7B (LOD = 1.9) explaining 11.0 and 8.9% of the phenotypic variation (Table 7.6,
Figure 7.2). Under LN, three putative QTLs were found on 4A (LOD = 2.06), 1B
(LOD = 2.03) and 6B (LOD = 2.02) (Table 7.7, Figure 7.2) explaining 9.6, 9.5 and

9.4% of the total phenotypic variation, respectively.

Thousand grain weight: Under HN, two significant QTLs were found (Table 7.6,
Figure 7.2):

- QTL at 43.6 cM on chr 1A (LOD = 4.93) close to marker BS00016654
(K*=0.25; NS; LOD = 4.51) at 41.56 cM.explaining 21.5% of the phenotypic
variance. TGW was increased by the W141 allele.

- QTL at 10.00 cM on chr 3A (LOD = 3.39) close to marker BS00025739
(K*=9.46; P<0.001; LOD = 2.75) explaining 20.51% of the phenotypic
variance. TGW was increased by the W141 allele.

In addition, three putative QTLs were found, one on chr 6B (LOD = 2.48), one on
6A (LOD = 2.16) and one on 2D (LOD = 2.01) explaining 21.5, 21.8 and 22.0% of
the phenotypic variation, respectively. Under LN conditions, two QTLs were found
(Table 7.7, Figure 7.2):

- QTL at 43.6 cM on chr 1A (LOD = 3.52) close to marker BS00016654
(K*=0.09; NS; LOD = 3.37) at 41.56 explaining 15.8% of the phenotypic
variance. TGW was increased by the W141 allele.

- QTL at 41.10 cM on chr 7B (LOD = 3.30) close to marker BS00080621
(K*=15.37; P<0.001; LOD = 3.10) explaining 15.8% of the phenotypic
variance. Thousand grin weight was increased by the W141 allele.

In addition, two putative QTLs were found on 7A (LOD = 3.08) and on 3A (LOD =
2.78) explaining 12.8 and 13.0% of the phenotypic variation, respectively.

Grains per m? Under HN, one QTL (LOD = 5.53) at 42.6 cM on chr 1A near
marker BS00016654 (K*=1.24; NS; LOD = 5.35) at 41.6 cM was found explaining
23.7% of the phenotypic variance (Table 7.6, Figure 7.2). Grains per m® was
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increased by the Paragon allele. In addition, three putative QTLs were found on 3A
(LOD = 2.91), 7B (LOD = 2.35) and 6B (LOD = 2.01) explaining 13.3, 10.9 and
9.4% of the total phenotypic variation, respectively. Under LN conditions, four
putative QTLs were found on 1A (LOD = 2.95), 7A (LOD = 2.88), 4A (LOD = 2.38)
and 3A (LOD = 2.18) (Table 7.7, Figure 7.2) explaining 13.4, 13.2, 11.0 and 10.1%

of the total phenotypic variation, respectively.

Grains per ear: Under HN, one QTL was found: BS00011036 (K*=4.84; P<0.01;
LOD = 3.60) at 44.6 cM on chr 6B explaining 16.2% of the phenotypic variance
(Table 7.6, Figure 7.2). Grains per ear was increased by the W141 allele. In addition,
two putative QTLs were found, one on 1A (LOD = 2.54) and one on 3D (LOD =
2.10) explaining 11.7 and 9.80% of the total phenotypic variation, respectively.

Under LN conditions, one QTL at BS00011769 (K*=4.87; P<0.01; LOD = 3.72) was
found at 21.82 ¢cM on chromosome 5B explaining 16.7% of the phenotypic variation
(Table 7.7, Figure 7.2). Grains per ear was increased by the W141 allele. In addition,
two putative QTLs were found, one on 3D (LOD = 2.54) and one on 7B (LOD =
1.97) explaining 11.7 and 9.20% of the total variation, respectively.

Ears per m® Under HN, five putative QTLs were identified, two on 5A (LOD =
2.77 and 2.22), one on 3A (LOD = 2.22) and two on 7B (LOD = 2.01 and 1.97)
(Table 7.6, Figure 7.2). These QTLs explained from 9.20 to 12.7% of the total
phenotypic variation. Under LN, three putative QTLs were found on 5A (LOD =
2.62), 3A (LOD = 2.50) and 6A (LOD = 2.45) (Table 7.7, Figure 7.2) explaining
12.1, 11.5 and 11.3% of the total phenotypic variation, respectively.
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Table 7.6: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) methods for grain yield and yield components under the HN
treatment for Paragon x W141 mapping population in 2012/13.

. Position Krosk_al Interval mapping
Trait Chr. (M) Locus Wa||I§
K* Sign. LOD PT  Var. %Expl.  Add.
Grain yield 6D 1.32 BS00022094 4.355 ** 237 32 091 11.0 -0.26
7B 48.0 BS00023800 3.059 * 1.9 0.93 8.90 0.15
1A 43.6 BS00016654 0.253 - 493 3.2 19.0 215 -0.58
2D 58.8 cfd36 5114 ** 2.01 22.0 940 -1.17
1000 grain weight 3A 10.0 BS00025739 9.46 **** 3.39 20.5 15.3 -2.30
6A 41.6 psp3152 9.321 ***x* 2.16 21.8 100  -1.67
6B 39.1 BS00076465 5.061 ** 2.48 215 11.5 1.55
1A 42.6 BS00016654 1.236 - 553 3.2 1.8E+07 23.7 677
Grains per m? 3A 8.00 BS00025739 7.076 *** 291 2.1E+07 13.3 2059
6B 39.1 BS00076465 4.284 ** 2.01 2.2E+07 94 -1541
7B 48.0 BS00010251 7.724 *** 2.35 2.1E+07 10.9 1724
1A 42.6 BS00016654 3.703 * 254 3.3 96.0 11.7 2.60
Grains per ear 3D 52.4 BS00098495 5.992 ** 2.10 98.0 980 -251
6B 446 BS00011036 4.843 ** 3.60 91.1 16.2 -2.51
3A 14.0 BS00032524 6.785 *** 222 33 4786 10.3 34.4
5A 3.00 BS00031177 9.749 **x* 2.77 4658 12.7  -30.0
Ears per m’ 5A 33.8 BS00010966 3.378 * 2.22 4786 103  -10.0
7B 47.0 BS00009398 5.23 ** 2.01 4835 9.40 25.2
7B 22.7 BS00012117 4.68 ** 1.97 4844 9.20 18.1

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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Table 7.7: Summary of QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) methods for grain yield and yield components
under the LN treatment for Paragon x W141 mapping population in 2012/13.

. Position Kroskal Wallis Interval mapping
Trait Chr T em) LocUs T sign, LOD PT  Var. %Expl. Add.
1B 35.0 BS00010392 6.385 ** 2.03 3.2 0.98 9.5 0.34
Grain yield 4A 56.7 BS00101512 0.319 - 2.06 0.98 96  -0.04
6B 44.6 BS00011036 1.967 - 2.02 0.98 940  -0.17
1A 43.6 BS00016654 0.091 - 352 3.2 12.5 158  -0.26
. . 3A 8.0 BS00025739 7.155 *** 2.78 13.0 127  -1.64
1000 grain weight
7A 131.8 BS00089844 0.263 - 3.08 12.8 14.0 0.41
7B 41.1 wmch17 13.81 xrHkxx 3.30 12.7 149  -1.61
1A 44.6 BS00016654 0.01 - 295 3.3 1.2E+07 13.4 424
. 2 3A 10.0 BS00025739 6.022 ** 2.18 1.3E+07 10.1 1511
Grains per m
4A 56.7 BS00101512 0.953 - 2.38 1.3E+07 11.0 213
7A 131.8 BS00089844 0.946 - 2.88 1.2E+07 13.2 -506
3D 55.7 BS00101512 0.641 - 254 3.2 87.6 11.7  -0.01
Grains per ear 5D 21.8 BS00011769 4.869 ** 3.72 82.6 16.7 -1.84
7B 45.0 BS00009398 1.583 - 1.97 90.1 9.20 1.23
3A 66.9 BS00039498 3.015 * 250 3.1 2677 11.5 10.4
Ears per m’ 5A 11.28 BS00011278 10.38 **** 2.62 2660 121 -20.1
6A 38.9 BS00010749 8.339 **** 2.45 2683 11.3 19.9

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.. the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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7.3.3 Genetic analysis of AGDM, NUE and components
7.3.3.1 PxW481

a) 2012

Anthesis date: Under HN, three putative QTLs were identified, on chr. 7A (LOD =
2.53), on 5B (LOD = 2.37) and on 1A (LOD = 2.20) (Table 7.8, Figure 7.1). These
QTLs explained 13.7, 12.9 and 12.0% of the phenotypic variation, respectively.
Under HN, two putative QTLs were identified on chr 5B (LOD = 2.04) and 5A
(LOD =1.95) explaining 11.2 and 10.7% of the phenotypic variation, respectively.

Plant height: Using the IM method under HN, two significant QTLs were found
(Table 7.8, Figure 7.1):

- QTL at 61.0 cM on chr 4B (LOD = 3.90) close to marker BS00012071
(K*=8.96; P<0.001; LOD = 3.55) explaining 20.4% of the phenotypic
variance. Plant height was increased by the W481 allele.

- QTL at 6.00 cM on chr 5A (LOD = 3.22) close to marker BS00011846
(K*=12.7; P<0.001; LOD = 3.04) explaining 17.1% of the phenotypic
variance. Plant height was increased by the Paragon allele.

Under LN conditions, three QTLs were found:

- QTL at BS00011789 (K*=8.06; P<0.005; LOD = 3.47) at 8.5 cM on chr 6A
explaining 18.3% of the phenotypic variance. Plant height was increased by
the presence of W481 allele.

- QTL (LOD = 2.87) at 17.5 cM on chr 7B close to marker barc32 at 17.5 cM
position (K*=20.33; P<0.001; LOD = 2.75) explaining 15.4% of the
phenotypic variance; plant height was increased by the W481 allele.

- QTL at gwm577 (K*=5.06; P<0.05; LOD = 2.89) at 0.00 cM on chr 2D
explaining 15.5% of the phenotypic variance. Plant height was increased by
the presence of the Paragon allele.

In addition, three putative QTLs were identified, one on chr. 7B (LOD = 2.62) and
two on 3A (LOD = 2.16 and 2.02) explaining 14.1, 11.8 and 11.1% of the

phenotypic variation, respectively.
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Above-ground dry matter: Under HN conditions, one significant QTL was found on
chr 4B with a marker BS00009426 at 12.6 cM (K*=8.56; P<0.005; LOD = 3.10)
explaining 16.5% of the phenotypic variance (Table 7.8, Figure 7.1). AGDM was
increased by the Paragon allele. In addition, two putative QTLs were found on 3B
(LOD = 2.53 and 2.32) explaining 13.7 and 12.6% of the phenotypic variation,
respectively. Under LN conditions, four putative QTLs were found for AGDM one
each on 3A (LOD = 2.331), 2B (LOD = 2.15), 5D (LOD = 2.137) and 2D (LOD =
2.09). These QTLs explained between 11.5 and 12.7% of the phenotypic variation.

Harvest index: Under HN conditions, one QTL was found on chr 7A with marker
BS00003894 at 55.6 cM position (K*=0.83; NS; LOD = 2.67) explaining 14.4% of
the phenotypic variance (Table 7.8, Figure 7.1). HI was increased by the Paragon
allele. In addition, two putative QTLs were found on 5B (LOD = 2.53 and 2.05)

explaining 13.7 and 11.3% of the phenotypic variation, respectively.

Under LN conditions, four QTLs were found:

- QTL at 8.50 cM on chr 3B (LOD = 4.88) close to marker BS00009651
(K*=17.5; P<0.001; LOD = 3.45) explaining 24.8% of the phenotypic
variance. HI was increased by the Paragon allele.

- QTL at 2.00 cM on chr 6A (LOD = 2.95) close to marker BS00014510
(K*=5.69; P<0.05; LOD = 2.00) explaining 15.8% of the phenotypic
variance. HI was increased by the Paragon allele.

- QTL at BS00010881 (K*=6.83; P<0.01; LOD = 2.82) at 30.5 cM on chr 3B.
This QTL explained 15.2% of the phenotypic variance. HI was increased by
the W481 allele.

- QTL at BS00018510 (K*=5.69; P<0.01; LOD = 2.81) at 0.00 cM on chr 5A.
This QTL explained 15.1% of the phenotypic variance. HI was increased by

the Paragon allele.

In addition, two putative QTLs were found on 5A (LOD = 2.40) and 6A (LOD =
2.35) explaining 13.1 and 12.8% of the phenotypic variation, respectively.
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Table 7.8: QTLs identified using both Kruskal wallis (KW) and Interval Mapping (IM) methods for biomass (AGDM), harvest index (HI), plant
height (PH) and anthesis date (AD) under HN and LN treatments for Paragon x W481 mapping population in 2011/12.

. Position Kroskal Wallis Interval mapping
Trait Chr. " em) Locus =5 Sign. LOD PT Var. %Expl.  Add.

1A 10 BS00010416 54 ** 22 28 053 12 0.29

Anthesis Date 5B 47.9 BS00012038 1.185 - 2.37 0.52 12.9 0.13

7A 51.73 BS00003894 57 ** 2.53 0.52 13.7 0.24

@ 2B 61 BS00009442 6.868 *** 39 28 345 20.4 -1.94
.g Plant Height 2B 49.2 BS00011737  8.899 **** 3.11 36.1 16.6 -2.72
'-é 5A 6 BS00011846  12.67 ****** 3.22 35.9 17.1 2.8
8 3B 25.1 BS00010060 6.022 ** 253 27 7.49 13.7 1.02
=z Above-ground dry matter 3B 34.6 BS00011570 5.448 ** 2.32 7.59 12.6 1.08
I 4B 12.6 BS00009426  8.564 **** 3.1 7.25 16.5 1.09
5B 42.4 BS00003637 0.008 - 253 2.6 4.96 13.7 0.08

Harvest index 5B 78.6 BS00011465 282 * 2.05 51 11.3 -0.66

7A 55.6 BS00003894  0.828 - 2.67 4,92 14.4 0.25

Anthesis Date 5A 2.46 BS00010702 15 - 195 26 0.6 10.7 -0.08

5B 48.55 BS00012038 7.6 *** 2.04 0.6 11.2 0.26

2D 0 gwms77 5.059 ** 289 28 67.7 155 3.61

3A 16.6 wmc264 5.627 ** 2.16 70.6 11.8 3.59

Plant Height 3A 1 BS00010531 4423 ** 2.02 71.2 11.1 2.39

6A 8.5 BS00011789  8.059 **** 3.47 65.4 18.3 -3.55

@ 7B 17.5 barc32 8.73 FF** 2.87 67.7 15.4 -4.2
§=] 7B 3.2 BS00003756 6.293 ** 2.62 68.7 14.1 -2.92
'-E 2B 61.7 BS00009442 8.616 **** 215 27 254 11.8 -0.43
S Above-ground dry matter 2D 24.3 BS00009575  4.248 ** 2.09 2.55 11.5 -0.56
= 3A 18.6 gwm2-2 7.663 *** 2.33 2.52 12.7 0.5
- 5D 18.2 BS00004065 2.309 - 2.13 2.54 11.7 -0.03
3B 8.5 BS00009651 17.466 *****x** 488 27 241 24.8 0.94

3B 30.5 BS00010881 6.831 *** 2.82 2.71 15.2 0.59

Harvest index 5A 0 BS00018510 5.687 ** 2.81 2.71 15.1 -0.51

5A 10.9 BS00011360 5.658 ** 2.4 2.78 13.1 -0.6

6A 2 BS00014510 1.568 - 2.95 2.69 15.8 -0.24

6A 19.1 psp3152 335 * 2.35 2.79 12.8 -0.41

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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N-use efficiency: One significant QTL was found under HN conditions at 23.1 cM
on chr 6A near marker BS00001037 (K*=13.96; P<0.001; LOD = 3.08) explaining
17.6% of the phenotypic variance (Table 7.9, Figure 7.1). NUE was increased by the
Paragon allele. In addition three putative QTLs were identified, one on chr 3B (LOD
= 2.84), one on 4B (LOD = 2.16) and one on 5A (LOD = 2.10) explaining 15.2, 11.8

and 11.5% of the phenotypic variation, respectively.

Under LN, one QTL was found at BS00003589 (K*=0.014; NS; LOD = 3.07) at
17.1 on chr 2B explaining 16.4% of the phenotypic variation. In addition, nine more
putative QTLs on 2D (2), 3B (2), 3A (1), 2B (1), 4B (1), 6A (1) and 5A (1), were
identified explaining between 11.0 and 13.9% of the total phenotypic variation.

N-uptake efficiency: Under HN conditions, two QTLs were found (Table 7.9, Figure
7.1):

- QTL (LOD = 2.97) at 23.1 cM on chr 3B close to marker BS00001037 at
23.94 cM position (K*=11.78; P<0.001; LOD = 2.38) explaining 15.9% of
the phenotypic variance. NUPE was increased by the Paragon allele.

- QTL (LOD = 3.08) at 34.08 cM on chr 3B close to marker BS00011570 at
34.56 cM position (K*=7.46; P<0.01; LOD = 3.07) explaining 16.4% of the

phenotypic variance. NUPE was increased by the Paragon allele.

In addition, one putative QTL was found on chr. 4B (LOD = 2.56) explaining 13.8%

of the phenotypic variation. Under HN, two significant QTLs were found:

- QTL at marker BS00003589 (K*=2.52; NS; LOD = 3.02) at 17.10 cM on chr
4Bexplaining 16.2% of the phenotypic variance. NUPE was increased by the
W481 allele.

- QTL at marker BS00021895 (K*=3.21; P<0.1; LOD = 2.77) at 0.00 cM on
chr 1A explaining 14.9% of the phenotypic variance. NUPE was increased by
the Paragon allele.

In addition, three putative QTLs were identified, one on each of chr 4B (LOD =
2.56), 6A (LOD = 2.34) and 5B (LOD = 2.08) explaining 13.8, 12.7 and 11.4% of

the phenotypic variation respectively.
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N-utilisation efficiency (NUTE): one putative QTL was found on chr. 7A (LOD =
2.16) explaining 11.8% of the phenotypic variation (Table 7.9, Figure 7.1).

Under LN conditions, one significant QTL was found at 7.00 cM on chr 3B near
marker gwm261 at 20.01 cM position (K*=2.21; NS; LOD = 0.77) explaining 15.8%
of the phenotypic variance. NUTE was increased by the Paragon allele. In addition,
two putative QTLs were found, one on 3A (LOD = 2.49) and one on 6B (LOD =
2.37) explaining, respectively, 13.5 and 12.9% of the total variation.
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Table 7.9: Summary of QTLs identified using both Kruskal wallis (KW) and Interval Mapping (IM) for N-uptake efficiency (NUPE), N-utilisation
efficiency (NUTE) and N-use efficiency (NUE) under HN and LN treatments for PxW481 mapping population in 2011/12.

. Position Kroskal Wallis Interval mapping

Trait Chr. " em) Locus =5 Sign. LOD PT Var. %Expl.  Add.
3B 346 BS00011570  8.558 **** 284 29 199 15.2 1.85
2 Nluse efficiency 4B 12.6 BS00009426 6.307 ** 2.16 20.7 11.8 1.6
.g 5A 0 BS00001953  5.053 ** 2.1 20.8 11.5 1.64
'-é 6A 23.1 BS00001037 14 Fxkxk 3.32 19.3 17.6 2
S 3B 34.1 BS00011570 7.461 *** 3.08 27 0.04 16.4 0.09
=z  N-uptake efficiency 4B 12.6 BS00009426  5.653 ** 2.56 0.04 13.8 0.07
T 6A 23.1 BS00001037 11.782 ***** 2.97 0.04 15.9 0.08
N-utilisation efficiency 7A 13 BS00001450 6.463 ** 216 2.8 132 11.8 0.46
2B 17.1 BS00003589 3.533 * 3.07 27 199 16.4  -2.89
2B 61.7 BS00009442 4.113 ** 2.17 210 11.9 -2.41
2D 24,3 BS00009575  6.137 ** 2.56 205 13.9 -5.92
2D 5 gwm577 3.156 * 2.1 210 11.5 -6.18
N-use efficiency 3A 18.6 gwm2-2 6.354 ** 2.44 206 13.3 4.29
3B 31.1 BS00010881  9.531 **** 2.52 205 13.6 5.53
@ 3B 1 BS00020861 1.897 - 241 207 13.1 3.57
=) 4B 12.6 BS00015504 0.034 - 2.35 207 12.8 0.19
§ 5A 64 BS00009531 7.4 *F* 2 212 11 -6.26
3 6A 9.9 BS00003881 3.966 ** 2.35 207 128  -3.67
= 1A 0 BS00021895 3.211 * 277 27 0.17 14.9 0.09
- 2B 17.1 BS00003589 2.517 - 3.02 0.17 16.2 -0.07
N-uptake efficiency 4B 12.6 BS00009426 0 - 2.56 0.17 138  -0.02
5B 57.5 BS00003879 1.727 - 2.08 0.18 11.4  -0.03
6A 1.2 BS00010326 461 ** 2.34 0.18 12.7 0.16
3A 12.6  wmc264 10.639 Fx** 249 28 357 135 0.81
N-utilisation efficiency 3B 7 BS00009651  9.832 *x** 2.94 3.48 15.8 0.73
6B 1 BS00003852  6.989 *** 2.37 3.6 12.9 -0.59

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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b) 2013

Anthesis date: Under HN, two putative QTLs were found, one on 3B (LOD = 2.67)
and one on 6B (LOD = 1.94) explaining 14.4 and 11.2% of the phenotypic variation,
respectively (Table 7.10, Figure 7.1). Under LN, two putative QTLs were found, one
on 3A (LOD = 2.59) and one on 4A (LOD = 2.12) explaining14.2 and 11.7% of the

phenotypic variation, respectively.

Plant height: Three putative QTLs were found on 4A (LOD = 2.04), 5A (LOD =
2.17) and 4A (LOD = 2.04) explaining 14.5, 11.9 and 11.2% of the total phenotypic
variation, respectively (Table 7.10, Figure 7.1). Under LN conditions, one QTL at
BS00010531 (K*=15.82; P<0.001; LOD = 3.55) at 0.00 cM on chr 3A was found
explaining 18.7% of the phenotypic variance. Plant height was increased by the
Paragon allele. In addition, a QTL on 2B (LOD = 2.48) explained 13.5% of the total

variation.

Above-ground dry matter: Under HN two putative QTLs, one on 3A (LOD = 2.451)
and one on 5A (LOD = 1.99) explaining 13.3 and 10.9% of the phenotypic variation,
respectively, were found (Table 7.10, Figure 7.1Under LN conditions, four putative
QTLs were found, one on 7A (LOD = 2.65) and one on 2B (LOD = 2.56) and two on
5A (LOD = 2.38 and 2.07) explaining between 11.4 and 14.3% of the phenotypic

variation.

Harvest index: Three putative QTLs were found on 6A (LOD = 2.79), 2B (LOD = 2.
74) and 1B (LOD = 1.98) explaining 15, 13.4 and 10.9% of the total phenotypic
variation, respectively (Table 7.10, Figure 7.1).

Under LN conditions, one QTL at psp3152 (K*=13.69; P<0.001; LOD = 4.07) was
found at 19.1 cM position on chr 6A explaining 21.1% of the phenotypic variance.
Harvest index was increased by the presence of W481 allele. In addition, a QTL was

found on 2B (LOD = 2.52) explaining 13.7% of the phenotypic variation.

224



Table 7.10: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) methods for biomass (AGDM), harvest index (HI), plant
height (PH) and anthesis date (AD) under HN and LN treatments for PxW481 mapping population in 2012/13.

iti Kroskal Wallis Interval mappin
Trait Chr. Position Locus - DP9
ign. ar.  %Expl. .
(cM) K* S LOD PT Var. %Expl. Add
. 3B 2 BS00011277 7.615 *** 2.7 3 22 144 -0.7
Anthesis date
6B 9 BS00010420 7.492 *** 1.9 2.3 10.7 -0.5
3B 9.5 BS00009651 4.71 ** 2.7 3 20 145 -0.8
g Plant height 4A 54.8 BS00018651 4.71 **** 2 21 11.2 -19
% 5A 8.2 BS00011846 8.81 **** 2.2 21 119 158
[y
8 . 3A 9.6 BS00011660 9.86 **** 25 3 41 13.3 0.75
—  Above-ground biomass
T 5A 31.8 BS00011227 2.27 - 2 4.2 109 -05
1B 17.3 BS00004129 342 * 2 29 28 109 -05
Harvest index 2B 61.7 BS00009442 0.94 - 2.5 2.7 134 0.2
6A 0 BS00003818 10.01 **** 2.8 2.6 15 0.63
. 3A 19.4 gwm2 9.61 **** 2.6 3 2 142 0.61
Anthesis date
4A 65.8 BS00018651 8.66 **** 2.1 2.1 11.7 -0.6
. 2B 63.6 BS00011630 9.08 **** 25 27 45 135 -23
«» Plant height
S 3A 0 BS00010531 15.82 ****x*x* 3.6 42 18.7 3.12
5 2B 46.3 BS00021713 9.96 **** 26 28 1 139 -04
[
S Above-around biomass 5A 8 BS00011846 5.91 =** 2.4 11 129 0.26
3 g 5A 66 BS00009460 1.24 - 2.1 1.1 114 -0.2
TA 15 BS00001450 0.85 - 2.7 1 143 -0.1
. 2B 5 BS00009531 0.58 - 25 3.0 2 13.7 -0.8
Harvest index
6A 19.1 psp3152 13.69 Fxx*x*xx 4.1 1.8 211 0.7

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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N-Use efficiency: Under HN, one putative QTL was found on 6A (LOD = 2.3)
explaining 14.9% of the phenotypic variation (Table 7.11, Figure 7.1). Under LN,
three putative QTLs were found on 5A (LOD = 2.39), 7A (LOD = 2.39) and 2B
(LOD = 2.34) explained 13.0, 13.0 and 12.8% of the total phenotypic variation,

respectively.

Grain N concentration: Under HN, two markers were found (Table 7.11, Figure
7.1)

- QTL on BS0001713 (K*=15.82; P<0.001; LOD = 2.92) at 47.7 cM on chr
2B explaining 15.6% of the phenotypic variance. Grain N% was increased by
the Paragon allele.

- QTL at 10.00 cM on chr 1B (LOD = 2.97) close to marker BS00010392
(K*=8.32; P<0.001; LOD = 2.50) explaining 15.9% of the phenotypic
variance. Grain N% was increased by the presence of W481 allele.

In addition, two putative QTLs were found on 2B (LOD = 2.72) and on 6B (LOD =
2.27) explaining 14.7 and 12.4% of the phenotypic variation, respectively. Under
LN, two putative QTLs were found on 5A (LOD = 2.59) and on 2B (LOD = 2.23)
explaining 14.0 and 12.2% of the phenotypic variation, respectively.

N-uptake efficiency: Under HN, one putative QTLs was found on chr 6A (LOD =
2.09) explaining 11.5% of the phenotypic variation (Table 7.11, Figure 7.1). Under
LN, two putative QTLs were found one on 5A (LOD = 2.14) and one on 7A (LOD =
2.01) explaining 13.1 and 11.1% of the phenotypic variation, respectiverly.

N-utilisation efficiency: Under HN conditions, one QTL coinciding with
BS00011670 (K*=3.85; P<0.05; LOD = 3.73) at 0.00 cM on chr 1B was found
explaining 19.5% of the phenotypic variation (Table 7.11, Figure 7.1). NUTE was
increased by the presence of Paragon allele. In addition, seven putative QTLs on 5B
(1), 2B (2), 4A (1), 6B (1), 5D (2) and 3A (1), were identified explaining between
11.1 and 13.5% of the total phenotypic variation.
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Under LN, three putative QTLs were identified, one on chr 3B (LOD = 2.47), one on
5A (LOD = 1.99) and one on 2B (LOD = 1.99) explaining 13.4, 11.0 and 10.2% of
the phenotypic variation, respectively.
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Table 7.11: QTLs identified using both Kruskal wallis (KW) and Interval Mapping (IM) for N-uptake efficiency (NUPE), N-utilisation efficiency
(NUTE) and N-use efficiency (NUE) under HN and LN treatments for the Paragon x W481 mapping population in 2012/13.

