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Foreword

“Know where to find the information and how to use it -

that’s the secret of success” - Albert Einstein

Most introductions addressing cereal breeding begin with
the Green Revolution. This one is no exception. While this
Foreword is certainly not an attempt to write the history
of crop physiology and breeding for abiotic stress or give
credits, a few landmarks should be noticed on the long
road arriving at this important publication. Since the new
generation of researchers is not in the habit of reading
anything older than three years, | am obliged to provide

a brief perspective, having age to my advantage. Looking
back at the road will point you to the way ahead.

The Green Revolution which consisted of a large increase
in cereal grain yield took place in wheat and rice towards
the mid-Twentieth Century. It was driven by wheat and
rice breeders who sought to reduce plant height in order
to reduce lodging and thus also allow for increased
nitrogen fertilization. The “Green Revolution” in sorghum
(which was not defined as such when it took place) was
also driven by a reduction in plant height and took place
several decades earlier. It was not directed at increasing
yield but rather towards achieving a “combine height”
dwarf sorghum that could be harvested mechanically.
The bonus of these modifications was an increase in grain
yield potential.

Breeding and physiology

The Green Revolution in cereals promoted optimism
about the capacity of plant breeding to continue
increasing yield and it drove plant physiologists to
understand the physiological basis of yield and its
improvement. As yield is attained by a plant population
grown in the field, we have both crop physiology

and yield physiology. An additional impetus for crop
physiology research at that time was driven by the
fascination with and the need to understand heterosis in
maize and sorghum.

The great development in crop and yield physiology

in the 1960s and 1970s was landmarked by books and
monographs published by research groups spanning
from the US, the UK, the Netherlands, Russia, India and
Australia. My personal favorite during my student years
was ‘The Growth of Cereals and Grasses’ (Milthorpe and

Ivins, 1965) which was produced by the Easter School of
Agricultural Science at the University of Nottingham, UK.
This publication opened the door to cereal crop physiology
as we know it today.

Funding for such research followed suit with the purpose
of continuing the increase in genetic yield potential

of cereals while stabilizing the achievement through
genetic resistance to abiotic stress. This was initially most
pronounced in Australia for wheat and in Nebraska and
Texas for sorghum, not withstanding other cases. Lloyd

T. Evans, who was Chief of the Division of Plant Industry,
CSIRO, Canberra in 1971-1978 represents very well the
support of crop physiology research towards wheat
improvement by the many outstanding wheat scientists
working there at the time (Evans, 1975).

The support by The Rockefeller Foundation of an integrated
sorghum physiology and breeding research group at

the University of Nebraska in the very early 1970s was
probably among the first real and significant contribution
of crop physiology to sorghum and maize breeding in

the US. At about the same time, crop physiology and
breeding research at Texas A&M University discovered
the genetic and physiological basis to photoperiod and
temperature effect on flowering in sorghum. It followed
earlier work of J.R. Quinby who laid the basis for sorghum
genetics and sorghum hybrids. This research opened the
way for their sorghum conversion program at Lubbock,
Texas. That program converted tropical sorghum from
Africa and Asia into temperate types which were then
used in hybrid sorghum breeding to achieve a higher level
of yield and grain quality. These materials also provided
genes for osmotic adjustment and non-senescence as
major mechanisms of drought resistance which were later
incorporated into hybrid sorghum on a global scale.

The integration of crop physiology into plant breeding
was then adopted in the breeding programs of most
Consultative Group on International Agricultural Research
(CGIAR) institutions, earlier or later as the case was. The
‘Sorghum in the Seventies’ Conference in Hyderabad
India, which just preceded the establishment of
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International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) in 1972, had crop physiology
and plant stress issues as an important part of

the program and discussions towards formulating
ICRISAT was the mandate. Teams of breeders and
physiologists became commonplace in addition to the
phenomenon of physiologists working as breeders
and breeders occupied with physiology.

The physiological basis of the Green Revolution in
the cereals was identified very early as an increase
in harvest index from around 20-30% to about
40-50%, depending on the crop and the case. The
yield components involved in this increase were also
identified, with grain number per inflorescence as
the primary one. Unfortunately, this led to failing
attempts in direct breeding for increased kernel
number, such as breeding uniculm wheat with a
gigas ear or multiple spikelets in sorghum. Crop
physiology then led breeders to understand that
yield formation in cereals is derived from an intricate
balance between yield components’ development,
source to sink communication, crop assimilation and
assimilate transport — linked to crop phenology and
plant architecture.

In the course of these developments, and as reflected
in several chapters of this book, crop physiologists
developed the concept of use-efficiency regarding
how the plant uses its essential resources such as
irradiance, water, or nutrients. Thus we have radiation
use efficiency (RUE), water use efficiency (WUE),
nitrogen use efficiency (NUE) or phosphorus use
efficiency (PUE). It is therefore often assumed that
breeding for increased efficiency can lead to greater
productivity. Efficiency is an important component

of any production system. However, when crops are
considered, one should always remember that greater
efficiency is a ratio which can be increased by either
greater production for a given input or by reduced
input for the same production.

This book addresses very well the current serious
challenge facing agricultural research where crop
improvement is required to address two hard tasks:

(1) a greater rate of increase in yield potential as
compared with present rates, and (2) the support of
this increase by developing abiotic and biotic stress
resistance. Furthermore, these challenges are to be
met on the background of another “Green Revolution”,
namely fewer inputs and reduced chemical use.

We now understand that where breeding for higher
yield potential is concerned, crop architecture, harvest
index, phenology, and development within the bounds
of a given season and crop management system,

have all been optimized, or nearly so in modern

cereal production systems. Consequently any serious
improvement in cereal yield potential beyond the
common average present crawl of 0.5-1.0% per annum
must come from a genetic—physiological intervention
in photosystem biochemistry and function. This is
where molecular plant biology might finally achieve

its glory in plant breeding. We are already aware of
ongoing, exciting research exploring the way to modify
C3 plants such as rice into a C4 metabolism. Another
example is the “20:20” project announced for wheat
by Rothamsted Research in the UK in 2011 where a
yield target of 20 t ha to be achieved in 20 years was
set. Such ambitious projects might be driven mainly

by innovations in molecular biology using advanced
genomics methods. However, past experience indicates
that sometimes such projects can drift into the pure
molecular and genomic domain, losing their original
goal to impact food production. If such formidable
projects are to be seriously directed at delivery, | would
audaciously suggest that they be led by breeders

and crop physiologists who can navigate the project
towards the designated port rather than get lost on an
island, even a beautiful one.

Stress, drought and heat resistance

We recognize cereal landraces as genetic sources for
abiotic stress resistance and we are using them for this
purpose. These are the simple products of farmers
who repeatedly selected seed that survived historical
drought years in their fields. No science was involved,
only a very long time and a determination to provide
for their own livelihood. These landraces attend to the
fact that abiotic stress resistance has been here for a
very long time. We are now only trying to improve it
more effectively.

The first few breeders of the scientific agriculture

era who tried to address drought resistance were for
example Robert Gaus from Colorado with wheat and
M.T. Jenkins from lowa with maize, both working during
the early-Twentieth Century. One of the first dissections
of drought resistance in terms of crop physiology was
made by J.H. Martin (1930) from the Office of Cereal
Crops and Diseases, USDA, Washington D.C.
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These and other breeders at that time had very little
physiology in support of their work. Plant abiotic
stress was commonly regarded simplistically in
wheat breeding programs as an assembly of non-
descript problems which reduce yield in certain
environments and years. It was phenotyped as yield
reduction in certain years or locations. L.P. Reitz who
was the senior author of the wheat breeding “bible”
at the time (Reitz and Quisenberry, 1967) stated
with a sense of acceptance that “Breeders worship
the yield column in their field-books”. The weighing
balance was the most important phenotyping tool.
This is not to discount the fact that productive and
stress resistant cereal cultivars were still developed.

During the early-Twentieth Century and onward
many field crop breeders adopted the hypothesis
that high yield potential is the solution for sustained
yield also in all stress environments. Genotype

x environment interaction was regarded as a
nuisance. As the cause for environmental variation
in breeding materials was nondescript, quantitative
genetics of yield and statistical analysis of field
experiments over years and locations became the
most important tools in breeding for dryland crops.
The increase in number of field tests over locations
and years in order to identify the high yielding
genotype that will perform best in all environments
became a very demanding activity in dryland crop
breeding. It is therefore well understood why plant
breeding was often described as a “numbers game”.
Quantity somehow turned into quality — at a great
cost. It was only later that plant breeders began
enquiring about the possible reasons for genotype
by environment interaction and together with
physiologists sought for solutions to ameliorate

the genotype with respect to a specific problem
environment. Kenneth J. Frey from lowa State
University who worked mainly with oats was very
influential in proving that stress environments may
require specific cultivars and that one cultivar for
all seasons is a rarity. | believe that his work and
publications brought about a paradigm shift in plant
breeding at that time. We now accept that high
yield potential has a positive impact on yield under
stress — but to a limit.

Probably the first realistic attempt at a formal
application of plant physiology to breeding for drought
resistance was published by Ashton (1948), where
various methods, some of which are unrealistic today,
were detailed. The quantum leap in addressing
abiotic stress in physiology and breeding came when
Jacob Levitt published his first book (Levitt, 1972)
where he compiled the available science on the
subject and suggested the first logical definitions

of, and the available methods for, measuring stress
and stress resistance in plants. Many additional

books and reviews followed. The expanding research
on plant abiotic stress and resistance included
important landmark conferences such as the one
organized by the Boyce Thompson Institute in 1977
(Mussell and Staples, 1979) which brought together
the international expertise on the subject at the

time. Healthy debates were carried out on drought
resistance and its improvement during that period. The
value of osmotic adjustment in drought resistance is
remembered as a notable one, especially after its initial
discovery towards wheat breeding. This book indicates
that we are now approaching a wide consensus about
breeding for abiotic stress resistance in wheat and
other crops.

Final word

This book has grown and matured after the previous
one which was also produced under the auspices of
CIMMVYT (Reynolds et al., 2001). Despite the huge
progress seen now in this new text, the previous
publication is still very relevant to wheat breeders and
should be kept on the shelf.

In my own book on this subject (Blum, 2011) | pointed
out that many breeders expressed serious loss at how
to integrate drought resistance breeding into their
program. Most were not certain about the desirable
ideotype for their target environment, the protocols
for drought phenotyping and the selection methods
to use. In short, many felt unqualified to deal with
breeding for drought resistance under water-limited
environments. It is also evident that despite the huge
advance in plant genomics and molecular marker
technology, most breeders still work with the whole
plant and mostly in the field. This book is therefore an
extremely valuable contribution towards contemporary
wheat breeding and very likely other cereals.
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At the same time this book is also valuable for
molecular biologists who sometimes stumble upon
incorrect methods of phenotyping stress resistance.
This text should clarify the correct approach to
testing modified genotypes through the pot and into
the field. This book is therefore a manual for all who
work towards crop improvement.

When physiological methods are adapted towards
plant breeding it is important to understand that
sometimes they can be regarded by physiologists
as imperfect. For example, use of the pressure
chamber to assess leaf water potential can be
biased by the rate of osmotic adjustment in the
specific leaf sample. Most users of the method

in the field do not regard this point. Canopy
temperature as an estimate of plant water status
can be biased by canopy architecture when
different genotypes are compared. We rarely take
this into account. However, the critical physiologist
should recognize that the outmost consideration
in selection work within a large plant population

is the ease and speed of the protocol —in addition
to accuracy. The breeder is mainly interested in
reducing their population towards the desirable
genotype at a reasonable probability and cost,
even if the method is viewed as imperfect by the
perfect physiologist. Thus, for example, while
genotypic variations in wheat canopy temperature
as measured by the infrared thermometer due

to canopy architecture might be around 1°C, the
variation due to drought stress at midday can reach
5°Cand up.

Finally, the importance of this publication is not
only in the detailed explanation of the essential
physiology and methodology towards wheat
breeding but in that it links the physiology to a
possible ideotype and then connects with the
methods required for its selection. This is at the
heart of the breeder’s dilemma in approaching plant
breeding for specific environments.

Abraham Blum
Plantstress.com

PO Box 16246, Tel Aviv, Israel
Email: ablum@plantstress.com
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Preface

This two-part manual on Physiological Breeding has been developed in response to demand
from colleagues worldwide in fields of crop research ranging from practical breeding to gene
discovery. The common thread is the need for reliable phenotyping methods, which can be
applied in the following areas:

e Characterizing potential parents to permit more strategic crossing.

e Screening early-generation progeny to enrich populations for desirable alleles.

e Exploring genetic resources for valuable physiological traits to expand the gene pools
commonly used in crop breeding.

¢ Designing and phenotyping large experimental populations to facilitate gene discovery.
¢ Implementing experimental control in mechanistic studies (e.g., for —omics platforms).
e Designing phenomics platforms.

These volumes —Physiological Breeding | and - have been compiled with such outputs in
mind and to provide practical information for breeders and other crop researchers seeking to
apply tried and tested phenotyping approaches in their own programs. The manuals set out
to describe criteria for choice of phenotyping methods in the context of the environmental
factors to which crops must adapt, and the most appropriate tools available. They build on
knowledge and methods presented in the earlier CIMMYT book, Application of Physiology in
Wheat Breeding.

Matthew P. Reynolds
Head of Wheat Physiology
CIMMYT
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Introduction
Matthew Reynolds

CIMMYT. Int. Apdo. Postal 6-641, 06600 Mexico, DF, Mexico.

Background to phenotyping
approaches

Plant improvement has relied heavily on modifying
the phenotype of crops and will continue to do

s0, at least until a much more comprehensive
understanding is achieved of the genetic basis of
adaptation among elite cultivars. A very successful
intervention has been to modify phenological
patterns of crops to avoid stress (Ludlow and
Muchow, 1990). Another is to minimize the
occurrence of stress through the development

of a good root system that permits water to be
accessed deeper in the soil when drought occurs
(e.g., Lopes and Reynolds, 2010) and allows
transpiration rates that better match evaporative
demand under high temperatures (Amani et al.,
1996). In environments where ‘extra’ water is

not available, stress-adaptive strategies include a
range of traits that reduce radiation load—wax,
pigment composition, leaf angle and rolling—while
increased transpiration efficiency permits available
water to be used more effectively (Richards, 2006).
Physiological breeding has been showing increasing
impact in Australia (Richards, 2006; Rebetzke et
al., 2009) as well as in CIMMYT’s maize and wheat
breeding programs. For example, selecting for
reduced anthesis-silking interval in tropical maize
has significantly boosted yields under drought
(Banziger, 2006). In wheat, a new generation of
drought adapted lines developed by combining
stress adaptive traits have been released as part
of CIMMYT’s 27t Semi-Arid Wheat Screening
Nursery in 2010. The use of efficient screens has
allowed elite genetic resources to be identified in
large collections of landraces, for use in strategic
crossing (Reynolds et al., 2009). Fine-tuning of
phenotyping approaches has also facilitated gene
discovery, firstly through developing experimental
populations in which phenology is controlled, as

2 | Physiological Breeding I: Interdisciplinary Approaches to Improve Crop Adaptation

well as through implementation of rapid screens (e.g.,
measuring canopy temperature) that permit precision
phenotyping of large numbers of genotypes within a
time frame that does not confound measurement with
environmental fluxes (Pinto et al., 2010).

Choice of phenotyping protocol

The choice of the phenotyping protocol employed
depends on three main interactive factors: target
environment (and hence specific adaptive traits), scale
of operation, and the degree of precision with which
traits need to be estimated (Figure 1). There will always
be trade-offs between these factors. For example,
target traits requiring a lot of resources to measure
cannot easily be applied on a large scale, whereas high-
throughput approaches may be less precise, either

in terms of accuracy or the fact that they result from
expression of multiple alleles.

Target traits

Phenotyping Method(s)

Scale Precision

Figure 1. Factors determining the choice of phenotyping
method: (1) the target environment and hence the
requisite adaptive traits; (2) the quantity of genotypes to
screen (may vary from dozens to tens of thousands); and
(3) the required degree of precision.



Physiological Breeding

This first book lays out the theoretical basis for
phenotyping as well as briefly addressing molecular
breeding and crop management —two supplementary
issues with implications for phenotyping applications
and expression and impact of physiological traits,
respectively—. Chapters are briefly outlined below
under their respective section subheadings:

Section 1: Improving yield and other
target traits

Improving the genetic potential of crops depends

on introducing the right adaptive traits into broadly-
adapted, high-yielding agronomic backgrounds.
Mega-environment breeding (Braun and Payne)
establishes the global context for such efforts. Both
national and international programs recognize that
breeding is more efficient if aimed at specific target
zones, typically defined by water availability, ambient
temperature, latitude, cropping system and biotic
stress factors.!

Application of crop physiology in breeding for

heat and drought stress (Reynolds et al.) addresses
selected generic target traits that help crops adapt
to heat and drought stress, the world’s two most
important abiotic stresses, and provides case studies
of successful applications of physiological approaches.
Breeding for Nitrogen and phosphorous use
efficiency (Ortiz Monasterio) is becoming ever more
important as the cost and availability of nutrients
limit productivity in developing countries, while their
inappropriate use in some cropping systems causes
environmental damage. Opportunities to improve
genetic wheat yield potential (Reynolds et al.) has
implications for both of the preceding topics, in that
genetic yield potential is associated with increased
nutrient use efficiency and adaptation to abiotic
stress. Improving yield potential is also important

in its own right, as 70% of wheat produced in the
developing world is cultivated in relatively favorable
environments (Reynolds et al., 2011). To achieve
continued genetic progress in any environment,
Searching genetic resources for useful variation in
physiological traits (Payne et al.) will be necessary
and the strategies available are described along with
examples of successful applications.

! Biotic stresses fall outside of the scope of this manual.

