Wheat genetics research in the UK
A case study describing the history and impact of five areas of
UK wheat genetics research
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A history of wheat genetics research in the UK
Wheat was first domesticated around 10,000 years
ago in the Fertile Crescent in the Near East. From
there it spread around the world, reaching the UK
around 3000BC1. Wheat now makes up 20% of the
calories consumed by people around the world2, and
new higher-yielding wheat varieties play a vital role in
ensuring food security as demand for food grows.
In 1940, wheat yields in the UK were around 2.5 tonnes
per hectare3. Since then, new varieties and better
farming practices mean that wheat yields have been
rising4. Today farmers regularly harvest more than eight
tonnes per hectare3.

Wheat makes up 20% of the
calories consumed by people
globally
These wheat yield increases are due in part to
advances in our understanding of the complex genetics
of wheat, enabled by investments in agriculture
and plant science research from BBSRC and its
predecessors the Agriculture and Food Research
Council (AFRC) and the Agriculture Research Council
(ARC).
New varieties that harness the genetic discoveries
made by BBSRC-funded researchers and others have

had a measurable impact on wheat yields. Genetic
improvements to wheat have added around 0.05 tonnes
per hectare per year to average UK wheat yields since
the early 1990s5. In 2012, these improvements added
around £16.9M to the value of UK wheat production6.
AFRC and BBSRC investments have provided longterm support for research into the genetic basis of
specific wheat traits and the genetic tools needed to
fully understand and exploit such traits in breeding
programmes. Much of the research into wheat also
depended on continued support for fundamental
bioscience research into plant genetics.

Impact Summary
UK wheat research, which has received long-term
support from BBSRC and its predecessors the ARC
and AFRC, has contributed to UK and global increases in wheat yields by enabling the creation of new
wheat varieties. These added around £16.9M to the
value of UK wheat production in 2012 alone.

This case study tells five stories where BBSRC
investments are making significant contributions to the
development of new wheat varieties, and where the
UK is internationally recognised as leading the way in
wheat genetics research.

Wheat was grown on two million hectares of land (from a
total of 17.2 million hectares of
farmland)7 in the UK in 2012,
and wheat production was worth
£2Bn to the UK economy8
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1. Unifying cereal genetics
To investigate the immensely complex wheat genome,
researchers now turn to the smaller genomes of related
cereals such as rice and a grass called Brachypodium.

same genes in wheat. The concept of synteny, developed in the UK, now underpins wheat research and
breeding in academia and industry around the world.

This is possible thanks to synteny between the cereal
genomes, which means the order of genes in regions of
the wheat genome is the same as in certain regions of
rice and other cereal genomes. As a result, researchers
can identify genes in rice, which has a much smaller
genome than wheat, and use them to quickly find the

Another benefit of synteny is that it is allowing plant
breeders to use genetic markers identified in rice and
other cereals for wheat breeding, greatly increasing the
number of markers available and making it easier to
track desirable traits.

1979: Working at the AFRC-funded Plant
Breeding Institute (PBI), Dick Flavell is the first
researcher anywhere in the world to successfully clone plant DNA.

1989: Graham Moore receives funding from
AFRC and the Department for Trade and Industry (DTI) to demonstrate synteny between
rice and wheat using the early genetic maps
of wheat developed by Mike Gale at the John
Innes Centre (JIC) and the work on rice genetics led by Moore’s Japanese collaborators.

1992: At a conference in San Diego, Moore
describes the first comparative mapping of rice
and wheat.

1989: Mike Gale produces the first RFLP (restriction fragment length polymorphism) maps
of wheat. RFLP mapping is an early form of
genome mapping (assigning DNA fragments to
chromosomes).

1994: In a paper published in Nature Biotechnology, Moore and colleagues demonstrate
that the comparatively small rice genome and
the larger and more complex wheat genome
are structured similarly, with genes in the same
order.

The former PBI building in Trumpington, Cambridge. Credit:
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1980s

1993: Between 1993 and 1996, Moore receives
funding from BBSRC to carry out comparative
analysis of the rice and wheat genomes.

1990s

1995: Moore unifies cereal genetics through the
synteny concept. Using mapping data for rice
(from Japan), maize and sorghum (USA), sugarcane (France), and rye, wheat and millets (Mike
Gale, UK), Moore and colleagues show they
can reconstruct all of the cereal genomes from a
conserved set of genetic building blocks. When
they look at the order of these blocks, they are
also able to construct a hypothetical ancestral
genome for all of the cereals, and by cleaving
this they can derive all other cereal genomes.

2004: Moore uses his newly-created library of
genetic resources in Brachypodium to confirm
synteny with the other cereals.
Since 1995, synteny has been at the heart of
wheat breeding and genetics research around
the world. Researchers have identified numerous
genes, and large agriculture companies such as
Syngenta and Limagrain have exploited synteny
within their research and breeding programmes.
For instance:
2002: Syngenta sequence the rice genome,
partly in order to exploit synteny with other
crops of interest.