. Position Kroskal Wallis Interval mapping
Trait Chr. o) Locus = Sign. LOD PT Var. %Expl. Add.
N-use efficiency 6A 0.2 BS00010326 11.53 ***** 23 29 15 125 1.39
N-uptake efficiency 6A 0 BS00003818 6.566 ** 2.1 3 0 115 0.04
1B 0 BS00011670 3.846 ** 3.7 3 08 195 0.19
2B 47.7 BS00021713 13.26 ****x* 2.5 0.9 134 -04
o 2B 6 BS00010688 3.929 ** 2.1 0.9 11.7 -05
§ N-utilisation efficiency 3A 10.6 BS00011660 4.229 ** 2 0.9 111 0.29
S 4A 45.8 BS00003674 3.066 * 2.3 0.9 123 0.25
S 5B 82.6 BS00011465 6 ** 2.5 0.9 135 -0.3
% 5D 7 BS00021731 0.948 - 2.1 0.9 11.7 -0.2
6B 3 BS00003893 04 - 2.2 0.9 119 -0.1
1B 10 BS00010392 8.316 **** 3 3 0 15.9 -0
Grain N concentration 2B 47.7 BS00021713 14.96 ****x* 2.9 0 15.6 0.03
2B 64.6 BS00011630 9.939 **** 2.7 0 14.7 0.03
6B 2 BS00003852 6.745 *** 2.3 0 12.4 0.02
2B 46.3 BS00021713 7.4 *** 23 28 42 128 -0.8
N-use efficiency 5A 8 BS00011846 4.47 ** 2.4 4.2 13 044
. 7A 14 BS00001450 0.83 - 2.4 4.2 13 -0.2
§ N-uptake efficiency 5A 8 BS00011846 3.99 ** 2.4 3 03 131 0.1
S 7A 15 BS00001450 0.78 - 2 0.3 111 -0.1
S 2B 16.8 BS00011047 1.18 - 2 27 51 109 -0.3
z N-utilisation efficiency 3B 2 BS00020861 4.72 ** 2.5 4.9 13.4 0.67
5A 27.9 BS00001735 10.25 **** 2 5.1 11 0.84
Grain N concentration (%) 2B 16.8 BS00011047 1.14 - 2.2 3 0 122 0.01
5A 28.9 BS00001735 11.32 ***** 2.6 0 14 -0.1

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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7.3.3.2 Paragon x W141

Anthesis date: Under HN one QTL, BS00011036 (K*=4.89; P<0.05; LOD = 3.13) at
44.63 cM on chr 6B was found explaining 14.5% of the phenotypic variation (Table
7.12, Figure 7.2). Anthesis date was increased by the W141 allele. In addition, three
putative QTLs were identified, two on chr. 7A (LOD = 2.31 and 2.27) and one on 2B
(LOD = 2.31) explaining, 10.9, 10.7 and 10.9% of the phenotypic variation,
respectively. Under LN, six putative QTLs on 1A (1), 1D (1), 2D (1), 5B (1), 6A (1)
and 7B (1) were identified explaining between 10.8 and 14.1% of the total
phenotypic variation.

Plant height: Under HN, one major QTL (LOD = 3.83) at 42.56 cM on chr 1A,
close to marker BS00016654 (K*=4.66; P<0.05; LOD = 3.81) was identified
explaining 17.3% of the phenotypic variance (Table 7.12, Figure 7.2). Plant height
was increased by the W141 allele. In addition, three putative QTLs were found, two
on 5B (LOD = 2.55 and 2.38) and one on 3A (LOD = 2.42), explaining 11.9, 11.1
and 11.3% of the total phenotypic variation, respectively. Under LN, six putative
QTLs on 1A (1), 1D (1), 2D (1), 5B (1), 6A (1) and 7B (1) were identified

explaining between 9.5 and 11.4% of the total phenotypic variation.

Above-ground dry matter: Under HN, five putative QTLs were found, two on 5B
(LOD = 2.53 and 2.06), one on 7D (LOD = 2.47) and two on 6A (LOD = 2.20 and
2.13) explaining between 9.9 and 11.7% of the phenotypic variation (Table 7.12,
Figure 7.2). Under LN conditions, three putative QTLs were found on chr 6A (LOD
=2.68), 4A (LOD = 2.65), 2D (LOD = 2.57) and 2A (LOD = 2.30).

Harvest index: four putative QTLs were found on ch 5B (LOD = 2.46), 6D (LOD =
2.27), 7A (LOD = 2.16) and on 1A (LOD = 2.02) (Table 7.12, Figure 7.2) explaining
11.7,11.8, 11.9, and 11.9% of the total phenotypic variation, respectively.

Under LN conditions, one QTL, BS00016654 (K*=13.69; P<0.001; LOD = 3.28),
was found at 41.56 cM on chr 1A explaining 14.9% of the phenotypic variance.
Harvest index was increased by the presence of W481 allele. In addition, three
putative QTLs were found on chr 2D (LOD = 2.95), 5B (LOD = 2.17) and 2D (LOD
= 2.95) explaining 13.5, 10.1, and 9.1% of the total phenotypic variation,

respectively.

229



. Position Kroskal Wallis Interval mapping
Trait Chr. " em) Locus =5 gign. LOD PT Var. %Expl.  Add.
2B 107 BS00022493 272 * 231 31 359 109  -017
. 6B 446 BS00011036 4.89 ** 313 344 145  -0.44
Anthesis date (AD) 7A 78.6 BS00088825 553 ** 231 359 109  -0.45
7A 421 BS00108786 4.64 ** 2.27 36 107 059
1A 426 BS00016654 466 ** 383 31 106 173 2
. 3A 0 BS00025739 591 ** 2.42 113 113 3
2 Plant height (PH) 58 3.2 BS00003730 1142 sk 255 113 119 4
S 58 50.9 BS00000592 547 ** 2.38 14 111 3
g 5B 0 BS00009264 435 ** 253 31 346 117  -04
S Above-ground biomass 58 432 BS00010366 643 ** 2.06 3.54 96 065
T (ACDM) 6A 416 psp3152 6.91 *** 2.20 352 102 -0.46
6A 0 BS00003616 639 ** 213 353 99 051
7D 9.3 BS00018030 4.89 ** 2.47 347 114 054
1A 416 BS00016654 194 - 202 32 119 94 052
Harvest index (HI) 58 50.9 BS00000592 5.02 ** 2.46 117 114 1
6D 0 BS00042153 13.08 **wxwx 2.27 11.8 105  -1.18
7A 1224 BS00001450 501 ** 2.16 11.9 10 093
1A 399 BS00011286 0.16 - 218 33 298 108  -0.08
2D 48.6 BS00064538 0.79 - 2.91 287 141  -0.25
. 58 92.8 BSO0011633 8.4 *+xx 227 207 112 064
Anthesis date (AD) 5D 21.8 BS00021687 4.66 ** 2.67 29 131  -0.48
6A 67.4 BS00035914 245 - 2.40 205 118 032
7B 12.2 BS00055861 3.83 * 232 206 114  -0.71
1A 426 BS00016654 099 - 246 33 113 114 119
. 1D 66.4 BS00010946 0.19 - 2.07 115 9.7 043
S . 2D 58.8 cfd36 11,9 ok 213 115 9.9 312
= Plant height (PH) 58 50.0 BS00000592 4573 ** 2.04 116 95 284
§ 6A 60.4 BS00035914 2.68 - 2.38 114 11 317
z 7B 25.7 BS00003350 5632 ** 221 115 102  -3.45
2A 151 BS00011075 319 = 230 3 445 106 052
Above-ground biomass 2D 246 BS00003804 10.5 257 439 118  -0.83
(AGDM) 4A 67 Wmc262 13,7 sk 2.65 438 122 -0.79
6A 64.4 BS00021965 7.83 *** 2.68 437 123 -0.95
1A 416 BS00016654 005 - 328 32 158 149 012
Harvest index (HI) 2D 58.9 cfd36 9.68 2.95 16 135 142
58 50.0 BS00000592  7.41 *** 2.17 167 101  -1.21
6B 411 BS00076465 535 ** 1.94 16.9 91  -1.16
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Table 7.12: QTLs identified
using both Kruskal Wallis
(KW) and Interval Mapping
(IM) methods for biomass
(AGDM), harvest index (HI),
plant height (PH) and anthesis
date (AD) under HN and LN
treatments for Paragon x W141
mapping population in 2012/13.

Chr.: chromosome; significance
level *: 0.1, **: 0.05, ***: 0.01,
*Hxx:0.005, *****: 0.001; LOD:
log likelihood score; PT:
permutation test threshold; Var.:
residual variance after fitting the
QTL;%EXxpl.: the percentage of
variance explained for by the QTL;
Additive effect (LA-uB)/2



N-use efficiency: Under HN, three putative QTLs were identified, one on chr. 6D
(LOD = 2.23), one on 7B (LOD = 2.23) and one on 3A (LOD = 2.06) (Table 7.13,
Figure 7.2) explaining14.7, 14.7 and 14.8% of the phenotypic variation, respectively.
Under LN, two putative QTLs were found, one on 6B (LOD = 2.27) and one on 1B
(LOD = 2.05) explaining10.5 and 9.6% of the total variation, respectively.

N-uptake efficiency: Under HN, two putative QTLs were found, one on 2A (LOD =
2.86) and one on 6D (LOD = 2.760) explaining 13.1 and 12.7% of the total
phenotypic variation, respectively (Table 7.13, Figure 7.2).

Under LN, two putative QTLs were found, one on 7B (LOD = 2.23) and one on 4A
(LOD = 2.06) explaining 10.3 and 9.6% of the total phenotypic variation,

respectively.

N-utilisation efficiency: Under HN, one QTL at BS00011036 (K*=4.89; P<0.05;
LOD = 5.09) was found at 44.6 cM on chr 6 explaining 22.1% of the phenotypic
variation (Table 7.13, Figure 7.2). NUTE was increased by the W141 allele. In
addition, two putative QTLs were found on 4A (LOD = 2.96) and on 7B (LOD =
2.24) explaining 13.5 and 10.4% of the phenotypic variation, respectively.

Under LN, two QTLs were found:

- QTL at 41.1 cM on chr 7B close marker BS00080621 (K*=12.91; P<0.001;
LOD = 3.94) explaining 17.6% of the phenotypic variance. NUTE was
increased by the Paragon allele.

- QTL at 14.00 cM on chr 3A close to marker BS00032524 (K*=8.72;
P<0.001; LOD = 3.45) at 25.37 cM explaining 15.6% of the total phenotypic
variation. NUTE was increased by the W141 allele.

In addition, two putative QTLs were found, one on 6D (LOD = 3.16) and one on 2D
(LOD = 1.99) explaining respectively 14.3 and 9.3% of the total phenotypic

variation.
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Table 7.13: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) for N-uptake efficiency (NUPE), N-utilisation efficiency
(NUTE) and N-use efficiency (NUE) under HN and LN treatments for Paragon x W141 mapping population in 2012/13.

] Position Krosk_al Interval mapping
Trait Chr. (M) Locus Wa”_IS
K*  Sign. LOD PT Var. %Expl. Add.
3A 30.8 BS00010531 0.91 - 21 3 15 9.6 0.5
N use efficiency (NUE) 6D 1.3 BS00022094 3.69 * 2.2 15 103 -11
g 7B 48 BS00010251 5.19 ** 2.2 15 103  0.77
:-E N uptake efficiency (NUPE) 2A 7.2 BS00004090 34 * 29 3 0 13.1 -0
8 6D 1.3 BS00022094 4.74 ** 2.8 0 12.7 -0
< o N 4A 18.1 wmc491 741 *x* 3 3 16 135 059
(NN‘E}?S‘“O” efficiency 6B 44.6 BS00011036 346 * 5.1 14 21 02
7B 40.1 wmcb17 8.13 **** 2.2 1.6 104 0.33
. 1B 36 BS00021876 9.93 **** 21 3 295 9.6 555
N use efficiency (NUE)

6B 44.6 BS00011036 2.47 - 2.3 292 10.5 -3.3
g N 4A 67 wmc262 9.51 HHwx 21 3 03 96 -0.2

= N uptake efficiency (NUPE)
5 7B 23.7 BS00012117 5.29 ** 2.2 0.3 10.3 -0.1
§ 2D 58.9 cfd36 412 ** 2 3 82 9.3 061
5 N utilisation efﬁciency 3A 14 BS00032524 8.72 **** 3.5 7.6 15.6 1.62
(NUTE) 6D 0 BS00042153 12,6 ****x* 3.2 7.7 143 -12
B 41.1 wmcb17 12,4 FFFEx* 3.9 1.4 17.6 121

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.. the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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7.3.4 Genetic analysis of physiological and senescence data
7.3.4.1 PxW481
a) 2012

Pre-anthesis NDVI: Under HN, one QTL (LOD = 2.91) was found at 6.84 cM on chr 3B. This
QTL is close to the marker BS00011438 (K*=6.8; P<0.001; LOD = 2.88) at 5.84 cM and
explained 15.8% of the phenotypic variation (Table 7.14, Figure 7.1). In addition, three
putative QTLs were identified, one on chr. 3B (LOD = 2.49), one on 6A (LOD = 2.29) and one
on 3A (LOD = 2.04) explaining 13.6, 12.6 and 11.3% of the phenotypic variation, respectively.

Under LN conditions, , two QTLs were found:

- QTL at 51.0 cM on chr 2B coinciding with the marker BS00003788 (K*=12.0;
P<0.001; LOD = 3.4) explaining 18.0% of the phenotypic variance. NDVI was
increased by the W481 allele.

- QTL at 61.7 cM on chr 2B coinciding with the marker BS00009442 (K*=12.0;
P<0.001; LOD = 3.58) explaining 15.8% of the phenotypic variance. NDVI was
increased by the W481 allele.

Post-anthesis NDVI: Under HN, two putative QTLs were found, one on 5A (LOD = 2.62) and
one on 6A (LOD = 2.16), explaining 14.2 and 11.8% of the total phenotypic variation,
respectively (Table 7.14, Figure 7.1). Under LN, no putative QTL was found. The highest LOD
was for BS00003818 (LOD = 1.74) which explained 9.7% of the total phenotypic variation.
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Table 7.14: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) for Pre-anthesis NDVI, Per-anthesis NDVI under HN and
LN treatments for PxW481 mapping population in 2011/12.

. Position Kruskal Wallis Interval mapping
Trait Chr. Locus -
(cM) K* Sign. LOD PT  Var.  %Expl. Add.
3A 18.6 gwm2-2 51 ** 204 29 7.4E-05 11.3  -0.003
. 3B 6.84 BS00011438 6.8 *** 291 7.0E-05 158  0.004
Pre-anthesis NDVI
- 3B 13.5 BS00009651 8.8 FH*x* 2.49 7.2E-05 13.6  0.004
= 6A 20.1 psp3152 35 * 2.29 7.2E-05 126 0.002
. 5A 0.00 BS00018510 6.2 ** 262 2.7 0.004 14.2 0.02
Post-anthesis NDVI
6A 2.00 BS00014510 42 ** 2.16 0.004 11.8 0.02
- . 2B 51.0 BS00003788 12.0 FFxxx 358 2.8 6.0E-04 188  -0.01
5 Pre-anthesis NDVI
2B 61.7 BS00009442 12.0 FxFx* 3.40 6.0E-04 180  -0.01

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test threshold; Var.:
residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-uB)/2
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a) 2013

Pre-anthesis NDVI: Under HN one putative QTL was found on 5A (K*=2.41; NS;
LOD = 1.98) explaining 11% of the phenotypic variation (Table 7.15, Figure 7.1).
NDVI was increased by the Paragon allele. Under LN, one putative QTL was found
on 7A (K*=6.76; P<0.001; LOD = 227) explaining 12.4% of the phenotypic
variation. NDVI was increased by the W481 allele.

Post-anthesis NDVI: Under HN, three putative QTLs were found two on 3A (LOD
= 2.63 and 2.02) and one on 5B (LOD = 2.32) (Table 7.15, Figure 7.1) explaining
14.4, 11.3 and 12.8% of the total phenotypic variation, respectively. Under LN, one
QTL (LOD = 3.31) at 64.6 cM on chr 2B near marker, BS00011630 (K*=2.38; NS;
LOD = 5.35) at 63.55 cM, was found explaining 17.6% of the phenotypic variance.
GM was increased by the W481 allele. In addition, two putative QTLs were found,
one on 2B (LOD = 2.37) and one on 3A (LOD = 2.25) explaining 12.9 and 12.3% of

the total phenotypic variation, respectively.

Onset of rapid phase of post-anthesis senescence: Under HN, two putative QTLS
were found, one on 5A (LOD = 2.41) and one on 3B (LOD = 2.10) explaining 13.4
and 11.8% of the total phenotypic variation, respectively. Under LN, the highest
LOD = 1.72 was recorded at 17.2 cM on chr 5D, close to marker BS00021742
(K*=5.62; P<0.05; LOD = 1.71) at 16.15 cM.

Total duration of post-anthesis senescence: Under HN one putative QTL was found
on 5B (LOD = 2.24) explaining 13.2% of the phenotypic variation (Table 7.15,
Figure 7.1). Under LN conditions, two putative QTLs were found on 2B (LOD =
2.31 and 2.13) explaining 12.9 and 11.9% of the total phenotypic variation,

respectively.

Duration of rapid phase of post-anthesis senescence: Under HN, no maker was
significant for SEN. The highest LOD = 1.72 (BS00011274) was observed at 0.00
cM on chr 1B (Table 7.15, Figure 7.1).

Under LN, one putative QTL was found on 2B (LOD = 1.99) explaining 11% of the

phenotypic variation.
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Table 7.15: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) for Pre-anthesis NDVI, Per-anthesis NDVI, Onset of rapid
phase of post-anthesis senescence, Total duration of post-anthesis senescence, Duration of rapid phase of post-anthesis senescence under HN and LN
treatments for Paragon x W481 mapping population in 2012/13.

. Position Kruskal Interval mapping
Trait Chr. (M) Locus Wall_IS

K*  Sign. LOD PT Var. %Expl. Add.
Pr-anthesis NDVI 5A 0.0 BS00018510 241 - 1.98 26  0.00 11 0.01
@ 3A 18.6 gwm2 0.06 - 263 3 001 144 0.00
.2 Post-anthesis NDVI 3A 6.8 BS00011660 0.28 - 2.02 0.01 11.3 0.00
2 5B 64.6 BS00003879 1.47 - 2.32 0.01 128  -0.01
> ONSEN 5A 3.0 BS00001953 252 - 241 2.7 14019 134 449
T 3B 31.1 BS00010881 0.13 - 2.10 14279 118 -1.76
DURTOT 5B 43.9 BS00000592 8.13 **** 224 2.9 9869 132 -410
Pr-anthesis NDVI 7A 32.7 BS00000663 6.76 *** 227 2.9 0.001 124 -0.01
@ 2B 64.6 BS00011630 122 **¥kx* 331 29 0.003 176  -0.02
2 Post-anthesis NDVI 2B 46.3 BS00021713 10.2 **** 2.37 0.003 129  -0.02
g 3A 0.0 BS00010531 8.66 **** 2.25 0.003 123 0.02
> SEN 2B 61.0 BS00009442 5.00 ** 1.99 28 6549 110  -21.2
- DURTOT 2B 45.3 BS00009247 7.64 *** 231 29 9140 129  -417
2B 66.5 BS00011275 5.02 ** 2.13 9243 119  -31.2

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.. the percentage of variance explained for by the QTL; Additive effect (WA-
uB)/2
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7.3.4.2 Paragon x W141

Pre-anthesis NDVI: Under HN, three putative QTLs were found on 6D (LOD =
2.57) and 5B (LOD = 2.14) and 7A (LOD = 1.9) (Table 7.16, Figure 7.2). These
QTLs explained, respectively 12.0, 10.1 and 9% of the total phenotypic variation.
Under LN, six putative QTL on 2D (1), 6A (1), 3D (1), 2B (1), 3B (1) and 7B (1)

were identified explaining between 9.6 and 12% of the total phenotypic variation.

Post-anthesis NDVI: Under HN three putative QTLs were identified, two on chr. 1B
(LOD = 2.39; LOD = 2.33) and one on 6D (LOD = 2.21) (Table 7.16, Figure 7.2)
explaining 11.3, 10.9 and 10.5% of the phenotypic variation, respectively. Under LN
conditions, three putative QTLs were identified, one on chr. 5A (LOD = 3.04), one
on chr. 4A (LOD = 2.62) and one on 2B (LOD = 2.40). These QTLs explained 13.9,
12.0 and 11.1% of the phenotypic variation, respectively.

Onset of rapid phase of senescence: Under HN, one putative QTL was found on
chr. 7B. Under LN, one QTL (LOD = 4.34) was found at 19.02 cM on chr 2D close
to marker BS00021923 (K*=0.05; NS; LOD = 0.17) explaining 19.2% of the
phenotypic variation. ONSEN was increased by the W141 allele.

Total duration of the senescence: Under HN, one QTL: BS00011539 (K*=6.28;
P<0.05; LOD = 3.32) located at 2.90 cM on chr 2A explaining 15% of the total
phenotypic variation (Table 7.16, Figure 7.2). DURTOT was increased by the W141
allele. In addition, four putative QTLs were found, two on 6A (LOD = 2.36 and
2.01), one on 1D (LOD = 2.19) and one on 2B (LOD = 2.14). Under LN conditions,
five putative QTLs were found, one on 1A (LOD = 2.25), two on 2B (LOD = 2.17
and 2.16), one on 4A (LOD = 2.14) and one on 5B (LOD = 2.05) explaining between
9.6 and 10.5% of the phenotypic variation.

Duration of the senescence rapid phase: Under HN, two putative QTLs were found
on 5A (LOD = 2.76) and on 7B (LOD = 2.24) explaining 12.6% of the total
phenotypic variation (Table 7.16, Figure 7.2). Under LN conditions, one putative
QTL (LOD = 2.21) was found on 6A explaining 10.3% of the phenotypic variation.
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Table 7.16: QTLs identified using both Kruskal Wallis (KW) and Interval Mapping (IM) for Pre-anthesis NDVI , Per-anthesis NDVI , Onset of rapid
phase of post-anthesis senescence , Total duration of post-anthesis senescence , Duration of rapid phase of post-anthesis senescence under HN and
LN treatments for Paragon x W141 mapping population in 2012/13.

. Kruskal Wallis Interval mapping
Trait Chr. Pos. (cM) Locus — w gign, LOD PT Var. %Expl. Add.
5B 0 BS00009264 6.81 *** 214 31 00002 101 -0.004
Pr-anthesis NDV 6D 1.3 BS00022094 551 ** 2.57 0.0001 12 -0.003
7A 135.1 BS00009797 1.19 - 1.9 0.0002 9 0.002
1B 27 BS00009709  6.23 ** 239 33 0005 113 -0.03
»  Post-anthesis NDVI 3B 65.9 BS00009701 581 ** 2.3 0005 109  0.02
5 6D 0 BS00009806  4.94 ** 221 0005 105 -0.01
S _ONSEN 7B 23.7 BS00055861 0.06 - 27 32 6263 125 113
- 5A 1 BS00031177 3.39 * 276 28 5029 126 -10.2
z 7B 132 BS00055861 1.67 - 2.24 5150 104 858
T 1D 12 1500020531 059 - 219 32 5424 102 6.6
2A 2.9 BS00011539 6.28 ** 3.32 5131 15 217
DURTOT 2B 64.6 BS00064156 1.97 - 2.14 5438 10 184
6A 389 BS00009871 292 * 2.36 5380 109  12.4
6A 69 BS00012414 045 - 2.01 5473 9.4 503
2B 2476 BS00003585 0.06 - 218 3 00005 102 0
2D 2458 BS00003804 827 **** 2.58 0.0005 12 -0.01
: 3B 0 barcl64 496 ** 2.06 0.0005 9.7 001
Pr-anthesis NDVI 3D 3074 gwm3 01 - 2.5 00005 105 0
6A 61.39 BS00035914 1.93 - 2.27 0.0005 106 -0.01
U, 7B 30.09 BS00022053 1.68 - 2.04 0.0005 9.6 0
5 2B 20.73 BS00022493 3.14 * 24 32 0003 111 -0.01
S Post-anthesis NDVI 4A 5473 BS00018651 2.36 - 2.62 0.003 12 -0.01
g 5A 57.19 BS00011360 12.98 ****xx 3.04 0003 139  0.03
Zz ONSEN 2D 19 BS00021923 0.4 - 434 3 7751 192 -4.95
S =N 6A 66.4 BS00021965 1.77 - 221 32 5367 103 182
1A 4156 BS00016654 4.43 ** 225 31 8372 105 138
2B 6157 BS00009604 7.72 *** 2.17 8408 101 -46.6
DURTOT 2B 2476 BS00003585 0.93 - 2.16 8409 101  11.9
4A 5273 BS00018651 679 *** 2.14 8417 10 -28.3
5B 26.4 BS00010679 042 - 2.05 8456 96 -142

Chr.: chromosome; significance level *: 0.1, **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001; LOD: log likelihood score; PT: permutation test
threshold; Var.: residual variance after fitting the QTL;%EXxpl.: the percentage of variance explained for by the QTL; Additive effect (LA-
uB)/2
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Figure 7.1: Summary of location of QTL using Interval Mapping (IM) method for Paragon xW481 MP for grain yield (GY), 1000 grain weight
(TGW), grains per m? (GM), grains per ear (GE), ears per m? (EM), above-ground dry matter (AGDM), harvest index (H1), plant height (PH), days
to anthesis (DA), N-uptake efficiency (NUPE), N-utilisation efficiency (NUTE), N-use efficiency (NUE), pre-anthesis NDVI (PrA-NDVI), post-
anthesis NDVI (PoA-NDVI), Onset of rapid phase of senescence (ONSEN), Total duration of the senescence (DURTOT), and Duration of the rapid
senescence phase (SEN). Red-filled rectangle: 2012-HN, green-filled rectangle: 2012-LN, red dashed rectangle: 2013-HN and green dashed rectangle:
2013-LN. Error bar =2 x LOD of the QTL.
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Figure 7.2: Summary of location of QTL using Interval Mapping (IM) method for Paragon x W141 MP for grain yield (GY), 1000 grain weight
(TGW), grains per m? (GM), grains per ear (GE), ears per m? (EM), above-ground dry matter (AGDM), harvest index (HI), plant height (PH), days
to anthesis (AD), N-uptake efficiency (NUPE), N-utilisation efficiency (NUTE), N-use efficiency (NUE), pre-anthesis NDVI (PrA-NDVI), post-
anthesis NDVI (PoA-NDVI), Onset of rapid phase of senescence (ONSEN), Total duration of the senescence (DURTQOT), and Duration of the rapid
senescence phase (SEN). Red rectangle: HN and green rectangle: LN. The error bar =2 x LOD of the QTL.
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7.4 Discussion

7.4.1 Population size

In this study, the map construction was based on 79 SSD lines from the cross
between Paragon and Watkins line 481 (PxW481) and on 97 SSD lines from the
cross between Paragon and Watkins line 141. While a large population size is
required for a dense linkage map, generally the population size used for mapping
studies ranges from 50 to 250 individuals (Young 1994; Mohan et al. 1997). Ericson
et al. (2004) reported that the power of an experiment depends on the genetic
population size. It has been demonstrated that when the population size is reduced
from 100 to 50 individuals in a map, the confidence interval drops from 90% to 60%
(Liu, 1998). However, many QTLs were identified using mapping population with
approximately 80 - 100 lines (Freyre et al. 1998; Quarrie et al. 2006).

7.4.2 Mapping yield and components

Grain yield: Grain yield is the most commonly agronomic trait studied in QTL
analysis. One hundred seventy-eight QTL controlling grain yield were identified in
23 investigations reviewed by Zhang et al. (2014). These QTL were unrandomly
distributed around the genome, the most of QTL for grain yield were reported on
chromosome 4AL (17), and followed by 3B and 2B, accounting, respectively, for 15
and 14 QTL For Paragon x W481 under HN, one major QTL (LOD = 3.91) was
identified for grain yield on Chr. 6A under HN in 2012 and two putative ones on chr.
3B and 4B (LOD = 2.71 and 2.18, respectively). The two QTLs on chr. 6A and 3B
were stable, because they appeared as putative QTLs in 2013 (LOD = 2.44 and 2.06,
respectively). These two QTLs were also putative under LN conditions in 2012
(LOD = 2.37 and 2.43 respectively), whereas they did not have any effect on yield
under LN on 2013.

The current marker on 6A explained 20.4, 13.3 and 12.9% of the phenotypic
variation of grain yield, respectively, for PxW481 under HN in 2012, and in 2013
and under LN in 2012. This QTL (on 6A) was also major a QTL for HI (LOD =
2.81; 15.1%), and was putative for grains per ear (LOD = 2.81; 15.1% of variation)
and for TGW (LOD = 2.38; 13.0% of variation) under LN conditions in 2013. The
QTL on 3B explained 14.6, 11.3 and 13.2% of phenotypic variation in yield
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respectively for PxW481 under HN in 2012 and in 2013 and under LN in 2012. This
QTL was also putative for grains per m® under LN in 2012 and for ears per m? in
2012 under HN as well as under LN conditions, while it was not detected in the 2013
experiment either under HN or under LN.

For Paragon x W141 no major QTL was found, however, two putative QTLs were
significant, (one on 6D, LOD = 2.37 and one on 7B, LOD = 2.00; 11 and 8.90 of
variation, respectively) under HN and three under LN on 1B (LOD = 2.03), 4A
(LOD = 2.06) and 6B (LOD = 2.02) explaining 9.5, 9.6 and 9.4% of the phenotypic

variation, respectively.