Section 2: Phenotyping

This section describes the theoretical basis for
applying diverse phenotyping tools. Canopy
temperature and water relations traits (Cossani et al.)
address some of the tools applied most successfully
in breeding wheat for stress adaptation in Australia
and by CIMMYT (Rebetzke et al., 2009; Reynolds

et al., 2009). When measured in the right context,
stomatal aperature-related traits (such as canopy
temperature, stomatal conductance, and carbon
isotope discrimination) can allow an efficient estimate
of carbon fixation rate, making them proxies for

the direct measurement of photosynthesis. So for
example, under water limited conditions these traits
provide estimates of rooting capacity or transpiration
efficiency, while under favorable environments they
are associated with limitations to yield potential such
as radiation use efficiency or sink strength. Spectral
radiometry (Mullan) is the emerging technology with
probably the greatest potential for high-throughput
application because it encompasses so many growth
related traits, including indices for estimating crop
yield, biomass, hydration status, N status, canopy
temperature, photosynthetic capacity, and a range of
pigments associated with photosynthesis (Babar et al.,
2006; Gutierrez-Rodriguez et al., 2010).

Gas exchange and chlorophyll fluorescence

(Lopes et al.) are direct approaches for measuring
photosynthesis; the latter has potential for high-
throughput application, while the former has

the benefit of precision. Both can be applied to
estimate photosynthetic rate of individual plants and
specific plant organs, permitting, for example, the
contribution of spikes to canopy photosynthesis to
be estimated. Strategies to identify genetic diversity
in root traits (Herrera et al.) considers the role that
roots may play in determining crop productivity, an
area that traditionally has not been well explored.
The focus is on genotypic variation in root traits for
increasing drought adaptation and nutrient uptake.
Both established and emerging methods of root
screening are considered and how they may be
applied in high-throughput approaches. The chapter
Wheat development: its role in phenotyping and
improving crop adaptation (Slafer) not only gives a
comprehensive account of how to distinguish the key
developmental stages of wheat—crucial for correct

Introduction



interpretation of the expression of most physiological
traits—but also explains the theoretical basis for
modifying wheat development to improve adaptation
and yield potential.

Phenotyping in controlled environments (Saint
Pierre) is often a controversial subject because of
doubts about the extent to which results can be
extrapolated to field conditions; this chapter attempts
to provide a guide to the “pros and cons” of working
in controlled versus field environments. Finally, Field
experimental designs in agricultural crops (Crossa)
offers guidelines on statistically-efficient designs that
increase the power of resolution between treatments.

Section 3: Molecular markers and
their application

Many physiological traits are extremely challenging or
resource-use intensive to phenotype, good examples
being root characteristics or spike photosynthesis.
Marker systems used in breeding (Dreisigacker) and
Marker assisted selection (Bonnett) explain options
for developing and applying molecular markers with
the long term view of complementing physiological
breeding with molecular tools.

Section 4: Providing a basis for

the development of sustainable

cropping systems

Costly investments in conventional, physiological,
or molecular breeding will produce the best results
in fields that are optimally managed, allowing the
full genetic potential of a genotype to be expressed.
The need for adequate water and nutrients and to
control biotic stresses is self evident. However, one
of the most reliable and input-use-efficient ways of
achieving that is through applying The principles
of conservation agriculture (Sayre and Govaerts),
outlined in the final chapter.
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Chapter 1: Mega-Environment breeding
Hans-Joachim Braun and Thomas Payne

CIMMVYT. Int. Apdo. Postal 6-641, 06600 Mexico, DF, Mexico.

Abstract

Plant breeding, using the combined potential of conventional, physiological, molecular and genetically modified
technologies will provide cultivars with greatly enhanced nutrient and water use efficiency, enhanced tolerance
to heat and drought, resistance to diseases and appropriate end-use and nutritional quality and possibly most
importantly, greater ability to cope with the increasing extremes in temperature and precipitation occurring at
one location over years. Modern crop cultivars developed by seed companies, international crop research centres,
and national breeding programs often exhibit very wide geographical adaptation, as well as broad adaptation to
the range of environmental and management conditions that occur within and between a target population of
environments, or mega-environments. To identify such cultivars, multi-location testing remains the most efficient
system. International evaluation networks based on exchange of and free access to germplasm and multi-location
testing are therefore a cornerstone in the strategies and efforts to develop wheat germplasm that is adapted to
the increasingly variable growing conditions encountered due to global climate change. Information from such
trials must be combined with information from managed-stress trials. Wide performance adaptation is essential
to respond to global climate change, to the vagaries of spatial heterogeneity within farmers’ fields and their

production input management efficacies, and from unpredictable temporal climatic seasonal variability.

Introduction

More than one billion people have insufficient food
to sustain life, and food supply will need to double
by 2050 to meet this demand. Agricultural genetics is
one of the components of the solution to meet this
challenge (Nature Genetics, 2009). The most serious
challenges that economies and societies will face
over the next decades include providing food and the
water needed for food production, to a world that
will see its population increase by a third in the face
of mounting environmental stresses, worsened by the
consequences of global climate change.

The challenge of increasing food production in the face
of climate change will be greatest for the production
of the staple grain crops that form the basis of diets
the world over. Wheat, maize and rice are the three
major staples, together covering 40% of the global crop
land of 1.4 billion ha (FAO-STAT, 2009). Together they
provide 37% of all protein, and 44% of all calories for
human consumption (Table 1.1). Each crop provides
more than 50% of the daily caloric uptake in regions
with high consumption, e.g., North Africa and Central
Asia for wheat, Sub-Saharan African countries and
Meso-American countries for maize, and southern and
eastern Asian countries for rice, and especially among
the poorest people in these regions. Wheat is, with
220 million ha, the most widely grown crop. Global
average vyield of wheat is 3 t ha™ and more than 100
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countries produce more than 10,000 t. Wheat shows the
widest geographical distribution and it is grown from
the equator to 67°N in Scandinavia to 45°S in Argentina,
Chile and New Zealand (Trethowan et al., 2005).

Plant breeding, using the combined potential of
conventional, molecular and genetically modified
technologies will provide cultivars with greatly
enhanced nutrient and water use efficiency, enhanced
tolerance to heat and drought, resistance to diseases
and appropriate end-use and nutritional quality and
possibly most importantly, increased ability to cope
with unpredictable extremes in temperature and

Table 1.1. Percentage of calories and protein in the human diet
obtained from wheat, maize and rice globally and in the developing
world. Source: FAO STAT, 2009.

Calories  Protein

Region (%) (%)
Wheat - World 19 20
Wheat - World Developing Countries 17 19
Maize - World 5 4
Maize - World Developing Countries 6 5
Rice - World 20 13
Rice - World Developing Countries 25 18
Total from wheat, rice and maize - World 37 44
Total from wheat, rice and maize - World

Developing Countries 48 42




precipitation across regions and over years. The wide
range of environments in which wheat is grown indicates
that the genetic variability exists to cope with the

large and rapid climate shifts we are facing, but more
integrated and collaborative approaches to crop variety
evaluation and the exchange of seed and information
will be required to avoid rapid declines in production in
severely-affected regions.

Multi-environment trials: tools for
assessing crop adaptation

Modern wheat cultivars often exhibit very wide
geographical adaptation, as well as broad adaptation to
a range of environmental and management conditions.
Mega-varieties have existed since wheat breeding
started. Kharkov and Kubanka occupied one third of the
USA wheat area after introduction in the early 1900s.
Cultivars that spearheaded the Green Revolution like
Siete Cerros (also named Mexipak and Kalyansona)
were grown on millions of hectares from North Africa to
South Asia. Selections from the International Maize and
Wheat Improvement Center (CIMMYT) cross Veery were
released in more than 40 countries (Skovmand et al.,
1997). The Russian winter wheat Bezostaya dominated
in Eastern Europe and West Asia. This breadth of
adaptation has been achieved in different ways by
different breeding programs, but the most important
tool has been the extensive field testing of experimental
breeding lines in many environments during the
selection process.

Compared to maize and rice, the wider natural
adaptation of wheat can be attributed to the
combination of multiple alleles of photoperiod and
chilling (or “vernalization”) sensitive genes that
determine the crop’s agro-ecological productivity

from high latitudes to equatorial highlands. Spring
wheats developed by CIMMYT, and its predecessor
organizations, that made impacts since the Green
Revolution, were photoperiod-insensitive, a pre-
requisite for geographic wide adaptation. The breeding
system used to develop such germplasm consisted of
shuttling alternating generations of wheat between two
contrasting north to south environments in Mexico — the
Yaqui Valley (Ciudad Obregon, Sonora, Mexico) where
days are short during the “winter cycle’” and where
photo-insensitivity is required for earlier flowering

to avoid terminal heat stresses, and Toluca (State of
Mexico, Mexico) where there are longer days and cooler
nights. This shuttle was the foundation of the success of
what we know today as the Green Revolution wheats,

whose main output was a completely new kind of wheat:
semidwarf, high yielding, insensitive to photoperiod, and
disease-resistant (Trethowan et al., 2007).

The second important component for success is the
multi-environment testing of lines selected under the
shuttle scheme. Every year, several hundred new wheat
lines are sent to around 200 co-operators in more than
50 countries, who evaluate the material and share the
results with the international wheat community. Without
this International Wheat Improvement Network (IWIN),
in which basically every major wheat program worldwide
participates, and which is based on germplasm and
information exchange between CIMMYT and co-operators
—the International Centre for Agriculture in Dry Areas
(ICARDA) uses a similar system — it is unlikely that wheat
developed in Mexico would have had a global impact on
wheat improvement. Extensive reviews of the impact
from CIMMYT wheat germplasm have been conducted

by Reynolds and Borlaug (2006), and by Lantican et al.
(2005). The information on the performance of the wheat
lines in International Nurseries obtained through IWIN is
paramount for the crossing plan at CIMMYT. Using parents
that performed well across a wide range of environments
allowed the frequency of desirable alleles in CIMMYT
germplasm to be increased and this is the basis for the
high and stable yields.

Wheat mega-environments and the
impact of global climate change

CIMMYT develops improved wheat germplasm for use in
developing and emerging countries, which grow wheat

on about 110 m ha (Lantican et al., 2005). To address the
needs of these diverse wheat growing areas, CIMMYT uses
the concept of mega-environments (MEs) (Rajaram et al.,
1994) to target germplasm development. A ME is defined
as a broad, not necessarily contiguous area, occurring in
more than one country and frequently transcontinental,
defined by similar biotic and abiotic stresses, cropping
system requirements, consumer preferences, and, for
convenience, by a volume of production. The MEs to
which wheat breeding stations participating in IWIN are
assigned to are shown in Figure 1.1 (Hodson and White,
2007a). Germplasm generated for a given ME is useful
throughout it, accommodating major stresses, although it
does not necessarily show good adaptation to all significant
secondary stresses. CIMMYT’s global wheat were originally
based primarily on moisture regime (irrigated versus
rainfed) and growth habit and related to this temperature
(spring versus facultative versus winter). The wheat area in
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developing countries was assigned to twelve MEs, of which
MEs 1-6 are classified as spring wheat environments,

MEs 7-9 as facultative and MEs 10-12 as winter wheat
environments. Since every ME corresponds to a unique
combination of these parameters, each one tends to be
associated with a characteristic set of abiotic and biotic
stresses (Braun et al., 1996).

Hodson and White (2007a) expanded the criteria to
classify wheat MEs by introducing additional geospatial
data and discussed the impacts of global climate

change on wheat (Hodson and White, 2007b). Table 1.2
summarizes the expected impact of climate change on the
various MEs. The greatest impact is expected in MEs 1-5,
which include subtropical to tropical spring wheat regions.
An estimated 9 m ha of wheat in these regions currently
experience yield losses due to heat stresses (Lillemo et al.,
2005). Typically heat-stressed environments are classified
as MES5, with subdivisions for predominantly humid or dry
conditions (MES5A and MES5B, respectively). Wheat regions
already at the limit for heat tolerance, for example in the
Eastern Gangetic Plains of Nepal, India and Bangladesh,
are most likely to suffer and may see substantial area
reductions. Similarly, under warming, large areas of ME1
will transition to MES. Positive impacts for ME1, however,
are anticipated from CO,-driven increases in productivity,
accompanied by increased water use efficiency.

High elevation, high rainfall environments (ME2A) will
experience reductions in area as the elevation band
providing suitable temperatures for wheat is displaced
upwards. An agroclimatic study on Ethiopia (White et
al., 2001) concluded that the current wheat area is
largely delimited by high temperature and that warming
would greatly reduce the area suitable for wheat. If heat
tolerance of currently grown cultivars could be enhanced
by 2°C, the wheat area in the periphery of the highlands
could be nearly doubled. For the acid soil area in Brazil
(ME3), raising temperature will further increase the
stress similar to MES5. The most severe negative impact
from global climate change is expected for ME4. Drought
and heat are often associated, and this combination of
warming and water deficits may result in low rainfall
ME4 areas becoming unsuitable for wheat production.
For temperature increases up to 2°C this trend may be
partially offset by CO,-driven increases in productivity
and water use efficiency.

Cool high-latitude spring wheat areas above 45°N in
ME6 of Kazakhstan, Siberia, China, USA and Canada
may benefit from the affects of global climate change.
Warmer temperatures should allow earlier sowing and
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reduce chances of late-season frost. Some areas may
convert to more productive winter wheats (MEs 10-12)
as risk of cold induced winter-kill declines. This is already
happening in Russia, where in traditional spring wheat
areas today, more winter than spring wheat is grown (A.l.
Morgounov, Turkey, 2009, personal communication). An
expansion into areas further north is also likely (Ortiz et
al., 2008). Due to the low temperature throughout MES,
beneficial effects of CO, on productivity and water use
efficiency are likely.

Regions where facultative wheat (MEs 7-9), which are
intermediate to spring and winter wheats, predominate
should become more suitable for fall- to winter-sown
spring wheats as risk of cold damage decreases. Some
ME7 areas will grow cultivars adapted to ME1. The

effect on yield potential in these environments is more
uncertain, but since the growing season will be shortened,
this may open new options for crop diversification.

Figure 1.1. CIMMYT defined wheat
production and breeding targeted mega-
environments (MEs).



A disadvantage of the static definition of ME is that

it does not take into account the fact that MEs tend

to shift from year to year and fluctuate in weather
patterns. In particular this is important for locations

in ME2 (high rainfall spring wheat) and ME4 (rainfed
spring wheat low rainfall) but also ME1 (irrigated)

and ME5 (irrigated high temperature). The frequency
with which ME2 or ME4 conditions are experienced
varies between locations. Climate change may bring an
increased intensity and frequency of storms, drought
and flooding, weather extremes, altered hydrological
cycles, and precipitation (Ortiz et al., 2008). Such
climate vulnerability will threaten the sustainability of
farming systems, particularly in the developing world.
Widely adapted, stress tolerant cultivars, coupled with
sustainable crop and natural resource management will
provide means for farmers to cope with climate change
and benefit consumers worldwide.

Widely adapted cultivars: more
important than ever to buffer
temporal climatic variability

The impact of CIMMYT’s wheat breeding on
international collaborative wheat improvement has
been discussed by Reynolds and Borlaug (2006).
CIMMYT’s wheat breeding philosophy and methodology
embraces three important principals: the development
of germplasm with high and stable yield across a wide
range of environments. The concept of wide adaptation
has been criticized, with local or specific adaptation
advocated. However, we believe that wide adaptation
to a broad range of environments becomes increasingly
important to develop cultivars that can cope with the
climate extremes that occur at one location over years,
or with variation within farmers’ fields. For example,
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Table 1.2. Classification of mega-environments (MEs) used by the CIMMYT Wheat Program using qualitaive (ME1-12) and geospatial criteria (ME1-6).

Change in ME due to
climate change and

consequences for

germplasm development
Wheat Major biotic N=negative; P=positive;
area Temperature Sowing  and abiotic Representative U=unknown adapted from

ME  Latitude (mha) Criteria regime time stresses locations/regions  Hodson and White, 2007b)

“Spring” Wheat

1 <40° 320  Low rainfall Temperate ~ Autumn  Resistance to Yaqui Valley, N-Rising temperatures result
irrigated, lodging, SR, Mexico; Indus in large areas evolving to MES5.
coolest quarter LR, YR, KB, Valley, Pakistan; N-Reduced precipitation
(3 consecutive Alternaria spp. Gangetic Valley, in subtropical regions restricts

months) mean India; Nile Valley, irrigation; supplementary

min temp. Egypt. irrigation results in temporary

>3°C <11°C. drought periods requiring
germplasm with high
yield and tolerance to drought
(adapted to ME1 and ME4).
P—Reduced irrigation due to
impact of elevated CO, on
water use efficiency.
N-Increased insect problems.

2A <40° 4.0 High rainfall in Temperate  Autumn  Asfor ME1 + Highlands East N-Rising temperatures result

summer; wettest resistance to Africa and in some areas evolving to MES5.

quarter mean min LR, YR, Mexico, Andes. N-Reduced precipitation results

temp >3°C <16°C, Septoria spp., in areas evolving to ME4.

wettest quarter PM, RDC, BYDV,

(3 consecutive sprouting.

wettest months)

precipitation

>250 mm;

elevation 1400 m.

2B <40° 3.0 High rainfall Temperate  Autumn  Asfor ME1 + Mediterranean U—Changes in precipitation
winter rain; resistance to LR,  Coast, patterns in areas will have
coolest YR, Septoria spp., Caspian Sea. variable effects.
quarter mean min PM, RDC, BYDV, N-Frequency of climate
temp. >3°C<16°C; sprouting. extremes over years increase
elevation 1400m requiring germplasm with high

yield potential, wide spectrum
of disease resistance and
tolerance to drought.

3 <40° 17 High rainfall Temperate  Autumn  Asfor ME2 + Passo Fundo, N-Rising temperatures result
acid soil; acid soil Brazil. in large areas evolving to MES5.
climate as in ME2 tolerance. U-Changes in precipitation
and pH <5.2. patterns in areas will have

variable effects.
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Table 1.2. Classification of mega-environments continued...