Several studies in wheat also reported QTL for yield on chr 6A (Qin et al. 2014;
Sukumaran et al. 2015), chr 3B (Graziani et al. 2014; Bonneau et al. 2013) and on
6D (Atkinson et al. 2015). Wu et al. (2012) reported that yield QTLs were more
frequently observed on chromosomes 1B, 2B, 2D, 5A and 6B, and were concentrated
in a few regions on individual chromosomes, exemplified by three striking yield-
related QTL clusters on chromosomes 2B, 1B and 4B that explained the correlations

between grain yield and other traits.

Grain yield components: For TGW, one major QTL (LOD = 2.8; 15.1%) on chr 5B
and two putative QTLs on 5B (LOD = 2.25; 12.3%) and 2A (LOD = 2.08; 11.4%)
were found in PxW481 under HN. The QTL on 5B was putative for TGW under LN
in 2012 (LOD = 2.07; 11.4%). In addition, it explained 7.1% of the phenotypic
variation in grain yield under LN. A putative QTL (LOD = 2.59; 14%) close to
barc32 on chr 7B was also found under LN conditions near a significant QTL for
grain per m?* These QTLs were not co-located in the PxW141 mapping population.
One major QTL on chr. 1A (LOD = 4.93; 21.5%) under HN was also found under
LN conditions (LOD = 3.52; 15.8%). Another major QTL (LOD = 3.39; 20.5%) was
found on chr. 3A. This QTL was also putative for this mapping population under LN
conditions and was not significant for grain yield (LOD = 1.67 and 1.58) explaining
7.8 and 7.4% of the phenotypic variation respectively under HN and LN conditions.

Ramya et al. (2010) reported seven QTLs on chromosome 5B. Many other studies
found a QTL for TGW in 5B (QH et al. 2015; Wu et al. 2015). Rustgi et al. 2013, by
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dissection of yield components of wheat chromosome 3A report major QTL on this

chromosome.

Turning to consider grains m, for PxW481 in 2012 under HN, a major QTL for GM
was found on 7B at 20.3 cM co-locating with a QTL for grain yield (LOD = 1.52 at
19.49 cM). A putative QTL on 7B at 17.49 CM under HN was also fond for ears per
m?. For PxW141 under HN, a putative QTL on 7B at 48.0 cM was found for GM
(LOD = 2.35) explaining 10.9% of the phenotypic variation. The same QTL was
putative for grain yield (LOD = 1.9) explaining 8.9% of the phenotypic variation in
the same mapping population under the same conditions. A study on 95 bread wheat
doubled-haploid lines revealed that three QTL were found for yield and yield
components on the long and short arm of 7B (Quarrie et al. 2006). The QTL was
found to be stable in different environments. However, under LN, the current QTL

explained only 6% of the variation.

Another major QTL (LOD = 3.53; 18.6%) for GM was found on chr 2D at 5.0 cM,
for PxW481 under HN in 2013. This co-located with a putative QTL in 2013 under
HN (LOD = 2.74; 14.7%) at 6.0 cM and under LN (LOD = 2.48; 13.5%). The
current QTL is close to the marker gwm261 associated with the dwarfing gene Rht8
reported by Worland et al. (1986).

A third major QTL (LOD = 4.29; 22.1%) for GM was found on chr 5B at 32.4 cM
under LN in PxW481 in 2013 co-locating with a putative QTL for PxW481 at 31.4
c¢M under HN in 2012 (LOD = 2.30) and a putative QTL at 33.4 cM (LOD = 2.27;
12.4%) for grains per m?.

For PxW141 under HN, one major QTL on 1A (LOD = 5.53; 23.7%) at 42.6 cM and
one putative QTL on 3A (LOD = 2.91; 13.3%) at 8.0 were found. These two QTL
also collated with putative QTL under LN conditions (LOD = 2.95 and 2.18 13.4 and
10.1%, respectively) at 44.6 cM and 10.0 cM. The QTL on 1A at 42.6 also co-
located with a putative QTL for grain per ear in this population under HN.

Li et al. (2007) in chinese winter wheat RILs found major QTL on the chromosomes
1A 1D 2A 2D 3B 4B 7D with LOD ranging from 2.81 to 5.17 and a contribution to
the phenotypic variation ranging from 5.57 to 52.25%. In addition a study by Ma et
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al. (2015) on the Avalon x Cadenza mapping population, reported that 11 loci were
detected on chromosomes 1A, 1D, 2A, 2D, 3A, 4A, 4D, 5A (two QTL), 6A and 7A,
and accounted for phenotypic variation ranging from 2.47 to 11.24%. They added
that the QTL detected on 2D contributed the largest additive effect and phenotypic

variation.

For PxXW481 in 2012, under LN, a major QTL was found on chr. 2D (LOD = 2.93;
15.7%) at 2.0 cM. It coinciding with a putative QTL (LOD = 2.32; 12.6%) at 0.0 cM
under HN in 2013. The QTL was also co-located (LOD = 1.76 8.3%) in PxW141
under LN conditions. The QTL is close to the marker gwm261, which is linket to the
photoperiod trait, controlled by the gene Ppd-D1A (Pestsova and Roder, 2002). This
finding also is consistent with what have been found by Millet (1986, 1987) in
common wheat showing that chromosome 2D carries a major recessive gene for the
number of spikelets per spike (the major component of grain per ear). A Major QTL
in 2D was also published by Echeverry-Solarte et al. (2014) in 163 RIL derived from
a cross between the hexaploid hard winter wheat line a hexaploid hard red wheat

line.

For PxW481 in 2012, a putative QTL on 3B was found under both HN (LOD = 2.06;
11.3%) at 1.0 cM and LN (LOD = 2.48; 13.4%) at 8.51 cM in 2012 and in 2013
(LOD = 1.82; 10.1%) in different position (27.5 cM) under HN. Another QTL was
found on 7B under HN for PxW481 in 2012 (LOD = 2.10; 11.5%) and in PXW481 in
2013 under HN (LOD = 1.53; 8.6%) and in PxW14 under HN (LOD = 1.97; 9.20%).
The QTL co-located with the QTL found in 7B for GM. Law (1967) discovered a
genetic factor responsible for tiller number on chr 7B, which has an effect on ears
per m?. A significant QTL in the same chromosome was also mapped for tillering on
chromosome arm 7B (Shah et al. 1999).

Under LN for PxW481 in 2012, major QTL (LOD = 4.12; 21.4%) was found on chr.
1A at 0.0 cM. This QTL explained 8.5% of the phenotypic variation of GM and
10.5% of EM under HN conditions (LOD = 1.89). This result is consistent with what
have been found by Zhang et al. (2014), they reported one major QTL for EM on the
chr 1A.
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7.4.3 Mapping biomass, anthesis date and plant height

7.4.3.1. Anthesis date and plant height

For PxW481 under HN, a putative QTLs were found on 7A at 51.7 CM (LOD =
2.53), with QTL also collated with a putative QTL under HN in PxXW141 at 42.1 cM
(LOD = 2.31; 10.9%), and a QTL candidate in 2013 under HN (LOD = 1.16; 8.5%)
at 47.7 cM. For PxW141 under HN, one major QTL was found on 6B (LOD = 3.13,
14.5%). The QTL was co-located under LN (LOD = 1.26 and explained 6.4% of the
variation). These findings are consistent with have been found by Quarrie et al.
(2006). They reported two QTLs on Chr 7A, one on long arm (7AL) and another on
the short arm (7AS). In addition, Cuthbert et al. (2008) reported QTLs for AD on 5B,
6B and 7A.

For plant height, in PxW481 under HN, a major QTLs were found, on 5A (LOD =
3.22; 17.1% ). Co-locating with a putative in for PxW481 in 2013 (LOD = 2.17,
11.9%) This finding is consistent with several studies reporting QTLs for PH on 5A
in durum and bread wheat (Cadalen et al. 1997; Chu et al. 2008; Hai et al. 2008;
Maccaferri et al. 2008; Marza et al. 2006; Mclintyre et al. 2010).

Under LN for PxW481, three major QTLs were found on: 2D (LOD = 2.89; 15.5%),
7B (2.87; 15.4%) and 6A (LOD = 3.47; 18.3%). These QTL co-located with putative
QTL for PxW141 under LN conditions. In previous studies a few QTLs were
reported for PH in 2D and 6A (Marza et al. 2006; Borner et al. 2002). Another major
QTL under LN for PxW481 was found in 2013 (LOD = 3.55 and explained 18.7% of
the variation) on the chr 3A at 9.6 cM. Campbell et al. 2003 in Wichita x Cheyenne
(RIL) found one QTL on the similar position of the chromosome 3A. A QTL in a
similar position was reported by Maccaferri et al. (2008) on durum wheat mapping

population reporting the QTL on length arm (3AL).

7.4.3.2. Above-ground biomass (AGDM)

For PxW481 under HN in 2012, one major QTL was found on 4B (LOD = 3.1;
16.5%). The QTL co-located with a QTL for grain yield under HN (LOD = 2.18;
11.9%). For PxW481 under LN in 2012, one stable QTL was found on 2B at 61.7
cM (11.8 and 13.9% in 2012 and 2013, respectively) which was also putative for
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grain yield in the same conditions. For PxW141, one stable QTL was found putative
on chr. 6A under both HN (LOD = 2.20; 10.2%) and under LN. Ayala et al. (2002)
reported five QTLs for biomass on chromosomes 2B, 2D, 3B, 4D, and 6A, while a
study by Li et al. (2014), reported also QTLs on 3A, 4B, 4D and 5A.

7.4.4 Mapping NUE components and senescence traits
7.4.4.1 N-uptake efficiency

For PxW481 in 2012 under HN, two major QTLs were found: one on 3B at 34.1 cM
and one on 6A at 23.1 cM. The QTL in 6A was stable and co-located with a putative
QTL under HN in 2013 (LOD = 2.09) and under LN in 2012 (LOD = 2.35). This
QTL was also putative for grain yield under HN in 2013. The same QTL on 3B and
6A also co-located with putative QTLs for grain yield under HN in 2012,

Under LN in 2012, a major QTL was found on 2B was co-located with a major QTL
for grain yield under LN, while the QTL on 4B and on 6A were co-located with
putative QTLs for grain yield.

For PxW481 under LN in 2013, two putative QTLs were found on 5A (LOD = 2.41)
and on 7A (LOD = 2.01), which were co-located for putative QTL for grain yield for
the same mapping population and under the same conditions (LOD = 2.37 and 2.47,
12.9 and 13.4%, respectively).

In the literature, for NUE components relatively few previous investigations in wheat
are available. In a field trial, An et al. (2006) reported several QTLs for NUP on chr
2B, 2D, 4A, 4B 5B, 6A, 6B and 7D under LN conditions, however, QTLs here on
1B, 2D, 3B, 4B, 5A and 7B under HN conditions. Several QTL in which some are
major, were also reported on 1B, 1D, 2A, 4A, 5A, 5B, 6A and 7A in wheat for
NUPE (Cormier et al. 2014).

In a study by Bogard et al. (2011), five QTLs for N-uptake on 2A, 2D, 3A and 5A
were reported in 4 different environments. An et al. (2006) detected 21 QTLs for
NUP of which 17 were detected in the two field trials, and four were detected in the
hydroponic culture. The 21 NUP QTLs were distributed at 16 loci on 14

chromosomes. Of the 16 loci, five were detected consistantlyacross different
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environments. Atkinson et al. (2015), on wheat population from Rialto x Savannah

cross, suggested that QTLs for NUPE may relate to rooting traits.

Several genes from the N assimilation pathway have already been associated to NUE
QTL including the genes coding for glutamate synthase (NADH-Gogat) located in
QTL on chromosome 3A, and 3B (Quraishi et al. 2011; Habash et al. 2007; Quarrie
et al. 2005; leGouis 2008).

7.4.4.2 N-utilisation efficiency (NUTE)

For PxW481 under HN 7 putative QTLs on 4A, 5B, and 6B were found in both 2012
and 2013. The QTL on 6B was also found in PxW141 as a major QTL (22.1%),
while the one on 4A co-located with a putative QTL (13.5%) in this population and a
QTL for grain yield under HN in 2013 in PxW481.

Under LN (PxW481), one major QTL was found on 3B at 7.0 CM (LOD = 2.94;
15.8%) and a putative QTL on 3A at 12.6 cM. The QTL on 3B was co-located with a
putative QTL in 2013 (explained 13.4%) and the QTL on 3A was co-located with a
major QTL in PxXW141 (LOD = 3.45; 15.6%). The two QTLs (on 3A and 3B) were
also co-located with putative QTL for grain yield under LN conditions (LOD = 2.46
and 2.43, respectively).

Using genome-wide association in a 214 variety panel experimented in eight
environments, Cormier et al. (2014) found several QTLs for NUTE on the
chromosomes: 2B, 2D, 3A, 4A, 5B and 6D.

7.4.5 NDVI and flag-leaf senescence traits

7.4.5.1. Canopy size (NDVI)

Pre-anthesis NDVI: In PxW481 in 2012 under HN, a major QTL (LOD = 2.91) was
found on 3B at 6.84 cM. Under LN, two major QTL were found in PxW481 in 2012
(LOD = 3.58 and 3.40) on 2B at 51.0 CM and 61.7 cM, respectively. A putative
QTL on chr 2B at 24.76 cM was also found in PxW141 (LOD = 2.18).

Post-anthesis NDVI: Under LN one major QTL (LOD = 3.31; 17.6%) was found on
2B. This QTL was more or less stable because it was candidate QTL in 2012 (LOD
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= 1.56 explaining 8.7% of the variation). The QTL co-located with a putative QTL in
PxW141 (LOD = 2.4).

Pinto et al. (2010) reported repeatable QTL on 2B and 5A for NDVI under different
water stress regimes. In wheat, QTL have been detected for NDVI on chromosomes
2BL and 3BS based on the study conducted on a population of 249 RILs of durum
wheat which were evaluated across a broad range of Mediterranean environments
(Maccaferri et al. 2008). El-Feki (2010) identified three marginally significant QTL
for NDVI on chromosomes 3A, 4B and 6A in a single environment for a winter

wheat bi-parental doubled haploid population.

7.4.5.2. Flag-leaf senescence traits

The flag-leaf senescence scoring was carried out only in 2013, therefore the
following discussion focuses on the comparison between PxW481 and PxW141 in
terms of ONSEN (Onset of rapid phase of post-anthesis senescence), SEN (Duration
of rapid phase of post-anthesis senescence) and DURTOT (Total duration of post-

anthesis senescence).

Under LN, a major QTL found for ONSEN in PxW141 on 2D (LOD = 4.34) but it
did not co-locate with QTL in PxXW48L1.

DURTOT: Under HN a major QTL was found on 2A for DURTOT (LOD = 3.32) in
PxW141 which was co-located with candidate GNC QTL (LOD = 1.75; 8.2%) for
the same population, and with DURTOT QTL candidate in PxW481 (LOD = 1.34;
8.1%). For PxW141, four more putative were reported in 6A (2), 1D (1), and 2B (1).
Amongst these QTL, the QTL on 6A co-located with a putative for GNC for the
same population QTL for GNC, and candidate QTL in PxW481 (LOD = 1.40; 8.4%)
under HN.

Several QTLs were previousely reported for leaf senescence in wheat. Indeed,
Bogard et al. (2011) reported several QTLs for ONSEN on chromosomes 1B, 2A,
2D, 6B, 7B and 7B, for SEN 2D, 5A, 7B and 7D and for DURTOT. They reported 5
QTLs on 2A, 2D, 4D, 7B and 7D. However, Li et al. (2014) reported 18 QTL for
leaf senescence rate on: 1A, 2A, 2D, 3B, 4D, 6A, and 6D and 8 QTLs for leaf
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senescence score on: 1A, 2D, 3B, 4D, 5B, 2D, 7D, 2B and 3A. Verma et al. (2003)
reported two major QTLs in 2B and 2D affecting grain yield in wheat.

A locus associated with early leaf senescence and increased grain protein content
(GPC) was identified on chromosome 6B of wild emmer wheat (Triticum turgidum
subsp. dicoccoides). Recombinant wheat with this Gpc-B1 locus displayed early leaf
senescence and improved remobilisation of amino acids from the flag leaf, thereby
increasing GPC without reducing grain yield (Kade et al. 2005; Uauy et al. 2006b).
Members of the NAC transcription factor family have been shown to be involved in
developmental and physiological processes, such as embryo and shoot meristem
development, lateral root formation, auxin signalling, defence, abiotic stress
responses and senescence (Olsen et al. 2005; Nakashima et al. 2012; Nuruzzaman et
al. 2012).

Amongst the 39 major QTLs found for PxW481 under both HN and LN conditions,
the traits were increased for 19 QTLs by W481 allele. They include QTL for grain
yield, TGW, PH, GNC under HN and QTLs for grain yield, grains ear, ear m?,
grain m, PH, HI, NUPE and pre-anthesis NDVI.

For PxW141, amongst the 19 Major QTLs found, the traits were increased for 14
QTLs by W141 allele, including QTL for TGW, GE, AD, PH, HI, NUPE, NUTE,
DURTOT, SEN and ONSEN.
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Chapter 8: General discussion

In the present study, landraces were used to identify novel genetic resources and
physiological traits for improved N-use efficiency in wheat. In addition, the
combination of physiological and quantitative genetic approaches using molecular
markers allowed for the identification of key genetic loci involved in the expression
of specific traits, to enable the selection of genotypes for increased N-Use efficiency

in wheat.

A main objective was to find novel variation for NUE and related traits amongst a
panel of wheat landraces and check UK cultivars and two SSD populations and to
identify potential QTLs determining the variation in two mapping populations from
the cross between Paragon (UK cultivars) and two AE Watkins lines, W141 and
W481.

Improved NUE in wheat by introgressing novel traits and genes into adapted wheats
would not only improve sustainability of agricultural systems, but also minimise the
N fertiliser application and associated environmental impacts of wheat cultivation
whilst maintaining acceptable yields. Genetic variation in NUE in wheat is due to
variation in N-uptake efficiency and/or N-utilisation efficiency. Specific traits may
be identified for each component for NUPE and NUTE and QTLs for each trait can
be identified that are N treatment specific and combined in new genotypes
contributing to additive effects.

8.1 Novel variation in panel of Watkins lines and UK
check cultivars

In the field both main effect genotype and treatment had an effect on grain yield and
on AGDM and the N treatment x genotype interaction was highly significant
indicating some genotypes maintained higher yield and AGDM better under LN than
others. All UK cultivars generally lost more yield and more biomass than the
Watkins lines. Modern cultivars were selected under non-limiting conditions (high N
input), so they may not be not well adapted to low N environments (Brancourt-
Hulmel et al. 2005; Bénziger et al. 1997 and Presterl et al. 2003; Foulkes 2009,
1998). In barley (Hordeum vulgare L.) seedlings, Grando and Ceccarelli (1995)

reported an initial increase in root size from ten wild barleys to ten landrace barleys,
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then a marked decrease in root size from landraces to ten modern barley cultivars.
Wild collections of bread wheat do not exist, only landraces. Landraces are generally
cultivated in harsh environments to which they are well adapted since they are
exposed to many years of selection and can survive the harsh climatic conditions of
extreme years. Several studies reported that the root size of landraces is larger
compared with that of modern cultivars. Differences were observed in root size
between ‘Chinese Spring’ a tall landrace with large root biomass and cultivar Hope
with small root biomass.. Three old tall landraces from China and Iran had 2- to 4-
fold larger root biomass than four modern semi-dwarf cultivars descended from
CIMMYT breeding material (Ehdaie et al. 1991; Ehdaie and Waines, 1993, 1997;
Ehdaie, 1995). A study of the evolution of tall landraces to semi-dwarf and dwarf
cultivars in the last 100 years, in large pots in sand culture, showed that four mid
generation green revolution semi-dwarf cultivars (Anza, Chenob70, Sholeh and
Yecora Roja) had lower root biomass per plant than three tall landraces (Iran 14, Iran
49 and Chinese spring) (Waines, Ehdaie 2007). They concluded root size of modern
cultivars was smaller compared compared with that of landraces. The root system of
modern UK cultivars may be too small for optimum uptake of water and nutrients
and maximum biomass and grain yield. In summary, UK cultivars are likely better
adapted to take up more N under HN conditions. However, under LN conditions,
landraces may absorb more N from deeper layer as they may have deeper root
system. However, grain growth of landraces may also be sink-limited. Indeed, either
in the glasshouse or in the field, apart from W040 and W579 which had similar
grains per m? to Paragon, all other Watkins lines had lower grains m than all other
UK cultivars.

In the glasshouse as well as in field under both HN and LN, genetic variation in
grain yield was better associated with AGDM than with HI. Furthermore, the yield
response to N supply was positively associated amongst genotypes with the
responses of grains per m* (R?=0.95, P<0.001), AGDM (R?=0.54, P<0.05) and HlI
(R?=0.44, P<0.05) to N supply. Several studies reported that genetic progression in
grain yield of wheat was associated with increased HI and biomass (Austin et al.
1982; Foulkes et al. 2009). However, HI for winter wheat is approaching its
theoretical maximum value, in some countries and regions, which is ca. 62-64%

(Austin, 1980; Foulkes, 2009), so above-ground biomass has been reported as the
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main target to improve grain yield. There is recent evidence of genetic gains in
biomass in UK winter wheat (Shearman et al. 2005; Clarke et al. 2012).

For NUE traits, genetic variation was found in both glasshouse and field
experiments. A positive relationship was found between different NUE parameters in
the field and in the glasshouse. The UK cultivars tended to have lower post-anthesis
NUP. Indeed, the Watkins lines W040, W141 and W579 had similar NUP than
Paragon and better than Oakley. In the field, NUE response to increased N was
similarly associated with NUTE than NUPE. The two Watkins lines W209 and
W141 showed higher NRE and NUTE in both glasshouse and field experiments.

Genetic variation was found amongst the genotypes for NUTE. Variation in NUE
was also reported by other investigations in barley and wheat (Barraclough et al.
2011; Cox et al. 1986; Gaju et al. 2011). In the present study, NUTE was positively
associated with NHI in both glasshouse and in field experiments (under both HN and
LN), while it was negatively associated with grain N concentration (GNC). Several
studies reported similar negative relationship between NUTE and GNC (Ortiz-
Monasterio et al. 1997; Brancourt-Hulmel et al. 2003; Foulkes et al. 1998; Slafer et
al. 1990; Simmonds, 1995). This effect is advantageous in non-bread making
cultivars (feed, biofuel and distilling industry), however, in bread making varieties,
the increase in NUTE should be associated with an increase in NHI to maintain high

GNC and grain protein content, the first grain quality trait.

Regarding photosynthesis, genetic variation was found in both glasshouse and field
experiments for pre and post-anthesis measurements. Pre-anthesis, UK cultivars
generally had higher Anax In both experiments; however, post anthesis, W141 and
WO040 had higher values than Paragon. In the field, post-anthesis Anax Was higher for
W352 and W034 under LN and for W141 and W040 under LN than Paragon.

Leaf photosynthesis rate was previousely shown to be tightly associated with
biomass accumulation (Ensminger et al. 2006). In the present results, pre-anthesis
Anax Was positively associated with biomass and with grain yield in the glasshouse,
while the correlation was stronger with post-anthesis Anax than pre-anthesis in the

field uder both HN and LN. Indeed some previous evidence suggested a positive
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relationship between grain yield and yield components with photosynthesis rate and
stomatal conductance (Shimshi and Ephrat 1975; Fisher et al. 1998).

Some wheat landraces in both glasshouse and field conditions (W141, WO040 and
W352) had comparable pre-anthesis photosynthetic rates to and UK cultivars while
other had lower values. The maximal rate of photosynthesis under light saturated
conditions was significantly reduced with time (from pre to post-anthesis), without

significant interaction with genotype.

It is possible that the variation in photosynthesis rate has beendriven by the intrinsic
physiology of the leaf, which may be determined by Rubisco limitations, Rubisco
concentrations or variation in leaf structure (Reich et al. 1997). In the current work,
only leaf structure was investigated. Specific leaf area (leaf area per unit mass, SLA)
indicates efficient light capture and photosynthetic capacity (Reich et al. 1997).
Previous investigations revealed that modern wheat cultivars had significantly
thicker leaves, compared to wheat landraces leading them to have reduced
photosynthesis rate per unit nitrogen (N) (Reich et al. 1998). Furthermore, Watkins
lines seemed to have higher post-anthesis N uptake and lower N remobilisation,
indeed post-anthesis N uptake was negatively associated with N remobilisation. This

result implies that Watkins lines could have a large root system.

8.2 Comparability of glasshouse and field experiments
of the traits

The two-year means of the main traits in the glasshouse correlated with the field
experiment (under HN, as glasshouse was considered HN) for the same genotypes (3
UK cultivars and 7 Watkins lines). The results in the glasshouse were measured on a
per plant basis, while in the field it was on per ha basis. Indeed, grain yield in the
field (th™'a) and in the glasshouse (g plant™) (R? = 0.45, P<0.05), AGDM in the field
(t ha) and in the glasshouse (g plant™) (R? = 0.71, P<0.01) NUP in the field (t ha™)
and NUP in the glasshouse (g plant™) (R* = 0.58, P<0.01), post-anthesis flag-leaf
photosynthesis rate in the field and in the glasshouse (R? = 0.45, P<0.05) and grain N
concentration in the field and in the glasshouse (R®> = 0.82, P<0.001) were all
significantly correlated. These correlations confirmed the scope for extrapolation of

the genetic variation measured in glasshouse (per plant) to the field scale (area).
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8.3 Variability in yield, AGDM and NUE components

8.3.1 Grainyield and above-ground biomass

The crop variables grain yield and components and, above-ground biomass were
affected to a different extent by the experimental factors N-level, year and genotype.
Large genetic variation in grain yield was found in each population. Indeed, under
LN, two SSD lines (L481-48 and L481-76) had significantly higher grain yield than
Paragon in the PxXW481 population. For PxW141, the results showed that three lines
(L141-52, L141-04 and L141-83) had higher grain yield under HN. The first two
lines (L141-52 and L141-04) had significantly higher AGDM, while L141-83 had
higher HI and higher grains per m? than Paragon. Under LN, only one line (L141-46)
had higher grain yield than Paragon with significantly higher values of AGDM,
grains per m? and TGW, but lower HI than Paragon.

Regarding yield response to N supply for PxW481, results showed also that 13 SSD
lines maintained grain yield significantly better under LN than Paragon. Amongst the
13 Lines, nine lines maintained AGDM better, one line maintained HI better and
TGW better and 11 lines maintained grains per m? better than Paragon. For PxW141,
only one SSD line, L141-46, maintained grain yield better under LN conditions than
Paragon. This line along with L141-41 maintained better AGDM, while it had
similar HI response to N supply to Paragon.For AGDM, genetic variation was found
in both the PxW481 and PxW141 populations. While no line had higher AGDM than
Paragon under HN, L481-76 and L481-48 had higher values than Paragon under LN.
Also as the first line had higher HI, and the second had similar HI to Paragon, the
two lines had also higher yield than Paragon. For PxW141, five SSD lines had higher
AGDM than Paragon under HN (L141-52, L141-47, L141-48, L141-04 and L141-
35), while four SSD lines (L141-47, L141-50, L141-46, and L141-48) had higher
AGDM under LN conditions. Regarding HI, four other lines also had higher HI than
Paragon.

Averaging two years for the PxW481 population, no SSD line maintained better
AGDM under LN than Paragon. However, for PxW141, two SSD lines, L141-46 and
L141-41 maintained higher AGDM under LN than Paragon. This could be explained
by the fact that the two lines had higher NUPE response to reduced N than Paragon;
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they had similar ONSEN and DURTOT response to reduced N than Paragon. It can
be speculated that these two wheat landraces had large root system allowing higher

post-anthesis N-uptake under low N conditions (Waines, Ehdaie 2007).

8.3.2 N-uptake and N-utilisation efficiency

The present study demonstrated genetic variation in NUPE and NUTE amongst SSD
lines in two mapping populations under both HN and LN treatments. N-uptake
efficiencyand N-utilisation efficiency were all affected by N level in all experiments.
Indeed NUPE increased by 59, 65 and 67% for experiments, PxW481 in2012 and in
2013 and PxW141 in 2013 respectively and NUTE decreased under HN by 31, 25
and 22% in PxW481 in 2012, and 2013 and PxW141 in 2013, respectively. The
positive association between genetic variation in NUPE and NUE was observed
under HN and LN conditions in all experiments, while the association between
NUTE and NUE was observed only in two experiments, PxW481-2012 and
PxW141-2013 under both HN and LN. It can be speculated that this transgressive
segregation could be partly physiologically explained by the difference in post-
anthesis N uptake.

For the PxW481 population, no transgressive segregation under HN was observed,
however under LN two SSD lines: L481-76 and L481-48 had higher NUPE than
Paragon. For NUTE, 17 lines had higher NUTE under HN and 10 lines had higher
values than Paragon. For PxW141, while no SSD line had higher NUPE under HN,
two SSD lines: L141-48 and L141-46 had higher values than Paragon.

Regarding NUTE, two lines, L141-95 and L141-94, had higher NUTE under HN and
39 lines had higher NUTE under LN than Paragon. NUTE is dependent on N
efficiency of biomass formation, the effect of N on carbohydrate partitioning, nitrate
reduction efficiency and remobilisation of N from senescence tissue as well as
storage functions (Hirel et al. 2007; Azevedo, 2007; good et al. 2004).

Wheat senescence occurs earlier in crops with the least N reserve (Pask, 2009) and in
the present study, the total duration of senescence was reduced under LN compared
to HN. In addition, post-anthesis N uptake by roots can contribute between 5 to 50%
of grain N in wheat (De Ruiter and Brooking, 1994; Kichey et al. 2007) depending
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on the environmental conditions and soil N availability. Several studies reported that
grain N accumulation in wheat is likely principally driven by N availability from the
soil (Triboi and Triboi-Blondel, 2002; Martre et al. 2003).

In this study, genetic variation in NUE was much more associated with NUPE than
with NUTE in both mapping populations. Ortiz- Monasterio et al. (1997) by studying
old and new wheat cultivars, showed that the genetic gain in NUE under LN was
mainly associated with gains in NUPE. Similar results were reported by Foulkes et
al. (1998) in winter wheat. These studies agreed that under HN supply, the
contribution of NUPE and NUTE to the genetic gain in NUE was approximately
equal. Furthermore, LeGouis et al. (2000) added that NUPE accounts for more

genetic variation in NUE than NUTE under LN conditions in wheat.

8.4 Genetic analysis of traits

For PxW481 under HN, one major QTL on chr 6AL at 10.0 - 30.1 cM, linked to the
marker BS00010749, was stable for grain yield. It was major in 2012, but putative in
2013. The current QTL was also putative for HI in LN in 2012 and in 2013, but there
was no association with AGDM. In this QTL cluster on chr 6AL also, a putative and
major QTL for TGW and grain per ear in PxW481 in 2012 under LN were found.
For PxW141, another group of QTLs was also found in the similar region of 6AL at
35 - 50 cM, linked to the same marker BS00010749 in PxW481. In this region,
QTLs for AGDM, TGW and stay-green trait were identified in 2012 under HN.
Forthermore, QTLs for AGDM, PH, anthesis date, pre-anthesis NDVI and stay-green
traits were significant under LN conditions. This result is consistent with what have
been reported by Simonds et al. (2014). They have identified a major stable QTL for
grain yield and TGW on wheat chromosome 6AL of the Spark x Rialto population,
across 12 North European environments in a similar position to that reported in this
study (close to the marker SNP: BS00009871). In the same region, QTLs for NUPE
and pre and post-anthesis NDVI were identified. El-Feki (2010) identified three
marginally significant QTL for NDVI on 6A in a single environment for a winter
wheat bi-parental doubled haploid population, while An et al. (2006) found a QTL
for NUPE on the same chromosome 120 DH lines derived from winter wheat

varieties Hanxuan 10 and Lumai 14.
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A second QTL cluster was found on 2B at 61.7 - 64.6 cM, including a major QTL
for grain yield for PxW481 under LN in 2012 and putative QTL in 2013 and a
putative QTL for AGDM in 2012 under LN. QTLs for pre- and post-anthesis NDVI
as well as the stay-green trait (DURTOT) under LN in 2013 were also found in this
region. This finding is consistent with those of Borner et al. (2002); Marza et al.
(2006); Sommer et al. (2004) reporting a major QTL on 3BS was also associated
with yield components. For PxW141, just a few QTLs were found in this region
mainly for anthesis date under HN and post-anthesis NDVI and stay-green trait
under LN.

A third QTL cluster was found on 3BL at 0.0 - 15.0 cM. This region includes a
stable QTL for grain yield in two years as well as for AGDM, NUPE and pre-
anthesis NDVI under HN. In addition, major QTLs for HI and putative QTLs for
grain yield, grains m™? and NUTE under LN were found. Also for PxW141, just QTL
for post-anthesis NDVI was found in this region. Several studies on both durum and
bread wheat previousely reported major QTL on chr 3B (Campbell et al. 2003;
Borner et al. 2002; Sourdille et al. 2004; Liu et al. 2006; Maccaferri et al. 2007).

On chr. 2DS at 0.0 to 15.0 cM, close to the centromere, several QTLs were found
mainly under LN in PxW481. A QTL for grain yield co-located with a QTL for
grains m?, TGW and grains ear® under LN. In addition, the QTL for grains m?
under HN was stable in the same region since it appears in 2012 and in 2013. These
QTLs were linked with the markers gwm577 and gwm261. For PxW141, a QTL
cluster was found in the same region linked to the SSR marker gwm261. This fourth
QTL cluster also contained a QTL for TGW under HN and QTLs for AGDM, Hl,
PH AD, NUTE, pre-anthesis NDVI and the stay-green traits under LN. Rht8 was
found to be tightly linked to the microsatellite marker gwm261 on chromosome arm
2DS (Korzun et al. 1998). This was confirmed by Ellis et al. (2005) who identified
an additional microsatellite marker, wmc503, linked to Rht8 on chromosome arm
2DS. The micosatellite marker gwm261 co-segregates with Rht8 and produced three
different allelic variants of 192 bp, 174 bp and 165 bp (Korzun et al. 1998). It is
possible that this QTL cluster was associated with allelic variation for Rht8 in the

present study.

259



The fourth QTL cluster in was found in PxW481 on chr. 3AL at 8.0 - 18 ¢cM close to
the SSR markers gwm?2 and wmc264. This region contained a QTL for grain yield,
AGDM, PH, and NUTE under LN. In addition a QTL for AGDM under HN in 2013
was also found on this part of 3A chromosome. For PxW141, QTLs for TGW, grains
per m?, ear per m?, PH under HN and TGW, NUTE under LN conditionswere also
located in this region. Maccaferri et al. (2008) evaluated a RIL durum wheat
population in 16 environments over two years in different Mediterranean locations
(10 rainfed and 6 irrigated locations). They identified a major QTL for PH, on
chromosomes 3AL in 10 environments. The QTL was inconsistent over
environments, especially under different moisture levels (Maccaferri et al. 2008). In
addition Rustgi et al. (2013) reported a major QTL for biomass on 3AL at 17.7 cM
which is similar to the position of the reported QTL in this study.

The sixth cluster to describe for the PxXW481 mapping population was located on 5A
at 0.0 - 8.2 cM. A major and stable QTL in two years for PH under HN was found in
this region as well as QTLs for grain yield, grains m™ and grain per ear under LN
and the stay-green trait under HN in 2013. In addition, a QTL for AGDM and for
NUPE in 2012 under LN was co-located.

For PxW141, four more QTL clusters were found on 1A at 38 - 42 cM, 4AL at 50 -
60 cM, 6BS at 42 - 44 cM and 7BL at 40 - 60 cM.

The cluster in the Chr 1A included QTLs for grain per m?, TGW, HI and PH for each
of HN and LN conditions. In addition, QTLs for grains per ear under HN and

anthesis date and stay-green trait under LN were also co-located in this region.

The second cluster for this mapping population was in 4AL. The region 50 - 60 cM
on this chromosome contained QTLs for grain yield, AGDM, grain per m?, NUPE
and the stay-green trait under LN, in addition to a QTL for NUTE under HN.
Kirigwi et al. (2007) mapped several QTL for biomass production and biomass
production rate on the proximal region of chromosome 4AL in wheat under differing

soil moisture regime treatments.

On chr 6BS, 6 QTL for grains per m? TGW, grains per ear, anthesis date NUTE
under HN were co-located. These QTLs were also co-located with grain yield and HI
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under LN conditions. Huang et al. (2003) reported that a significant QTL on chr 7B
increased TGW by 11.7%. In the population ITMI (W7984x0Opata85), QTL for

TGW were previousely mapped on 3AS, 5AL and 6BS (Borner et al. 2002;
Breseghello et al. 2007).

The last main QTL cluster for the PxXW141 population was located on 7BL. Indeed,
in addition to QTLs for each of grain yield, grain per m? ear per m?, NUTE and stay-
green under HN, QTLs for TGW, grains per ear, PH, anthesis date, NUPE and
NUTE and pre-anthesis NDVI were co-located in this region. these findings were
also consistent with several studies which reported major QTL on 7BL for grain
yield and grain number (Quarrie et al. 2005 and 2007; McCartney et al. 2005; Huang
et al. 2006).

8.5 Variation in canopy traits and high-throughput
phenotyping
In the present study, post-anthesis NDVI (PoA-NDVI) was more closely associated
with grain yield and above-ground biomass (AGDM) under LN than under HN in all
experiments. These findings are consistent with other studies on wheat (Syeda Refat
et al. 2014; Serrano et al. 2002, Gaju et al. 2011). In contrast to the LN treatment in
which the grain growth is likely source limited, grain growth is sink limited leading
to lower biomass production efficiency under HN conditions, partly because the
efficiency of N remobilisation is reduced (Hatfield et al. 2010; Calderini et al. 2006).

With regard to N uptake, significant correlations amongst SSD lines were found with
all NDVI measurements in all experiments. The strongst correlations were recorded
between two weeks and three weeks after anthesis. When NDVI approaches 0.75,
the light saturation of canopy photosynthesis occurs, leading to less correlation with
NUP (Poole and Craig, 2010). In plant breeding, connecting genotype to phenotype
IS required. However, a lack of access to high-throughput plant phenotyping
capabilities limits the ability to dissect the genetics of quantitative traits related to
growth, yield and adaptation to abiotic stresses (Phillips et al. 2010). Therfore
developing high-throughput phenotyping platforms is required particularly field
based platforms. Indeed a variety of imaging methodologies, e.g. visible imaging

(machine vision), imaging spectroscopy (multispectral and hyperspectral remote
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sensing), thermal infrared imaging, fluorescence imaging, 3D imaging and
tomographic imaging (magnetic resonance imagers, positron emission detectors and
X-ray computed tomography) have been recently developped (Li et al. 2014). Araus
and Cairns (2014) reviewed new high throughput phenotyping platforms (HTPPs). A
combination of advances in aeronautics, remote sensing and high performance
computing has allowed the application of the canopy sensors in aerial systems. In
addition, ground based new HTPPs include modified vehicles equipped with GPS,
navigation devices, cameras and sensors (Araus and Cairns 2014; Furbank and tester
2011). These new phenomics technologies will accelerate progress in understanding
gene function and environmental responses to enable breeders to develop new wheat

germplasm with enhanced biomass and NUE.
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Chapter 9: Conclusions and future work
Based on the results presented in this thesis, the following conclusions can be drawn:

» Genetic variation was found in the glasshouse and in the field experiments
for grain yield and above-ground biomass. The Watkins landrace lines did
not exceed the grain yield of UK cultivars, but some genotypes had similar
biomass mainly under LN conditions in the field. Indeed, the majority of
Watkins lines maintained grain yield and biomass better under reduced N
fertiliser compared to the UK check cultivars. Similar results were found for
NUP and NUTE. The UK cultivar Rialto tended to have higher NUP in both
glasshouse and field experiments under HN than Watkins lines. However,
some Watkins lines showed similar NUP and NUT to Paragon and higher
than other UK check cultivars under LN conditions. In addition, the Watkins
lines generally maintained NDVI (canopy size) and green area duration better
under LN than the check cultivars in the field experiments.

» The correlations amongst genotypes between field and glasshouse (plant
grown in pots) expression of traits were significant for, GY, AGDM, NUP,
NUTE, photosynthesis rate and grain N concentration. This supports the
extrapolation of genetic variation results in the glasshouse to the field.

» For the PxW481 population under HN, no SSD line had significantly higher
grain yield than Paragon, while 13 SSD lines had higher values under LN
conditions. However, for the PxW141 population, three and one SSD lines
under HN and LN, respectively, had higher grain yield than Paragon. The
grain yield response to increasing N supply showed that one SSD line had a
higher yield response than W481 for PxW481, while 37 lines had higher
than W141 for PxXW141 population.

Similar to grain yield result, no SSD line had higher AGDM than Paragon for
the PxW481 population under HN, while two SSD lines had higher grain
yield under LN. For the PxW141 population, five and four SSD lines had
higher AGDM than Paragon, respectively, under HN and LN conditions.

» In all three experiments (PxW481-12, PxW481-13 and PxW141) either under
HN and LN, genetic variation in NUE was more closely associated with
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NUPE than with NUTE. Averaging over years for PxW481 under HN, no
SSD line had higher NUPE than Paragon, while under LN L481-76 had
higher NUPE than Paragon. For PxW141, no SSD line had higher NUPE
than Paragon either under HN or under LN. For NUTE, 17 SSD lines of the
PxW481 population had significantly higher NUTE than Paragon under HN
and 10 SSD lines higher under LN conditions. For PxW141 under HN, L141-
95 and L141-94 had higher NUTE than Paragon under HN, while under LN
12 SSD lines had higher NUT. The genetic variation in the response of NUE
to decrease in N supply, however, was more strongly associated with the
response to NUTE than with the response to NUPE in both mapping

populations.

For both the PxW481 and PxW141 populations, genetic variation in NDVI
(canopy size) at around anthesis was more strongly correlated with grain
yield, biomass and NUE components compared to other assessment dates.
The relationships were stronger under LN conditions implying under LN
grain growth is more source-limited (or the extent of sink limitation is
reduced) compared to HN conditions. For PxXW141, genetic variation in grain
yield was also positively associated with the flag-leaf senescence parameters
ONSEN and DURTOT mainly under LN conditions.

Using 201 (27 SSRs and 174 SNPs) and 491 (23 SSRs and 468 SNPs)
Markers, respectively, for PxW481 and PxW141, two genetic maps were
constructed with 35 and 28 linkage groups for PxW481 and PxW141

respectively.

For grain yield in PxW481, two stable QTLs in 2012 and 2013 were found
under HN on chr 3B and 6A. Under LN, two QTLs on chr 2B and 5A were
found which were each stable across years. For AGDM, one QTL on 2B was
found in both years under LN conditions. With regard to NUE traits, one
QTL which was stable across years was found under HN for NUPE on chr
6A and one for NUTE under LN conditions on chr 3B.

For the PxW481 population under HN, two major yield QTLs on chr 6A and
3B and the putative QTL on 4B were co-located with QTLs on the same
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chromosomes for NUPE. Under LN, three QTLs on chr 2B, 4B, 6A and were
also co-located for both grain yield and NUPE. For PxXW141 one QTL on 6D

under HN and one on 4A were co-located for grain yield and NUPE.

For AGDM one QTL was found in both the PxW481 and PxW141
populations on chr 2D. For NUTE, three QTLs were found in both Px\W481
and PxW141on 3A, 4A and 6B.

This study has identified significant novel variation for grain yield, biomass, NUE

components and physiological related traits amongst AE Watkins lines and amongst
SSD lines from the crosses between Paragon and both W481 and W141. Future

research to enhance grain yield, biomass and NUE in wheat should focus on the

following suggestions:

R/
L X4

R/

R/

Investigate a wider range of AE Watkins lines under contrasting nitrogen
treatments to identify wider novel variation for these traits., also phenotype
synthetic-derived wheat lines and introgression lines from crosses with
ancestral wheat species for wider genetic diversity for these traits (and
genotyping these resources for the markers discovered in this project for
allelic diversity).

The variation observed for NUPE either in AE Watkins lines or for SSD lines
of the two populations associated with AGDM and grain yield under LN
conditions in the present study implies improved NUE may be linked to root
system architecture traits. So future work should focus on phenotyping these
SSD populations for root system architecture traits and identifying QTL for

the key rooting traits.

The difference between the two SSD populations and the variation within the
populations should be further investigated in relation to mechanisms
underlying N-uptake efficiency, N-utilisation efficiency and senescence-
related traits. Thus, multi-site-season experiments should be carried out on
near isogenic lines developed for the novel QTLs for the key traits identified

in this study quantifying N partitioning at anthesiss, post-anthesis N
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X/
°e

X/
°e

remobilisation efficiency and post-anthesis N-uptake and its relationship with

root system.

High-throughput phenotyping systems should be further developed to
facilitate genetic analysis for the complex traits of the canopy photosynthesis
and its determinants, e.g. hyperspectral reflectance imaging including the use

of canopy sensors mounted on aerial platforms.

Further genetic analysis on the two mapping populations should be carried
out including adding more markers to the two SSD populations. Some
chromosomes contained only few markers (D genome mainly). This will
allow identification of more QTL in the gaps in the map and, together with
the development of backcross lines for target QTLs, fine mapping of QTLs to
more precise locations on the chromosomes. These QTLs can then be
developed as targets for marker-assisted selection, and candidate genes
established. In addition, lines carrying suitable QTL can be crossed with the
best-performing current cultivars to introgress the QTLs and traits into
adapted UK wheat backgrounds for use in trait-based breeding for improved

yield, biomass and NUE.

266



REFERENCES

ABELEDO, L.G., CALDERINI, D.F. SLAFER, G.A., 2002. Physiological Changes
Associated with Genetic Improvement of Grain Yield in Barley. In: Slafer, G.A.,
MolinaCano, J.L., Savin, R., Araus, J.L., Romagosa, I. (Eds.), Barley Science -
Recent Advances from Molecular Biology to Agronomy of Yield and Quality.
Food Products Press, Binghamton, NY, USA, pp. 361-385.

ABELEDO, L.G., D.F. CALDERINI, and G.A. SLAFER. 2003. Genetic
improvement of barley yield potentials and its physiological determinants in
Argentina. Euphytica 130:325-334

ABROL YP, CHATTERJEE SR, KUMAR PA, Jain V. Improvement in nitrogenous
fertiliser utilization-Physiological and Molecular approaches. Curr Sci.
1999;76:1357-1364.

ACEVEDQO, E., SILVA, P., SILVA, H. (2002). Wheat growth and physiology. In
"Bread wheat. Improvement and Production”, BC Curtis, S Rajaram, H Gomez
Macpherson, eds. Food and Agriculture Organisation, Rome.

ACRECHE; M., BRICENO-FELIX, G., MART IN SANCHEZ, J. A., and SLAFER,
G. A. 2007. " Radiation use efficiency and photosynthesis rate as affected by sink-
strenght in Mediterranean wheat. Proceedings of the XVII Conference of the
Spanish Society of Plant Physiology. Alcala de Henares

ADAMSEN, F.J., PINTER JR., P.J., BARNES, E.M., LAMORTE, R.L., WALL,
G.W., LEAVITT, S.\W., KIMBALL, B.A., 1999. Measuring wheat senescence
with a digital camera. Crop Sci. 39, 719-724.

AGREN, G.I. 1985. Theory for growth of plants derived from the nitrogen
productivity concept. Physiol. Plant. 64:17-28

ALBRIZIO, R. and STEDUTO, P. (2005). Resource use efficiency of field-grown
sunflower, sorghum, wheat and chick-pea I. Radiation use efficiency. Agricultural
and Forest Meteorology 130(3-4), 254-268.

ALDHOUS, P. (2008). Genes for greens. New Scientist 197 (2637) 28-31. Arcadia
Biosciences (2007).

AMANI, I., FISCHER, R.A. and REYNOLDS, M.P. 1996. Canopy temperature
depression association with yield of irrigated spring wheat cultivars in hot
climate. J. Agron. Crop Sci., 176: 119-129

AN D, SU J, LIU Q, ZHU Y, TONG Y, LI J, JING R, LI B, LI Z. 2006. Mapping
QTLs for nitrogen uptake in relation to the early growth of wheat (Triticum
aestivum L.). Plant and Soil 284, 73-84.

ANGUS JF (2001) Nitrogen supply and demand in Australian agriculture. Australian
Journal of Experimental Agriculture4l, 277-288.

APARICIO E, VARGAS MJ, OLMO JM, DE SOSTOA A (2000) Decline of native
freshwater fishes in a Mediterranean watershed on the Iberian Peninsula: A
quantitative assessment. Environmental Biology of Fishes 59: 11-19

267



APARICIO N., D. VILLEGAS, J. L. ARAUS, J. CASADESUS, C. ROYO, 2002.
Relationship between growth traits and spectral reflectance indices in durum
wheat. Crop Science, 425September-October 2002), 154715550001-1183X

ARAUS J L. 2004. The problems of sustainable water use in the Mediterranean and
research requirements for agriculture. Annals of Applied Biology 144:259-272

ARAUS J. L., AMARO T., ZUHAIR Y., NACHIT M. M. (1997). Effect of leaf
structure and water status on carbon isotope discrimination in field-grown durum
wheat. Plant Cell Environ. 20, 1484-1494

ARAUS J. L., SLAFER G. A, ROYO C., SERRET M. D. (2008). Breeding for yield
potential and stress adaptation in cereals. Crit. Rev. Plant Sci. 27, 377-412

ARAUS JL, SLAFER GA, ROMAGOSA I, MOLIST M (2001) FOCUS: Estimated
wheat yields during the emergence of agriculture based on the carbon isotope
discrimination of grains: evidence from a 10th millennium BP site on the
Euphrates. Journal of Archaeological Science 28, 341-350.

ARAUS, J. L. BORT, J. STEDUTO, P. VILLEGAS, D. and ROYO, C. (2003).
Breeding cereals for Mediterranean conditions: ecophysiological clues for
biotechnology application. Annals of Applied Biology 142(2), 129-141.

ARAUS, J. L. SLAFER, G. A. REYNOLDS, M. P. and ROYO, C. (2002). Plant
Breeding and Drought in C3 Cereals: What Should We Breed For? Annals of
Botany 89(7), 925-940.

ARAUS, J.L., CAIRNS, J. 2014. Field high-throughput phenotyping — the new crop
breeding frontier. Trends in Plant Science 19: 52-61.

ARAUS, J.L., REYNOLDS, M.P and ACEVEDO, E. (1993) Leaf posture, grain
yield, growth, leaf structure, and carbon isotope discrimination in wheat. Crop
Science, 33, 1273-1279.

ATKINSON1 JONATHAN A. , LUZIE U. WINGEN , MARCUS GRIFFITHS ,
MICHAEL P. POUND , OORBESSY GAJU , M. JOHN FOULKES , JACQUES
LE GOUIS , SIMON GRIFFITHS , MALCOLM J. BENNETT, JULIE KING,
and DARREN M. WELLS 2015. Phenotyping pipeline reveals major seedling
root growth QTL in hexaploid wheat. Journal of Experimental Botany March 4,
2015

AUSTIN RB, EDRICH J. 1975. Effects of ear removal on photosynthesis,
carbohydrate accumulation and on the distribution of assimilated "C in wheat.
Annals of Botanx 39: 141-152.

AUSTIN, R. B. (1980). Physiological limitations to cereals yields and ways of
reducing them by breeding. p. 319. In R.G. Hurd et al.

AUSTIN, R. B. (1999). Yield of Wheat in the United Kingdom: Recent Advances
and Prospects. Crop Science. 39, 1604-1610.

AUSTIN, R. B., M. A. FORD., and C. L. MORGAN. (1989). Genetic improvement
in the yield of winter wheat: A further evaluation. Journal of Agricultural Science.
(Cambridge). 112, 295-301.

AUSTIN, R.B., FORD, M.A., EDRICH, LA. and HOOPER, B.E.(1976) Some
effects of leaf posture on photosynthesis and yield in wheat. Annals of Applied
Biology, 83, 425-446.

268


http://www.intechopen.com/books/references/biomass-detection-production-and-usage/field-measurements-of-canopy-spectra-for-biomass-assessment-of-small-grain-cereals#B7
http://www.intechopen.com/books/references/biomass-detection-production-and-usage/field-measurements-of-canopy-spectra-for-biomass-assessment-of-small-grain-cereals#B7
http://www.intechopen.com/books/references/biomass-detection-production-and-usage/field-measurements-of-canopy-spectra-for-biomass-assessment-of-small-grain-cereals#B7

AUSTIN, R.B., MORGAN, C.L., FORD, M.A. and BHAGWAT, S.G. (1982) Flag
leaf photosynthesis of Triticum aestivum and related diploid and tetraploid
species. Annals of Botany, 49, 177-189.

AUSTIN, RB., BINGHAM, R, BLACKWELL, R.D., EVANS, L.T., FORD, M.A,,
MORGAN, C.L. and TAYLOR, M. (1980) Genetic improvement in winter wheat
yield since 1900 and associated physiological changes. Journal of Agricultural
Science, 94,675-6809.

AUSTIN, RB., EDRICH, J.A., FORD, M.A. and BLACKWELL, RD. (1977) The
fate of dry matter, carbohydrates and 14C lost from the leaves and stems of wheat
during grain filling. Annals of Botany, 41,1309-1321.

AYALA L, HENRY M, VAN GINKEL M, SINGH R, KELLER B, KHAIRALLAH
M, 2002. Identification of QTLs for BYDV tolerance in bread wheat. Euphytica
128, 249-59.

AYOUB, M., S. GUERTIN, S. LUSSIER and D.L. SMITH, 1994. Timing and level
of nitrogen fertility effects on spring wheat yield in eastern Canada. Crop Sci., 34:
748-56

BABAR, M.A., REYNOLDS, M.P., VAN GINKEL, M., KLATT, A.R, RAUN,
W.R and STONE, M.L. (2006) Spectral Reflectance to Estimate Genetic
Variation for In-Season Biomass, Leaf Chlorophyll, and Canopy Temperature in
Wheat. Crop Science, 46, 1046-1057. 213

BANCAL, PIERRE. (2008). Positive contribution of stem growth to grain number
per spike in wheat. Field Crops Research. 105, 27-39.

BANZIGER, M., BETRAN, F.J. and LAFITTE, H.R. (1997) Efficiency of
highnitrogen selection environments for improving maize for low-nitrogen target
environments. Crop Science, 37, 1103-1109.

BARBOTTIN A, LECOMTE C, BOUCHARD C and JEUFFROY MH (2005).
Nitrogen remobilization during grain filling in wheat: Genotypic and
environmental effects. Crop Science 45: 1141-1150.

BARRACLOUGH, N. E., and PERRETT, D. I. (2011). From single cells to social
perception. Philosophical Transactions of the Royal Society, B, 366, 1739-1752.

BARRACLOUGH, P. B. and WEIR, A. H. (1988). Effects of compacted subsoil
layer on root and shoot growth, water use and nutrient uptake of winter wheat.
Journal of Agricultural Science 110, 207-216.

BARRACLOUGH, P. B. KUHLMANN, H. and WEIR, A. H. (1989). The effects of
prolonged drought and nitrogen-fertiliser on root and shoot growth and
wateruptake by winter-wheat. Journal of Agronomy and Crop Science 163(5),
352-360.

BAUER, M. E. (1975), The role of remote sensing m determlmng the chstnbutlon
and yield of crops In Advances m Agronomy (N. C. Brady, Ed.), Academic Press,
New York, vol. 2, pp. 271-304

BEADLE, C. L. LUDLOW, M. M. and HONEYSETT, J. L. (1985). Water relations.
In Techniques in bioproductivity and photosynthesis Eds J. Coombs, D. O. Hall,
S. P. Long and J. M. O. Scurlock), pp. 50-61. Oxford: Pergamon Press.

269



BEED, F.D., HALLET, S.G., VENNE, J. and WATSON, A. (2007). Biocontrol
Using Fusarium oxysporum; a Critical Component of Integrated Striga
Management. Chapter 21 In Integrating New Technologies for Striga control:
Towards ending the Witch-hunt (Eds Ejeta G and Gressel J). World Scientific
Publishing Co. Pte Ltd. pp 283-301.

BELLAIRS, S. M. TURNER, N. C. HICK, P. T. and SMITH, R. C. G. (1996). Plant
and soil influences on estimating biomass of wheat in plant breeding plots using
field spectral radiometers. Australian Journal of Agricultural Research 47(7),
1017- 1034.

BERNIER, G., HAVELANGE, A, HOUSA, C., PETITJEAN, A and LEJEUNE, P.
(1993) Physiological signals that induce flowering. Plant Cell, 5, 1147-1155.

BERTIN P, GALLAIS A (2000A) Physiological and genetic basis of nitrogen use
efficiency in maize: 1. Agrophysiological results. Maydica 45:53-66.

BISCOE, P.V. 1988. N-Sure, the selective N-fertilisation for wheat. In Knowledge-
Based Systems in Agriculture. Int. DLG-Cong. Comp. Tech., Frankfurt, 19-22
Jun. 1988, p. 401- 413. Frankfurt, Germany, Deutsche Landwirtschafts-
esellschaft.

BJORN L.O. (1992), Interception of light by leaves, in Crop Photosynthesis: Spatial
and Temporal Determinants (N.R. Baker and H. Thomas, Eds), Elsevier Science
Publishers (Amsterdam), pages 253-276.