Change in ME due to
climate change and
consequences for
germplasm development

Wheat Major biotic N=negative; P=positive;
area Temperature Sowing and abiotic Representative U=unknown adapted from
ME  Llatitude (mha) Criteria regime stresses locations/regions Hodson and White, 2007b)
“Spring” Wheat
4A <40° 10.0 Low rainfall, Temperate Resistance to Settat, Morocco; N-Rising temperatures
winter rainfall drought, Aleppo, Syria; exacerbates water deficits,
dominant; coolest Septoria spp., Diyarbakir, Turkey either further reducing yields
quarter mean min YR, LR, SR, RDC, or making production
temp >3°C <11°C; Hessian fly, uneconomical.
wettest quarter Sawfly. P-Reduced water deficits
precipitation through impact of elevated CO,
>100 mm on water use efficiency.
<400 mm.
4B <40° 5.8 Low rainfall, Temperate Resistance to, Marcos Juarez, N-Changes in
summer rainfall drought Argentina. precipitation patterns
dominant; coolest Septoria spp., likely to increase
quarter mean LR, SR, drought risk.
min temp >3°C Fusarium spp.
<11°C; wettest
quarter precipitation
>200 mm <500 mm.
4C <40° 5.8 Mostly residual Hot Resistance to Indore, India. U—-Changes in precipitation
moisture; coolest drought, and patterns in areas will
quarter mean min heat in seedling have variable effects.
temp >3°C<16°C; stage, SR.
wettest quarter
precipitation
>100 mm <400 mm.
5A <40° 3.9 High rainfall/ Hot Tolerance to heat, Eastern Gangetic ~ N-Rising temperatures result
irrigated, humid; Helmintho-sporium  Plains in Nepal, in large areas becoming
coolest quarter spp., Fusarium spp., India, Bangladesh; unsuitable for wheat; cropping
mean min temp sprouting; in Brazil  Londrina, Brazil. systems and agronomy practices
>11°C<16°C. Bolivia and allowing early sowing of wheat
Paraguay wheat paramount.
blast. U-Elevated CO, may increase
water use efficiency, but the
same mechanism implies
increased canopy temperature,
which likely would exacerbate
heat stress.
5B <40° 3.2 Irrigated, Hot Resistance to Gezira, Sudan; N-Rising temperatures result
low humidity; heat and SR, LR. Kano, Nigeria. in large areas becoming
coolest quarter unsuitable for wheat.
mean min N-Increasing biotic stress.
temp >11°C <16°C. U-Elevated CO, may increase

water use efficiency, but the
same mechanism implies
increased canopy temperature,
which likely would exacerbate
heat stress.
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Table 1.2. Classification of mega-environments continued...

Wheat
area
(m ha)

Temperature Sowing

ME Latitude regime time
“Spring” Wheat

6 >40°

Criteria

11.0  Moderate rainfall/ Temperate
summer dominant;

high latitude

quarter 45°N;

coolest mean min

temp <-=13°C;

warmest quarter

mean min temp>

9°C.

Spring

Major biotic
and abiotic
stresses

Representative
locations/regions

Resistance to
drought, SR, LR,
Tan spot, Scab,
photoperiod
sensitivity.

Kazakhstan;
Siberia; Harbin,
China.

Change in ME due to
climate change and
consequences for
germplasm development
N=negative; P=positive;
U=unknown adapted from
Hodson and White, 2007b)

P-Rising temperatures allow
wheat production in higher
latitudes - wheat area
expansion likely.
P-Lengthen growing season
permits marginal areas to
become productive.
P-Reduced risk of winter-kill
allows conversion to more
productive winter wheat.

Facultative Wheat

7A <40° 6.0 Moderate Autumn

cold

Irrigated.

7B <40° 3.0 Moderate Autumn

cold

Irrigated,

often only
supplementary
irrigation.

Rapid grain fill,
resistance to cold,
YR, LR, PM, BYD,
Bunt, LS.

Henan, China.

YR, Bunt,
LR, SR, LS.

Turkey; Iran;
Central Asia;
Afghanistan.

U-Reduced cold stress
allows growing fall

sown spring wheat, possibly
reducing yield potential but
shortening growing
cropping systems.
P—Reduced irrigation due

to impact of elevated CO,
on water use efficiency.

U-Reduced cold stress

allows growing fall sown

spring wheat, possibly reducing
yield potential but shortening
growing season offering more
options for diversifying
cropping systems.

P—Reduced irrigation due to
impact of elevated CO, on water
use efficiency.
N-Supplementary irrigation
with temporary exposure to
drought requires germplasm
adapted to ME7 and ME9
adaptation to ME.

8A <40° 0.2 Moderate Autumn

cold

More than

600 mm rainfall,
medium cold,
photosensitive.
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YR, Septoria spp., Chillan, Chile
PM, Fusarium,
RDC.

U—-Reduced cold stress allows
growing spring wheat, possibly
reducing yield potential but
shortening growing season.
U-Increasing biotic stress.



Table 1.2. Classification of mega-environments continued...

Wheat
area

ME Latitude

8B <40° 0.5

(m ha) Criteria

More than
600 mm
rainfall.

Temperature Sowing

regime

Moderate
cold

time

Autumn

Major biotic
and abiotic
stresses

Representative
locations/regions

Transitional zones
and Trace, Turkey.

YR, Bunt,
LR, RDC, PM.

Change in ME due to
climate change and
consequences for
germplasm development
N=negative; P=positive;
U=unknown adapted from
Hodson and White, 2007b)

U-Changes in precipitation
patterns in areas will have
variable effects.

N-Frequency of climate extremes
over years increase requiring
germplasm with high yield
potential, wide spectrum of
disease resistance and tolerance
to drought.

9 <40° 6.8

Low rainfall
<400 mm,
winter/spring
rainfall
dominant.

Moderate
cold

Autumn

West and

Central Asia;
North Africa
(mainly non-dwarf
cultivars grown).

Resistance to
drought, cold,
heat at grain fill,
YR, Bunt, LR, SR.

U-Reduced cold stress allows
growing spring wheat, possibly
reducing yield potential but
shortening growing season.
U-Changes in precipitation
patterns in areas will have
variable effects.

P-Reduced water deficits through
impact of elevated CO, on water
use efficiency.

N-Rising temperatures
exacerbates water deficits, either
further reducing yields or

making production uneconomical.

“Winter” Wheat

10A  <40° 4.6

10B  <40° 1.6

Irrigated.

Often
supplementary
irrigation.

Severe cold

Severe cold

Autumn

Autumn

Resistance to
winter-kill, YR,
LR, PM, BYD.

Beijing, China.

Resistance to
winterkill, YR,
BYD, Bunt, Smut,
RDC, Nematodes.

Turkey; Iran;
Central Asia.

P—-Warmer winters reduce severity
of winter-kill, increasing yields.
N-Warmer spring and summer
hasten grain-filling.

P—Reduced irrigation due to
impact of elevated CO, on water
use efficiency.

P-Warmer winters reduce
severity of winter-kill,
increasing yields.

N-Warmer spring and summer
hasten grain-filling.

P-Reduced irrigation due

to impact of elevated CO,

on water use efficiency.
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Table 1.2. Classification of mega-environments continued...

Change in ME due to
climate change and
consequences for
germplasm development

Wheat Major biotic N=negative; P=positive;
area Temperature Sowing  and abiotic Representative U=unknown adapted from
ME  Llatitude (mha) Criteria regime time stresses locations/regions  Hodson and White, 2007b)
11A  >40° Areain  High rainfall/ Severe cold  Autumn  Resistance to Central and P-Warmer winters reduce
LDC irrigated, Septoria spp., Western Europe;  severity of winter-kill.
insignifi-  long season. Fusarium spp.,, ~ NW USA.
cant. YR, LR, PM,
RDC, BYD.
11B  <40° Areain  High rainfall/ Severe cold  Autumn  Resistance to SE Europe, P-Warmer winters
LDC irrigated, LR, SR, PM, North Korea, reduce severity
insignifi- ~ short season. Fusarium, China. of winter-kill.
cant. Septoria,
BYD, winter-kill,
sprouting.
12 <40° 7.9 Low rainfall Severe cold  Autumn Resistance to Ankara, Turkey; P—Warmer winters
between winter-kill, West and reduce severity of
300-450 mm. drought, Central Asia; China. winter-kill.
heat during P-Reduced water deficits
grain-fill, YR, through impact
bunts, Nematodes, of elevated CO, on water
RDC, Zinc use efficiency.
deficiency, N-Increased frequency of
in Turkey and years with severe drought.
I[ran mainly N-increased insect
non-dwarf problems.

varieties grown.

Moisture regime refers to rainfall just before and during the crop cycle. High = >500 mm; Low = <500 mm
Temperature regime: Hot = mean temperature of the coolest month >17.5°C; Cold = <5.0°C
Biotic stresses: LR=leaf rust, SR=stem rust, YR=yellow (stripe) rust, PM=powdery mildew, BYD=barley yellow dwarf, LS=Ustilago tritici, KB=Karnal
bunt, RDC=root disease complex. LDC=less developed countries.
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wheat production in North Africa often fluctuates year
to year between drought-prone drylands (ME4) and
higher rainfall (ME2) environmental seasons (D. Hodson,
Mexico, 2007, personal communication).

The international multi-environment nursery system

is the best mechanism to identify and release spatially
widely adapted wheat cultivars (Rajaram and Ceccarelli,
1998). CIMMYT’s wheat breeding program emphasizes
the development of wheat cultivars with stable yields
over a wide range of environments. Such cultivars,
identified through testing by national agricultural
research systems (NARS) partners in the IWIN, form the
genetic basis to further enhance tolerance to heat and
drought stress. The resolution of this spatial adaptation
can be expressed amongst geographically distinct
countries and continents to performance stability across
a region, or within a more local perspective within a
farmer’s heterogeneous field. In most cases, widely
adapted germplasm is not only input responsive, but
also input efficient (Braun et al., 1996; Manske et al.,
2000). Such performance stability can also be expressed
temporally, between years.

Climate change will cause major changes in soil microbial
systems and occurrence and distribution of weeds,
insects, and diseases (Easterling et al., 2007). Yield
losses from pest and diseases are an estimated 28% for
wheat, 31% for maize and 37% for rice and losses could
be as high as 50%, 67% and 77% respectively, without
effective plant protection (Oerke, 2006). It is likely that
more epidemics will occur in the future when diseases
and pests spread to areas where they were previously
not important. Testing elite lines in hot spots for a
given disease is an effective way to identify resistant
germplasm. This is exemplified by the approach used to
develop wheat lines resistant to wheat stem rust race
Ug99. Most wheat cultivars currently grown worldwide
are susceptible to this race. Countries where stem rust
is a potential threat for wheat production have sent
more than 40,000 accessions for evaluation in Kenya
and resistant accessions are now multiplied. Screening
at hot spots for specific diseases, such as North Africa
for leaf rust and Septoria tritici in durum, Ecuador

and West Asia for yellow rust, Southern Cone in Latin
America for a complex of diseases including Fusarium
head scab, leaf rust, and Septoria tritici mildew in bread
wheat, Fusarium head scab in China and Spot blotch in
the Eastern Gangetic Plains are paramount to develop
widely adapted germplasm buffered against the major
biotic stresses. Pre-emptive breeding, i.e., developing
wheat cultivars that are resistant to a disease that

currently is not present in a wheat growing zone but
could be introduced is an important strategy to assure
food security.

More than 80% of all fresh water is used for agriculture,
and about 90% of all irrigated wheat is grown in less
developed countries (Brown, 2004). The risk to wheat
being exposed to temporary or partial drought during
its growing cycle is consequently increasing. As the
frequency of extremes in precipitation will increase at
given locations, the wheat production environment of
these location will fluctuate between ME4 (dryland) and
ME?2 (high rainfall). Because the expected climate of a
location is unknown at the time of sowing, farmers need
cultivars that are input responsive and productive across
a range of production environments. Cultivars must be
developed that can exploit available moisture in wetter
years combined with drought tolerance for years which
lack optimum levels of precipitation.

CIMMYT develops wheat germplasm that combines
high yield potential under favourable conditions, with
tolerance to less favourable drought or water-limiting
environments. Many CIMMYT derived cultivars have
been released for irrigated, rainfed and drought-prone
environments including those based on Pavon 79, Seri
82 and Attila (Skovmand et al., 1997). Evidence for the
success was provided by Blum (2005), who, in his review
on breeding for drought tolerance concluded that it is
possible —within biological limits— to combine drought
resistance and yield potential if selection is designed to
recombine a high yield potential genotype with relevant
dehydration-avoidance factors that are not associated
with lower yield potential, e.g., osmotic adjustment.

The main elements of global climate change; increasing
temperature and CO, concentration, drought, and
changes in disease occurrence and soil-microbial will
affect wheat areas worldwide. The effect of global
climate change on wheat will vary by region. In general,
wheat production in high latitudes will initially benefit
from temperature increases, while in low latitudes
wheat yields will decrease with increasing temperature
(Table 1.3). The most severely affected areas will be the
low-land areas in Asia, with China, India, Bangladesh,
Nepal, Iran, Egypt, Sudan, Brazil and Paraguay. North
African countries will face yield reductions from
extended periods of drought. For less developed
countries, the main challenge for wheat breeders at this
stage is selecting genotypes able to tolerate heat stress
and water deficits.
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The future of crop MEs as a
breeding tool

A limitation of the ME concept is its stochastic nature,
whereas in reality a given location will vary temporally
from year to year, and spatially within farmers’ fields
and locally. The combination of water and temperature
defines the occurrence of biotic and abiotic stresses
and the ME concept was very useful in defining
germplasm that has a specific combination of traits
required within a given ME.

To better target germplasm development in the

future, the ME will need to be refined to address
different needs of the various production systems.

GIS and remote sensing are powerful tools to classify
environments with bio-physical parameters (Hodson
and White 2007a; Lobell and Ortiz-Monasterio, 2007)
and to estimate probability ranges for precipitation and
use soil parameters e.g., micro-nutrient deficiencies or
toxicities and pH to characterize environments.

Cooper and Fox (1996) suggested using probe
genotypes as an indirect approach to characterize
environments. Though a limitation of this approach is
the dependency on suitable contrasting genotypes and
that using contrasting genotypes for different traits
may lead to varying environmental characterization,
Mathews et al. (2004) used pairs of two contrasting

Table 1.3. Average sensitivity of wheat yield to temperature
increase. Sites were assigned as either low-latitude or mid- to
high-latitude and the experiments were classified as either

with (+) or without (-) adaptation measures to compensate for
temperature increases. Adaptation measures in these studies were
changes in sowing date, changes in cultivar, and shifts from rain-
fed to irrigated conditions. Studies span a range of precipitation
changes and CO, concentrations, and obviously vary in how they
represent future changes in climate variability (see Easterling et
al., 2007 for a complete list of references).

Mid- to Low
high-latitude sites latitude sites

Temperature increase (°C)

Adaptation

measures 1-2 2-3 3-5 1-2 2-3 3-5
+ 20 18 5 7 -14 -25
- 5 5 -18 -4 -16 -40
Difference 15 13 23 11 2 15
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genotypes, ideally iso-lines, for 14 adaptation-relevant
traits and identified environment specific factors that
contribute to environmental classification.

Combining remote sensing with modelling further
enhances the options to classify environments. Lobell and
Ortiz-Monasterio (2006a; 2006b; 2007) used modelling
and remote sensing to estimate grain yields and measure
the effect of night and day temperature on yield. Sutherst
et al. (2000) applied models to estimate the vulnerability
of a given environment for pests and diseases.

It has been suggested to classify environments based

on methods described in the previous paragraphs,
including major biotic and abiotic constraints, as well

as other traits important for adaptation and adoption

by farmers (W.H. Pfeiffer, Colombia, 2009, personal
communication). Considering available genetic variability
and heritability for each of these traits and availability of
markers, the probability and success rate to find solutions
through breeding interventions can be calculated. This
classification will also show in which environments
greatest progress to raise productivity will come from
agronomic or genotype by management interventions in
cases where there is no or insufficient genetic variability
for traits of interest. An index can be developed for
important production systems and considering these
factors, which eventually will allow setting priorities and
allocate resources based on where the likelihood for
successful intervention is highest.

The ME concept has been proven very successful in
characterizing major wheat growing areas and defining
germplasm pools that possess the combination of traits
related to general adaptation (phenology), tolerance or
resistance to the prevailing biotic and abiotic stresses and
end-use quality characteristics. Since year to year climatic
conditions are projected to become more variable due to
climate change (IPCC, 2007), widely adapted cultivars will
be crucial to buffer unpredictable climate stresses such
as drought, heat and cold, while being input responsive
in years with agro-ecological conditions favourable to
crop productivity. To identify such cultivars, multi-location
testing remains the most efficient system since it allows
substitution of temporal by spatial variation. MEs are
defined across continents (Figure 1.1), and therefore
regional and annual fluctuations in occurrence of abiotic
and biotic stresses cancel each other out. In one year
elite lines can be evaluated in a multitude of different
environments and those best buffered against the highly
variable stresses will be selected for parents in crossing
programs and as potential cultivars for further testing.



International evaluation networks based on exchange of
and free access to germplasm and multi-location testing
are therefore a cornerstone in the strategies and efforts
to develop wheat, rice and maize germplasm that is
adapted to the increasingly variable growing conditions
encountered due to global climate change.
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for heat and drought stress
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Abstract

Conceptual models of desirable trait profiles are used in wheat breeding to accumulate complementary physiological
traits (PTs). The principal steps in PT breeding include characterization of potential parents for adaptive mechanisms,
strategic crossing among parents that encompass as many target traits as possible, and early generation selection
(EGS) of bulks for canopy temperature (CT). Other EGS techniques that are amenable to high-throughput include
measurement of spectral reflectance indices and stomatal aperture-related traits. Exotic parents can be used to
introduce new allelic diversity —including landraces and products of inter-specific hybridization—and both approaches
have been employed to introduce stress-adaptive traits into CIMMYT germplasm. PT expression, even of un-adapted
and exotic germplasm, can be used as a basis for selecting promising genotypes for use in germplasm development.
Discovering the genetic basis of PTs is highly complex because putative quantitative trait loci (QTLs) may interact with
environment and genetic background, including genes of major effect. Detection of QTLs is improved in mapping
populations where flowering time is controlled, and new mapping populations can be designed by screening potential
parents that do not contrast in Rht, Ppd or Vrn alleles. Association mapping can be employed for gene discovery using

exclusively agronomically improved material.

Introduction

Although research in plant physiology encompasses

all growth phenomena of healthy plants, only traits
that have a likely economic impact and which show
significant genetic variation can be considered for
improvement in the context of plant breeding. Many
such traits are expressed at the whole plant or organ
level (Araus et al., 2002; Slafer et al., 2005; Richards,
2006), while advances in biotechnology have facilitated
the identification of promising traits at the cellular and
metabolic levels (Chaves et al., 2003; Umezawa et al.,
2006; Barnabus et al., 2008).

Although breeding for high and stable yield potential
achieves significant impacts in most spring wheat
environments, including marginal situations (Lantican

et al., 2003), CIMMYT targets germplasm development
towards a number of discrete mega-environments that
include heat and drought stress (Braun et al., 2010).
These abiotic stress factors represent two of the greatest
challenges for adapting crops to future climate scenarios
and for which physiological approaches are expected

to complement conventional breeding approaches
(Reynolds et al., 2010).

Research in plant physiology can be focused to achieve
short and long term impacts in crop improvement.
Direct, shorter-term interventions in breeding include:
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(i) characterization of parental material for use in
strategic trait-based crossing; (ii) early generation
selection using high-throughput screening techniques
that shift gene frequencies in subsequent generations

in favor of adaptive traits before yield testing is
economically feasible; and (iii) identification of useful
physiological traits among genetic resources (which

may show poor overall agronomic performance). In

the longer term, physiological research can be focused
to improve understanding of the physiological and
genetic basis of adaptation to environment, including: (i)
development of models of physiological trait expression;
(ii) dissection of genotype x environment interaction of
trait expression; and (iii) genetic studies that, through
adequate experimental control, permit molecular
markers to be identified with precision, facilitating their
implementation in molecular breeding.

Trait-based crossing

The objective of trait-based crossing is to accumulate
traits that will be complementary for a given target
environment. To ensure a practical outcome of this
approach, traits should be well defined in terms of:

(i) the stage of crop development at which they are
pertinent; (ii) the specific attributes of the target
environment for which they are adaptive; and (iii) their
potential contribution to yield over a range of crop



cycles. Conceptual models are developed using these ® Selection in F, considers simply inherited traits such
criteria. For example, under water-limited situat‘ions, as disease resistancel p|ant he|ght and pheno|ogy,
traits that improve water uptake, water use efficiency expressed in well-watered conditions.

and partitioning to yield are likely to work synergistically
to maximize productivity in the target environment
(Figure 2.1). Trait accumulation in a practical breeding
context involves the following main interventions:

Early generation bulks are screened for canopy
temperature (CT); families with warm canopies
—compared to checks—are mainly discarded.

The result of investment in physiological trait (PT) based
crossing has generated advanced lines distributed by

; - o the International Maize and Wheat Improvement Center
environments. Tr.alts likely to shqw S|gn|fj|cant. ] (CIMMYT) as part of the 27" Semi Arid Wheat Screening
genotype by environment (GxE) interaction within Nursery —SAWSN- based on their consistently superior
the target region are characterized in an appropriate performance in breeder drought trials (Reynolds et al.,
range of selection environments to establish robust 2009). The underlying assumption for the PT strategy

® Potential parental lines are characterized for all
traits that may contribute to genetic gains in target

expression. is that crosses between parents with different but

® (Crosses are designed such that traits expressed potentially complementary PT expression will realize
by respective parents encompass as many of the cumulative gene action in selected progeny —with the
target-traits as possible. In addition to adapting important caveat that a trait may show interaction with
to abiotic factors, strategic crossing must take genetic background and environment (Reynolds and
into account the need for genetic resistance to a Tuberosa, 2008).

range of biotic stresses, quality parameters and

phenology. Top crosses may be used to facilitate the ~ Case study 1:
accumulation of traits. Having developed PT advanced lines, it was possible to

test this hypothesis in a controlled experiment by growing
a group of PT lines and evaluating their trait expression
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Leaf morphology WUE of leaf photosynthesis
¢ wax/pubescence l o low 12/13C discrimination
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Figure 2.1. General conceptual model of physiological characteristics used in strategic crossing by CIMMYT to
combine complementary drought-adaptive traits in wheat breeding. Where: HI = harvest index; WU = water
uptake; and, WUE = water use efficiency. Adapted from Reynolds et al. (2009).
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side by side with their parents from: (i) a three way cross
including a drought adapted Mexican landrace, and (ii)

an elite by elite cross. The selected progeny from the
three way cross (WBLL4/OAX93.24.35/WBLL1) showed
5.6% better yield under drought and 5.5% better biomass
than the best parent. The first parent, WBLL4, brought
high biomass, transpiration efficiency —as indicated by
the relatively low value of carbon isotope discrimination
(CID; Condon et al., 2004)—- and high leaf chlorophyll
concentration, a trait associated with delayed senescence
or stay-green in sorghum (Borrell et al., 2000). The

second parent, the landrace OAX93.24.35, brought low
CT associated with ability to extract water from deeper in
the soil profile and high stem carbohydrates at anthesis
—available for remobilization to kernels during grain-filling
(Rebetzke et al., 2008a). The third parent, WEEBILL1,
brought high early vigor, associated with reduced water
losses from the soil (Richards, 2006), low CT, associated
with deep water extraction, and high leaf wax, associated
with photo-protection. The data showed that the progeny
from the three way cross between these lines has inherited
all these characteristics, except high chlorophyll. This line
also showed good yield in drought trials in north-west
Mexico during three consecutive years, reasonable yield
potential, and has been selected to enter the 17t Semi
Arid Wheat Yield Trial (SAWYT). In the case of the elite

by elite cross, Weebill was also used as a parent and,
therefore, contributed the same traits already described,
while Sokoll contributed to high biomass, low CID, and high
chlorophyll. The three resulting selected progeny expressed
all traits well (except high chlorophyll) and sometimes
better than the best parent (i.e., water extraction and
stem carbohydrates); they also showed similar yield and
higher biomass than the best parent (+13%). All three
sister lines were selected to enter the 27" SAWSN. Both
results confirm the hypothesis that PT crossing can result
in cumulative gene action in selected progeny resulting

in increased yield under drought (Reynolds et al., 2005,
2007a; Reynolds and Tuberosa, 2008).

Characterization of candidate parents with the view to
better targeted crossing should have the highest priority
in terms of physiological interventions in breeding for a
number of reasons. Firstly, while a significant investment
in trait measurement is needed, the information can

be used for many cycles of crossing after the initial
characterization has been made. Furthermore, because
the number of lines in a crossing block are relatively
small (typically a hundred or so per target environment)
detailed characterization is possible even for relatively
time-consuming traits such as soil moisture depletion
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or stem carbohydrates. However, physiological
characterization among early generation progeny, which
may number in the hundreds or even thousands for every
cross, is a task requiring high-throughput screens that
permit selection to be made on a similar time-frame as
visual selection.

Early generation selection

Maintaining large populations of segregating lines in
early generations is one of the most resource intensive
aspects of plant breeding. Techniques that discriminate
among lines for PTs can increase efficiency at this stage
either by permitting inferior materials to be discarded
and/or increasing the frequency of genes associated
with superior expression of useful traits. It is hard to
beat the efficiency of a well-trained human eye in
terms of its ability to integrate the many morphological
traits that characterize an agronomically useful plant.
Nonetheless, certain physiological approaches can extend
that range, for example into the infrared in the case of
CT, or by increasing its resolution in the case of spectral
reflectance, and can be adapted to high throughput
screening platforms with similar efficiency as visual
selection (Figure 2.2).

Canopy temperature

Use of infrared imaging to quantify differences in the CT
of wheat genotypes under drought was first reported by
Blum and co-workers in 1982 and has also been shown

to be an excellent predictor of yield in hot, irrigated
environments (Reynolds et al., 1994). The trait was shown
to explain approximately 60% of yield variation in random
inbred lines (RILs) under drought stress and is applied as
a selection tool by breeders working in heat and drought-
stressed environments (Trethowan and Reynolds, 2007).
Canopy temperature is the ideal physiological selection
trait in many ways since measurement is quick, simple
and inexpensive (See Cossani et al., this Volume). It is also
integrative, scoring many leaves at once, thus reducing
error associated with leaf-to-leaf variation. The main
downside is that the measurement is quite sensitive to
the environment, requiring relatively cloud-free, windless
days to obtain reliable data.

Case study 2:

At CIMMYT, CT is evaluated in breeders’ F4 populations
under drought during the late vegetative stage and
again during grain-filling; bulks which are consistently
cooler are selected assuming they meet visual selection
criteria. Since CT has been shown to be well associated



with ability to extract water under drought (Lopes

and Reynolds, 2010), selection for CT is most probably
increasing gene frequencies for root-related traits in
environments where water is available at depth. In

hot environments cooler canopies were associated

with yield among random lines (Figure 2.3) as well as
providing a powerful tool for selecting advanced lines
for performance at a number of heat-stressed target
environments. For example, when comparing the
association of yield in target environments (in Sudan,
India and Bangladesh) with yield and CT measured in the
selection environment (NW Mexico), it was found that
both traits explained approximately equal amounts of
variation in the yield of 60 advanced lines, about 40%
(Reynolds et al., 2001). However, CT was measured on
plots of 2 m? instead of yield plots of 8 m?, in about 10
seconds compared with about a minute to harvest and
weigh a yield plot, and with an instrument that costs
less than US$200 compared with the expense of a small
plot harvester. Although it is not being suggested that
CT should replace yield estimates in a breeding program,
it illustrates the point that indirect selection criteria,
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Figure 2.3. Association between yield and canopy temperature for
Seri/Babax sister lines in a hot, irrigated environment, NW Mexico.

CT-boot refers to canopy temperture taken during booting.
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Figure 2.2. Early generation screening approaches: (A) visual selection, (B) leaf porometry, (C) canopy temperature,

and (D) spectral reflectance.
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like CT, have a role to play in improving the efficiency
of selection. Furthermore, when comparing the merits
of selecting for yield using either visual criteria or CT

combined with visual criteria, it was found that the latter
identified the very highest yielding genotypes (Figure 2.4)

demonstrating the synergy of a combined approach.

Canopy temperature is essentially a diagnostic trait,
being associated with yield in a range of conditions

it is indicative of the relative fitness of a genotype

to the environment. Integrative traits like CT may
combine several important physiological and possibly
disease reaction mechanisms (Araus et al., 2002).
When CT is measured on genetically diverse material
in early generations, for example, under hot irrigated

conditions, cooler canopies would be found in lines which

combine a number of the traits considered important.
These might include: (i) a root system that can match
evaporative demand at high vapor pressure deficit, (ii)
high intrinsic radiation-use efficiency (RUE), and (iii)
photo-protective mechanisms that maintain RUE and
green area throughout the growth cycle. By measuring
CT strategically, for example, at different phenological

stages and times of the day, genotypes that are deficient

in any of those three areas could be detected and
eliminated while genotypes showing consistently cool
canopies would be advanced to the next generation,
assuming they are otherwise agronomically acceptable.

14
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Figure 2.4. Yield of breeding lines selected either visually or

through a combination of visual (‘Breeder’) and physiological

(canopy temperature; CT) criteria, NW Mexico (van Ginkel
et al., 2008).
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Similarly, under drought, while a cool CT may be related
directly to genetic potential for the capacity of roots to
explore soil moisture in one environment, in another
situation where, for example, micro-element deficiency
or soil-borne disease are affecting root growth, cooler
genotypes would be found only for those lines that
contain the relevant genes.

Spectral reflectance

While measurement of CT effectively extends the

range of breeders’ ‘vision’ into the infrared, spectral
radiometry can detect with high resolution an even
greater range of light reflected from the canopy (in

the range of 400-1100 nm for the basic radiometer).
Dozens of indices have been calculated using different
wavelengths that relate to a range of traits (see Araus
et al.,, 2001) including green area index (Tucker and
Sellers, 1986), pigment composition of leaves (Chappelle
et al., 1992) and the water index that corresponds to a
wavelength around 950 nm strongly absorbed by water
(Pefiuelas et al., 1993). While some indices are sensitive
to traits like ground cover that can also be estimated
visually, radiometry provides a convenient way of
standardizing these estimates. Other indices such as
those related to pigment composition are too specific
to be estimated visually given the limited resolution

of the human eye to wavelength, while still others are
outside the visible range. Several workers have found
associations between spectral indices and yield of
genotypes in a range of moisture-stressed (Aparicio et
al., 2000; Royo et al., 2003; Guttierez-Rodriguez et al.,
2004; Babar et al., 2006a) and irrigated environments
(Babar et al., 2006b). See also Mullan (this Volume).

Case study 3:

A derivative of the water index was recently shown

to be a good predictor of relative in-season biomass
when comparing genotypes under high yield
conditions (Babar et al., 2006c). This opens up the
opportunity for breeders to readily select among
breeding materials for lines with relatively high
biomass at key growth stages; a trait which formerly
would have been too resource intensive even to
consider. The water index, NWI-3, has been shown to
be well associated not only with performance under
drought but also genotypic differences of a number of
water relations related parameters including leaf water
potential ({,..) and CT, soil moisture extraction and
even root depth (Gutierrez et al., 2010).



Identification of new genetic
resources

Genetic improvement in complex traits has been
achieved mainly by making crosses among improved
lines and selecting for progeny that express higher

trait value as a result of accumulation of favorable
alleles, i.e., transgressive segregation. However, the
more closely-related parental lines become, the less
opportunity exists for combining of new alleles. The use
of exotic parents facilitates greater allelic diversity from
which new, favorable alleles and allelic combinations
may be identified and selected. Different gene pools
have been defined depending on the difficulty of
employing them in breeding (Skovmand et al., 2001;
Trethowan and Mujeeb-Kazi, 2008). The easiest to use
are those from the primary gene pool represented by
germplasm that share a common genome but which
have become isolated from mainstream gene pools such
as landraces.

Primary gene pool

While sources of pest and disease resistance from
landraces have been used quite extensively in breeding
(Cox, 1991), until quite recently such material has

not been systematically explored for its potential
contribution to abiotic stress adaptation in wheat. A
good example comes from Mexico where landraces
were introduced by Spanish settlers, grown over

a range of rain-fed environments throughout the
country, and eventually collected as a genetic resource.
Effectively, the populations were subjected to 500
generations of natural and human selection and the
surviving genotypes were recently screened for their
adaptation to abiotic stress adaptation in controlled
field conditions.

Case study 4:

The screening of over 3,000 Mexican landraces for yield
under drought suggested considerable phenotypic
diversity, and DNA fingerprinting confirmed significant
variation between landraces and checks as well as
among landraces themselves (Reynolds et al., 2007b).
Specific drought adaptive characteristics of the selected
landraces were determined and included ability to
extract water from the deeper parts of the soil profile.
As mentioned above, selected landraces have already
been employed in CIMMYT’s drought crossing program
using biparental and single backcross approaches and
have resulted in advanced lines with superior drought
adaptation. This example illustrates how physiological

interventions can be used with success to pinpoint
individual genotypes that show favorable expression
of specific PTs to augment the genetic base for stress
adaptive characteristics in conventional gene pools.

Secondary gene pool

Inter-specific hybridization with closely-related
genomes is a more challenging approach for
introducing new allelic variation for stress-adaptive
traits. Tetraploid durum wheat has been hybridized
with Aegilops tauschii, the ancestral donor of the
D-genome, to recreate hexaploid bread wheat
(Trethowan and Mujeeb-Kazi, 2008). Although the so-
called “synthetic” or “re-synthesized” wheat possess
significant new variation for adaptation to moisture
limited environments, the primary synthetics do

not necessarily express better yield under drought
compared with modern cultivars; however, they
hybridize freely with conventional cultivars and the
progeny show a high frequency of drought adaptation.

Case study 5:

Recent physiological studies compared synthetic
derivative lines with their recurrent parents under
moisture-stressed and irrigated conditions; larger
yield and biomass were associated with an increased
uptake of soil moisture at all depth profiles down to
1.2 m, resulting in an average 11% increase in water
use (Reynolds et al., 2007b).

Such results can be applied to screen primary
synthetics for the same characteristic in spite of the
fact that they may show no yield advantage in un-
adapted backgrounds.

Tertiary gene pool

The tertiary gene pool is composed of related genera
of annual and perennial grasses from which transfer
of genes requires special techniques. Technical
difficulties aside, the main problem with exploiting
these materials is the uncertainty with which
phenotypic expression can be extrapolated from
one genome to another. However, genetically more
simple PTs (e.g., osmotic adjustment, transpiration
efficiency and heat tolerant metabolism) and
perhaps characteristics such as root depth are less
likely to show genome interaction than complex
agronomic traits, so tertiary gene pool species can
potentially be screened for some traits relating to
abiotic stress adaptation.

Improving yield and other target traits
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Quantifying the potential of
genetic resources
When considering a broad range of genetic backgrounds,

many stress-adaptive traits, for example transpiration
efficiency, soluble stem carbohydrates concentration and

access to water deep in the soil, frequently show superior

expression in respective genetic resources compared to
checks (Reynolds et al., 2007a).

Case study 6:

An attempt to quantify the theoretical value of these
traits, were they to be expressed in check backgrounds,
suggested modest yield improvements for traits
individually (Figure 2.5) as well as the potential for
synergy when combined. The full results of this
experiment are reported in Reynolds et al. (2007a).
However, in summary, traits associated with harvest
index (including harvest index itself and potential for
remobilization of stem carbohydrates during grain-filling)
were those showing the most favorable expression

in genetic resources compared with checks. Cooler
canopies compared with check lines were also expressed
in certain genetic resources under drought and heat
stress and suggested potential for increasing water use
under drought, and improving radiation use efficiency
(via increasing stomatal conductance) under heat

stress. In addition, the traits transpiration efficiency and
the spectral index RARSc (Ratio Analysis for Reflected
Spectra associated with photo-protective carotenoid
pigments) were favorably expressed in certain genetic
resources under drought and heat stress, respectively.
Furthermore, principal component and multiple
regression analyses confirmed the idea that traits in
different groups show independent expression and could
therefore be expected to combine favorably if combined
in a single background. Although it cannot be predicted

with any degree of certainty that specific combinations of
traits will be cumulative or synergistic due to the complex

nature of gene action, these data nonetheless show that
a relatively large proportion of the phenotypic variation

in performance under drought and heat can be explained

by a small number of traits. Estimates of broad-sense
heritability (e.g., 0.82 for vegetative CT under drought)
for these traits and their genetic correlation (e.g., —0.90
for vegetative CT under drought with yield) indicated
that in many cases they would be amenable to reliable
quantification in parents and verification of expression in
segregating progeny and, therefore, result in genetic gain
in yield (Reynolds et al., 2007a).
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This kind of information has been used for several years
in physiological breeding at CIMMYT to strategically
design crosses (Reynolds et al., 2009) and represents a
rapid means of evaluating genetic resources including
material that has become isolated from mainstream
genepools.