BLACKLOW, W.M., INCOLL, L.D., 1981. Nitrogen stress of winter wheat changed
the determinants of yield and the distribution of nitrogen and total dry matter
during grain ®lling. Aust. J. Plant Physiol. 8, 191+200.

BLANKENAU, K., OLFS, H.-W. and KUHLMANN, H. (2002) Strategies to
improve the use efficiency of mineral fertiliser nitrogen applied to winter wheat.
Journal of Agronomy and Crop Science, 188, 146-154.

BLOOM, T.N., SYLVESTER-BRADLEY, R., VAIDYANATHAN, L.V. and
MURRAY, AW.A. (1988) Apparent recovery of fertiliser nitrogen by winter
wheat. In: Nitrogen Efficiency in Agricultural Soils, pp. 27-37 (Eds. Jenkinson,
D.S. and Smith, K.A.), Elsevier Applied Science, London, UK.

BLUM A (2011) Plant Breeding for Water-Limited Environments, Drought
Resistance and Its Improvement. Springer New York. ISBN - 978-1-4419-7491-
4.pp 152.

BLY, A.G. and WOODWARD, H.J. (2003) Foliar nitrogen application timing
influence on grain yield and protein concentration of hard red winter and spring
wheat. Agronomy Journal, 95, 335-338.

BOGARD M, ALLARD V, BRANCOURT-HULMEL M, HEUMEZ E, MACHET
J, JEUFFROY M, GATE P, MARTRE P, LE GOUIS J (2010) Deviation from the
grain protein concentration—grain yield negative relationship is highly correlated
to post-anthesis N uptake in winter wheat. J Exp Bot 61:4303-4312

BOGARD M, JOURDAN M, ALLARD V, MARTRE P, PERRETANT MR,
RAVEL C, HEUMEZ E, ORFORD S, SNAPE J, GRIFFITHS S, GAJU O,
FOULKES J and LE GOUIS J (2011). Anthesis date mainly explained
correlations between post-anthesis leaf senescence, grain yield, and grain protein

270



concentration in a winter wheat population segregating for flowering time QTLSs.
Journal of Experimental Botany 62: 3621-3636.

BONNEAU J, TAYLOR J, PARENT B, BENNETT D, REYNOLDS M,
FEUILLET C, LANGRIDGE P, MATHER D (2013) Multi-environment analysis
and improved mapping of a yield-related gtl on chromosome 3b of wheat.
Theoretical and Applied Genetics 126:747-761

BONNETT G.D. and INCOLL L.D. (1993) Effects on the stem of winter barley of
manipulating the source and sink during grain-filling. Il. Changes in the
composition of water-soluble carbohydrates of internodes. Journal of
Experimental Botany, 44, 83-91.

BORGHI, B., CORBELLINI, M., CATTANEO, M., FORNASARI, M.A. and
ZUCCHELLLI, L. (1986) Modification of the source-sink relationship in bread
wheat and its influence on grain yield and protein content. Journal of Agronomy
and Crop Science, 157, 245-254. 283

BORNER A, SCHUMANN E, FURSTE A, COSTER H, LEITHOLD B, RODER S,
WEBER E (2002) Mapping of quantitative trait loci determining agronomic
important characters in hexaploid wheat ( Triticum aestivum L.). Theor. Appl.
Genet. 105(6-7): 921-936.

BORNER, A., SCHUMANN, E., FURSTE A., COSTER, H., LEITHOLD, B,
RODER, M. S. and WEBER, W. E. 2002. Mapping of Quantitative Trait Loci
Determining Agronomic Important Characters in Hexaploid Wheat (Triticum
aestivum L.). Theor. Appl. Genet., 105: 921-936.et al.

BORRAS, L., SLAFER, G.A. and OTEGUI, M.E. (2004) Seed dry weight response
to source-sink manipulations in wheat, maize and soybean: A quantitative
reappraisal. Field Crops Research, 86, 131-146.

BORRELL, A.K. and HAMMER, G.L. (2000) Nitrogen dynamics and the
physiological basis of stay-green in sorghum. Crop Science, 40, 1295-1307.

BORRELL, A K., HAMMER, G.L and HENZELL, R.G. (2000) Does maintaining
green leaf area in sorghum improve yield under drought? Il. Dry matter
production and yield. Crop Science, 40, 1037-1048.

BORT, J., CASADESU’S, J., ARAUS, J.L., GRandO, S., CECCARELLLI, S., 2002.
Spectral vegetation indices as nondestructive indicators of barley yield in
Mediterranean rain-fed conditions. In: Slafer, G.A., Molina-Cano, J.L., Savin, R.,
Araus, J.L., Romagosa, I. (Eds.), Barley Science: Recent Advances from
Molecular Biology to Agronomy of Yield and Quality. Haworth Press,
Binghamton, NH, pp. 387-412

BOYD, W.J.R. 1986. Phasic development in barley. In T.A. Williams and G.S.
Wratt, eds. Plant Breeding Symp., p. 187-191. Special Publications 5. Wellington,
Agronomy Society of New Special Zealand.

BOYER JS (1982) Plant productivity and environment. Science 218: 443-448

BRANCOURT-HULMEL M, HEUMEZ E, PLUCHARD P, ET AL. 2005. Indirect
versus direct selection of winter wheat for low input or high input levels. Crop
Science 45: 1427-1431.

271



BRANCOURT-HULMEL, M., G. DOUSSINAULT, C. LECOMTE, P. BERARD,
B. LE BUANEC, and M. TROTTET. 2003. Genetic improvment of agronomic
traits of winter wheat cultivars released in France from 1946 to 1992. Crop Sci.
43:37-45

BRESEGHELLO F, SORRELLS ME (2006) Association mapping of kernel size and
milling quality in wheat (Triticum aestivum L.) cultivars. Genetics 172(2): 1165-
1177.

BROUWER, R. (1983). Functional equilibrium: sense or nonsense? Netherlands
Journal of Agricultural Science 31(4), 335-348.

BUNCE, J. A. 1988. Nonstomatal inhibition of photosynthesis by water stress.
Reduction in photosynthesis at high transpiration rate without stomatal closure in
field-grown tomato. Photosyn. Res. 18: 357-362.

BUSTOS DV, HASAN AK, REYNOLDS MP, CALDERINI DF. 2013. Combining
high grain number and weight through a DH-population to improve grain yield
potential of wheat in high-yielding environments. Field Crops Research 145, 106—
115.

CABRERA-BOSQUET, L. ALBRIZIO, R. ARAUS, J. L. and NOGUES, S. (2009).
Photosynthetic capacity of field-grown durum wheat under different N 8
References 309 availabilities: A comparative study from leaf to canopy.
Environmental and Experimental Botany In Press, Corrected Proof.

CAEMMERER, S. VON, and FARQUHAR, G. D. (1981). Some relationships
between the biochemistry of photosynthesis and the gas exchange of leaves.
Planta 153, 376-387.Waines,

CALDERINI, D.F. and SLAFER, G.A. (1998) Changes in yield and yield stability in
wheat during the 20th century. Field Crops Research, 57, 335-347.

CALDERINI, D.F., ABELEDO, L.G., SAVIN, R. and SLAFER, G.A. (1999) Effect
of temperature and carpel size during pre-anthesis on potential grain weight in
wheat. Journal of Agricultural Science, 132, 453-459.

CALDERINI, D.F.,, REYNOLDS, M.P. and SALFER, G.A (2006) Source-sink
effects on grain weight of bread wheat, durum wheat and triticale at different
locations. Australian Journal of Agricultural Research, 57, 227-233.

CAMP, PJ., HUBER, S.C., BURKE, J.J., and MORELand, D.E. 1982: Biochemical
changes that occur during senescence of wheat leaves I. Basis for the reduction of
photosynthesis. Plant Physiol., 70, 1641-1646

CAMPBELL NA and REECE JB (2002) BIOLOGY (SIXTH EDITION).
BENJAMIN CUMMINGS.CAMPBELL, B.T., P.S. BAENZIGER, K.S. GILL,
K.M. ESKRIDGE, H. BUDAK, M. ERAYMAN, |. DWEIKAT, and Y. YEN.
2003. Identifi cation of QTL and environmental interaction associated with
agronomic traits on chromosomes 3A of wheat. Crop Sci. 43:1493-1505.
doi:10.2135/cropsci2003.1493

CECCARELLI, S. (1984). Utilization of landraces and H. spontaneum in barley
breeding for dry areas. Rachis 3(2): 8-11

CHAPIN, F. S, Ill, P. A. MATSON, and H. A. MOONEY. 2002. Principles of
terrestrial ecosystem ecology. Springer, New York.

272



CHEN CC, HAN GQ, HE HQ and WESTCOTT M (2011). Yield, protein, and
remobilization of water soluble carbohydrate and nitrogen of three spring wheat
cultivars as influenced by nitrogen input. Agronomy Journal 103: 786-795. 7.
GENERAL DISCUSSION 220

CHEN, XM, PENMAN, L, WAN, AM, CHENG, P (2010) Virulence races of
Puccinia striiformis f. sp tritici in 2006 and 2007 and development of wheat stripe
rust and distributions, dynamics, and evolutionary relationships of races from
2000 to 2007 in the United States. Can J Plant Pathol 32: pp. 315-333

CHRISTOPHER J, CHRISTOPHER M, JENNINGS R, JONES S, FLETCHER S,
BORRELL A, MANSCHADI AM, JORDAN D, MACE E, HAMMER G (2013)
QTL for root angle and number in a population developed from bread wheats
(Triticum aestivum) with contrasting adaptation to water-limited environments.
Theor Appl Genet 126:1563-1574

CHRISTOPHER, J.T., MANSCHADI, AM., HAMMER, G.L. and BORRELL,
A.K. (2008) Developmental and physiological traits associated with high yield
and stay-green phenotype in wheat. Australian Journal of Agricultural Research,
59, 354-364.

CHU CG, XU SS, FRIESEN TL, FARIS JD (2008) Whole genome mapping in a
wheat doubled haploid population using SSRs and TRAPs and the identification
of QTL for agronomic traits. Mol. Breed. 22(2): 251-266.¢et al.

CLARK, R. B. (1983): Plant genotype differences in uptake, translocation,
accumulation and use of mineral elements required for plant growth. Genetic
aspect of plant nutrition. The Hague, Boston, Lancaster: Martinus Nijhoff Publ.
49-70.

CLARKE S, SYLVESTER-BRADLEY R, FOULKES J, GINSBURG D, GAJU O,
WERNER P, JACK P, FLATMAN E, SMITH-REEVE L . 2012. Adapting wheat
to global warming or ‘ERYCC’—earliness and resilience for yield in a changing
climate. HGCA Project Report 496.

CLIQUET J-B, DELE'ENS E, BOUSSER A, MARTIN M, LESCURE J-C,
PRIOUL L, MARIOTTI A, MOROT-GAUDRY J-F (1990) Estimation of carbon
and nitrogen allocation during stalk elongation by 13C and 15N tracing in Zea
mays L. Plant Physiol 92: 79-87

COLLARD BCY, JAHUFER MZZ, BROUWER JB, PANG ECK (2005). An
introduction to markers, quantitative trait loci (QTL) mapping and marker-
assisted selection for crop improvement: The basic concepts. Euphytica 142: 169-
196

COLWELL, J.E. 1974. Vegetation canopy reflectance, Remote Sens. of Environ.
3:175-183.

CONDON AG, FARQUHAR GD, RICHARDS RA. 1990. Genotypic variation in
carbon isotope discrimination and transpiration effi- ciency in wheat. Leaf gas
exchange and whole plant studies. Australian Journal of Plant Physiology 17, 9—
22

CORMIER F, LE GOUIS J, DUBREUIL P, LAFARGE S, PRAUD S, (2014). A
genome-wide identification of chromosomal regions determining nitrogen use

273


https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=qJaX_cwAAAAJ&citation_for_view=qJaX_cwAAAAJ:ns9cj8rnVeAC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=qJaX_cwAAAAJ&citation_for_view=qJaX_cwAAAAJ:ns9cj8rnVeAC

efficiency components in wheat (Triticum aestivum L.) Theoretical and Applied
Genetics 127 (12), 2679-2693

COSSANI, C. M., SLAFER, G. A., and SAVIN, R. (2009). Yield and biomass in
wheat and barley under a range of conditions in a Mediterranean site. Field Crops
Research. 112, (2-3), 205-213.

COWAN, L.R. 1982. Regulation of water use in relation to carbon gain in higher
plants. In Encyclopedia of Plant Physiology, New Series. Vol. 12B. Eds. O.L.
Lange, P.S. Nobel and C.B. Osmond. Springer-Verlag, Berlin. pp 589-613.

COX, M.C., QUALSET, C.O. and RAINS, D.W. (1985) Genetic variation for
nitrogen assimilation and translocation in wheat. 1. Dry matter and nitrogen
accumulation. Crop Science, 25, 430-435.

COX, M.C., QUALSET, C.0. and RAINS, D.W. (1986) Genetic variation for
nitrogen assimilation and translocation in wheat. 3. Nitrogen translocation in
relation to grain yield and protein. Crop Science, 26, 737-740.

COYNE J. A. W. MEYERS A. P. CRITTENDEN P. SNIEGOWSKI 1993. The
fertility effects of pericentric inversions in Drosophila melanogaster. Genetics
134:487-496.

CRAWFORD N. M., GLASS A. D. M. Molecular and physiological aspects of
nitrate uptake in plants.Trends Plant Sci. 1998;31(1):389-395.

CRAWFORD NM, FORDE BG (2002) Molecular and developmental biology of
inorganic nitrogen nutrition. In E Meyerowitz, C Somerville, eds, The
Arabidopsis Book. American Society of Plant Biologists, Rockville, MD,
doi/10.1199/tab.0011

CURTIS, B.C. (2002) Wheat in the world. In: Bread Wheat: Improvement and
Production, pp. 1-17 (Eds. Curtis, B.E., Rajaram, S. and Gomez Macpherson, H.),
FAQO, Rome, Italy.

DAMANIA, A.B., PECETTI, L., QUALSET, C.0. and HUMEID, B.O. (1996).
Diversity and geographic distribution of adaptive traits in Triticum turgidum L.
(durum group) wheat landraces from Turkey. Genet. Res. Crop. Evol., 43: 409-
422

DASHTI H, YAZDI-SAMADI B, GHANNADHA M, NAGHAVI M, QUARRI S.
2007. Qtl analysisEhdaie and Waines 1997 for drought resistance in wheat using
doubled haploid lines. Int. J. Agric. Biol. 9:98-102.

DE RUITER, J. M.; BROOKING, I. R. 1994: Nitrogen and dry matter partitioning in
malting barley grown in a dryland environment. New Zealand journal of crop and
horticultural science 22: 45-55

DEKKER M, BROUWERS C, RIELE HT (2003) Targeted gene modification in
mismatch-repair-deficient embryonic stem cells by singlestranded DNA
oligonucleotides. Nucleic Acids Res 31:E27

DELGADO, B.M.I, REYNOLDS, M.P., LARQUE-SAAVEDRA, A. and NAVA,
T.S. 1994. Genetic diversity for photosynthesis in wheat under heat stressed
environments and its relationship to productivity. Wheat Special Report No. 30.
Mexico, DF, CIMMYT.

274



DERKX AP, ORFORD S, GRIFFITHS S, FOULKES MJ and HAWKESFORD MJ
(2012). Identification of differentially senescing mutants of wheat and impacts on
yield, biomass and nitrogen partitioning. Journal of Integrative Plant Biology 54:
555-566.

DHUGGA, K.S. and WAINES, J.G. (1989) Analysis of nitrogen accumulation and
use in bread and durum wheat. Crop Science, 29, 1232-1239. 286

DONALD, C.M. and HAMBLIN, J., 1976. The biological yield and harvest index of
cereals as agronomic and plant breeding criteria. Adv. Agron., 28, 361-405.

DONMEZ, E., R. G. SEARS,, J. P. SHROYER., and G. M. PAULSEN. (2001).
Genetic gain in yield attributes of winter wheat in the Great Plains. Crop Science.
41, 1412-14109.

DRECCER, M. SCHAPENDONK, A. SLAFER, G. and RABBINGE, R. (2000).
Comparative response of wheat and oilseed rape to nitrogen supply: absorption
and utilisation efficiency of radiation and nitrogen during the reproductive stages
determining yield. Plant and Soil 220(1), 189-205.

DRECCER, M.F., GRASHOFF, C. and RABBINGE, R. (1997) Source-sink ratio in
barley (Hordeum vulgare L.) during grain filling: effects on senescence and grain
protein concentration. Field Crops Research, 49, 269-277.

DUNCAN, W. G. (1971). Leaf Angles, Leaf Area, and Canopy Photosynthesis. Crop
Science, 11, 482-485.

DUPONT M.F., ALTENBACH B.S. (2003). Molecular and biochemical impacts of
environmental factors on wheat grain development and protein synthesis. Journal
of Cereal Science 38: 133-146.

EBRAHIM, N. M. (2008). Responses of root and shoot growth of durum wheat
(Triticum turgidum L. var durum) and barley (Hordeum vulgare L.) plants to
different water and nitrogen levels. University of Jorda. EEA (2003). Climate
Sensitivity. Copenhagen: European Environment Agency.

EHDAIE B, HALL AE, FARQUHAR GD, NGUYEN HT, WAINES JG. 1991.
Water-use efficiency and carbon isotope discrimination in wheat. Crop Science
31: 1282-1288.

EHDAIE B, WAINES JG. 1993. Variation in water-use efficiency and its
components in wheat. I. Well-watered pot experiment. Crop Science 33: 294-—
299.

EHDAIE B, WAINES JG. 1997. Growth and evapotranspiration efficiency in
landrace and dwarf spring wheats. Journal of Genetics and Breeding 51: 201-
2009.

EHDAIE B. 1995. Variation in water-use efficiency and its components in wheat. 11.
Pot and field experiments. Crop Science 35: 1617—- 1626.

EHDAIE, B. and WAINES, J.G. (1994). Genetic analysis of carbon isotope
discrimination and agronomic characters in a bread wheat cross. Theor. Appl.
Genet., 88: 1023-1028.

EHDAIE, B., M.R. SHAKIBE and J.G. WAINES, 2001. Sowing date and nitrogen
input influence nitrogen use efficiency in spring bread and durum wheat
genotypes. J. Pl. Nutr., 24: 899-919.

275



EICKHOUT, B.; BOUWMAN, A.F.; VAN ZENJTS, H. 2006 The role of nitrogen in
world food production and environmental sustainability. Nutrient Management in
Tropical Agroecosystems, v.116, p.4-14.

EL-FEKI, W. 2010. Ph.D. dissertation, Colorado State University.et al.

ELLIS MH, REBETZKE GJ, AZANZA F, RICHARDS RA, SPIELMEYER (2005)
Molecular mapping of gibberellin-responsive dwarfing genes in bread wheat.
Theor Appl Genet 111: 423-430.

ELSER, JJ., BRACKEN, M.E.S., CLELand, E.E., GRUNER, D.S., HARPOLE,
W.S., HILLEBRand, H., NGAI, J.T., SEABLOOM, E.W., SHURIN, J.B. and
SMITH, J.E. (2007) Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial ecosystems. Ecology
Letters, 10, 11351142,

ENSMINGER I, BUSCH F, HUNER NPA. 2006. Photostasis and cold acclimation:
sensing low temperature through photosynthesis. Physiologia Plantarum 126: 28—
44,

ESTIARTE M, FILELLA I, SERRA J, PEFLUELAS J. 1994. Effects of nutrient and
water stress on leaf phenolic content of peppers and susceptibility to generalist
herbivore Heliothis armigera (Hubner). Oecologia 99, 387-91.

EVANS L. T., and R. L. DUNSTONE. (1970). Some physiological aspects of
evolution in wheat. Australian Journal of biological Sciences. 23, 725-41.

EVANS, J.R (1989) Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia, 78 (1), 9-19. 220

EVANS, J.R. (1983) Nitrogen and photosynthesis in flag leaf of wheat (Triticum
aestivum, L.). Plant Physiology, 72, 297-302.

EVANS, J.R. (1989) Partitioning of nitrogen between and within leaves grown under
different irradiances. Australian Journal of Plant Physiology, 16, 533-548.

EVANS, J.R. and SEEMANN, J.R. (1989) The allocation of protein nitrogen in the
photosynthetic apparatus: coasts, consequences and control. In Photosynthesis,
Proceedings of C.S French Symposium on Photosynthesis held in Stanford,
California, July, 17-23, 1988. Plant Biology 8(Ed. Briggs, W.R.), pp. 183-205.
Alan R. Liss Inc, New York.

EVANS, L. T., and FISCHER, R. A. (1999). Yield potential: its definition,
measurement, and significance. Crop Science. 39, 1544-1551.

EVANS, L.T. (1993). Crop Evolution, adaptation and yield. Cambridge Univ. Press,
Cambridge.

EVANS, L.T. 1987. Short day induction of inflorescence initiation in some winter
wheat varieties. Austr. J. Plant Physiol., 14: 277-286.

FANG, J.,, MOORE, F., ROQS, E., WALTERS, C. 1998: Three-dimensional models
represent seed moisture content as a function of relative humidity and
temperature. - HortScience 33: 1207- 1209, 1998.

FAO (2010). http://faostat.fao.org/site/291/default.aspx [Online]. Food and
Agriculture Organization of the United Nations Statistical Databases
(FAOSTAT).

276



FELDMAN M, SEARS ER (1981) The wild gene resources of wheat. Sci Am 244:
102-112

FELLER U. and FISCHER A. (1994) Nitrogen metabolism in senescing leaves. Crit.
Rev. Plant Sci. 13, 241-273.

FERNandEZ, M.R.; CLARKE, J.M. and DEPAUW, R.M. (1994). Response of
durum wheat kernels and leaves at different growth stages to Pyrenophora tritici-
repentis. Plant Disease 78: 597-600. ISSN: 0191-2917.

FERRIO, J.P., ARAUS, J.L., BUXO, R., VOLTAS, J.,, BORT, J., 2005. Water
management practices and climate in ancient agriculture: inferences from the
stable isotope composition of archaeobotanical remains. Vegetation History and
Archaeobotany 14, 510-517.

FIELD, C.B. and MOONEY, H.A. (1986) The photosynthesis nitrogen relationship
in wild plants. In: On the Economy of Plant Form and Function, pp. 25-55 (Ed.
Givnish T.J.), Cambridge University Press, Cambridge, UK.

FILELLA, I, SERRANO, L., SERRA, J. and PENUELAS, J. (1995). Evaluating
wheat nitrogen status with canopy reflectance indices and discriminant analysis.
Crop Science 35, 1400-1405

FISCHER RA, BIDINGER F, SYME JR, WALL PC. 1981. Leaf photosynthesis,
leaf permeability, crop growth, and yield of short spring wheat genotypes under
irrigation. Crop Science 21, 367-373.

FISCHER RA, EDMEADES GO (2010) Breeding and cereal yield progress. Crop
Sci 50: S85-S98

FISCHER RA, STOCKMAN YM. 1986. Increase kernel number in Norin 10-
derived dwarf wheat: evaluation of the cause. Australian Journal of Plant
Physiology 13, 767—784.

FISCHER, D. BYERLEE, G.O. EDMEADES 2014 Crop Yields and Global Food
Security: will Yield Increase Continue to Feed the World? Australian Centre for
International Agricultural Research, Canberra, Australia

FISCHER, R. A. (1975). Yield potential in a dwarf spring wheat and the effect of
shading. Crop Science 15, 607-613

FISCHER, R. A. (2011). Wheat physiology: a review of recent developments. Crop
and Pasture Science. 62, 95-11.

FISCHER, R.A. (2008) The importance of grain or kernel number in wheat: A reply
to Sinclair and Jamieson. Field Crops Research, 105, 15-21.

FISCHER, R.A., REES, D., SAYRE, K.D., LU, Z-M., CONDON, A.G. and
LARQUE SAAVEDRA, A. (1998) Wheat yield progress associated with higher
stomatal conductance and photosynthetic rate, and cooler canopies. Crop Science,
38, 1467-1475.

FISCHER, RA. (1985) Number of Kernels in wheat crops and the influence of solar
radiation and temperature. Journal of Agricultural Science, 105,447-461.

FISCHER, RA. and HILLERISLAMBERS, D. (1978) Effect of environment and
cultivar on source limitation to grain weight in wheat. Australian Journal of
Agricultural Research, 29, 443-458.

277



FITTER, A. H. STICKLand, T. R. HARVEY, M. L. and WILSON, G. W. (1991).
Architectural analysis of plant root systems. 1. Architectural correlates of
exploitation efficiency. New Phytologist 118, 375-382.

FLOOD, RG. and HALLORAN, G.M. (1986) The influence of genes for
vernalization response on development and growth in wheat. Annals of Botany,
58,505-513.

FOIS, S. MOTZO, R. and GIUNTA, F. (2009). The effect of nitrogenous fertiliser
application on leaf traits in durum wheat in relation to grain yield and
development. Field Crops Research 110(1), 69-75.

FOLEY JA, RAMANKUTTY N, BRAUMAN KA, CASSIDY ES, GERBER JS.
(2011) Solutions for a cultivated planet. Nature 478: 337-342.

FOULKES, M. J,, G. A. SLAFER, W. J. DAVIES, P. M. BERRY, R. SYLVESTER-
BRADLEY, and P. MARTRE, 2011. Raising yield potential of wheat. IlI.
Optimizing partitioning to grain while maintaining lodging resistance. J. EXp.
Bot. 62:469-486.

FOULKES, M. J, HAWKESFORD, M. J.,, BARRACLOUGH, P. B,
HOLDSWORTH, M. J., KERR, S., KIGHTLEY, S., SHEWRY, P. R. 2010:
,,Identifying traits to improve the nitrogen economy of wheat: Recent advances
and future prospects,.” Field Crops Research, n. 114, pp 329-342

FOULKES, M. J.,, SPINK, J. H., SCOTT, R. K., and CLARE, R.W. (1998A).
Varietal typing trials and NIAB additional character assessments. Home-Grown
Cereals Authority Final Project Report No. 174, vol. V. HGCA, London.

FOULKES, M. JOHN., MATTHEW, P. REYNOLDS., and ROGER SYLVESTER-
BRADLEY. (2009A). Genetic improvement of grain crops: Yield Potential. In:
Sadras V. O., and Calderini, D, eds. Crop physiology applications for genetic
improvement and agronomy. The Netherlands: Elsevier, 355-385.

FOULKES, M.J., HAWKESFORD, M.J., BARRACLOUGH, P.B,
HOLDSWORTH, M.J., KERR, S., KIGHTLEY, S. and SHEWRY, P.R. 2009B.
Identifying traits to improve the nitrogen economy of wheat: Recent advances and
future prospects. Field Crops Research 114, 329-342.

FOULKES, M.J., SCOTT, R.K. and SYLVESTER-BRADLEY, R. (2001) A
comparison of the ability of wheat cultivars to withstand drought in UK
conditions: Resource capture. Journal of Agricultural Science, 137, 1-16.

FOULKES, M.J., SNAPE, J.W., SHEARMAN, V.J., REYNOLDS, M.P. GAJU, O.
and SYLVESTER-BRADLEY, R. (2007) Genetic progress in yield potential in
wheat: recent advances and future prospects. Journal of Agricultural Science, 145,
17-29.

FOULKES, M.J., SYLVESTER-BRADLEY, R., SCOTT, R.K., 1998b. Evidence for
differences between winter wheat cultivars in acquisition of soil mineral nitrogen
and uptake and utilization of applied fertiliser nitrogen. J. Agric. Sci. (Camb.)
130, 29-44.

FREEMAN KW, RAUN WR, JOHNSON GV, MULLEN RW and STONE ML, et
al..(2003) Late-season prediction of wheat grain yield and grain protein.
Communications in Soil Science Plant Analysis 34(13): 1837-1852.

278



FREYRE R., SKROCH P.W. GEFFROY V. ADAM-BLONDON A.F,
SHIRMOHAMADALI A., JOHNSON W.C., LLACA V., NODARI R.O,
PEREIRA P.A., TSAI S.M., TOHME J., DRON M., NIENHUIS J., VALLEJOS
C.E., GEPTS P. (1998) Towards an integrated linkage map of common bean. 4.
Development of a core linkage map and alignment of RFLP maps. Theoretical
and applied genetics 97:847-856.

FRIEDRICH, J.W. and HUFFAKER, R.C. 1980: Photosynthesis, leaf resistances,
and ribulose-1,5-bisphosphate carboxylase degradation in senescing barley leaves.
Plant Physiol., 65, 1103-1107

FRINK CR, WAGGONER PE, AUSUBEL JH (1999) Nitrogen fertiliser: retrospect
and prospect. Proc Natl Acad Sci 96:1175-1180

FURBANK RT, TESTER M (2011) Phenomics - technologies to relieve the
phenotyping bottleneck. Trends in Plant Science Vol, 16, No. 12, 635-644

GAJU O., V. ALLARD, P. MARTRE, JW. SNAPE, E. HEUMEZ, J. LE GOUIS,
M. BOGARD, S. GRIFFITHS, S. ORFORD, S. HUBBART, M.J. FOULKES,
2011. Identification of traits to improve the nitrogen-use efficiency of wheat
genotypes Field Crops Res., 123, pp. 139-152

GAJU, O.; ALLARD, V.; MARTRE, P.; MARTRE, P.; LE GOUIS, J.; MOREAU,
D.; BOGARD, M.; HUBBART, S.; FOULKES, M.J. 2014. Nitrogen partitioning
and remobilization in relation to leaf senescence, grain yield and grain nitrogen
concentration in wheat cultivars. Field Crops Research, v.155, p.213-223, .