Strategic physiological research

Disciplinary research in physiology can be used
strategically in a number of ways, including: (i)
developing conceptual models of stress-adaptive
response; (ii) dissection of GxE interaction of trait
expression to further refine understanding; and (iii)
underpinning genetic studies aimed at developing
molecular markers and revealing the genetic basis of
PTs, through precision phenotyping.

Developing conceptual genotype models

The word ‘model’ is defined as: “A schematic
description of a system that accounts for its known
or inferred properties and may be used for further
study of its characteristics. A preliminary work or
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Figure 2.5. Estimated potential contribution to yield when the
best trait expression among 25 genetic resources is extrapo-
lated to check (Weebil 1): CTV/CTG = canopy temperature
during vegetative/grain-filling stages; GC = ground cover at
crop establishment; ANT = days to anthesis, CAR = carotenoid
concentration of leaves estimated with spectral reflectance;
TE = transpiration efficiency estimated with carbon isotope
discrimination; WSC = water soluble carbohydrate concentra-
tion in stems shortly after anthesis; HI = harvest index (using
data presented in Reynolds et al., 2007a).



construction that serves as a plan from which a final
product is to be made” (dictionary.com).

When developing conceptual models for crop genotypes
there are several possible approaches that will determine
which traits are included, depending upon how the
model is to be used, which is itself often a function

of how much information is available about the crop
environment. Examples include the following:

® General model; encompasses a comprehensive set
of traits whose value will depend largely on the
environment in which they are deployed
(Figure 2.1).

® Generic model; includes a core set of traits that are
theoretically useful across a range of environments —
for example over a range of heat or drought-stressed
environments or combined stresses for which
common physiological/genetic strategies may be
useful (Figure 2.6).

® Environment-specific model; includes all traits that
are adaptive in a specific target environment (this
should factor in crop responses to climate, soil, biotic
and agronomic factors).

® Simulation models; in theory these can be applied to
any of the above types of models with the following
objectives:

o To interpolate value of traits across a range
of environments/years.

o To hypothetically extrapolate the value of
extreme trait expression.

o To put a theoretical value on new trait
combinations.

General model for drought adaptive traits

A general model for drought adaptation was developed
at CIMMYT encompassing most of the traits for which
evidence has been presented of a potential role in dry
environments.

Case study 7:

Traits are grouped according to the main drivers of yield
(Figure 2.1) and are, therefore, expected to be relatively
discrete genetically. While based on an incomplete
knowledge of drought adaptation and its genetic

basis, the model helps to establish a broad conceptual
framework. The following traits are included related to:
(a) water uptake: access to water as a result of root depth
or intensity that would be indicated by a relatively cool

canopy (Reynolds et al., 2007b) and rapid ground cover to
shade the soil from evaporation (Richards et al., 2002); (b)
water use efficiency: constitutive transpiration efficiency
(TE = biomass per mm water transpired) estimated by CID
of well watered leaves (Condon et al., 2002), and photo-
protective anatomical traits such as leaf wax (Richards et
al., 2002); (c) harvest index: avoidance of reproductive
failure that otherwise results in inability to partition
assimilates to yield (Turner, 2004), accumulation of soluble
carbohydrates in the stem from jointing onwards and their
remobilization for grain-filling (Blum, 1998), and alternate
Rht alleles (Ellis et al., 2005; Rebetzke et al., 1999).

In addition to its value in making crossing decisions,

the conceptual platform can also be used as a decision
support tool for activities such as: (i) defining suitably
contrasting parents for the development of molecular
mapping populations; (ii) quantifying the potential
benefits of enhanced trait expression, thus indicating
targets for exploration of genetic resources; and (iii)
identifying common physiological bases between drought
and other abiotic stresses (Figure 2.6).

Generic model for stress-adaptive traits

Figure 2.6 presents a generic conceptual model of a core-
set of traits for adaptation to dry as well as hot irrigated
environments in wheat. It is clear when considering

the groups of traits that a number of physiological
mechanisms are likely to be of benefit in more than one
situation. For example, rapid ground cover is a useful trait
for avoiding the wasteful evaporation of soil water under
pre-anthesis drought stress (Loss and Siddique, 1994),
while under hot, irrigated conditions rapid early growth
increases light interception thereby avoiding losses in
crop assimilation associated with reduced-tillering at high
temperatures (Rawson, 1986). Accumulation of stem
carbohydrates and their subsequent remobilization in the
post-anthesis period provide an extra source of assimilates
for grain growth when either heat or drought stresses are
experienced during grain-filling (Blum, 1998). Similarly,
root growth that permits better access to soil water has
obvious benefit under drought, while enabling heat-
stressed canopies to match the high evaporative demand
associated with hot, low relative humidity environments,
resulting in higher leaf gas exchange rates and heat escape
through cooler canopies (Reynolds et al., 2001).

Case study 8:

Using this approach, CIMMYT in collaboration with CSIRO
Plant Industry, have designed experiments using the
Seri/Babax mapping population (Olivares-Villegas et al.,
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YIELD = WU x WUE x HI (drought stress)
YIELD = LI x RUE x HI (heat stress)

Photo-Protection (WUE/RUE)
o Leaf morphology

¢ wax/pubescence

o posture/rolling
* Pigments

e chla:b

e carotenoids

Early growth (pre-grainfill)
 Rapid ground cover
o protects soil moisture (WU)
¢ intercepts more radiation (LI)
o High stem carbohydrates (HI)
o Avoid floret sterility (HI)

Water or radiation use efficiency
o Transpiration efficiency (WUE)
o Heat tolerant metabolism (WUE/RUE)

-

Access to water by roots

¢ Under drought to increase total water
availability to the crop (WUE).

e Under hot, irrigated conditions to permit
transpiration rates that match a high

evaporative demand (RUE).

Figure 2.6. Conceptual model for generic traits associated with adaptation to moisture-stressed and/or hot-irrigated
environments. Where: HI = harvest index; LI = light interception; RUE = radiation use efficiency; WU = water uptake;
and, WUE = water use efficiency. Adapted from Reynolds et al., 2007a.

2007) where QTLs for CT have been evaluated under
both hot irrigated and drought environments; QTLs

on chromosomes 1B, 3B, and 4A indicate a common
genetic basis for cooler canopies in both environments
(Pinto et al., 2010).

Understanding GxE interaction

Climate change accompanied by even greater variations
in temperature and rainfall are making it more
imperative to understand GxE interaction, even when
developing cultivars targeted for a single locality, as
year-to-year variability increases. With this objective,
research is aimed at dissecting GxE interaction of yield
into its most sensitive components i.e., a particular trait
(T) expressed in response to a specific environmental

(E) factor at a given phenological (P) stage — abbreviated
here as TEP. With reliable phenotypic and environmental
data, statistical techniques permit variance associated
with GxE to be partitioned to discrete TEPs (Vargas et al.,
1998; Brancourt-Hulmel et al., 2003; Crossa et al., 2004;
Reynolds et al., 2004; Lillemo et al., 2005). Identification
of TEPs paves the way for more detailed dissection of
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the cellular and molecular mechanisms and genetic
basis of yield variation. Such research could potentially
lead to breakthroughs in genetic improvement in

yield stability, or at least improve predictions of how
genotypes may respond to a defined and varied range
of environments.

Designing experiments to
understand the genetic basis of
abiotic stress-adaptive traits

The identification of consistent QTL in wheat mapping
studies has been limited by two main factors. The

first is the fact that studies involving genetically
random populations encompass, by definition, many
genotypes with substandard agronomic adaptation;
therefore, complex stress-adaptive effects are likely

to be masked by unfavorable alleles that would be
routinely discarded in early generation plant selection.
This first factor can be overcome by employing either
the association genetics approach where populations
are carefully selected to avoid confounding traits or by



designing crosses more carefully using elite parents that
contrast in physiological strategies but not in alleles for
height for example.

The second confounding factor is genetic variation in
flowering date. This is not generally considered to be
problematic if the population’s overall maturity class fits
the target environment, however, this is often a false
assumption and the most likely reason why QTL studies
frequently identify Ppd and Eps loci as those most
strongly associated with adaptation to drought. While
early flowering is a well-established drought avoidance
strategy, many other physiological mechanisms have
been documented in crops. In order to determine the
genetic basis of these mechanisms, which are likely

to be complex, the confounding effect of phenology
must be controlled experimentally. It is well established
in wheat that key developmental processes such as
kernel set are determined within relatively narrow
developmental windows and can be especially sensitive
to environmental conditions including moisture stress
(Fischer, 1980; Fischer, 1985; Abbate et al., 1997).
Therefore, genotypes growing side-by-side but which
pass through key developmental stages on different
dates are likely to trigger different signal transduction
pathways and different stress-adaptive responses at the
whole plant level due to variation in simple weather
parameters. Therefore, the only way to eliminate

this confounding factor is to minimize differences

in flowering time in the experimental population
(Reynolds et al., 2009). This is relatively easy using the
association genetics approach especially if pre-existing
data on flowering time is available over a range of
environments. If using RILs or doubled-haploids it is
necessary to characterize potential parents for their
phenotypic expression and GxE for flowering time in
the appropriate range of target environments as well as
genotype the lines for Ppd, Vrn and Eps alleles as much
as possible. Yet despite efforts to minimize confounding
variation in development with performance under
drought, examples exist where even a relatively small
range in flowering (e.g., less than 10 days in Rebetzke et
al., 2010) still show confounding effects in traits related
to grain yield (e.g., CT or transpiration efficiency) and/or
grain yield per se.

Once populations have been developed that are
not confounded by agronomic traits, the same high-
throughput approaches as used in early generation
screening can be used for precision phenotyping

in order to genetically dissect the traits of interest
(Olivares-Villegas et al., 2007; Pinto et al., 2010).

Genetic control of performance
under abiotic stress

Genetic complexity

The availability of suitable populations, and development
of robust phenotyping tools has led to an improved
understanding of the genetic basis underpinning
performance in environments limited by abiotic stress.
Genetic control can vary from single major genes of large
effect that improve tolerance to a subsoil constraint (e.g.,
salt; Huang et al., 2006) to polygenic control of many
genes of small effect such as occurs with transpiration
efficiency, CT, stem carbohydrates or coleoptile length
(Table 2.1). Selection of a major gene to overcome root
disease (e.g., Lagudah et al., 1997), or improve root
growth in a chemically-hostile soil (e.g., Delhaize et

al., 2004) provides a simple means of increasing root
biomass to explore and acquire soil nutrients and water
for biomass and reproductive growth. These will not

be considered here but are nonetheless critical in pre-
adapting a crop to a broad range of soils commonly
encountered by a new variety.

Many yield and fitness-related traits have been
demonstrated to be genetically complex whether
investigated in crop breeding or natural populations

(e.g., Juenger et al., 2005). Fortunately, gene action is
commonly such that selection for improvement in a trait
can be readily achieved if the correlation of phenotype
and genotype is strong; i.e., heritability is high to

increase breeder confidence. Where this correlation is
not strong and heritability is low, the phenotype may
reflect influence of environment and/or sampling by the
breeder. No genetic gain here is possible as selection

is on an environmental covariance and not based on
favorable alleles transmitted from parent to progeny.
Thus, successful selection is contingent on populations
containing adequate additive genetic variance and high
narrow-sense heritability. The target trait/s should also be
simple and inexpensive to measure particularly in mass
selection where many families may be evaluated. Narrow-
sense heritability (h%) can be calculated on a line-mean
basis as:

thine—meun = GzA / (GZA + GZAE /ne + GZResidqu /nrne) Equation 21

Where: 62, 624, and 62zeiquq are estimates of

the additive, additive x environment and residual
variances, respectively, and n, and n, are the number
of environments and replications per environment,
respectively.

Improving yield and other target traits



Table 2.1. Traits with potential for improving wheat performance in water-limited environments. Details are also provided on
genetic control for each trait.

Ease of Chromosomal

Trait screening Heritability  location of genes Source
Drought stress
Phenology Simple High 2A, 2B, 2D, 3A, 3B, 5A, 5B, 5D, 6A, 6B, 7A, 7B Snape et al. (2001)
Early vigor Simple High 2D, 4B, 4D, 5A Rebetzke et al. (2001)
Leaf rolling Simple High Unknown Sirault et al. (2008)
Restricted-tillering Simple High 1A Spielmeyer and Richards (2004)
Canopy temperature Simple Moderate 1B, 2B, 3B, 4A Pinto et al. (2010)
Coleoptile length Simple Moderate 2B, 2D, 4A, 4B, 4D, 5D, 6B Rebetzke et al. (2007)
Glaucousness Simple Moderate 2B,2D Tsunewaki and Ebana (1999)
Photosynthetic capacity Simple Moderate 1B, 1D, 2D, 3B, 4A, 4B, 4D, 5B, 6B, 7A, 7B Rebetzke unpub. data
Carbon isotope

discrimination (leaf) Difficult High 1B, 1D, 2D, 3B, 4A, 4B, 4D, 5A, 7A, 7B Rebetzke et al. (2008b)
Carbon isotope

discrimination (grain) Difficult High 1D, 2A, 2D, 4B, 4D, 6D, 7B Rebetzke unpub. data
Harvest index Difficult High 2B, 2D, 4B, 4D Ellis et al. (2002)
Osmotic adjustment Difficult Moderate 7A Morgan and Tan (1996)
Staygreen Difficult Moderate 2B,2D Verma et al. (2004)
Stem carbohydrates Difficult Moderate 1A, 2B, 2D, 3B, 4B, 5B, 6B, 7A, 7B Rebetzke et al. (2008a)
Root biomass Difficult Low 1B Waines and Ehdaie (2007)
Stomatal conductance Difficult Low 1B, 2A, 2B, 2D, 4A, 4B, 4D, 7A, 7B Rebetzke et al. (2010)
Rate-of-grain-filling Difficult Uncertain Unknown Whan et al. (1996)

The additive genetic variance provides a measure of the
effect of substituting one allele at a locus for another and can
be estimated through measures of the level of inbreeding and
the genetic relationship among sibs via the covariance among
relatives (Falconer and Mackay, 1996). Where heritability is
low, alternate populations containing greater additive genetic
variance (and high mean) should be considered or sampling
modified to reduce non-genetic variation.

Assessing value of physiological traits
in breeding

We have demonstrated that other attributes confer
adaptation to improve yield in water-limited environments.
These may improve water-use and/or water-use efficiency
to increase biomass, or partitioning to grain to increase
harvest index (Passioura, 1977). These surrogate traits

are often inexpensive to measure, have high heritability
and/or contribute new genetic variance in a manner that
can be targeted and without disrupting the framework or
desired ideotype for the stress environment. If the additive
genetic correlation (r,) between two traits (X and Y), and
their narrow-sense heritabilities h?, and h?,are known, the
correlated response of trait Y to selection on trait X (Agyy)
can be predicted by:

AGY.X =k Gpy hy hx s Equation 2.2
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Where: k is the standardized selection differential,

and 6, is the phenotypic standard deviation for trait Y
(Falconer and Mackay, 1996). If h, < h,r, then selection
for trait X will result in a greater change in trait Y than
direct selection for Y. The genetic correlation for two
variables can be readily estimated from analysis of
covariance. Linkage disequilibrium (population type),
chromosomal linkage and pleiotropy can all contribute
toward two traits being genetically correlated. However,
owing to recombination, only pleiotropic effects are
likely to maintain a genetic association over cycles of
crossing and selection in a breeding program. Most
studies report only phenotypic correlations, which differ
from genetic correlations as phenotypic correlations
also contain environmental and sampling covariance
components. Only the genetic covariance component of
this correlation is responsive to selection.

A number of traits have been reported as under
pleiotropic control with other traits at one or more loci.
For example, CID (measured prior to anthesis) shows

a strong additive genetic correlation with grain yield

and biomass (Rebetzke et al., 2002). Indirect selection
for yield and biomass is more effective using CID when
assessment is made on single plots. This is because large
GxE interaction and residual variances reduce narrow-



sense heritability for yield and biomass in unreplicated
plots. The relative benefit of correlated genetic gain

is reduced with replicated testing over blocks and
environments to increase heritability of yield but less
so for biomass. Notwithstanding, CID offers potential
for screening unreplicated families in the early stages
of yield testing such as occurs when little seed is
available or while early generations are still genetically
heterogeneous. By selecting families with low CID, the
breeder is restricting the costly stages of replicated
yield-testing across environments to those families
with a greater likelihood of high yield in droughted
environments. Importantly, by fixing favorable alleles for
CID early, greater emphasis can be placed on selection
for other genes important for adaptation to water-
limited environments.

Quantitative trait loci

Remarkably, little is known or understood of the
genetic basis of wheat performance under drought. The
development and availability of molecular markers, and
their integration into genetic maps across a number

of genotyped populations is confirming the genetic
complexity understood from traditional quantitative
genetic studies. However, good genetic maps can

allow for trait dissection into component QTL, and
insight into the underlying genetic basis for variation
and covariation in a trait. For example, numbers of
genes and their interactions, and gene action can be
determined even for low heritability traits. Information
around breeding complexity including linkage, linkage
disequilibrium and pleiotropy may also be gleaned
through mapping studies particularly if extended to
multiple populations (e.g., Rebetzke et al., 2007). Key
processes involved in plant growth and development
can then be inferred from what is already known of the
physiology. For example, development of sequence-
based perfect markers for the Rht-B1b and Rht-D1b
dwarfing genes has confirmed their effects on tissue-
insensitivity to endogenous gibberellins, and reduction
in both coleoptile and early leaf area development
(Rebetzke et al., 2001).

Perhaps the greatest opportunity for use of linked
markers in breeding for performance under drought
lies in their use for selection of difficult, low heritability,
recessive (gene expression) or expensive to measure
traits such as transpiration efficiency, CT or stem
carbohydrate concentration (Table 2.1). In the absence
of recombination, markers linked to target QTL have a

heritability of 100% thereby allowing rapid generation
advance. From the indirect selection formula above, the
benefit of using a 100% heritable molecular marker over
direct selection for grain yield (i.e., Agyx /Agy) equals r,/
hyieiq- This can be extended to multiple QTL so that the
sum of absolute genetic correlations with yield must
exceed hyq. Assuming the marker is diagnostic (robust
marker and perfect gene association), and evaluation
and generation costs are similar to that of yield, marker-
aided selection in variable environments should produce
greater genetic gain for yield. However, this is likely to
be limited to traits controlled by fewer QTL and the
likelihood of identifying genotypes containing all or most
QTL in smaller populations commonly used by breeders
(Bonnett et al., 2005). Enrichment strategies may aid

in overcoming large numbers of QTL in biparental -and
backcross- based breeding programs.

Marker-assisted selection is likely to provide the greatest
benefit to breeders targeting novel traits from distantly-
related germplasm. For example, markers are extremely
useful in identifying recombinants when targeting
positive genes linked in repulsion to genes of negative
effect. A number of QTL have been identified with
potential for selection of improved performance in water-
limited environments (Table 2.1). Critical to successful
implementation of linked markers in breeding are
well-defined QTL for improved productivity. Populations
under evaluation should be representative of the target
populations under selection; genotyping should be
adequate in development toward a good molecular

map with even marker coverage and quality mapping
(good markers and map development); phenotyping

is sound and repeatable, and commonly represents
evaluation in environments representative of the target
environment. Molecular marker types affect ease and
cost of implementation in breeding. For example, it

is easier to implement microsatellites than diversity
arrays technology (DArTs) and amplified fragment length
polymorphism (AFLPS). Single nucleotide polymorphisms
(SNPs) are most amenable to very high-throughput but
little SNP information is currently available for wheat.
DArTs are showing potential as an inexpensive high-
throughput marker tool and provide opportunity toward
whole genome mapping for use by breeders. Finally,
methods are being developed aimed at efficient marker
implementation strategies in breeding programs. These
strategies may vary depending on breeding program
structure and goals, genetic complexity of traits, cost and
type of markers etc. (Wang et al., 2007).

Improving yield and other target traits

29



Case study 9:

Access to populations developed for improved
performance under drought has facilitated yield
dissection into component traits. For example, the
Cranbrook/Halberd population was developed from

a cross between a CIMMYT-sourced, widely adapted
variety, Cranbrook, and the widely-adapted Australian
variety Halberd. Doubled-haploid lines from this
population were assessed under irrigated conditions

in three years for CT and stomatal conductance (after
Rebetzke et al., 2010). After genotyping of individual
lines, a multi-environment QTL analysis was undertaken.
Stomatal conductance was assessed using a viscous-
flow porometer permitting all 160 lines to be assessed
in less than 2 hours. Of the 24 sampling dates, stomatal
conductance was assessed for pre- versus post-flowering
events, and prior to and following irrigation. Many QTL
were identified for CT and stomatal conductance alike.
Further, QTL for stomatal conductance commonly co-
located independently of stage of development and/or
soil water status. Importantly, many stomatal and CT QTL
coincided, confirming the importance of transpiration as
a driver for genotypic differences in CT.

Summary of physiological
applications

The main areas in which physiological research,
focused at the whole plant and field level, can be
applied in breeding have been addressed. In summary,
(i) physiological characterization of potential parents
provides background information that can be used

in strategic crossing to accumulate stress-adaptive
genes; the information can be added to the catalogue
of information on generically important traits (such as
quality and disease resistance) already used routinely
in planning crosses; (ii) physiological traits can be
selected for in early generation progeny to increase
favorable gene frequencies and discard physiologically
inferior lines before expensive yield testing; because
of the large numbers of lines involved and the fact that
information will generally have a one-time use the
traits should be quick and inexpensive to measure; and
(i) characterization of genetic resources may permit
the identification of valuable genotypes that have
superior physiological traits despite being expressed in
substandard or obsolete agronomic backgrounds.

In terms of strategic research, gene discovery can
be facilitated by: (i) dissecting stress-adaptation
conceptually into measurable physiological components,
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(ii) applying rigorous phenotyping procedures in well
designed experimental populations thereby controlling
factors such as phenology that otherwise may confound
trait expression, and (iii) gaining a better understanding
of adaptive processes through combining these two
approaches with statistical procedures that permit
variance associated with GxE to be partitioned into TEP
combinations.
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Abstract

Globally, the nitrogen use efficiency of wheat is only 35%. This low efficiency means that a large proportion

of the N that is applied by farmers is lost, increasing the cost of production and having important negative
consequences on the environment. The efficiency of P fertilizer ranges from around 10 to 30% in the year that

it is applied. Breeding and agronomic management are the two main strategies that can help improve nutrient
use efficiency. Characterizing wheat germplasm for uptake and utilization efficiency will be important to better
understand the mechanisms associated with improved efficiency. If uptake is the dominant trait then root
characteristics such as root length density, root depth, the production of root exudates or the ability of the roots
to associate with vesicular-arbuscular mycorrhiza (VAM) should be analyzed. In contrast, if utilization efficiency is
the most important trait, then harvest index and biomass production efficiency should be studied. The breakup
of nutrient use efficiency into uptake and utilization should also facilitate the identification of molecular markers

that can be later used in a breeding program.

Introduction

The improvement of nutrient use efficiency in wheat
cropping systems can be achieved through two main
strategies:

1) By adopting more efficient crop management
practices (such as nutrient rate, timing, source,
and placement); and

2) Breeding more nutrient use efficient cultivars.

Although both are important, this paper will focus on
improving nutrient use efficiency (specifically nitrogen
and phosphorus) through plant breeding. More
detailed guidelines on how to improve nitrogen use
efficiency in wheat through crop management have
been described elsewhere (Ortiz-Monasterio, 2002).

It is important to clearly define nutrient use efficiency
before describing methods for improving it. We have
found the definition proposed by Moll et al. (1982)
useful for looking at genetic differences in nitrogen
use efficiency among wheat cultivars — though the
concept was developed using nitrogen as an example,
it can also be applied to phosphorus. These authors
define nitrogen and phosphorus use efficiency in
wheat as grain yield per unit of nutrient supplied
(from the soil and/or fertilizer). They divide nutrient

use efficiency into two components: (1) uptake, or the
ability of the plant to extract the nutrient from the soil,
and (2) utilization efficiency, or the ability of the plant to
convert the absorbed nutrient into grain yield.

Hence:

Nutrient Use Efficiency = Uptake Efficiency x Utilization
Efficiency

Gw/Ns = Nt/Ns x Gw/Nt Equation 3.1

Where: Gw = grain dry weight, Nt = total above-ground
plant nutrient at maturity, and Ns = nutrient supplied.
All units are in g m. Utilization efficiency can also be
subdivided into two components, as suggested by Ortiz-
Monasterio et al. (1997a), and expressed as:

Utilization Efficiency = Harvest Index x Nutrient Biomass

Production Efficiency
Gw/Nt = Gw/Tw x Tw/Nt Equation 3.2

Where: Tw = total above-ground plant dry weight at
maturity. Utilization efficiency can also be expressed as:

Utilization Efficiency = Harvest Index x Inverse of Total

Nutrient Concentration in the Plant
Gw/Nt = Gw/ Tw x 1/Nct Equation 3.3

Where: Nct = total nutrient concentration in the plant as
a percentage.

# This chapter does not attempt to make an exhaustive review of the literature but rather presents practical information based on CIMMYT
Wheat Program experience working on nitrogen and phosphorus use efficiency.
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The definition for nitrogen use efficiency (NUE) proposed
by Moll et al. (1982) can be used for both low and high
input situations. However, there are other nutrient
efficiency classification systems that take into account
performance both in the presence and in the absence
of nutrient stress as, for example, the system proposed
by Gerloff (1977), which separates cultivars into four
groups based on their response to P. The groups are:
(1) efficient, responder; (2) inefficient, responder;

(3) efficient, non-responder, and; (4) inefficient, non-
responder. An efficient cultivar has higher yield than
the other cultivars under low nutrient supply, while a
responder cultivar has higher yield under high nutrient
supply. This classification system groups cultivars based
on performance under low (efficient vs. inefficient) and
high (responder vs. non-responder) nutrient supply,
and allows the identification of those cultivars with
adaptation to a range of soil nutrient conditions.

CIMMYT and its predecessor have been generating
wheat germplasm for the developing world since the
1940s. CIMMYT bread wheats were first and most
rapidly adopted in irrigated areas of the developing
world (e.g., the Yaqui Valley in Mexico, the Indian
Punjab, and the Pakistani Punjab) (Byerlee, 1996).
Fertilizer is widely applied (sometimes at sub-optimal
levels) by farmers in those areas as a way to correct
nutrient deficiencies. However, in other target
environments farmers do not apply fertilizers because
they cannot afford them or because inputs are simply
not available. It is therefore essential that CIMMYT
wheats be widely adapted and able to grow in different
(low and high) soil nutrient situations.

In this chapter we will discuss how studying the
individual components of nutrient use efficiency
(uptake vs. utilization) under different nutrient

levels can help us gain a better understanding of the
opportunities and limitations of breeding for nitrogen
and phosphorus use efficiency.

Nitrogen

Bread wheat

With the adoption of the input-responsive and lodging
tolerant semidwarf wheat cultivars that launched the
green revolution in the 1960s, the use of nitrogen
fertilizer rapidly increased, as did yields. Thanks to the
introduction of this new genetic material, the amount
of grain produced per unit of N applied has increased
significantly (Figure 3.1).
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We have documented the changes in the nitrogen use
efficiency of CIMMYT bread wheats developed between
1950 and 1985 under medium to high levels of N fertility.
Results show that more recent CIMMYT cultivars out
yield both earlier semidwarfs and old tall cultivars at

all nitrogen levels (Ortiz-Monasterio et al., 1997a). This
indicates that the current strategy of selecting and
evaluating under medium to high N levels has resulted

in germplasm that produce higher yield when grown
under low or high levels of N fertility. CIMMYT bread
wheats from 1950 to 1985 gradually became not only
more responsive to N inputs, but also more efficient in
their use, according to Gerloff’s classification (1977). As
a result, CIMMYT bread wheats do not require more N
than the old tall cultivars; in fact, they often need less

N to produce the same yield. In addition, since CIMMYT
bread wheats are more responsive to N application, the
optimum economic rate is higher than that for the old tall
cultivars (Ortiz-Monasterio et al., 1997a).

Although our current breeding strategy has been
successful in addressing the needs of both low input
and high input wheat-producing environments, we are
interested in identifying alternative selection methods
that might be even more successful. To that end, we
characterized relevant CIMMYT germplasm for two main
components of nitrogen use efficiency: nitrogen uptake
and utilization efficiency. We found that there is genetic
diversity for both traits.
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Figure 3.1. Response of tall (Yaqui 50) and semidwarf spring
wheat cultivars to increasing levels of nitrogen fertilizer.



Our work and that of others has shown that the level of
N in the soil plays a very important role in the expression
of uptake and utilization efficiency (Dhugga and Waines,
1989; Ortiz-Monasterio et al. 1997a). However, the
effect of different soil N levels on the expression of a
given component of nitrogen use efficiency in spring
wheat may be affected by genotype and/or location.
Dhugga and Waines (1989) found better expression of
uptake efficiency under high soil N and better expression
of utilization efficiency under low N. In contrast, Ortiz-
Monasterio et al. (1997a) found better expression of
uptake efficiency under low N conditions and better
expression of utilization efficiency under high N
conditions. These findings notwithstanding, available
information has shown that the level of soil N may be
manipulated together with genetic variability to develop
cultivars with improved performance under both low
and high input conditions (Ortiz-Monasterio et al.,
1997a; van Ginkel et al., 2001).

Nitrogen uptake vs. utilization efficiency

In view of the above, an important aspect of our current
research is to identify the best selection strategies for
developing genotypes that produce higher grain yields
as a result of their improved uptake and/or utilization
efficiency. The question is which component to
emphasize.

Utilization efficiency has ecological appeal, since it
means either higher yields with the same nutrient
levels in the plant or the same yield with lower nutrient
levels in the plant, which requires fewer resources. As
indicated earlier, utilization efficiency can be broken
down into harvest index (HI) and biomass production
efficiency. If we analyze which component has been
most associated with utilization efficiency gains in the
past, we find that most progress has been associated
with improvements in Hl rather than in biomass
production efficiency (Equation 3.2). However, Fischer
(1981) and Calderini et al. (1995) suggest that the
possibilities of further improving Hl as a way to increase
grain yield are limited.

There are two main routes for making further progress
in grain yield through better utilization efficiency: (1)

to increase grain yield while maintaining or reducing
nutrient concentration in the plant, and (2) to reduce
total nutrient concentration in the plant while increasing
or maintaining grain yield (Equation 3.2). Most CIMMYT
high yielding wheats grown under a wide range of N
levels tend to have, on average, a nitrogen HI of around
75%. In other words, 75% of the plant’s total N is found

in the grain at maturity. This means that cultivars with
higher utilization efficiency, which is not associated with
HI (assuming a constant Hl), will have lower protein
concentration in the grain. This can negatively affect
the grain’s bread making quality and nutritional value,
unless the percent protein reduction is compensated by
a proportional improvement in protein quality.

We should point out that bread making quality, which

is a key issue for breeding programs in the developed
world, is now gaining significance for breeding programs
in developing countries. The original focus of many
wheat breeding programs in developing countries—i.e.,
generating sufficient yield increases to feed their rising
populations—has expanded to include fulfilling farmers’
need to produce high quality grain that competes well
on the market.

The nutritional value of wheat grain is another issue
that is gaining in significance due to its perceived
potential to better the nutrition of developing country’s
populations. The nutrient content of wheat grain is
negatively affected by lower protein concentration in
the grain. Studies in Mexico and Argentina have shown
that protein concentration in the grain has decreased
as grain yield has increased throughout the history of
breeding (Calderini et al., 1995; Ortiz-Monasterio et al.,
1997b). This reduction in protein N has been associated
with higher utilization efficiency. Thus an important
challenge for breeding programs in both developed and
developing countries will be to continue to improve
nitrogen use efficiency and, at the same time, maintain
or improve the bread making quality and/or nutrient
content of wheat grain.

A similar dilemma arises when uptake efficiency,

the other component of nutrient use efficiency, is
implemented as a strategy to improve grain yield. For
resource poor farmers who cannot afford fertilizers
and grow wheat under low input conditions, the
development of cultivars with high N uptake efficiency
may not be desirable because it may accelerate soil
nutrient mining. In contrast, in high input environments,
high uptake efficiency is a very desirable trait because
residual soil N (soil N not absorbed by the crop) may
either leach through the soil to pollute waterways with
soil nitrates or escape into the atmosphere as N,, N,0,
NOy, or NH;.

Nitrate leaching has been well documented for many
years in many developed countries (CAST, 1985;
Keeney, 1982). The problem tends to be associated
with the application, especially in sandy soils, of more
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nitrogen than is required for producing maximum yield.
However, nitrogen losses to the environment are also
being reported in developing countries because of the
increased use of nitrogen in these countries. These types
of reports are more likely to increase in the future since
in 2006, 90.86 million tons of N fertilizer was applied
onto crops, and of that approximately 70% was applied
in the developing world (Heffer, 2009).

There are wheat production systems in the developing
world where very high rates of N fertilizer are already
being applied —for example, in certain wheat growing
areas of Mexico, Egypt and particularly in China. In the
high input wheat systems of northwestern Mexico,
where farmers apply an average of 250 kg N ha,
researchers have recorded large N leaching losses (Riley
et al., 2001), high emissions of greenhouse gases into
the atmosphere (Matson et al., 1998), and it has been
shown that fertilization and irrigation events by farmers
in the Yaqui Valley coincide with algae blooms in the Golf
of California (Beman et al., 2005). If cultivars and crop
management systems remain as they are now, as N rates
increase, the problems of N leaching and greenhouse
gas emissions (N,0), common in many industrialized
countries, will also become widespread in the high input
areas of developing countries.

Strategies for improving nitrogen use efficiency

Grain yields of CIMMYT bread wheats developed
between 1950 and 1985 have gradually increased. We
evaluated these wheats at N levels commonly applied by
farmers in irrigated areas of the developing world (75—
150 kg N ha') and found that 50% of the yield gains were
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associated with higher nitrogen uptake efficiency and
the other 50% with better utilization efficiency (Ortiz-
Monasterio et al., 1997a). This clearly shows that
improvements in both uptake and utilization efficiency
have been important in the past and most likely will
continue to be in the future.

Hence, it is important to select and evaluate for
nitrogen use efficiency under both low and high
nutrient conditions; this allows the researcher to
identify genotypes that perform well under nutrient
stress (low input, efficient) and genotypes that
respond well to high input conditions (responder)
(Figure 3.2).

In a study that evaluated the selection of segregating
populations using CIMMYT'’s shuttle breeding under
five N selection treatments (low, medium, high,
alternating high-low, and alternating low-high N
levels), we found that the highest yielding germplasm
tested in medium or high N input environments

was obtained by alternately selecting (from F,to F,)
under high in Yaqui and low N conditions in Toluca.
No differences between N selection treatments were
observed when the resulting lines were evaluated in
low N environments (van Ginkel et al., 2001).

We conclude that the relative importance of both
uptake and utilization efficiency will vary according to
the needs of different production systems. Given that
wide adaptation is a primary objective in breeding
CIMMYT germplasm, we will continue to improve
both components.

Figure 3.2. Varieties with (+N; at
250 kg N ha*) and without (ON)
nitrogen application, at CENEB,
Yaqui Valley, Sonora, Mexico.
(Photograph: JI. Ortiz-Monasterio).