GALLAGHER, J.N., BISCOE, P.V. and SCOTT, R.K. (1975) Barley and its
environment. V. Stability of grain weight. Journal of Applied Ecology, 12, 319-
336.

GALLAIS, A. and HIREL, B. (2003) An approach to the genetics of nitrogen use
efficiency in maize. Journal of Experimental Botany, 55, 295-306.

GALLOWAY JN, COWLING EB (2002) Reactive nitrogen and the world: 200
years of Change. Ambio 31:64-71

GAN SS and AMASINO RM (1995). Inhibition of leaf senescence by autoregulated
production of cytokinin. Science 270: 1986-1988.

GARDNER, F.P., R.B. PEARCE and R.L. MITCHELL, 1985. Physiology of Crop
Pants. pp. 187-208. lowa State University Press.

GAY, A. P. (1986). Assessment of the response to selection for leaf water
conductance in Lolium perenne. Annals of Botany 64:593-598

GENARD, M., REICH, M., LOBIT, P. and BESSET, J. (1999) Correlations between
sugar and acid content and peach growth. Journal of Horticultural Science and
Biotechnology, 74, 772-776.

GENT, M. P. N. and R. K. KRROMOTO 1985: Comparison of canopy and flag leaf
net carbon dioxide exchange of 1920 and 1977 New York winter wheats. Crop
Sci. 25, 81-86.

GENT, M.P.N. 1995. Canopy light interception, gas exchange and biomass in
reduced height lines of winter wheat. Crop Sci. 35:1636-1642.

GHAYUR, M. N., KAZIM, S. F., RASHEED, H., KHALID, A., JUMANI, M. I,
CHOUDHARY, M. I. and GILANI, A. H. (2011) Identification of antiplatelet and

279


http://www.cell.com/trends/plant-science/

acetylcholinesterase inhibitory constituents in betel nut. Zhong Xi Yi Jie He Xue
Bao 9, 619-625.

GHAYUR, M. N., KAZIM, S. F., RASHEED, H., KHALID, A., JUMANI, M. I,
CHOUDHARY, M. I. and GILANI, A. H. (2011) Identification of antiplatelet and
acetylcholinesterase inhibitory constituents in betel nut. Zhong Xi Yi Jie He Xue
Bao 9, 619-625.

GIFFORD, R.M. and THORNE, J.M. (1984). Crop productivity and photoassimilate
partitioning. Science, 225: 801-807.

GILES, J. (2005). Nitrogen study fertilizes fears of pollution. Nature 433(7028),
791- 791.

GILL BS, FRIEBE B (2002) Cytogenetics, phylogeny and evolution of cultivated
wheats. In S Rajaram, BC Curtis, H Gomez Macpherson, eds, Bread Wheat—
Improvement and Production. FAO Plant Production and Protection Series No.
30. Food and Agriculture Organization, Rome, p 567

GIUNTA, F.; PRUNEDDU, G. and MOTZO, R. 2009 Radiation interception and
biomass and nitrogen accumulation in different cereal and grain legume species.
Field Crop. Res., 110:76-84.

GO KGO L, M. 1939. Turkey’s wheats, V.II (in Turkish). Istanbul. Tarim Bakanligi,
IstanbulYesilkdy Tohum Islah Istasyonu Yayini: 14. p. 955.

GODFRAY HCJ, BEDDINGTON JR, CRUTE IR, HADDAD L and LAWRENCE
D, ET AL.(2010) Food security: The challenge of feeding 9 billion people.
Science 327: 812-818.

GONG YH, ZHANG J, GAO JF, LU JY and WANG JR (2005). Slow export of
photoassimilate from stay-green leaves during late grain-filling stage in hybrid
winter wheat (Triticum aestivum L.). Journal of Agronomy and Crop Science
191: 292-299.

GONZALEZ FG, MIRALLES DJ, SLAFER GA. 2011. Wheat floret survival as
related to pre-anthesis spike growth. Journal of Experimental Botany 62, 4889—
4901

GOOD, A.G., ASHOK, K., SHRAWAT, AK., MUENCH, D.G., 2004. Can less
yield more? Is reducing nutrient input into the environment compatible with
maintaining crop production?. Trends Plant Sci. 9, 597-605

GOODING, M.J. and DAVIES, W.P. (1992) Foliar urea fertilisation of cereals: a
review. Fertiliser Research, 32, 209-222.

GOULDEN, C.H. (1939) Problems in plant selection. In Proceedings of the Seventh
International Genetics Congress. Cambridge University Press, pp. 132-133.

GOULDEN, C.H. (1939) Problems in plant selection. In Proceedings of the Seventh
International Genetics Congress. Cambridge University Press, pp. 132-133.

GOVINDJEE 1995: Sixty-three years since Kautsky: Chlorophyll a fluorescence. —
Aust. J. Plant Physiol. 22: 131-160.

GRandO S, CHECCARELLI S, 1995. Hordeum spontaneum improves performance
of barley under drought. XIV EURARPIA congress, July 31-August 4, 1995
(Book of abstracts): Adaptation in plant breeding. Jyvaskyla, Finland, 97.

280



GRAZIANI M, MACCAFERRI M, ROYO C, SALVATORELLI F, TUBEROSA R
(2014) QTL dissection of yield components and morphophysiological traits in a
durum wheat elite population tested in contrasting thermo-pluviometric
conditions. Crop and Pasture Science 65:80-95. et al.

GREGORY, P. J. MCGOWAN, M. BISCOE, P. V. and HUNTER, B. (1978B).
Water relations of winter wheat .1. Growth of root system. Journal of Agricultural
Science 91, 91-102.

GUIBOILEAU, A., SORMANI, R., MEYER, C., and MASCLAUX-DAUBRESSE,
C. (2010). Senescence and death of plant organs: nutrient recycling and
developmental regulation. C. R. Biol. 333: 382-391.

HABASH, D.Z.,, MASSIAH, AJ.,, RONG, H.L., WALLSGROVE, R.M. and
LEIGH, R.A. (2001) The role of cytosolic glutamine synthetase in wheat. Annals
of Applied Biology, 138, 83-89.

HABERLE J., SVOBODA P., KREJCOVA J. (2004): How to enhance crop
utilisation of deep subsoil nitrogen supply. In: Hatch D.J., Chadwick D.R., Jarvis
S.C., Roker J.A. (eds.): Controlling Nitrogen Flows and Losses. Wageningen
Acad. Publ., Wageningen: 173-175.

HABERLE J., SVOBODA P., KREJCOVA J. (2006): Uptake of mineral nitrogen
from subsoil in winter wheat. Plant Soil Environ., 52.

HAI L, GUO H, WAGNER C, XIAO S, FRIEDT W (2008) Genomic regions for
yield and yield parameters in Chinese winter wheat (Triticum aestivum L)
genotypes tested under varying environments correspond to QTL in widely
different wheat materials. Plant Sci. 175: 226- 232. et al.

HALL AJ, RICHARDS R. 2013. Prognosis for genetic improvement of vyield
potential and water-limited yield of major grain crops. Field Crops Research 143,
18-33.

HAN H, LI Z, NING T, ZHANG X, SHAN Y, BAI M, 2008. Radiation use
efficiency and yield of winter wheat under deficit irrigation in North China. Plant
Soil Environ 54: 313-319

HAN, D.W., GREBER, B., WU, G., TAPIA, N., ARAU" ZO-BRAVO, M.J., KO,
K., BERNEMANN, C., STEHLING, M., and SCHO" LER, H.R. (2011). Direct
reprogramming of fibroblasts into epiblast stem cells. Nat. Cell Biol. 13, 66-71.

HANCOCK, JAMES F. (2004). Plant Evolution and the Origin of Crop Species.
CABI Publishing. ISBN 0-85199-685-X.

HARLAN, J.R. 1972. Genetics of disaster. J. Environ. Qual. 1:212-215.

HATFIELD, J., K. BOOTE, B.A. KIMBALL, R. IZAURRALDE, D. ORT, A.
THOMSON, and D. WOLFE. 2011. Climate Impacts on Agriculture:
Implications for Crop Production. Agron. J. 103:351-370.

HAWKESFORD, M.J. 2012 The diversity of nitrogen use efficiency for wheat
varieties and the potential for crop improvement. Better Crops 12(3):

HAY, R.K.M. and WALKER, A.J. (1989) An introduction to the physiology of crop
yield. Pp. 292. Longman Scientific and Technical, Essex, UK.

HEDE, S.E., AMSTRUP, J., CHRISTOFFERSEN, B.C., NOVAK, 1., 1999.
Purinoceptors evoke different electrophysiological responses in pancreatic ducts.

281


http://en.wikipedia.org/wiki/Special:BookSources/085199685X
http://www.ipni.net/publication/bettercrops.nsf/0/E5E197ADC8C81F3206257A640079D268/$FILE/BC%202012-3%20p.10.pdf
http://www.ipni.net/publication/bettercrops.nsf/0/E5E197ADC8C81F3206257A640079D268/$FILE/BC%202012-3%20p.10.pdf

P2Y inhibits K conductance, and P2X stimulates cation conductance. J. Biol.
Chem. 274, 31784/31791.

HEFFER, P. and M. PRUD'HOMME. 2006. Medium-term outlook for global
fertiliser demand, supply and trade, 2006-2010; summary report. International
Fertiliser Industry Association, Paris, France.

HELDT, H-W. (1997) Plant biochemistry and molecular biology. Pp. 522, Oxford
University Press, Oxford, UK.

HELLEWELL KB, RASMUSSON DC, GALLO-MEAGHER G (2000) Enhancing
yield in semidwarf barley. Crop Sci 40: 352-358

HERZOG H (1986). Source and sink during the reproductive period of wheat:
Development and its regulation with special reference to cytokinins. Paul Parey
Scientific Publishers. Berlin and Hamburg

HIKOSAKA, K. and TERASHIMA, 1. (1995) A model of the acclimation of
photosynthesis in the leaves of C3 plants to sun and shade with respect to nitrogen
use. Plant, Cell and Environment, 18, 605-618.

HINZMAN, L.D., M.E. BAUER, and C.S.T. DAUGHTRY, 1986. Effects of
nitrogen fertilisation on growth and reflectance characteristics of winter wheat,
Remote Sensing Environment, 19:47-61.

HIREL B, BERLIN P, and QUILLERE I, ET AL. 2001. Towards a better
understanding of the genetic and physiological basis for nitrogen use efficiency in
Maize. Plant Physiology 125, 1258-1270

HIREL, B., LE GOUIS, J., NEY, B., GALLAIS, A., 2007. The challenge of
improving nitrogen use efficiency in crop plants: towards a more central role for
genetic variability and quantitative genetics within integrated approaches. J. Exp.
Bot. 58, 2369- 2387.

HOAD S.P., RUSSELL G., KETTLEWELL P.S., BELSHAW M. (2004): Root
system management in winter wheat: practices to increase water and nitrogen use.
Project Rep. No. 351, HGCA, http://www.hgca.com/document.

HOWARTH J.R.,, PARMAR S., JONES J.,, SHEPHERD C.E., COROL D.l.,
GALSTER A.M., HAWKINS N.D., MILLER S.J., BAKER J.M., VERRIER P.J.,
WARD J.L., BEALE M.H., BARRACLOUGH P.B., HAWKESFORD M.J. 2008.
Co-ordinated expression of amino acid metabolism in response to N and S
deficiency during wheat grain filling. J. Exp. Bot. 2008;59:3675-3689.

HUANG XQ, COSTER H, GANAL MW, RODER MS (2003) Advanced backcross
QTL analysis for the identification of quantitative trait loci alleles from wild
relatives of wheat ( Triticum aestivum L.). Theor. Appl. Genet. 106(8): 1379-
1389.

HUANG, X. Q., S. CLOUTIER, L. LYCAR, N. RADOVANOVIC, D. G. and
HUMPHREYS ET AL. 2006 Molecular detection of QTLs for agronomic and
quality traits in a doubled haploid population derived from two Canadian wheats
(Triticum aestivum L.). Theor. Appl. Genet. 113: 753-766.

HULME MF, VICKERY JA, GREEN RE, PHALAN B, CHAMBERLAIN DE, ET
AL. (2013) Conserving the birds of Uganda’s banana-coffee arc: Land sparing
and land sharing compared. PLOS ONE 8(2): doi: 10.1371/journal.pone.0054597

282



HUMBECK K and KRUPINSKA K (2003) The abundance of minor chlorophyll
a/b-binding proteins CP29 and LHCI of barley (Hordeum vulgare L.) during leaf
senescence is controlled by light Journal of Experimental Botany 54:375-383.

IPCC. 2007. Climate change 2007: the physical science basis. In: Solomon S, Qin D,
Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL, eds.
Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK, New York, USA:
Cambridge University Press

JACKSON RB, CALDWELL MM. 1993. The scale of nutrient heterogeneity around
individual plants and its quantification with geostatistics. Ecology 14: 612-614

JACKSON, P., ROBERTSON, M., COOPER, M., and HAMMER, G. (1996). The
role of physiological understanding in plant breeding: from a breeding
perspective. Field Crops Research. 49, 11-37.

JACKSON, P.A., BYTH, D.E., FISCHER, K.S. and JOHNSTON, R.P. (1994)
Genotype x environment interactions in progeny from a barley cross. 1. Variation
in grain yield, yield components and dry matter production among lines with
similar times to anthesis. Field Crops Research, 37, 11-23.

JAMES SIMMONDS, PETER SCOTT, MICHELLE LEVERINGTON-WAITE,
ADRIAN S TURNER, JEMIMA BRINTON, VIKTOR KORZUN, JOHN
SNAPE and CRISTOBAL UAUY, (2014). Identification and independent
validation of a stable yield and thousand grain weight QTL on chromosome 6A of
hexaploid wheat (Triticum aestivum L.), BMC Plant Biology 2014, 14:191

JAN, A., M.Y. KHAN, M.l. MARWAT and T. MUHAMMAD. 2000. Impact of
interspecific competition on the agronomictraits of wheat. Pak. J. Biol. Sci. 3:
2016 —2019.

JENSEN, M.E., BURMAN, R.D. and ALLEN, R.G. (EDS). (1990). “Evaporation
and irrigation water requirements.” ASCE Manuals and Reports on Eng. Practices
No. 70. New York, NY: Am. Soc. of Civil Eng. 360 pp.

JIANG, D. DAI, T. JING, Q. CAO, W. ZHOU, Q. ZHAO, H. and FAN, X. (2004).
Effects of Long-Term Fertilisation on Leaf Photosynthetic Characteristics and
Grain Yield in Winter Wheat. Photosynthetica 42(3), 439-446.

JONES H, LEIGH RA, TOMOS AD, WYN JONES RG (1987) The effect of
abscisic acid on cell turgor pressures, solute content and growth of wheat roots.
Planta 170 257-262

JONES, R. J.,, J. ROESSLER., and S. OUATTAR. (1985). Thermal Environment
During Endosperm Cell Division in Maize: Effects on Number of Endosperm
Cells and Starch Granules. Crop Science. 25, 830-834.

JOSHI AK, KUMARI M, SINGH VP, REDDY CM, KUMAR S, RANE J and
CHand R (2007). Stay-green trait: variation, inheritance and its association with
spot blotch resistance in spring wheat (Triticum aestivum L.). Euphytica 153: 59-
71.

JU, X.T., XJ. LIU, F.S. ZHANG, and M. ROELCKE. 2004. Nitrogen fertilisation,
soil nitrate accumulation, and policy recommendations in several agricultural
regions of China. Ambio 33:278-283.

283



KATO K, MIURA H, SAWADA S (2000) Mapping QTLs controlling grain yield
and its components on chromosome 5A of wheat. Theor Appl Genet 101:1114—
1121

et a. KEENEY DR and HATFIELD JL (2001). The Nitrogen Cycle, Historical
Perspective, and Current and Potential Future Concerns. In Follett RF and
Hatfield JL (eds.) Nitrogen in the Environment: Sources, Problems, and
Management. Elsevier, New York. Pp. 3-16.

KELLY, J.T., BACON, R.K., WELLS, B.R., 1995. Genetic variability in nitrogen
utilisation at four growth stages in soft red winter wheat. J. Plant Nutr. 18, 969—
982

KIBITE, S. and EVANS, L. E. (1984). Causes of negative correlations between grain
yield and grain protein concentration in common wheat. Euphytica 33(3), 801-
810.

KICHEY T, HIREL B, HEUMEZ E, DUBOIS F and LE GOUIS J (2007). In winter
wheat (Triticum aestivum L.), post-anthesis nitrogen uptake and remobilisation to
the grain correlates with agronomic traits and nitrogen physiological markers.
Field Crops Research 102: 22-32.

KIM, H., 1982 Wheat Studies-Retrospect and Prospects. Elsevier, New York. (This
includes as appendices reprints of papers on handedness in plants, Japanese
archery, seedless fruits, the history of biology in Japan, and a biographical note.)

KINDRED, D., BERRY, P., BURCH, O. and SYLVESTER-BRADLEY, R. (2008).
Effects of nitrogen fertiliser use on greenhouse gas emissions and land use
change. In: N. Halford, HD. Jones and D. Lawlor (eds). Aspects of Applied
Biology 88, Effects of Climate Change on Plants: Implications for Agriculture.
Association of Applied Biologists, Warwick, UK. p. 1-4

KING, J. GAY, A. SYLVESTER-BRADLEY, R. BINGHAM, |. FOULKES, J.
GREGORY, P. and ROBINSON, D. (2003). Modelling ceral root systems for
water and nitrogen capture: towards an economic optimum. Annals of Botany 91,
383- 390.

KINIRY, J.R, JONES, C.A., OTOOLE, J.C., BLANCHET, R., CABELGUENNE,
M. and SPANEL, D.A. (1989) Radiation-use efficiency in biomass accumulation
prior to grain-filling for five grain-crop species. Field Crops Research, 20, 51-64.

KIRBY, E. J. M. (1988). Analysis of leaf, stem and ear growth in wheat from
terminal spikelet initiation to anthesis. Field Crops Research. 18, 127-140.

KIRBY, E. J. M., and APPLEYARD, M. (1984). Cereal plant development and its
relation to crop management. In. E. J. Callagher, Cereal Production, p. 161-173.
Anchor Brendon Ltd, Tiptree, Essex. England.

KIRBY, E.LM., SIDDIQUE, K. H. M., PERRY, M. W., KAESEHAGEN, D. and
STERN, W. R. (1989) _vyariation in spikelet initiation and ear development of old
and modern Australian wheat varieties. Field Crops Research, 20, 113-128.

KIRBY, EJ.M. (1985) Significant stages of ear development in winter wheat. In
Wheat growth and modelling. Edited by Day, W. and Atkinson, R. K. Plenum
Press, New York and London. pp. 7-24.

284



KIRIGWI FM, VAN GINKEL M, BROWN-GUEDIRA G, GILL BS, PAULSEN
GM, FRITZ AK (2007) Markers associated with a QTL for grain yield in wheat
under drought. Mol Breed 20:401-413

KOC, M., C. BARUTCULAR and I. GENC (2001). Association of stomatal
sonductance and grain yield of bread wheat in Cukurova. 4th National field crops
congres, Tekirdag, Turkey, 87-92.

KORZUN V, RO'DER MS, GANAL MW, WORLand AJ, LAW CN (1998) Genetic
analysis of the dwarfing gene (Rht8) in wheat. Part I. Molecular mapping of the
Rht8 on the short arm of chromosome 2D of bread wheat (Triticum aestivum L.).
Theor Appl Genet 96: 1104-1109.

KRAMER, T.H. (1979) Environmental and genetic variation for protein content in
winter wheat (Triticum aestivum L.). Euphytica, 28, 209-218.

KRUK, B. C., CALDERINI, D. F., and SLAFER, G. A., (1997). Grain weight in
wheat cultivars released from 1920 to 1990 as affected by post-anthesis
defoliation. Journal of Agricultural Science. (Cambridge). 128, 273-281.

KULSHRESTHA, V. P. and S. TSUNODA 1981: The role of «Norin 10» dwarfing
genes in photosynthetic and respiratory activity of wheat leaves. Theor. Appl.
Genet. 60, 81-84 (1981).

KUMAR N, KULWAL PL, BALYAN HS, GUPTA PK (2007) QTL mapping for
yield and yield contributing traits in two mapping populations of bread wheat.
Mol. Breed. 19(2): 163-177.

KUMAR, P., JHA, D., KUMAR, A., CHAUDARY, M.K., GROVER, R.K., SINGH,
R.K., MITRA, A., JOSHI, P.K., SINGH, A., BADAL, P.S., MITTAL, S. and
ALL., J. (2002) Economic Analysis of Total Factor Productivity of Crop Sector in
Indo-Gangetic Plain of India by District and Region. Agricultural Economics
Research Report 2. Indian Agricultural Research Institute, New Delhi.

KUN, E. 1988. Serin Pklim Tahillar1. Ankara Univ. Ziraat Fak. Yay. 875, 254-255.

KURRA-HOTTA, M., SATOH, K., KATOH, S. (1987) Relationship between
photosynthesis and chlorophyll content during leaf senescence of rice seedlings.
Plant Cell Physiol. 28: 13211329.

LADHA, J.K., PATHAK, H., KRUPNIK, T.J., SIX, J. and VAN KESSEL, C.
(2005). Efficiency of fertiliser nitrogen in cereal production: retrospects and
prospects. Advances in Agronomy, 57, 85-156

LANGDALE, J. A., ZELITCH, I, MILLER, E. and NELSON, T. (1988B). Cell
position and light influence C4 versus C3 patterns of photosynthetic gene
expression in maize. EMBO J. 7, 3643-3651.

LATIRI-SOUKI, K. NORTCLIFF, S. and LAWLOR, D. W. (1998). Nitrogen
fertiliser can increase dry matter, grain production and radiation and water use
efficiencies for durum wheat under semi-arid conditions. European Journal of
Agronomy 9, 21- 34.

LAW C. N. 1967 The location of genetic factors controlling a number of quantitative
characters in wheat. Genetics 56, 445-461.

285



LAWLOR, D. W. (1995). The effects of water deficit on photosynthesis. In
Environment and Plant metabolism (Ed N. Smirnoff), pp. 129-160. Oxford: Bios
Science publishers.

LAWLOR, D. W. BOYLE, F. A. KEYS, A. J. KENDALL, A. C. and YOUNG, A.
T. (1988). Nitrate Nutrition and Temperature Effects on Wheat: a Synthesis of
Plant Growth and Nitrogen Uptake in Relation to Metabolic and Physiological
Processes. Journal of Experimental Botany 39(3), 329-343.

LE GOUIS J, PLUCHARD P (1996). Genetic variation for use efficiency in winter
wheat (T. asestivum L.). Euphytica 92: 221-224.

LE GOUIS, J., J-X. FONTAINE, A. LAPERCHE, E. HEUMEZ, F. DEVIENNE-
BARRET, M. BRANCOURT-HULMEL, F. DUBOIS, B. HIREL (2008): Genetic
analysis of wheat nitrogen use efficiency: coincidence between QTL for
agronomical and physiological traits. Proceedings of the 11th International Wheat
Genetics Symposium

LEA, P.J. and IRELand, R.J. (1999) Nitrogen metabolism in higher plants. In: Plant
Amino Acids: Biochemistry and Biotechnology, pp. 1-47. Marcel Dekker Inc,
New York.

LEA, PJ., AZEVEDO, R.A., 2007. Nitrogen use efficiency 2. Amino acid
metabolism. Ann. Appl. Biol. 151, 269-2875.

LEGG, J.0O., and J.J. MEISINGER. 1982. Soil nitrogen budgets. p. 503-566. In F.J.
Stevenson et al. (ed.) Nitrogen in agricultural soils. Agron. Monogr. 22. ASA,
Madison, W1

LEGOUIS, J., BEGHIN, D., HEUMEZ, E., PLUCHARD, P., 2000. Genetic
differences for nitrogen uptake and nitrogen utilisation efficiencies in winter
wheat. Eur. J. Agron. 12, 163-173

LI F., Y. MIAO, F. ZHANG, Z. CUI, R. LI, X. CHEN, H. ZHANG, J. SCHRODER,
W.R. RAUN, L. JIA. 2009. In- season optical sensing improves Nitrogen-Use
Efficiency for winter wheat. Soil Sci. Soc. Am. J. 73: 1566-1574

LI Q, LIU M, ZHANG J, DONG B, BAI Q, 2009. Biomass accumulation and
radiation use efficiency of winter wheat under deficit irrigation regimes. Plant
Soil Environ 55: 85-91

LI'Y, MAO X, WANG Q, ZHANG J, LI X, MA F, SUN F, CHANG J, CHEN M,
WANG Y, LI K, YANG G, HE G. 2014. Overexpression of Puroindoline a gene
in transgenic durum wheat (Triticum turgidum ssp. durum) leads to a medium-
hard kernel texture. Molecular Breeding 33:545-554.

LI ZF, LAN CX, HE ZH, SINGH RP, ROSEWARNE GM, CHEN XM, XIA XC
(2014) Overview and application of QTL for adult plant resistance to leaf rust and
powdery mildew in wheat. Crop Sci CROP-2014-02-0162

et al.

LIAN, X.M., XING, Y.Z., YAN, H., XU, C.G., LI, X.H. and ZHANG, Q.F. (2005)
QTLs for low nitrogen tolerance at seedling stage identified using a recombinant
inbred line population derived from an elite rice hybrid. Theor. Appl. Genet. 112,
85-96.

286



LIANG, Z., ZHANG, K., CHEN, K., and GAO, C. (2014). Targeted mutagenesis in
Zea mays using TALENSs and the CRISPR/Cas system. J. Genet. Genomics 41,
63-68. doi: 10.1016/j.jgg.2013.12.001

LIM PO, KIM HJ, NAM HG (2007) Leaf senescence. Annu Rev Plant Biol 58:115-
136

LIN F., XUE S.L., TIAN D.G,, LI CJ., CAO Y., ZHANG Z.Z., ZHANG C.Q., MA
Z.Q. (2008): Mapping chromosomal regions affecting flowering time in a spring
wheat RIL population. Euphytica, 164: 769-777Liu, 1998

LIU GF, YANG J and ZHU J (2006). Mapping QTL for biomass yield and its
components in rice (Oryza sativa L.). Yi Chuan Xue Bao 33: 607-616

LIU, D.C. (1998) Inheritance of crossability of wheat with rye. Sichuan Agricultural
University, Sichuan, China

LONDON, J.G. (2005) Nitrogen study fertilizes fears of pollution. Nature, 433, 791.

LONG P., AINSWORTH E.A. LEAKEY A.D.B., NOSBERGER J., ORT D.R.
2006. Food for Thought: Lower-Than-Expected Crop Yield Stimulation with
Rising CO2 Concentrations. Science. Vol. 312. no. 5782, pp. 1918 — 1921

LOOMIS, R.S. and AMTHOR, J.S. 1996. Limits of yield revisited. In M.P.
Reynolds, S. Rajaram and A. McNab, eds. Increasing yield potential in wheat:
breaking the barriers, p. 76-89. Mexico, DF, CIMMYT.

LOPES MS, REYNOLDS MP (2010) Partitioning of assimilates to deeper roots is
associated with cooler canopies and increased yield under drought in wheat.
Functional Plant Biology 37, 147-156.

LOPES MS, REYNOLDS MP (2012) Stay-green in spring wheat can be determined
by spectral reflectance measurements (normalized difference vegetation index)
independently from phenology. Journal of Experimental Botany 63, 3789-3798.

LOUDET, 0., CHAILLOU, S., MERIGOUT, P., TALBOTEC, J., and DANIEL-
VEDELE, F. (2003). Quantitative trait loci analysis of nitrogen use efficiency in
Arabidopsis. Plant Physiol. 131: 345-358

LU, ZU. (1989) Ratio of stomatal resistance on two sides of wheat leaves as affected
by soil water content. Agricultural and Forest Meteorology 49, 1-7. Morey P. R,
Quisenberry J. E. and Roark B. (1974) Variability in leaf anatomy in primitive
and commercial stocks of cotton. Crop Science 14, 595-598.

LUCAS M.E., HOAD S.P., RUSSELL G., BINGHAM 1.J. (2000): Management of
cereal root systems. HGCA Res. Rev. 43, London: Home Grown Cereals
Authority, http:// www.hgca.com/document.aspx?fn=loadandmedia_id=
1160andpublicationld=812.