Durum wheat

A three year field study looking at genetic gains for
nitrogen use efficiency in durum wheat from 1940

to 1989 at four levels of N (0, 75, 150 and 300 kg N
ha') showed very limited progress for nitrogen use
efficiency under the 0 N treatment which represented
severe nitrogen stress. Grain yield at the 0 kg N ha*
level was only 39% of that achieved under 300 kg N
hal. Genetic gain at the other three levels of N (75,
150 and 300 kg N ha!) were statistically significant and
increased as the N rate increased. This gradual increase
in genetic gains as the N rate increased can partially

be explained by lodging of the tall variety (Barrigion
Yaqui), particularly at the 150 and 300 kg N ha (Ortiz
Monasterio et al., unpublished data). In contrast,
bread wheat breeders have made the same level of
relative progress for nitrogen use efficiency under low,
medium or high levels of nitrogen (Ortiz Monasterio et
al., 1997a). This is interesting since durum and bread
wheat breeders at CIMMYT have been selecting in

the same locations (e.g., Yaqui and Toluca) in Mexico
when applying the shuttle breeding program and they
have used similar selection methodologies in the field.
However, durum wheat seems to be lagging behind
bread wheat in terms of genetic gains under severe
nitrogen stress. This suggests that perhaps there is less
genetic variability for this trait in durum, which could
be limiting progress.

Phosphorus

Many soils have large reserves of total phosphorus,
but low levels of “available” phosphorus. Al-Abbas
and Barber (1964) reported that total soil P is often
100 times higher than the fraction of soil P available
to crop plants. Our objective in breeding for P efficient
and responsive cultivars has been to identify wheat
cultivars that can access P not usually available to the
average cultivar under low P conditions (P efficiency),
but also respond to P applications (P responsiveness).

As in the case of N, CIMMYT has been breeding under
medium to high levels of P in the soil. Preliminary
results suggest that phosphorus use efficiency in
CIMMYT bread wheat cultivars between 1950 and
1992 has improved under low as well as high levels of
P fertility (Ortiz-Monasterio et al., unpublished data).
Again, using Gerloff’s (1977) definition, CIMMYT
bread wheat germplasm has become more efficient
as well as more responsive to P applications during
that time period.

There is little information on the contribution of uptake
and utilization to total P use efficiency in wheat. In a
CIMMYT study, the relative importance of uptake and
utilization in spring wheat was evaluated in two different
environments: a rainfed area with Andisols in the central
highlands of Mexico and an irrigated, low-altitude area
with Vertisols in northwestern Mexico. Uptake and
utilization were characterized in a set of CIMMYT lines.
Results showed that in an acid Andisol with no Al toxicity,
uptake was more important than utilization in explaining P
use efficiency. In contrast, in the same group of genotypes
utilization efficiency was more important when evaluated
in an alkaline Vertisol (Manske et al., 2001). In these

two different environments it was shown that there was
genetic diversity for both uptake and utilization efficiency
in the CIMMYT material tested.

This study shows that, as in the case of N, the
environment where a given set of genotypes is evaluated
plays a very important role in the expression of P uptake
and utilization efficiency. However, in the case of P, what
influenced the expression of uptake vs. utilization was
not low P vs. high P, but rather the effect of location. At
this point it is not clear how much of the location affect is
due to soil effects and how much is due to above-ground
effects (radiation, temperature, etc.) (Manske, 1997).
Also to be determined is why the same genetic material
expresses genetic diversity for uptake efficiency in some
environments but not in others.

Evaluating germplasm under both low and high nutrient
conditions allows the identification of genotypes that
perform well under nutrient stress (low input) and
genotypes that are responsive to high input conditions
(Figure 3.3 and 3.4). Preliminary data suggest that
evaluating advanced genetic materials under low

P conditions is useful for identifying exceptional
germplasm for P stress conditions. When advanced
genetic materials are evaluated only under high input
conditions, sometimes we fail to identify genotypes that
are outstanding under low P conditions. This germplasm
might be discarded if it is tested only under high input
conditions (Trethowan et al., unpublished data). Hence
the importance of selecting and evaluating under both
low and high nutrient conditions.

In acid soils, P deficiency is often accompanied by Al and
Mn toxicity, especially when soil pH is below 5.4. Evidence
available so far indicates that genes controlling adaptation
to Al and Mn toxicity and tolerance to P deficiency appear
to be independently inherited and recombinable (Polle
and Konzak, 1990). Therefore the recommendation is
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Figure 3.3. Screening plots for
phosphorus use efficiency,
Patzcuaro, Michoacan, Mexico.
In both pictures, plants on the
right received 80 kg P,0; ha
(+P), while those on the left
received none (OP): (A) P use ef-
ficient genotype, (B) P use inef-
ficient genotype. (Photographs:
JI. Ortiz-Monasterio).

Figure 3.4. Screening

plots for phosphorus use
efficiency at CENEB, Yaqui
Valley, Sonora, Mexico.
The plants at the bottom of
the picture received 80 kg
P,0; ha* (+P), while those
at the top received none
(OP). (Photograph: JI. Ortiz-
Monasterio).
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that screening for P use efficiency be done first in

soils without Al or Mn toxicity, if possible. Once elite
materials have been selected for P use efficiency in the
field, they can be screened for Al and/or Mn toxicity
either in the field or in hydroponics.

We suggest that screening for P uptake efficiency
under nutrient culture conditions be avoided until a
satisfactory correlation between performance in the
field and in nutrient cultures has been shown. This
is particularly important for P, given that very little
of the crop’s P requirement is provided by mass flow
(transpiration flow). Diffusion is more important, but
difficult to simulate in solution culture. It is generally
recognized that nutrient culture should be limited

as a screening environment primarily because of

the low correlation of the results with those of field
tests. Nutrient cultures cannot simulate the soil-plant
interface properly.

Phosphorus uptake vs. utilization efficiency

Phosphorus utilization efficiency (grain yield per unit
P in the plant) is dependent on the plant’s internal

P requirement. Increased harvest index, P harvest
index, and low P concentration in grain may improve P
utilization efficiency (Jones et al., 1989; Batten, 1992).

Most CIMMYT high yielding wheats have a P harvest
index of about 80% under irrigated conditions. As in the
case of N, breeding for higher P utilization efficiency,
given the small margin to breed for higher Hl, will result
in lower P concentration in the grain. Selection for wheat
genotypes that remove small amounts of P from the soil
due to their low P grain concentration can contribute

to sustainable land use (Schulthess et al., 1997).
Genotypic differences in grain P concentration are fairly
consistent across environments (Schulthess et al., 1997).
If breeders in Australia, which is a major exporter of
wheat grain but has soils that are poor in P availability,
can reduce the P concentration in the grain of wheat
cultivars, farmers will be able to purchase substantially
less P to replace the P exported with the grain.

However, the strategy of reducing P concentration in
the grain has a limit. There is evidence that excessively
low P concentration in the grain affects seed vigor,
particularly in P deficient soils. A study on a set of
historically important CIMMYT semidwarf bread wheats
showed that P concentration in the grain decreased
significantly over the years as a result of breeding
(Manske, 1997). Similar information is available from

a wheat breeding program in Argentina (Calderini

et al., 1995). As in the case of N, this reduction in P
concentration in the grain is associated with gains in
utilization efficiency.

Most nitrogen absorbed by plants comes from mass flow
(i.e., soil water moves towards the roots as the plant
loses water through transpiration), but phosphorus is
absorbed mainly by diffusion through gradients created
by root absorption. Phosphate concentrations in soil
solution are small (<0.05 p g!) compared to nitrate-N
concentrations (100 pu g1), and very little phosphate is
moved to the roots by capillary water movement. The
amount of P extracted is limited by P concentration at the
root—soil interface, which means that wheat roots have
to grow to come into contact with new soil from which
they can extract phosphate. Root length is thus a major
determinant of the absorbing surface area.

Wheat genotypes with greater root length density are
able to take up more phosphorus (Manske et al., 2000).
When P supply is low, the correlation between root
length density and P uptake or grain yield is usually 0.50—
0.60, but with adequate P supply this correlation is lower.
In some environments, P uptake can be more important
than utilization efficiency. In areas where uptake is the
main component associated with P use efficiency, P
uptake efficiency holds great promise for improving P use
efficiency, since soils with relatively high levels of total P
in the soil often have low levels of available P.

Strategies for improving phosphorus
uptake efficiency

Different approaches can be used to enhance P uptake
(Polle and Konzak, 1990; Johansen et al., 1995) and these
are detailed below:

Increasing the root surface/soil contact area

This can be achieved by modifying root morphology. For a
constant level of root biomass, roots with higher specific
root length (i.e., roots with smaller diameter) can cover
a larger surface area. A second approach for achieving
the same objective is through increased hair root
development. Root fineness or branching is an important
determinant of P uptake efficiency in wheat (Jones et

al., 1989). This route seems promising given that there

is evidence of large genetic variability for this trait in
wheat. However, the time consuming and labor intensive
methodologies currently in use limit its application in
breeding programs where large numbers of genotypes
need to be screened.
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Increasing the effective root area

Root symbiosis with arbuscular mycorrhizal fungi
(AMF) has been shown to enhance P absorption

by increasing the effective root area (Hayman and
Mosse, 1971). AMF infection improves P influx (P
uptake per unit root length). On the other hand, the
information available discussing the genetic diversity
present among wheat cultivars to associate with
vesicular-arbuscular mycorrhiza is not consistent
(Vlek et al., 1996). There are reports that show
differences in mycorrhizal association among wheat
cultivars (Vlek et al., 1996). In contrast, extensive
screening of CIMMYT'’s spring wheat cultivars for
mycorrhizal association found very small differences
among genotypes; the differences were not
strongly associated with higher P absorption
(Manske et al., 2000).

Increasing nutrient availability through
rhizosphere modification

Root exudates, ranging from protons to complex
organic molecules, can influence nutrient
availability and uptake. Phosphatases have been
reported to transform poorly available organic
phosphorus, which usually accounts for 40-50%
of a plant’s total P supply, into inorganic forms
available to the plant (Randall, 1995). There

are genotypic differences in root phosphatase
excreted or bound at the root surface (McLachlan,
1980). Our work in an Andisol showed an
association between acid phosphatases and P
uptake in different wheat and triticale cultivars
(Portilla-Cruz et al., 1998).

As in the case of N, most opportunities for breeding
for higher utilization efficiency probably lie in
improving biomass production efficiency (BPE)
rather than HI. In this case biomass production

will have to either increase with the current levels
of P in the plant or be maintained with a lower
concentration of P in the plant. Utilization efficiency
is associated with the efficiency with which plants
use absorbed P; this, in turn, is a function of: (1)
how efficiently P is distributed to the functional
sites, and (2) the P requirement of the cells at those
sites (Loneragan, 1978).

Calculating nutrient uptake efficiency

As defined earlier, uptake efficiency refers to the ability of
the crop to extract or absorb nutrients from the soil. Hence:

Uptake Efficiency = Nt/Ns Equation 3.4

Where: Nt = total above-ground nutrient in the plant at
maturity; Ns = nutrient supplied.

Uptake efficiency can be measured at any stage of
development, but particularly useful information can be
collected at anthesis and physiological maturity. The steps
below describe the means in which you can measure
uptake efficiency.

First, a biomass sample is collected by either harvesting
all the above-ground biomass in a given area (a minimum
of 0.5 m?is suggested) or harvesting a predetermined,
representative number of plants (a minimum of 50 stems
is suggested) at random. Detailed methods for doing

this type of sampling at different stages of development
are described by Bell and Fischer (1994) and in the
accompanying volume.

If the sample is collected right before or shortly after anthesis,
there is no need to separate the grain from the rest of the
plant for N or P analysis. However, if the sample is collected at
or around physiological maturity, it is important to separate
the grain from the rest of the biomass for N analysis. This is
because there is a large difference in % nutrient concentration
between the grain and non-grain biomass (leaves, stems,
chaff). In well fertilized spring wheat crops under irrigated
conditions, we have observed values of approximately 2% N in
the grain and 0.8% N in non-grain biomass. Therefore it is best
to take a weighted average to calculate total nutrient in the
plant, using the following formula:

Nt = (Gw x Gn) + (Bm x Bn) Equation 3.5

Where: Nt = total above-ground nutrient in the plant at
maturity; Gw = grain weight at 0% moisture (g m?2); Gn

= nutrient concentration in the grain (%); Bm = non-grain
biomass at 0% moisture (g m); Bn = nutrient concentration
in non-grain biomass (%).

Total nutrient in the plant is then divided by the amount
of nutrient supplied (g m) as fertilizer. If soil samples
are collected and the amount of soil available nutrient
is known, this can be added to the amount supplied as
fertilizer.

Nutrient absorption is dependent on root characteristics,
especially for immobile plant nutrients in the soil, such as
phosphorus.
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Calculating nutrient utilization
efficiency

Nutrient utilization efficiency is defined as a crop’s
ability to convert the absorbed nutrients into grain yield.
Hence:

Utilization Efficiency = Tw/Nt Equation 3.6

Where: Tw = total above-ground plant dry weight at
maturity and Nt = total aboveground plant nutrient
at maturity. To measure uptake efficiency, certain
information needs to be collected. First, calculate the
harvest index (HI), as follows:

HI = Gw/Tw Equation 3.7

Where: Gw = grain weight at 0% moisture, and Tw = total
plant biomass at 0% moisture.

This can be done either on an area or a plant basis, as
suggested by Bell and Fischer (1994) and detailed in the
accompanying volume. Finally, BPE is calculated as:

BPE = Gw/Nt Equation 3.8

Conclusions

Bread wheat breeding work at CIMMYT has shown

that selection and evaluation of genetic material under
medium to high nitrogen levels results in genetic

gains expressed when this material is tested under

low, medium, or high nitrogen levels. In other words,
selecting for high yield potential under optimum
conditions has resulted in germplasm with higher
nitrogen use efficiency under low, medium, or high
nitrogen fertility conditions. Now there is evidence that
breeding under alternating low and high nitrogen levels
may produce germplasm that is even more efficient and
responsive to nitrogen.

It is clear that nutrient use efficiency and nutrient
responsiveness are under genetic control. Some
researchers consider these traits as two different
breeding objectives, but it has been shown that they are
not incompatible. One of the best pieces of evidence for
this is the results achieved by bread wheat breeders at
CIMMVYT. During the last several decades, CIMMYT has
been breeding wheat under medium to high levels of
nitrogen and phosphorus and has developed cultivars
that are not only more responsive to nitrogen and
phosphorus, but also more efficient in their use.

To characterize and better understand the mechanisms
associated with higher N and P use efficiency:

® Use the definition of N and P use efficiency suggested
by Moll et al. (1982);

® Distinguish between efficiency and responsiveness.
This will require that all germplasm be evaluated
under low as well as high N and P conditions;

® Establish the importance of uptake vs. utilization
efficiency in the target environment;

® Understand the mechanisms associated with
higher uptake (more roots, phosphatases, etc.)
or utilization efficiency (BPE vs. HI). If these
mechanisms are well understood, they can be used
as selection criteria; and

® Once genetic markers for genes controlling these
traits are identified, selection for these traits could
be done in the laboratory.

References

Al-Abbas, AH. and Barber, SA. (1964) A soil test for phosphorus
based upon fractionation of soil phosphorus. I. Correlation of
soil phosphorus fractions with plant-available phosphorus. Soil
Science Society of America Proceedings 28, 218-221.

Batten, GD. (1992) A review of phosphorus efficiency in wheat. Plant
and Soil 146, 163-168.

Beman, JM., Arrigo, KR. and Matson, PA. (2005) Agricultural runoff
fuels large phytoplankton blooms in vulnerable areas of the
ocean. Nature 434, 211-214.

Bell, MA. and Fischer, RA. (1994) Guide to plant and crops sampling:
Measurements and observations for agronomic and physiological
research in small grain cereals. Wheat Special Report No. 32.
Mexico, D.F.: CIMMYT.

Byerlee, D. (1996) Modern varieties, productivity, and sustainability:
Recent experience and emerging challenges. World Development
24(4), 697-718.

Calderini, DF., Torres-Leon, S. and Slafer, GA. (1995) Consequences of
wheat breeding on nitrogen and phosphorus yield, grain nitrogen
and phosphorus concentration and associated traits. Annals of
Botany 76, 315-322.

Council for Agricultural Science and Technology. (1985) Agricultural
and ground-water quality. Report No. 103. CAST, Ames, IA.

Dhugga, KS. and Waines, JG. (1989) Analysis of nitrogen accumulation
and use in bread and durum wheat. Crop Science 29, 1232-1239.

Fischer, RA. (1981) Optimizing the use of water and nitrogen through
breeding of crops. Plant and Soil. 58, 249-278.

Gerloff, S. (1977) Plant efficiencies in the use of N, P and K. In: Plant
adaptation to mineral stress in problem soils. Wright, MJ. (Ed.).
Cornell University Press: New York. pp. 161-174.

Improving yield and other target traits

41



Hayman, DS. and Mosse, B. (1971) Plant growth response to
vesicular-arbuscular mycorrhiza. I. Growth of Endogone
inoculated plants in phosphate deficient soils. New Phytologist
70, 19-27.

Heffer, P. (2009) Assessment of fertilizer use by crop at the global
level 2006/07-2007/08. International Fertilizer Association, IFA.
Paris, France. Available at: http://www.fertilizer.org/ifa/Home-
Page/STATISTIC (accessed 27 October 2010).

Johansen, C., Subbarao, GV., Lee, KK. and Sharma, KK. (1995) Genetic
manipulation of crop plants to enhance integrated nutrient
management in cropping systems: The case of phosphorus.

In: Genetic manipulation of crop plants to enhance integrated
nutrient management in cropping systems. 1. Phosphorus:
Proceedings of an FAO/ICRISAT Expert Consultancy Workshop.
Johansen, C., Lee, KK., Sharma, KK., Subbarao, GV. and
Kueneman, EA. (Eds.). Andhra Pradesh, India: International Crops
Research Institute for the Semi-Arid Tropics. pp. 9-29.

Jones, GPD., Blair, GJ. and Jessop, RS. (1989) Phosphorus efficiency
in wheat — A useful selection criteria? Field Crops Research 21,
257-264.

Keeney, DR. (1982) Nitrogen management for maximum efficiency
and minimum pollution. In: Nitrogen in agricultural soils. FJ.
Stevenson (Ed.). Agron. Monogr. 22. ASA, CSSA and SSSA,
Madison, WI. pp. 605-649.

Loneragan, JF. (1978) The physiology of plant tolerance to low P
availability. In: Crop tolerance to suboptimal land conditions.
GA. Jung (Ed.). Am. Soc. Agron. Spec. Publ. No. 32. Madison, WI.
pp. 329-343.

McLachlan, KD. (1980) Acid phosphatase activity of intact roots and
phosphorus nutrition of plants. Il. Variation among wheat roots.
Australian Journal of Agricultural Research 31, 441-448.

Manske, GGB. (1997) Utilization of the genotypic variability of
VAM-symbiosis and root length density in breeding phosphorus
efficient wheat cultivars at CIMMYT. Final Report of Special
Project No. 1-60127166, funded by BMZ, Germany.

Manske, GGB., Ortiz-Monasterio, JI., van Ginkel, M., Gonzalez, RM.,
Fischer, RA., Rajaram, S. and Vlek, P. (2001) Importance of
P-uptake efficiency vs. P-utilization for wheat yield in acid and
calcareous soils in Mexico. European Journal of Agronomy 14(4),
261-274.

Manske, GGB., Ortiz-Monasterio, JI., van Ginkel, M., Gonzalez, RM.,
Rajaram, S., Molina, E. and Vlek, PLG. (2000) Traits associated
with improved P-uptake efficiency in CIMMYT’s semidwarf spring
bread wheat grown on an acid andisol in Mexico. Plant and Soil
22(1), 189-204.

Matson, PA., Naylor, R. and Ortiz-Monasterio, I. (1998) Integration
of environmental, agronomic and economic aspects of fertilizer
management. Science 280, 112-115.

42 | physiological Breeding I: Interdisciplinary Approaches to Improve Crop Adaptation

Moll, RH., Kamprath, EJ. and Jackson, WA. (1982) Analysis and
interpretation of factors which contribute to efficiency of nitrogen
utilization. Agronomy Journal 74, 562-564.

Ortiz-Monasterio, JI. (2002) Nitrogen management in irrigated spring
wheat. In: B. Curtis, S. Rajaram and H. Gomez Macpherson (Eds.)
p.433-452. Bread Wheat Improvement and Production. FAO Plant
Production and Protection Series No. 30, Rome, Italy. No. pp. 554.

Ortiz-Monasterio, JI., Sayre, KD., Rajaram, S. and McMahon, M.
(1997a) Genetic progress in wheat yield and nitrogen use
efficiency under four N rates. Crop Science 37(3), 898-904.

Ortiz-Monasterio, JI., Pefia, RJ., Sayre, KD. and Rajaram, S. (1997b)
CIMMYT'’s genetic progress in wheat grain quality under four N
rates. Crop Science 37(3), 892-898.

Polle, EA. and Konzak, CF. (1990) Genetics and breeding of cereals
for acid soils and nutrient efficiency. In: Crops as enhancers of
nutrient use. Baligar, VC. and Dunca, RR. (Eds.) Academic Press.
pp. 81-121.

Portilla-Cruz, 1., Molina Gayosso, E., Cruz-Flores, G., Ortiz-Monasterio,
I. and Manske, GGB. (1998) Colonizacién micorrizica arbuscular,
actividad fosfatdsica y longitude radical como respuesta a estrés
de fosforo en trigo y triticale cultivados en un andisol. Terra
16(1), 55-61.

Randall, P). (1995) Genotypic differences in phosphate uptake. In:
Genetic manipulation of crop plants to enhance integrated
management in cropping systems. 1. Phosphorus: Proceedings of
an FAO/ICRISAT Expert Consultancy Workshop. Johansen, C., Lee,
KK., Sharma, KK., Subbarao, GV. and Kueneman, EA. (Eds.) Andhra
Pradesh, India: International Crops Research Institute for the
Semi-Arid Tropics. pp. 31-47.

Riley, WJ., Ortiz-Monasterio, I. and Matson, PA. (2001) Nitrogen
leaching and soil nitrate, and ammonium levels in an irrigated
wheat system in northern Mexico. Nutrient Cycling in
Agroecosystems 61, 223-236.

Schulthess, U., Feil, B. and Jutzi, SC. (1997) Yield-independent variation
in grain nitrogen and phosphorus concentration among Ethiopian
wheats. Agronomy Journal 89, 497-506.

van Ginkel, M., Ortiz-Monasterio, ., Trethowan, R. and Hernandez,
E. (2001) Methodology for selecting segregating populations for
improved N-use efficiency in bread wheat. Euphytica 119(1-2),
223-230.

Vlek, PLG., Littger, AB. and Manske, GGB. (1996) The potential
contribution of arbuscular mycorrhiza to the development of
nutrient and water efficient wheat. In: The Ninth Regional Wheat
Workshop for Eastern, Central and Southern Africa. Tanner, DG.,
Payne, TS. and Abdalla, OS. (Eds.). Addis Ababa, Ethiopia: CIMMYT.
pp. 28-46.



Chapter 4: Opportunities to improve genetic

wheat yield potential

Matthew Reynolds?, John Foulkes?, Robert Furbank3, Martin Parry*

ICIMMVYT. Int. Apdo. Postal 6-641, 06600 Mexico, DF, Mexico.

2The University of Nottingham, United Kingdom.

3High Resolution Plant Phenomics Centre, CSIRO Plant Industry, Australia.
4Rothamsted Research, Harpenden, Hertfordshire, United Kingdom.

Abstract

Wheat yield potential could be increased by 50% or more —theoretically— through the genetic improvement of
radiation use efficiency (RUE). However, to achieve agronomic impacts, structural and reproductive aspects of
the crop must also be improved. Attempts to increase RUE will focus on increasing the efficiency of Rubisco,
introduction of C4-like traits such as CO, concentrating mechanisms, and improvement of light interception and
photosynthesis at the spike and whole canopy levels. For extra photo-assimilates to translate into increased grain
yield, reproductive aspects of growth must be fitted to a range of agro-ecosystems to ensure that stable expression
of a high harvest index (HI) is achieved. Adequate partitioning among plant organs will be necessary to achieve
favorable expression of HI, and to ensure that plants with heavier grain have strong enough stems and roots to
avoid lodging. Trait-based crossing strategies will aim to achieve their simultaneous expression in elite agronomic
backgrounds and wide crossing will be employed to augment genetic diversity where needed. Genomic selection
approaches will be employed, especially for difficult-to-phenotype traits. Products will be delivered to national
wheat programs worldwide via CIMMYT'’s international nursery systems and are expected to make a significant

contribution to global food security.

Introduction

Increases in wheat productivity have been achieved
worldwide as a result of adoption of Green Revolution
technologies (Evenson and Gollin, 2003). Nonetheless,
the challenges of increasing production to feed a world
population of 9 billion by mid century are considerable.
Less developed countries are particularly vulnerable in
terms of food security for three main reasons: firstly,
most are net importers of cereals (Dixon et al., 2009).
Secondly many of their national wheat programs lack
sufficient capacity to meet demand (Kosina et al., 2007).
Finally, the majority are located in climate vulnerable
regions (Lobell et al., 2008). While international public
wheat breeding has focused in recent decades on
increasing resistance to disease and abiotic stress
(Reynolds and Borlaug, 2006; Braun et al., 2010), efforts
to raise genetic yield potential per se have received little
attention. In fact the fundamental bottleneck to raising
productivity, namely radiation use efficiency (RUE), has
barely changed.

Research in photosynthesis suggests that improvements
in yield are theoretically possible (Long et al., 2006;
Parry et al., 2007; Zhu et al., 2010). These consider the
inefficiency of carbon fixation in C3 crop and compare

it with that of C4 crops which show up to 50% greater

RUE. In wheat, genetic modification of Rubisco and its
regulation are major targets to improve photosynthetic
efficiency (Parry et al., 2007); a more ambitious
approach in rice is to introduce the characteristics of C4
photosynthesis (Furbank et al., 2009). While increasing
photosynthetic potential will require research to focus
at cellular and sub-cellular processes, this must go in
parallel with genetic modification of structural and
reproductive aspects of growth, since these determine
the net agronomic benefit of increased RUE. Specifically,
adaptation of the reproductive processes to variation

in seasonal and other environmental factors, while
relatively poorly understood, determines the efficiency
with which photo-assimilates are converted to yield
(Reynolds et al., 2009a). Furthermore, even at current
levels of yield potential, a significant portion of wheat
yield worldwide is already lost due to lodging (Berry et al.,
2004). In summary, to achieve impacts under agronomic
conditions, the following broad objectives must be
tackled simultaneously: (i) increase crop biomass through
modification of RUE, (ii) improve targeted adaptation of
reproductive processes to major wheat agro-ecosystems
thereby permitting increases in RUE to be consistently
translated to grain weight, and (iii) enhance plant
structural characteristics to ensure that grain yield
potential and quality are not sacrificed due to lodging.
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To achieve these objectives, the International Maize
and Wheat Improvement Center (CIMMYT) began
consulting with crop experts worldwide culminating

in the formation of a Wheat Yield Consortium (WYC)
(Reynolds et al., 2011). The remit of the WYC is, through
linking ongoing research worldwide, to develop a
cohesive portfolio of research activities to maximize the
probability of impact in farmers’ fields (Figure 4.1).

Overview of research approaches to
raise the yield potential of wheat

WYC includes expertise within three linked themes:

1) Increasing photosynthetic capacity and efficiency.

2) Optimizing partitioning to grain yield while
maintaining lodging resistance.

3) Breeding to accumulate yield potential traits and
delivery of new germplasm.

RUE
C4 like
traits

Applied research
platforms: germplasm

- Carbon

PHYSIOLOGICAL & MOLECULAR concentrgt‘ing
SCREENS ESTABLISHED mechanisms
4

GENETIC RESOURCES EXPLORED
FOR YIELD POTENTIAL TRAITS

<

- Thermally

Rubisco
activase

- Rubisco
engineering

regeneration

Within each of these, a set of sub-projects (SPs) has been
developed (Table 4.1) in a way that capitalizes on pre-
existing knowledge and ongoing research. In the following
three sections, the broad objectives of the three themes
are presented in context of how research products will
translate into new traits for use in breeding and eventually
the delivery of new wheat cultivars. Further details for all
three Themes have been published separately (Parry et al.,
2011; Foulkes et al., 2011; Reynolds et al., 2011).

Theme 1: Increasing photosynthetic capacity
and efficiency

To achieve a quantum increase in crop yield potential a
major improvement in photosynthetic capacity and/or
efficiency will be required. In rice, potential grain number
has increased markedly in the new rice types but only
around 40% of these florets are fertilized and filled (Sheehy
et al., 2007), indicating “source” limitation by insufficient
provision of photosynthate at key developmental stages.

In wheat, while “sink” strength of grain and photosynthetic

Basic research platforms: complementary traits
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Figure 4.1. A research strategy to improve yield potential of wheat. Where: HI = harvest index; RUE = radiation use efficiency.
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capacity may be more in balance, there is also evidence
that historic gains in wheat yield potential have been
associated with increased photosynthesis (Fischer et al.,
1998). Furthermore, basic research in photosynthesis has
confirmed that substantial improvements are theoretically
possible (Parry et al., 2007; Zhu et al., 2010).

Two approaches will be investigated for increasing total
crop biomass. They both aim to increase photosynthetic
efficiency and capacity by targeting the first step of CO,
fixation in C3 photosynthesis, catalysed by Rubisco, and
the subsequent regeneration of the co-substrate for
this enzyme, Ribulose-1,5-bisphosphate (RuBP). Rubisco
operates at low catalytic efficiency and also catalyses an
oxygenation reaction (initiating photorespiration) which
wastes carbon and energy (See Zhu et al., 2010). The
first approach has multiple components (Table 4.1). A
component intended to achieve application in the 5-year
timeframe is to target the properties of the Rubisco
protein and associated photosynthetic machinery (Parry
et al., 2007) by phenotypic screening of diverse sources
of germplasm for photosynthetic performance at the
whole leaf or canopy level using direct measurement

Table 4.1. Sub-projects (SPs) of the Wheat Yield Consortium.

Theme 1: Increasing photosynthetic capacity and efficiency
SP1.1 Phenotypic selection for photosynthetic capacity
and efficiency
Capturing the photosynthetic potential of spikes
Optimizing canopy photosynthesis and photosynthetic
duration
Chloroplast CO, pumps
Optimizing RuBP Regeneration
Improving the thermal stability of Rubisco Activase
Replacement of LS Rubisco

SP1.2
SP1.3

SP1.4
SP1.5
SP1.6
SP1.7

Theme 2: Optimizing partitioning to grain while maintaining
lodging resistance
SP2.1 Optimizing harvest index through increasing partitioning to
spike growth and maximizing grain number
Optimizing developmental pattern to maximize spike fertility
Improving spike fertility through modifying its sensitivity to
environmental cues
Improving grain-filling and potential grain size
Identifying traits and developing genetic sources for
lodging resistance
Modeling optimal combinations of, and tradeoffs
between, traits

SP2.2
SP2.3

SP2.4
SP2.5

SP2.6

Theme 3: Breeding to accumulate yield potential traits
SP3.1 Trait and marker based breeding

SP3.2  Wide crossing to enhance photosynthetic capacity
SP3.3  Genomic selection to increase breeding efficiency
SP3.4  Germplasm evaluation and delivery

coupled with mathematical modeling. This phenomics
approach will define sets of germplasm with variation in
Rubisco properties and associated regulatory proteins
such as Rubisco activase (Table 4.1, SPs 1.1, 1.2 and 1.3).
This will be coupled with a project to screen for improved
photosynthetic capacity in spikes which can contribute

a large proportion of grain carbon (see Gebbing and
Schneider, 1999; Table 4.1, SP 1.2).

Genetic engineering will be used to improve RuBP
regeneration, Rubisco activase (Table 4.1, SP 1.4) or

to introduce Rubisco subunits with enhanced catalytic
properties (Table 4.1, SP 1.6). Under conditions of low
light and elevated CO, the regeneration of RuBP limits
photosynthetic carbon assimilation. There is clear
experimental evidence that manipulation of RuBP
regeneration by over expressing sedoheptulose-1,7-
bisphosphatase (SBPase) can increase plant productivity
in controlled environments. Modeling approaches also
suggest increased benefit from the over-expression of
fructose-1,6-bisphosphate aldolase (FBPA). In SP 1.5
(Table 4.1), RuBP regeneration capacity in wheat will be
increased by over-expressing both SBPase and FBPA which
is predicted to increase yields by around 10% (Reynolds et
al., 2009a). For Rubisco activase, genetic variation in heat
stability has been established in a range of plant species
and the residues responsible mapped in Arabidopsis
(Salvucci and Crafts-Brander 2004; Kurek et al., 2007). In
SP 1.6 (Table 4.1) Rubisco activase will be reengineered to
increase its thermotolerance, with the aim of broadening
the temperature range for photosynthesis.

Much progress has been made in identifying natural
variation in the catalytic properties of Rubisco from different
species and in developing the tools for introducing Rubisco
genes into plants. Modeling suggests that very large
increases in photosynthetic performance should be possible
(Parry et al., 2007) by introducing existing Rubisco variants
from other plant species. In a longer term approach, SP 1.7
(Table 4.1) recognizes this potential and will develop plastid
transformation for wheat.

Another approach is to mimic systems that already exist
in nature which concentrate CO, in the compartment
where Rubisco is located, eliminating photorespiration
and ensuring Rubisco operates close to its catalytic
optimum. These systems are present in C4 plants,
where a biochemical CO, concentrating mechanism has
evolved many times, capable of elevating CO, at the
site of Rubisco up to 10-fold over atmospheric levels
(von Caemmerer and Furbank, 2003). There is currently
an International Consortium attempting to install a C4
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pathway in rice (Furbank et al., 2009), however, the
complexity of the anatomical and biochemical traits
necessary for this mechanism to operate is daunting and
the minimal set of genes necessary unknown. In many
algae and cyanobacteria, however, CO,, in the form of
bicarbonate, is pumped across membranes to elevate
CO, to even higher levels than those seen in C4 plants
(Price et al., 2008). Only one or two genes are required
for this transformation and these are now cloned

and functionally validated (Price et al., 2008). If these
transporter proteins could be placed in the chloroplast
membrane of wheat and the system functions as it

does in algae and cyanobacteria, large increases in
photosynthetic efficiency would result (Table 4.1, SP 1.4).

In summary a range of options —both transgenic and
non-transgenic— exist to raise RUE in wheat, some

of which may be physiologically complementary or
genetically additive. Further exploration of genetic
diversity within and outside the Triticeae tribe will
eventually determine which approaches are most likely
to be implemented in breeding.

Theme 2: Optimizing partitioning to grain
yield while maintaining lodging resistance

Adaptation of reproductive processes to environment
is still considered among the most challenging aspects
of cereal improvement (Barnabas et al., 2008). While
increases in harvest index (HI) have been achieved
since the Green Revolution period (Sayre et al.,

1997; Shearman et al., 2005) their physiological and
genetic basis is not well established. For wheat, this

is in part because it is grown across widely divergent
temperature regimes and latitudes, and in extreme
cases, poor adaptation can result in negligible yield
despite the expression of a significant crop biomass.
Key physiological components include developmental
response to vernalization, photoperiod, and other
environmental factors that influence intra-plant
competition for growth resources (Fischer, 1985; Slafer
and Rawson, 1994; Ugarte et al., 2007; Ghiglione et
al., 2008). It has been shown that spike fertility can be
improved by increasing the availability of assimilates to
the developing spike (Fischer, 1985), thereby reducing
the early abortion of grains (Miralles and Slafer, 2007)
or by increasing grain weight potential (Calderini

and Reynolds, 2000; Duggan and Fowler, 2006). Both
processes are affected by photosynthetic capacity, intra-
plant competition between organs for assimilates, and
their interaction with environmental signals that respond
to photoperiod, temperature, water and nutritional
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status. The photosynthetic capacity of contemporary
germplasm may not even be utilized efficiently if spike
fertility is not optimized (Reynolds et al., 2009a).

One candidate gene that has been identified for spike
fertility per se —Gn1a in rice— codes for cytokinin oxidase
which through its regulation of cytokinin levels influence
numbers of reproductive organs in the panicle (Ashikari
et al., 2005). The apparent involvement of growth
regulators in determining grain number suggests that

a better understanding of 