LUDLOW, M.M. andMUCHOW, R.C. (1990). A critical evolution of traits for
improving crop Yyields in water-limited environments. Advances in Agronomy,
43, 107-153. doi:10.1016/S0065-2113(08)60477-0, http://dx.doi.org/10.1016/
S0065-2113(08)60477-0

LUO PG, REN ZL, WU XH, ZHANG HY, ZHANG HQ and FENG JA (2006).
Structural and biochemical mechanism responsible for the stay-green phenotype
in common wheat. Chinese Science Bulletin 51: 2595-2603.

287


http://dx.doi.org/10.1016/

LUZIE U. WINGEN SIMON ORFORD RICHARD GORAM MICHELLE
LEVERINGTON-WAITE LORELEI BILHAM THEOFANIA S. PATSIOU
MIKE AMBROSE JO DICKS SIMON GRIFFITH (2014). Establishing the A. E.
Watkins landrace cultivar collection as a resource for systematic gene discovery
in bread wheat. Theor Appl Genet (2014) 127:1831-1842

MA ZQ, ZHAO DM, ZHANG CQ, ZHANG zZ, XUE SL, LIN F, KONG ZX,
TIAN DG, LUO QY (2007) Molecular genetic analysis of five spike-related traits
in wheat using RIL and immortalized F-2 populations. Mol. Genet. Genomics
277(1): 31-42.

MA, H., SINGH, R. P. and MUJEEB-KAZI, A. 1995. Suppression/expression of
resistance to stripe rust in synthetic hexaploid wheat (Triticum turgidum/T.
tauschii). — Euphytica 83: 87-93.

MAATHUIS F. J. M. (2009). Physiological functions of mineral macronutrients.
Curr. Opin. Plant Biol.12 250-258 10.1016/j.pbi.2009.04.003

MACCAFERRI MARCO, MARIA CORINNA SANGUINETI, SIMONA
CORNETI, JOSE LUIS ARAUS ORTEGA, MONCEF BEN SALEM, JORDI
BORT, ENZO DEAMBROGIO, LUIS FERNandO GARCIA DEL MORAL,
andREA DEMONTIS, AHMED EL-AHMED, FOUAD MAALOUF, HASSAN
MACHLAB, VANESSA MARTOS, MARC MORAGUES, JIHAN MOTAWAJ,
MILOUDI NACHIT, NASSERLEHAQ NSERALLAH,HASSAN OUABBOU,
CONXITA ROYO, AMOR SLAMA, and ROBERTO TUBEROSA,1. 2008.
Quantitative Trait Loci for Grain Yield and Adaptation of Durum Wheat
(Triticum durum Desf.) Across a Wide Range of Water Availability

MACDONALD, A.J., POULTON, P.R., STOCKDALE, E.A., POWLSON, D.S. and
JENKINSON, D.S. (2002) The fate of residual 15N-labelled fertiliser in arable
soils: Its availability to subsequent crops and retention in soil. Plant and Soil, 246,
123-137.

MACKAY 1J, HORWELL A, GARNER J, WHITE J, MCKEE J, PHILPOTT H.
2011 Reanalysis of the historical series of UK variety trials to quantify the
contributions of genetic and environmental factors to trends and variability in
yield over time. Theor Appl Genet. 2011;122:225-238. doi: 10.1007/s00122-010-
1438-y

MAJOR, D.J. and KINIRY, J.R. 1991. Predicting daylength effects on phenological
processes. In T. Hodges, ed. Predicting crop phenology, p. 15-28. Boca Raton,
FL, USA, CRC Press.

MAKINO, A. and OSMOND, B. (1991) Effects of nitrogen nutrition on nitrogen
partitioning between chloroplasts and mitochondria in pea and wheat. Plant
Physiol.96: 355-362.

MANN HM, KHALLAF G, BAKI A, STEGMAN P, WEINER H, KAISER WM.
1999. The activation state of nitrate reductase is not always correlated with total
nitrate reductase activity in leaves. Planta.1999;209:462—-468.

MARSCHNER, H. (1995). Mineral nutrition of higher plants, Second edition.
Mineral nutrition of higher plants, Second edition, xv+889p.

MARSH, B. A. B. (1971). Measurement of length in random arrangements of lines.
Journal of Applied Ecology 8(1), 265-and.

288


http://www.ncbi.nlm.nih.gov/pubmed/?term=Maccaferri%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sanguineti%20MC%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Corneti%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Corneti%20S%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ortega%20JL%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Salem%20MB%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bort%20J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bort%20J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=DeAmbrogio%20E%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=del%20Moral%20LF%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Demontis%20A%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=El-Ahmed%20A%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maalouf%20F%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Machlab%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Machlab%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martos%20V%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moragues%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Motawaj%20J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nachit%20M%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nserallah%20N%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ouabbou%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Royo%20C%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Slama%20A%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tuberosa%20R%5Bauth%5D

MARTIN J. H.,, W.H. LEONARD, and D.L. STAMP. 1976. Principles of Crop
Production. 3rdEd., Macmillan Publishing Co., New York, USA.

MARTINEZ-CARRASCO, R., and THORNE, G. N. (1979). Physiological factors
limiting grain size in wheat. Journal of Experimental Botany. 30, 669-679.

MARTRE P, PORTER JR, JAMIESON PD and TRIBOI E (2003). Modeling grain
nitrogen accumulation and protein composition to understand the sink/source
regulations of nitrogen remobilization for wheat. Plant Physiology 133: 1959-
1967.

MARTRE, P., JAMIESON, P.D., SEMENOV, M.A. ZYSKOWSKI, R.F,
PORTER, J.R. and TRIBOI, E. (2006) Modelling protein content and
composition in relation to crop nitrogen dynamics for wheat. European Journal of
Agronomy, 25, 138-154.

MARZA F, BAI GH, CARVER BF, ZHOU WC (2006) Quantitative trait loci for
yield and related traits in the wheat population Ning7840 x Clark. Theor. Appl.
Genet. 112(4): 688-698. et al.

MASCLAUX, C. VALADIER, M. H. BRUGIERE, N. MOROT-GAUDRY, J. F.
and HIREL, B. (2000). Characterization of the sink/source transition in tobacco
(Nicotiana tabacum L.) shoots in relation to nitrogen management and leaf
senescence. Planta 211(4), 510-518.

MASCLAUX, C., QUILLERE, I, GALLAIS, A. and HIREL, B. (2001) The
challenge of remobilisation in plant nitrogen economy: A survey of
physioagronomic and molecular approaches. Annals of Applied Biology, 138, 69-
81.

MASLE, J. and FARQUHAR, G.D. 1988. Effect of soil strength on the relation of
water use efficiency, carbon isotope discrimination and dry matter partitioning
during early growth in sunflower. Austr. J. Plant Physiol., 17: 207-214.

MAY, L., VAN SANFORD, D.A., MACKOWN, C.T. and CORNELIUS, P.L.
(1991) Genetic variation for nitrogen use in soft red x hard red wheat populations.
Crop Science, 31, 626-630.

MCCARTNEY CA, SOMERS DJ, HUMPHREYS DG, LUKOW O, AMES N,
NOLL J, CLOUTIER S, MCCALLUM BD (2005) Mapping quantitative trait loci

controlling agronomic traits in the spring wheat cross RL4452 9 ‘AC Domain’.
Genome 48:870-883

MCINTYRE, C. L., MATHEWS, K. L., RATTEY, A., CHAPMAN, S. C,
DRENTH, J., GHADERI, M., REYNOLDS, M. P., and SHORTER, R. (2010).
Molecular detection of genomic regions associated with grain yield and yield-
related components in an elite bread wheat cross evaluated under irrigated and
rainfed conditions. Theoretical and Applied Genetics. 120, 527-541.

MCNEAL FH, KONZAK CF, SMITH EP, TATE WS and RUSSELL TS 1971. 'A
Uniform System for Recording and Processing Cereal Research Data.'
Agricultural Research Service Bulletin 34-121. (United States Department of
Agriculture: Washington.)

MENGEL, K. and KIRKBY, E. A. (2001). Principles of plant nutrition. London:
Kluwer Academic.

289



MILLENNIUM ECOSYSTEM ASSESSMENT (2005) Ecosystems and Human
Well-Being: Synthesis (Island Press, Washington, DC).

MILLER A.J., CRAMER M.D. (2004): Root nitrogen acquisition and assimilation.
Plan Soil, 274: 1-36.

MILLET, E. 1986. Genetic control of heading date and spikelet number in common
wheat (T. aestivum L.) line ‘Noa’. Theor. Appl. Genet. 72:105— 107.
doi:10.1007/BF00261463.

MILLET, E. 1987. Monosomic analysis of heading date and spikelet number in the
common wheat (Triticum aestivum L.) multispikelet line ‘Noa’. Theor. Appl.
Genet. 74:487-492. doi:10.1007/BF00289827

MILTHORPE. F. L., and J. MOORBY. (1979). An introduction to crop physiology.
Cambridge university press.

MIRALLES DJ, SLAFER GA. 2007. Sink limitations to yield in wheat: how could it
be reduced? Journal of Agricultural Science 145, 1-11

MIRALLES, DJ. and SLAFER, G.A. (1997) Radiation interception and radiation use
efficiency of near- isogenic wheat lines with different height. Euphytica, 97,201-
208. 231

MIRALLES, DJ., RICHARDS, RA and SLAFER, G.A (2000) Duration of the stem
elongation period influences the number of fertile florets in wheat and barley.
Australian Journal of Plant Physiology, 27 (10), 931-940.

MISHINA TE, LAMB C and ZEIER J (2007). Expression of a nitric oxide
degrading enzyme induces a senescence programme in Arabidopsis. Plant Cell
and Environment 30: 39-52.

MOHAMMADI S, (2012) Role of synthetic genetic interactions in understanding
functional interactions among pathways. Pac Symp Biocomput:43-54

MOHAN, M., S. NAIR, A. BHAGWAT, T.G. KRISHNA, M. YANO, C.R.
BHATIA, and T. SASAKI. 1997. Genome mapping, molecular markers and
marker-assisted selection in crop plants. Mol Breeding 3: 87-103.

MOLL, R.H., KAMPRATH, E.J. and JACKSON, W.A. (1982) Analysis and
interpretation of factors which contribute to efficiency of nitrogen utilization.
Agronomy Journal, 74, 562-564.

MONSI, M. and SAEKI, T. (1953) Uber der lichtfator in den pflanzengesellschaften
und seine bedeutung fur die stoffproduktion. Japanese Journal of Botany, 14, 22-
52.

MONTEITH J and MOSS C (1977) Climate and the efficiency of crop production in
Britain [and discussion]. Philosophical Transactions of the Royal Society of
London B, Biological Sciences 281: 277-294.

MONTGOMERY DR. 2007. Soil erosion and agricultural sustainability.
Proceedings of the National Academy of Sciences, USA 104, 13268-13272.

MOORBY, S, BESFORD, R T 1983. Mineral nutrition and growth. In: Pirson, A,
Zimmermann, M H eds. (1983) Encyclopedia of Plant Physiology. Springer
Verlag, Berlin, pp. 481-527

290



MORAGUES, M, GARCIA, M LF, MORALEJO, M, ROYO, C (2006) Yield
formation strategies of durum wheat landraces with distinct pattern of dispersal
within the Mfeiterranean basin. I. Yield components. Field Crop. Res. 95: pp.
194-20

MORGAN, JA, LECAIN, D.R and WELLS R (1990) Semidwarfing genes
concenrtrate photosynthetic machinery and affect leaf gas exchange of wheat.
Crop Science, 30, 602-608.

MOSSAD, M., ORTIZ-FERRARA, G., MAHALAKSHMI, V. and FISCHER, R.A.
1995. Phyllochron response to vernalization and photoperiod in spring wheat.
Crop Sci., 35: 168-171.

MUJEEB-KAZI A and RAJARAM S (2002) Transferring alien genes from related
species and genera for wheat improvement. In: Bread Wheat Improvement and
Production, FAO, pp. 199-215

MURCHIE EH, PINTO M, HORTON P. (2009) Agriculture and the new challenges
for photosynthesis research. New Phytol 181: 532-552

MURPHY RJ, WITCOMBE IR (1981). Variation in Himalayan barley and the
concept of centers of diversity. In: Asher MIC, Ellis RP, Hoyter AM and
Whilehose RNH (Editors). Barley Genetic IV. Edinburgh University Press,
Edinburgh, pp. 26-36.7

MUURINEN, S. and PELTONEN-SAINIO, P. (2006) Radiation-use efficiency of
modern and old spring cereal cultivars and its response to nitrogen in northern
growing conditions. Field Crops Research, 96, 363-373.

NAKASHIMA, K., TAKASAKI, H., MIzZOI, J, SHINOZAKI, K. and
YAMAGUCHI-SHINOZAKI, K. (2012). NAC transcription factors in plant
abiotic stress responses. Biochim. Biophys. Acta 1819, 97-103. doi:
10.1016/j.bbagrm.2011.10.005

NARUOKA Y, SHERMAN JD, LANNING SP, BLAKE NK, MARTIN JM and
TALBERT LE (2012). Genetic analysis of green leaf duration in spring wheat.
Crop Science 52: 99-1009.

NESBITT, M., and SAMUEL, D. 1996. From staple crop to extinction? The
archaeologic and history of hulled wheats. Pages 41-100 in: Proc. Int. Workshop
on Hulled Wheats. Promoting the Conservation and Use of Underutilized and
Neglected Crops. S. Padulosi, K. Hammer, and J. Heller, eds. Int. Plant Genetic
Res. Inst.: Rome, Italy

NOVOA, R. and LOOMIS, R. S. (1981). Nitrogen and Plant Production. Plant and
Soil 58(1-3), 177-204.

NURUZZAMAN M, SHARONI AM, SATOH K, MOUMENI A, VENUPRASAD
R, SERRAJ R, KUMAR A, LEUNG H, ATTIA K and KIKUCHI S (2012).
Comprehensive gene expression analysis of the NAC gene family under normal
growth conditions, hormone treatment, and drought stress conditions in rice using
near-isogenic lines (NILs) generated from crossing Aday Selection (drought
tolerant) and IR64. Molecular Genetics and Genomics 287: 389-410.

OBARA, K., H. HIROSE, F. YAMAMIZU, and K. KASAHARA (2004), Episodic
slow slip events accompanied by non-vol canic tremors in south west Japan
subduction zone, Geophys. Res. Lett., 31, L23602, doi:10.1029/ 2004GL020848.

291



OLIVARES-VILLEGAS JJ, REYNOLDS MP, MCDONALD GK. 2007. Drought-
adaptive attributes in the Seri/Babax hexaploid wheat population. Functional
Plant Biology 2007;34:189-203.

OLSEN AN, ERNST HA, LO LEGGIO L and SKRIVER K (2005). NAC
transcription factors: structurally distinct, functionally diverse. Trends in Plant
Science 10: 79-87.

ORTIZ-MONASTERIO, J.I., MANSKE, G.G.B. and VAN GINKEL, M. (2001)
Nitrogen and phosphorous use efficiency. In: Applications of Physiology in
Wheat Breeding, pp. 200-207 (Eds. Reynolds, M.P., Ortiz-Monasterio, J.I. and
McNab, A.), Mexico, D.F.: CIMMYT.

ORTIZ-MONASTERIO, J.I., SAYRE, K.D., RAJARAM, S. and MCMAHON, M.
(1997) Genetic progress in wheat yield and nitrogen use efficiency under four
nitrogen rates. Crop Science, 37, 898-904.

OURY, F.X., BERARD, P., BRANCOURT-HULMEL, M., DEPATUREAUX, C.,
DOUSSINAULT, G., GALIC, N., GIRAUD, A., HEUMEZ, E., LECOMTE, C.,
PLUCHARD, P., ROLLand, B., ROUSSET, M. and TROTTET, M. (2003) Yield
and grain protein concentration in bread wheat: A review and a study of multi-
annual data from a French breeding program. Journal of Genetics and Breeding,
57, 59-68.

PALTA, JA., FILLERY, LR.P., 1995. N application increases preanthesis
contribution of dry matter to grain yield in wheat grown on a duplex soil. Aust. J.
Agric. Res. 46, 507-518

PAN R. Z. and DONG Y. D. 1995 Plant physiology. Higher Education Press,
Beijing.
PARRY M.AJ., MADGWICK P.J., CARVALHO J.F.C. and andRALOJC P.J.

(2007) Prospects for increasing photosynthesis by overcoming the limitations of
Rubisco. Journal of Agricultural Science 145, 31-43

PARRY, M.AJ., andRALOJC, P.J., MITCHELL, R.A.C., MADGWICK P.J. and
KEYS, A.J. (2003) Manipulation of Rubisco: the amount, activity, function and
regulation. Journal of Experimental Botany, 54, 1321-1333.

PARRY, MARTIN, A. J., MATTHEW, REYNOLDS., MICHAEL, E. SALVUCCI.,
CHRISTINE, RAINES., P. JOHN, andRALOJC., XIN-GUANG, ZHU., G.
DEAN, PRICE., ANTHONY, G. CONDON., and ROBERT, T. FURBANK.
(2011). Raising yield potential of wheat. Il. Increasing photosynthetic capacity
and efficiency. Journal of Experimental Botany. 62, (2), 453—467.

PASK A, PIETRAGALLA J (2012) Leaf area, green crop area and senescence. In
‘Physiological breeding II: a field guide to wheat phenotyping’. (Eds A Pask, J
Pietragalla, D Mullan, M Reynolds) pp. 58-62. (International Maize and Wheat
Improvement Center (CIMMYT): Mexico City).

PASK AJD, SYLVESTER-BRADLEY R, JAMIESON PD and FOULKES MJ
(2012). Quantifying how winter wheat crops accumulate and use nitrogen
reserves during growth. Field Crops Research 126: 104-118.

PASK, A. (2009). Optimising nitrogen storage in wheat canopies for genetic
eduction in fertiliser nitrogen inputs. PhD., The University of Nottingham.

292



PELTONEN-SAINIO, P., KANGAS, A., SALO, Y., JAUHIAINEN, L., 2007b.
Grain number dominates grain weight in cereal yield determination: evidence
basing on 30 years’ multi-location trials. Field Crops Research 100, 179-188

PENG J. H., FAHIMA T., RODER M. S., HUANG Q. Y., DAHAN A, ET LI Y. C.
2000 High density molecular map of chromosome region harboring stripe-rust
resistance genes YrH52 and Yrl5 derived from wild emmer wheat, Triticum
dicoccoides. Genetica 109, 199-210

PENUELAS J, GAMON JA, FREDEEN AL, MERINO J . FIELD CB. 1994.
Reflectance indices associated with physiological changes in nhrogen- and water-
Hmited sunflower leaves. Remote Sensing iif Environment 48: 135-146,

PENUELAS, J., J. PINOL, R. OGAYA, and I. FILELLA. 1997. Estimation of plant
water concentration by the reflectance water index wi (r900/r970). International
Journal of Remote Sensing 18 (13):2869-2875

PESTSOVA, E., and RODER, M. S. (2002). Microsatellite analysis of wheat
chromosome 2D allows the reconstruction of chromosomal inheritance in
pedigrees of breeding programmes. Theor. Appl. Genet. 106, 84-91. doi:
10.1007/s00122- 002-0998-x

PETERSON, G.A., AJ. SCHLEGEL, D.L. TANAKA, and D.R. JONES. 1996.
Precipitation use efficiency as affected by cropping and tillage systems. J. Prod.
Agric. 9:180-186

PHILLIPS, J. B., JORGE, P. E. and MUHEIM, R. (2010). Light-dependent magnetic
compass orientation in amphibians and insects: candidate physiological and
molecular mechanisms. J. R. Soc. Interface 7, S241-S256.

PINGALI P (2006) Westernization of Asian diets and the transformation of food
systems: Implications for research and policy. Food Policy 32: 281-298.

PRESTERL T, SEITZ G, LandBECK M, THIEMT E.M, SCHMIDT W,
GEIGER H.H 2003 Improving nitrogen-use efficiency in European maize:
estimation of quantitative genetic parameters. Crop Sci. 43, 1259-1265.

PYKE K. A. and RACHEL M. LEECH 1985. Variation in Ribulose 1,5
Bisphosphate Carboxylase Content in a Range of Winter Wheat Genotypes |,
Journal of Experimental Botany Volume 36, Issue 10 Pp. 1523-1529.

QUARRIE S.A, STEED A., and CALESTANI C. ET AL. (2005) A high density
genetic map of hexaploid wheat (Triticum aestivum L.) from the cross Chinese
Spring X SQ1 and its use to compare QTLs for grain yield across a range of
environments. Theor Appl Genet 110:865-880

QUARRIE, S. A, S. PEKIC-QUARRIE, R. RADOSEVIC, D. RANCIC, and A.
KAMINSKA 2007 Dissecting a wheat QTL for yield present in a range of
environments: from the QTL to candidate genes. J. Exp. Bot. 57: 2627-2637

QURAISHI UM, ABROUK M, MURAT F, 2011. Cross-genome map based
dissection of a nitrogen use efficiency ortho-metaQTL in bread wheat unravels
concerted cereal genome evolution. The Plant Journal 65, 745-756.

RAHMAN, M.S. and WILSON, J.H. (1978) Determination of spikelet number in
wheat. I1l. Effect of varying temperature on ear development. Australian Journal
of Agricultural Science, 29 (3), 459-467.

293


http://jxb.oxfordjournals.org/search?author1=K.+A.+PYKE&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=RACHEL+M.+LEECH&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/
http://jxb.oxfordjournals.org/content/36/10.toc

RAJARAM, S. and VAN GINKEL, M. (1995) Wheat breeding methodology:
International perspectives. Proceedings zo™ hard red winter wheat workers
workshop. Oklahoma City, USA 234

RAJARAM, S. and VAN GINKEL, M. 1996. A guide to the CIMMYT bread wheat
section. In Wheat Special Report No. 5. Mexico, DF, CIMMYT.

RAJCAN I and TOLLENAAR M (1999a). Source: sink ratio and leaf senescence in
maize: |. Dry matter accumulation and partitioning during grain filling. Field
Crops Research 60: 245-253. 7. GENERAL DISCUSSION 230

RAMYAP., A. CHAUBALL, K. KULKARNI1, L. GUPTAl1, N. KADOO1, H.S.
DHALIWAL2, 3, P. CHHUNEJA3 , M. LAGU1 , V. GUPTAL, 2010. QTL
mapping of 1000-kernel weight, kernel length, and kernel width in bread wheat
(Triticum aestivum L.)

RAUN, W.R. and JOHNSON, G.V. (1999) Improving nitrogen use efficiency for
cereal production. Agronomy Journal, 91, 357-363.

RAUN, W.R., J.B. SOLIE, G.V. JOHNSON, M.L. STONE, E.V. LUKINA, W.E.
TH OMASON, and J.S. SCHEPERS. 2001. In-season prediction of potential
grain yield in winter wheat using canopy refl ectance. Agron. J. 93:131-138

RAUN, W.R., J.B. SOLIE, G.V. JOHNSON, M.L. STONE, R.W. MULLEN, K.W.
FREEMAN, W.E. THOMASON, and E.V. LUKINA. 2002. Improving nitrogen
use efficiency in cereal grain production with optical sensing and variable rate
application. Agron. J. 94:815-820.

RAUN, W.R., J.B. SOLIE, M.L. STONE, K.L. MARTIN, K.W. FREEMAN, R.W.
MULLEN, ZHANG, J.S. SCHEPERS, and G.V. JOHNSON. 2005. Optical
Sensor Based Algorithm for Crop Nitrogen Fertilisation. Communications in
Soil Science  and Plant Analysis 36:2759-2781.

RAWSON, H.M. and EVANS, L.T. (1971) The contribution of stem reserves to
grain development in a range of wheat cultivars of different height. Australian
Journal of Agricultural Research, 22, 851-863.

REBETZKE, GJ., CHAPMAN, SC., MCINTYRE, L., RICHARDS, RA,
CONDON, AG., WATT , M. and VAN HERWAARDEN, A. (2009) Grain yield
improvement in water-limited environments. In: Carver, BF. (Ed.) Wheat:
Science and Trade. Ames, lowa, US, Wiley—Blackwell, pp 215-249.

REICH PB, WALTERS MB and ELLSWORTH DS (1997) From tropics to tundra:
global convergence in plant functioning. Proceedings of the National Academy of
Sciences 94: 13730-13734.

REICH PB, WALTERS MB, ELLSWORTH DS, VOSE JM, VOLIN JC,
GRESHAM C and BOWMAN WD (1998) Relationships of leaf dark respiration
to leaf nitrogen, specific leaf area and leaf life-span: a test across biomes and
functional groups. Oecologia 114: 471- 482.

REICH, P. B. (2002). Root-Shoot Relations: Optimality in acclimation and
adaptation or the: "Emperor’s new clothes"? In Plant roots: The hidden half Eds Y.
Waisel, A. Eshel and U. Kafkafi), pp. 205-220. New York: Marcel Dekker.

REICH, P.B., M.G. TIOELKER, M.B. WALTERS, D.W. VandERKLEIN and C.
BUSCHENA. 1998. Close association of RGR, leaf and root morphology, seed

294



mass and shade tolerance in seedlings of nine boreal tree species grown in high
and low light. Funct. Ecol. 12:327-338.

REYNOLDS M, DRECCER F, TRETHOWAN R (2007). Drought-adaptive traits
derived from wheat wild relatives and landraces. J. Exp. Bot., 58: 177-187.

REYNOLDS M, FOULKES J, FURBANK R, GRIFFITHS S, KING J, MURCHIE
E, PARRY M, SLAFER G. 2012. Achieving yield gains in wheat. Plant, Cell and
Environment 35, 1799-1823.

REYNOLDS M, TUBEROSA R. 2008. Translational research impacting on crop
productivity in drought-prone environments. Current Opinion in Plant Biology 11,
171-179.

REYNOLDS MP, REBETZKE G (2011) Application of plant physiology in wheat
breeding. In AP Bonjean, WJ Angus, M Van Ginkel, eds, The World Wheat
Book: A History of Wheat Breeding, Vol 2. Editions TEC, Paris, pp
877\x{2013}906

REYNOLDS, M. P. 2002. Physiological approaches to wheat breeding. Pp. 119-140.
In: B. C. Curtis, S. Rajaram, and H. Gomez Macpherson (eds.). Bread Wheat
Improvement and Production. FAO Plant Production and Protection Series No.
30. Food and Agricultural Organization (FAO) of the United Nations, Rome,
Italy.

REYNOLDS, M. P., and N. E. BORLAUG. (2006). Impacts of breeding on
international collaborative wheat improvement. Journal of Agricultural Science.
144, 3-17.

REYNOLDS, M. P., CALDERINI, D.F., CONDON, AG. and RAJARAM, S. (2001)
Physiological basis of yield gains in wheat associated with the LR19 translocation
from Agropyron elongatum. Euphytica, 119, 137-41.

REYNOLDS, M. P., E. ACEVEDO., K. D. SAYRE., and R. A. FISCHER. (1994).
Yield potential in modern wheat varieties: its association with a less competitive
ideotype. Field Crops Research. 37, 149-160.

REYNOLDS, M., FOULKES, M. J., SLAFER, G., BERRY, P., PARRY, MAJ.,
SNAPE, J. W., ANGUS, W. J. (2009). Raising yield potential in wheat. Journal of
Experimental Botany. 60, 1899-1918.

REYNOLDS, M., Y. MANES, A. IZANLOO, and P. LANGRIDGE. 2009.
Phenotyping approaches for physiological breeding and gene discovery in wheat.
Ann. Appl. Biol. 155:309-320. doi:10.1111/j.1744-7348.2009.00351.

REYNOLDS, M.P., RAJARAM, S. and SAYRE, K.D. (1999) Physiological and
genetic changes of irrigated wheat in the post-green revolution period and
approaches for meeting projected global demand. Crop Science, 39, 1611-1621.

REYNOLDS, M.P., VAN GINKEL, M. and RIBAUT, J-M. (2000) Avenues for
genetic modification of radiation use efficiency in wheat. Journal of Experimental
Botany, 51, 459-473.

REYNOLDS. M. P., M. . DELGADO B., M. GUTIERREZ-RODRIGUEZ., and A.
LARQUE-SAAVEDRA. (2000). Photosynthesis of wheat in a warm, irrigated
environment I: Genetic diversity and crop productivity. Field Crops Research. 66,
37-50.

295



RICHARDS R.A. 2006. Physiological traits used in the breeding of new cultivars for
water-scarce environments.Agric. Water Manag. 2006;80:197-211

RICHARDS, R.A. (1996) Increasing the Yield Potential of Wheat: Manipulating
Source and Sinks. In Increasing Yield Potential in Wheat: Breaking the
Barriers.Edited by Reynolds, M.P., Rajaram, S. and McNab, A., pp.134-149.
CIMMYT, Mexico, D.F.

RICHARDS, R.A. (2000) Selectable traits to increase crop photosynthesis and yield
of grain crops. Journal of Experimental Botany, 51, 447-458.

RICHTER, J. and M. ROELCKE. 2000. The N-cycle as determined by intensive
agriculture - examples from central Europe and China. Nutr. Cycl. Agroecosyst
57:33-46.

RIGGS, T.J.; HANSON, P.R.; START, N.D.; MILLES, D.M.; MORGAN, C.L.;
FORD, M.A. 1981. Comparison of spring barley varieties grown in England and
Wales between 1880 and 1980. Journal of Agricultural Science, v.97, p.599-610,
1981.

Roberts, D. 2009a. Wheat head armyworm update June 22, 2009. Pullman, WA:
Washington State University Extension

ROBINSON, D. (1994). Resource capture by single roots. Resource Capture by
Crops, 53-76.

ROSEGRANT, M.W., CLINE, S. A., 2003. Global food security: challenge and
policies. Science 302, 1917-1920, 2003

ROYO, C., APARICIO, N., VILLEGAS, D., CASADESUS, J., MONNEVEUX, P.,
and ARAUS, J. L. (2003). Usefulness of spectral reflectance indices as durum
wheat yield predictors under contrasting Mediterranean conditions. Int. J. Remote
Sens. 24, 4403-4419

SACHIN RUSTGI , MUSTAFA N. SHAFQAT, NEERAJ KUMAR, P. STEPHEN
BAENZIGER, M. LIAKAT ALI, ISMAIL DWEIKAT, B. TODD CAMPBELL,
KULVINDER SINGH GILL, (2013). Genetic Dissection of Yield and Its
Component Traits Using High-Density Composite Map of Wheat Chromosome
3A: Bridging Gaps between QTLs and Underlying Genes

SADRAS VO, LAWSON C (2013) Nitrogen and water-use efficiency of Australian
wheat varieties released between 1958 and 2007. European Journal of Agronomy
46, 34-41. GI. Physiol Plantarum 2001; 113: 165-75.

SANTIBANEZ, F. 1994. Crop requirements-temperate crops. In J. Griffith, ed.
Handbook of agricultural meteorology, p. 174-188. Oxford, UK, Oxford
University Press.

SATORRE, E. H, SLAFER, G. A, EDS. Wheat: ecology and physiology of yield
determination. New York: Food Product Press, 351-377.

SAVIN, R. and SLAFER, G.A., 1991. Shading effects on the yield of an
Argentinean wheat cultivar J. Agric. Sci., 116: I-7.

SAYRE, K.D., S. RAJARAM, and R.A. FISCHER. (1997). Yield potential progress
in short bread wheats in northwest Mexico. Crop Science. 37, 36-42.

296



SHAH M. M., GILL K. S., BAENZIGER P. S., YEN Y., KAEPPLER S. M. and
ARIYARATHNE H. M. 1999 Molecular mapping of loci for agronomic traits on
chromosome 3A of bread wheat. Crop Sci. 39, 1728-1732.

SHANAHAN, J.F., KITCHEN, N.R., RAUN, W.R. and SCHEPERS, J.S. (2008)
Responsive in-season nitrogen management for cereals. Computers and
Electronics in Agriculture, 61, 51-62. 303

SHEARMAN, V.., SYLVESTER-BRADLEY, R., SCOTT, R.K. and
SHANAHAN, M.J. (2005) Physiological processes associated with wheat yield
progress in the UK. Crop Science, 45, 175-185.

SHEWRY PR, UNDERWOOD C, and WAN Y, . 2009b. Storage product synthesis
and accumulation in developing grains of wheat. Journal of Cereal Science 50:
106-112.

SHIMSHI D and EPHRAT J (1975) Stomatal behavior of wheat cultivars in relation
to their transpiration photosynthesis and yield. Agron J 67: 326-331.

SIBONY, M., PINTHUS, M.J., 1988. Floret initiation and development in spring
wheat (Triticum aestivum L.). Ann. Bot. 61, 473-479

SIDDIQUE, K. I. F. M., R. K. BELFBRD., M. W. PERRY ., and D. TENNANT.
(1989). Growth, Development and Light Interception of Old and Modern Wheat
Cultivars in a Mediterranean-type Environment. Australian Journal of
Agricultural Research. 40, 473-87.

SILVA SA, CARVALHO FIFD, CAETANO VDR, OLIVEIRA ACD, COIMBRA
JLMD, VASCONCELLOS NJSD and LORENCETTI C (2000). Genetic basis of
stay-green trait in bread wheat. Journal of New Seeds 2: 55-68.

SIMMONDS, N. W., 1995. The relation between yield and protein in cereal grain.
Journal of the Science of Food and Agriculture, 67: 309-315.

SIMMONS SR, RK CROOKSTON 1979 Rate and duration of growth of kernels
formed at specific florets in spikelets of spring wheat. Crop Sci 19: 690-693

SINCLAIR TR and HORIE, T. (1989). Leaf nitrogen, photosynthesis and crop
radiation use efficiency, a review. Crop Science 29, 90-98

SINCLAIR, T. R. and MUCHOW, R.C. (1999) Radiation Use Efficiency. Advances
in Agronomy, 65, 215-265.

SINCLAIR, T.R. and DE WIT, C.T. (1975) Photosynthate and nitrogen requirements
for seed production by various crops. Science, 189, 565-567.

SINCLAIR, T.R. and JAMIESON, P.D. (2006) Grain number, wheat yield, and
bottling beer: An analysis. Field Crops Research, 98, 60-67.

SINGH RP, TRETHOWAN R (2007) Breeding spring bread wheat for irrigated and
rainfed production systems of developing world. In: Kang M, Priyadarshan PM
(eds) Breeding major food staples. Blackwell, Ames, pp 109-140

SINGH, R.P., HUERTA-ESPINO, J. and CROSSA, J. (1998) Agronomic effects
from chromosome translocations 7D1.7AG and 1BL,IRS in spring wheat. Crop
Science, 38, 27-33.

297



SINGH, V P N. and S. K. UTTAM (1994). Influence of sowing dates on yield of
wheat cultivar under saline sodic conditions in Central Uttar Pradesh. Indian Agri.
38 (1): 61-64.

SIVASANKAR, A., BANSAL, K.C., ABROL, Y.P., 1993. Nitrogen in relation to
leaf area development and photosynthesis. Proceeding of the Indian National
Sciences Academy B59, 235-244

SKOVMand, B., and S. RAJARAM. 1990. Utilization of genetic resources in the
improvement of hexaploid wheat. In J.P. Srivastava and A.B Damania (ed.)
Wheat genetic resources: Meeting diverse needs. J. Wiley and Sons, Chichester,
UK

SLAFER G.A., ARAUS J.L. (2007) Physiological traits for improving wheat yield
under a wide range of conditions. Chapter 12. In Scale and Complexity in Plant
Systems Research: GenePlant-Crop Relations, pp. 145-154. Eds J.H.J. Spiertz,
P.C. Struik and H.H. van Laar. The Netherlands: Springer

SLAFER GA, ARAUS JL. 2007. Physiological traits for improving wheat yield
under a wide range of conditions. In: Spiertz JHJ, Struik PC, van Laar HH,
editors. Scale and complexity in plant systems research: gene—plant—crop
relations. The Netherlands:Springer; 2007. p. 147-156.

SLAFER, A. GOSTAVO., and H. M. RAWSON. (1994). Does temperature affect
final numbers of primordia in wheat? Field Crops Research. 39, 111-117.

SLAFER, G. A,, and andRADE, F. H. (1993). Physiological attributes related to the
generation of grain yield in bread wheat cultivars released at different eras. Field
Crops Research. 31, 351-367.

SLAFER, G. A., CALDERINI, D. F., and MIRALLES, D. J. (1996). Yield
components and compensation in wheat: opportunities for further increasing yield
potential. In M.P. Reynolds, S. Rajaram and A. McNab, eds. Increasing Yield
Potential in Wheat: Breaking the Barriers. Workshop Proc., Cd. Obregon,
Mexico, 28-30 Mar. 1996. Mexico, DF, CIMMYT.

SLAFER, G., J. ARAUS, C. ROYO and L.G. MOROL, 2005. Promising
ecophysiological traits for genetic improvement of cereal yields in Mediterranean
environments. Ann. Biol., 146: 61-70

SLAFER, G.A. (2003) Genetic basis of yield as viewed from a crop physiologist's
perspective. Annals of Applied Biology, 142 (2), 117-128.

SLAFER, G.A., CALDERINI, D.F. and MIRALLES, D.J. (1996) Generation of
yield omponents and compensation in wheat: Opportunities for further increasing
yield potential. In: Increasing Yield Potential in Wheat: Breaking the Barriers, pp.
101-133 (Ed. Reynolds, M.). CIMMYT International Symposium, CIANO, Cd.
Obregon, Mexico. CIMMYT, Mexico, D.F.

SLAFER, GUSTAVO. A, FERNandO, H. andRADE., and EMILIO H. SATORRE.
(1990). Genetic-Improvement Effects on Pre-Anthesis Physiological Attributes
Related to Wheat Grain- Yield. Field Crops Research. 23, 255-263.

SOMERS DJ, ISAAC P and EDWARDS K (2004) A high density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor Appl Genet 1009:
1105-1114.

298



et al.

SOURDILLE P, SINGH S, CADALEN T, BROWN-GUEDIRA GL, GAY G, QI L,
GILL BS, DUFOUR P, MURIGNEUX A, BERNARD M (2004) Microsatellite-
based deletion bin system for the establishment of genetic-physical map
relationships in wheat (Triticum aestivum L.). Funct Integr Genomics 4:12-25

et al.

SPANO, G., DI FONZO, N., PERROTTA, C., PLANTANI, C., RONGA, G,
LAWLOR, D.W., NAPIER, J.A. and SHEWRY, P.R. (2003) Physiological
characterization of ‘stay-green’ mutants in durum wheat. Journal of Experimental
Botany, 54, 1415-1420.

SPARKES D (2010) Are'ancient wheat species’ more adapted to hostile
environments than modern bread wheat?: short communication. South African
Journal of Plant and Soil 27: 331-333.

SPARKES, D. L., HOLME, S. J., GAJU, O. (2006). Does light quality initiate tiller
death in wheat? European Journal of Agronomy. 24, 212-217

SQUIRE, G. R. and J. R. BLACK (1981). Stomatal Behaviour in the Field, p. 223-
245. In: P. I. Jarvis, T. A. Mansfield (Eds.). Stomatal Physiology. Cambridge
Univ. Press, Cambridge.

STANLEY WOOD, JULIO HENAO and MARK ROSEGRANT (2004).The role of
Nitrogen in sustaining food production and estimating future Nitrogen fertiliser
needs to meet food demand. In Agriculture and Nitrogen cycle: assessing the
Impacts of Fertiliser Use on food production and the Environment.

STEFANY, P. (1993) Vernalization requirement and response to day length in
guiding development in wheat. Wheat special Report No. 22, CIMMYT, Mexico,
D.F.

STEVEN, M.D.; MALTHUS, T.J.; DEMETRIADES-SHAH, T.H.; DAANSON,
F.M. and CLARK, J.A. (1990). High-spectral resolution indices for crop stress,
pp. 209-227. In: Applications of remote sensing in agriculture, M.D. Steven and
and J.A. Clark (Eds.), Butterworths, ISBN 0-408-04767-4, Sevenoaks, Kent, UK

STONE, M.L., SOLIE, J.B., RAUN, W.R., WHITNEY, R.W., TAYLOR, S.L. and
RINGER, J.D. 1996. Use of spectral radiance for correcting in-season fertiliser
nitrogen deficiencies in winter wheat. Trans. ASAE, 39: 1623-1631.

STOSKOPF, NEAL, C. (1981). Understanding Crop Production. Reston Publishing
Company, Inc. Reston, Virginia. 433 pp.

STRONG, W.M., and HOLFORD, 1.C. (1997). Impact of land use practices on
sustainability, fertilisers, and manures. In ‘Sustainable Crop Production in the
Sub-Tropics: an Australian Perspective.” (Eds. A.L. Clarke and P.J. Wylie) pp.
214-34 (QDPI: Brisbane.

SUN, H., X. ZHANG, S. CHEN, D. PEI, and C. LIU. 2007. Eff ects of harvest and
sowing time on the performance of the rotation of winter wheat—-summer maize in
the North China Plain. Ind. Crops Prod. 25:239-247. doi:10.1016/j.
indcrop.2006.12.003

SUWIGNYO RA, NOSE A, KAWAMITSU Y, TSUCHIYA M, WASANO K.
1995. Effects of manipulations of source and sink on carbon exchange rate and

299



some enzymes of sucrose metabolism in leaves of soybean [Glycine max (L.)
Merr.] Plant Cell Physiology. 1995;36:1439-1446.

SYEDA REFAT SULTANA, AMJED ALI, ASHFAQ AHMAD, MUHAMMAD
MUBEEN, M. ZIA-UL-HAQ, SHAKEEL AHMAD, SEZAI ERCISLI, and
HAWA Z. E. JAAFAR. 2014. Normalized Difference Vegetation Index as a Tool
for Wheat Yield Estimation: A Case Study from Faisalabad, Pakistan. The
Scientific World Journal VVolume 2014 (2014), Article ID 725326

SYLVESTER-BRADLEY, R. and KINDRED, D.R. (2009) Analysing nitrogen
responses of cereals to prioritize routes to the improvement of nitrogen use
efficiency. Journal of Experimental Botany, doi:10.1093/jxb/erp116.

SYLVESTER-BRADLEY, R., GAY, A.P., SCOTT, R.K. and CLARE, R.W. (1998)
Assessment of wheat growth to support its production and improvement. 306
Volume I1I: The dataset. Home-Grown Cereals R and D Project Report No. 151.
HGCA, London.

TAIZ L, ZEIGER E (2006) Plant Physiology, 4th Ed., Sinauer Associates Inc.
Publishers, Massachusetts.

TANKSLEY, S. D. (1993). Mapping polygenes. Ann Rev Genet, 27: 205-233.

TEAL, R.K., B. TUBANA, K. GIRMA, K.W. FREEMAN, D.B. ARNALL, O.
WALSH, and W.R. RAUN. 2006. In-season prediction of corn grain yield
potential using normalized diff erence vegetation index. Agron. J. 98:1488-1494.

THOMAS H, OUGHAM H, CANTER P and DONNISON 1 (2002). What stay-
green mutants tell us about nitrogen remobilization in leaf senescence. Journal of
Experimental Botany 53: 801-808.

THOMAS, H and HOWARTH, C.J.(2000) Five ways to stay-green. Journal of
Experimental Botany, 51, 329-337.

THORNLEY, J.H.M., 1979. Wheat grain growth: anthesis to maturity. Aust. J. Plant
Physiol., 6: 187--194.

THORUP-KRISTENSEN, K. 1993. Root development of nitrogen catch crops and
of a succeeding crop of broccoli. Acta Agriculturae Scaninavica, Section B, Soil
et Plant Science 43, 58-64.

TILMAN D, BALZER C, HILL J, BEFORT BL (2011) Global food demand and the
sustainable intensification of agriculture. Proc Natl Acad Sci USA 108: 20260—
20264 Foley.

TILMAN, D., FARGIONE, J., WOLFF, B., D'ANTONIO, C., DOBSON, A,
HOWARTH, R., SCHINDLER, D., SCHLESINGER, W.H., SIMBERLOFF, D.
and SWACKHAMER, D. (2001) Forecasting agriculturally driven global
environmental change. Science, 292, 281-284.

TRAVIS D.MILLER, 1999. Growth stages of wheat identification and
understanding improve crop management. Texas agricultural extension service,
SCS-1999-16.

TRETHOWAN, R.M., M. VAN GINKEL, and S. RAJARAM. 2002. Progress in
breeding for yield and adaptation in global drought aff ected environments. Crop
Sci. 42:1441-1446.

300


http://www.hindawi.com/92537581/
http://www.hindawi.com/62171936/
http://www.hindawi.com/79705843/
http://www.hindawi.com/67212107/
http://www.hindawi.com/67212107/
http://www.hindawi.com/29478628/
http://www.hindawi.com/26524605/
http://www.hindawi.com/53172028/
http://www.hindawi.com/92681056/

TRIBOI, E. and TRIBOI-BLONDEL, A-M. (2002) Productivity and grain or seed
composition: A new approach to an old problem - invited paper. European Journal
of Agronomy, 16, 163-186.

TRIBOI, E., MARTRE, P., GIROUSSE, C., RAVEL, C. and TRIBOI-BLONDEL,
A. (2006) Unravelling environmental and genetic relationships between grain
yield and nitrogen concentrations for wheat. European Journal of Agronomy, 25,
108- 118.

TROCCOLI A., CODIANNI P. (2005): Appropriate seeding rate for einkorn,
emmer, and spelt grown under rainfed conditions in southern Italy. European
Journal of Agronomy, 22: 293-300.

TUCKER, M. (2004): Primary Nutrients and Plant Growth. - In: Essential Plant
Nutrients (SCRIBD, Ed.). North Carolina Department of Agriculturae.

UAUY C, BREVIS JC, DUBCOVSKY J (2006). The high grain protein content
gene Gpc-Blaccelerates senescence and has pleiotropic effects on protein content
in wheat. J Exp Botdoi:10.1093/jxb/erl047.

UAUY, C., DISTELFELD, A, FAHIMA, T., BLECHL, A and DUBCOVSKY,
(2006) A NAC gene regulating senescence improves grain protein, zinc, and iron
content in wheat. Science, 314, 1298-1301.

UN DESA, United Nations, Department of Economic and Social Affairs. Population
Division, Population Estimates and Projections Section. Available: http://esa.
un.org/unpd/wpp/index.htm

VAESEN K, GILLIAMS S, NACKAERTS K, COPPIN P, 2001. Ground-measured
spectral signatures as indicators of ground cover and leaf area index: the case of
paddy rice. Field Crops Res, 69, 13- 25.

VAIDYANATHAN, L. (1984) Winter wheat yield variability. In: The Nitrogen
Requirement of Cereals, pp. 69-77 (Eds. Needham, P., Archer, J.R., Sylvester-
Bradley, R. and Goodlass, G.), MAFF Reference book 385, HMSO, London, UK.

VAN KESSEL C, VENTEREA R, SIX J, ADVIENTO-BORBE M A, LINQUIST B
and VAN GROENIGEN K'J 2012 Climate, duration, and N placement determine
N20 emissions in reduced tillage systems: a meta-analysis Glob. Change Biol. 19
33-44

VAN OOIJEN JW (1999) LOD significance thresholds for QTL analysis in
experimental populations of diploid species. Heredity 83:613-624

VAN OOIJEN JW (2006) JoinMap 4, software for the calculation of genetic linkage
maps in experimental populations.Kyazma BV (ed) Wageningen, The
Netherlands: .

VAN OOIJEN JW, 2004. Mapqtl® 5, Software for Mapping of Quantitative Trait
Loci in Experimental Populations. Wageningen, Netherlands: Kyazma BV.

VAN OOSTEN J.-J. and BESFORD R.T (1995) Some relationships between the gas
exchange, biochemistry and molecular biology of photosynthesis during leaf
development of tomato plants after transfer to different carbon dioxide
concentrations. Plant, Cell and Environment 18, 1253-1256.

301


http://esa/

VAN OOSTEROM EJ, CHAPMAN SC, BORRELL AK, BROAD IJ and
HAMMER GL (2010). Functional dynamics of the nitrogen balance of sorghum.
I1. Grain filling period. Field Crops Research 115: 29-38.

VAN SANFORD DA, MACKOWN CT. 1986. Variation in nitrogen use efficiency
among soft red winter wheat genotypes. Theoretical and Applied Genetics 72:
158-163

VAN SANFORD, D.A. and MACKOWN, C.T. (1987) Cultivar differences in
nitrogen remobilisation during grain filling in soft red winter wheat. Crop
Science, 27, 295-300.

VERMA V, FOULKES MJ, WORLand AJ, SYLVESTER-BRADLEY R,
CALIGARI PDS and SNAPE JW (2004). Mapping quantitative trait loci for flag
leaf senescence as a yield determinant in winter wheat under optimal and drought-
stressed environments. Euphytica 135: 255-263.

VERMA, V.K., R.K. MISHRA, and R.K. YADAYV. 1993. Response of drawf wheat
varieties to varying levels of nitrogen under irrigated condition at Raigarh District
of Chhartisgarh region of Madhya Pradesh. Adv. PI. Sci. 6:1-9.

WADDINGTON, S. R, J. K. RANSOM., M. OSMANZAI., and D. A. SAUNDERS.
(1986). Improvement in the yield potential of bread wheat adapted to northwest
Mexico. Crop Science. 26, 698—703.

WAINES JG, EHDAIE B. 2007. Domestication and crop physiology: roots of green-
revolution wheat. Annals of Botany 100: 991-998.

WALPOLE, P. R.; MORGAN, D. G. 1970: A quantitative study of zrain filling in
Triticum aesiivum 1.. cultivar Maris Widgeon. Annals of Botany 34~ 309-18.

WANG EM (1998) Molecular and biochemical characterization of a non-
Robertsonian wheat-rye chromosome translocation line. Crop Science 38:1076-
1080.

WANG H, MCCAIG TN, DEPAUW RM and CLARKE JM (2008). Flag leaf
physiological traits in two high-yielding Canada Western Red Spring wheat
cultivars. Canadian Journal of Plant Science 88: 35-42.

WANG XB, MA CX, SI HQ, QIAO YQ, CHANG C, HE XF, XIA YX (2009a)
Gene markers for grain polyphenol oxidase activity in common wheat. Mol
Breed. DOI 10.1007/s11032-008-9223-1

WANJURA D F, J L HATFIELD. 1987. Sensitivity of spectral vegetative indices to
crop biomass[J].Transactions of the ASAE, 1987, 30(3):811-816

WARDLAW, LF. (1990) The control of carbon partitioning in plants. New
Phytologist, 116, 341-381.

WASSON AP, RICHARDS RA, CHATRATH R, MISRA SC, PRASAD SVS,
REBETZKE GJ, KIRKEGAARD JA, CHRISTOPHER J, WATT M. 2012. Traits
and selection strategies to improve root systems and water uptake in water-limited
wheat crops. Journal of Experimental Botany 63, 3485-3498.

WBCSD. 2008. World Business Council for Sustainable Development (WBCSD)
and the International Union for Conservation of Nature (IUCN): Agricultural
ecosystems: facts and trends (brochure). Geneva: WBCSD.

302



WENG, Y., LI, W., DEVKOTA, R.N., RUDD, J.C., 2005. Microsatellite markers
associated with two Aegilops tauschii-derived greenbug resistance loci in wheat.
Theoretical and Applied Genetics, 110: 462-469.

WHITE E.M. and WILSON F.E.A. 2006. Responses of grain yield, biomass and
harvest index and their rates of genetic progress to nitrogen availability in ten
winter wheat varieties

WIESLER, F. and HORST, W. J. (1993). Differences among maize cultivars in the
utilization of soil nitrate and the related losses of nitrate through leaching. Plant
and Soil 151, 193-203.

WIESLER, F. and HORST, W. J. (1994). Root growth and nitrate utilization of
maize cultivars under field conditions. Plant and Soil 163, 267-277. 8 References
324

WORLand, A.J., KORZUN, V., RODER, M.S., GANAL, M.W., and LAW, C.N.
1998, Genetic Analysis of the Dwarfing Gene Rht8 in Wheat. 2. The Distribution
and Adaptive Significance of Allelic Variants at the Rht8 Locus of Wheat as
Revealed by Microsatellite Screening, Theor. Appl. Genet., 1998, vol. 96, pp.
1110-1120.

WU AH, ALLU AD, GARAPATI P, SIDDIQUI H, DORTAY H, ZANOR MI,
ASENSI-FABADO MA, MUNNE-BOSCH S, ANTONIO C, TOHGE T,
FERNIE AR, KAUFMANN K, XUE GP, MUELLER-ROEBER B and
BALAZADEH S (2012). JUNGBRUNNEN1, a reactive oxygen species-
responsive NAC transcription factor, regulates longevity in Arabidopsis. Plant
Cell 24: 482-506.

WU QH1, CHEN YX1, ZHOU SH1, FU L1, CHEN JJ1, XIAO Y1, ZHANG D1,
OUYANG SH1, ZHAO XJ1, CUI Y1, ZHANG DY1, LIANG Y1, WANG ZZ1,
XIE JZ1, QIN JX1, WANG GX1, LI DL1, HUANG YL1, YU MH1, LU P1,
WANG LL1, WANG L1, WANG H1, DANG C1, LI J1, ZHANG Y1, PENG
HR1, YUAN CG1, YOU MS1, SUN QX1, WANG JR2,WANG LX3, LUO MC4,
HAN J5, LIU ZY1 2015. High-Density Genetic Linkage Map Construction and
QTL Mapping of Grain Shape and Size in the Wheat Population Yandal817 x
Beinong6.

WUEST, S.B. and CASSMAN, KG. 1992. Fertiliser-nitrogen use efficiency of
irrigated wheat : 1. Uptake efficiency of preplant versus late-season application.
Agron. J. 84:682-688.

XIN-GUANG ZHU , STEPHEN P LONG and DONALD R ORT, 2008. What is the
maximum efficiency with which photosynthesis can convert solar energy into
biomass? Current Opinion in Biotechnology 2008, 19:153-159

XU H, WANG XC and CHEN J (2010). Overexpression of the Rap2.4f
transcriptional factor in Arabidopsis promotes leaf senescence. Science China-
Life Sciences 53: 1221-1226.

YAMAYA T, OBARA M, NAKAJIMA H, SASAKI S, HAYAKAWA T, SATO T.
2002. Genetic manipulation and quantitative-trait loci mapping for nitrogen
recycling in rice. Journal of Experimental Botany 53, 917-925.

YANUSA, LA.M., SIDDIQUE, K.H.M., BELFORD, R.K. and KARIMI, M.M.
(1993) Effect of canopy structure on efficiency of radiation interception and use

303


http://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20QH%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20YX%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xiao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ouyang%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20XJ%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20DY%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20ZZ%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xie%20JZ%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qin%20JX%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20GX%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20YL%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yu%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lu%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20LL%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peng%20HR%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peng%20HR%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yuan%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=You%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20QX%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20LX%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Luo%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Han%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25675376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20ZY%5BAuthor%5D&cauthor=true&cauthor_uid=25675376

in spring wheat cultivars during the pre-anthesis period in a Mediterraneantype
environment. Field Crops Research, 35, 113-122.

YOUNG, N. D. (1994) Constructing a plant genetic linkage map with DNA markers,
P. 39-57. In: DNA-based markers in plants. Kluwer, Dordrech/Boston/London.

YU D.Z, YANG X.J., YANG L.J., JEGER, M.J. and BROWN J.K.M. 2001.
Assessment of partial resistance to powdery mildew in Chinese wheat varieties.
Plant Breeding 120: 279-284.

ZADOKS JC, CHANG TT and KONZAK CF (1974). Decimal code for growth
stages of cereals. Weed Research 14: 415-421.

ZENCIRCI N, KUN VE (1996). Variation in landraces of durum wheat (T.
Turgidum, L. Conv. Durum (Dest) M.K.) from Turkey. Euphytica, 92: 333-339.

ZHANG H, CUI F, WANG L, LI J, DING A, ZHAO C, BAO Y, YANG Q, WANG
H. 2013. Conditional and unconditional QTL mapping of drought-tolerance-
related traits of wheat seedling using two related RIL populations. Journal of
Genetics 92, 213-231.

ZHANG, B. LI, F.-M. HUANG, G. CHENG, Z.-Y. and ZHANG, Y. (2006). Yield
performance of spring wheat improved by regulated deficit irrigation in an arid
area. Agricultural Water Management 79(1), 28-42.

ZHANG, Z.-S., NISANCIOGLU, K., BENTSEN, M., TJIPUTRA, J., BETHKE, I.,
YAN, Q., RISEBROBAKKEN, B., andERSSON, C., and JANSEN, E.: Pre-
industrial and mid-Pliocene simulations with NorESM-L, Geosci. Model Dev., 5,
523-533, d0i:10.5194/gmd-5-523-2012, 2012.

ZHU X-G, LONG SP, ORT DR. 2010. Improving photosynthetic efficiency for
greater yield. Annual Review of Plant Biology 61, 235-261.

ZHU, Z.L., and D.L. CHEN. 2002. Nitrogen fertiliser use in China— Contributions to
food production, impacts on the environment and best management strategies.
Nutrient Cycling in Agroecosystems 63: 117-127.

ZHUKOVSKY P, KIPCAK M, NOURUZHAN C, TURKISTANLI S (1951).
Anadolu budaylarinin okolojik tipleri ve ekonomik kiymeti. Tiirkiye’nin Zirai
Biinyesi. Tiirkiye eker Fabrikalar1 A. Neriyat1 No: 20: 158-214.

ZOHARY, D., J. R. HARLAN, and A. VARDI, 1969: The wild diploid progenitors
of wheat and their breeding value. Euphytica 18, 58-65.

304