1995: The landmark ‘crop circles’ paper is
published, in which Moore presents a diagrammatic representation of the synteny concept that
allows comparisons to be made between the
genomes of all the major cereals. The diagram
is subsequently used in teaching material,
government strategies and reports around the
world.

Putting synteny to use
2006: Dubcovsky’s group use synteny to
identify wheat genes for high grain protein.
2009: Dubcovsky and colleagues identify
gene for stripe rust resistance, another fungal pathogen of wheat, using synteny.
2008: Tillering (production of side shoots)
gene mapped using synteny by Kansas
State University researchers.

2003: Powdery mildew resistance gene
cloned by researchers at the University of
Zurich using synteny, protecting wheat from
a common fungal pathogen.
2003-2006: Jorge Dubcovsky’s group in
the USA use the synteny concept to identify wheat genes for vernalisation (a plant’s
ability to flower in spring after exposure to
the cold of winter).
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2. Harnessing the diversity of wild wheat
Historians have argued that western civilisation was
built on the domestication of wheat, and wheat as we
know it would not exist without a gene known as Ph1.
Ph1 controls how wheat chromosomes pair up during
meiosis, the process which produces the plant’s reproductive cells. It stabilises the wheat genome by ensuring
pairing between similar or ‘homologous’ chromosomes
i.e. from the same ancestral genome (see ‘The wheat
genome’, below). Without it, wheat would be sterile.

1952: Ralph Riley joins the PBI in Cambridge,
which is funded by AFRC, where he begins to
investigate how to introduce traits from wild
wheat into elite wheat varieties.

However, Ph1 also prevents chromosomes from wild
varieties pairing and exchanging genetic material with
those from elite wheat varieties created by plant breeders. This makes it difficult for breeders to introduce valuable new traits such as disease resistance to elite lines.
Sixty years of sustained funding from BBSRC and its
predecessors has allowed researchers to dissect the
Ph1 locus, enabling breeders to create new and improved wheat varieties.

1968: Riley demonstrates experimental interventions during wheat meiosis to encourage
chromosome pairing between chromosomes
from different ancestral genomes. He uses this
to introduce resistance to Yellow Rust, a major
fungal pathogen of wheat.

1958: Riley recognises that the Ph1 locus on
wheat chromosome 5B stabilises chromosome
pairing in wheat by preventing chromosomes
from different ancestral wheat genomes (see
‘The wheat genome’, below) from associating
during meiosis. This makes it difficult to introduce new useful traits such as disease resistance from wild wheat.
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1987: Graham Moore is recruited by the John
Innes Institute (now JIC) to clone the Ph1 locus.
However, the large size of the wheat genome
makes it difficult to identify specific genes, so
Moore proposes using rice, which has a much
smaller genome, to develop genetic tools which
can be used in wheat.
1996: Having demonstrated synteny in the
cereals, Moore (working in collaboration with the
University of Cambridge Genetics Department)
receives funding from BBSRC to create the rice
genetic resources he proposed in 1987.

1960s & 1970s

1980s & 1990s

2000: Funding from BBSRC enables Moore
to create wheat and Brachypodium genomic
libraries to help characterise Ph1, in collaboration with Institut national de la recherche
agronomique (INRA), France. (Brachypodium is also a grass and a now model
plant for geneticists due to its amenability
to experimental manipulation and compact
genome).

2003: The libraries of genetic resources for
wheat and Brachypodium are completed.

2010: Exploiting this information, Moore and
colleagues show that okadaic acid can be
used to mimic the effect of deleting Ph1,
by inducing pairing between the ancestral
genomes.

2012: BBSRC funds a wheat pre-breeding
programme to bring together researchers
and plant breeders to exploit the latest
advances in wheat genetics using Moore’s
work on Ph1.

2006: Moore and colleagues use synteny to
characterise the Ph1 locus. The research gives
breeders perfect DNA ‘markers’ – stretches of
DNA that identify a particular location in the
genome – that can be used to trace the movement of particular genes, in this case a cluster
of genes or loci, through breeding programmes.

2000s

Winter wheat. Credit: Professor Graham Moore/JIC
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3. Exploiting the Green Revolution gene
The Green Revolution, which took place from the 1940s
to the 1970s, significantly increased grain yields from
major cereals such as wheat and rice. This was particularly important in India and Pakistan, where new
high-yield crop varieties saved millions of people from
starvation. Driving the yield increases in wheat was the
reduced height (or Rht) characteristic, which reduced
the length of the wheat’s stalk but increased the size of
the edible grain.

1960s: The height of the Green Revolution.
New crop varieties and better management
practices and use of fertilisers greatly increase
crop yields around the world. Many of these
crops use the Rht trait, which results in much
shorter plants that put more of their energy into
grain production, increasing yields.

The Rht1 gene responsible for the Green Revolution
was identified thanks to support from AFRC for fundamental research into Arabidopsis genetics at PBI and,
later, BBSRC funding for the JIC. By identifying the
equivalent gene in Arabidopsis, an important model
organism for plant science research, researchers could
look for a similar gene in wheat.
The Rht1 trait is now ubiquitous in crop breeding programmes around the world.

1980s: PBI drives the adoption of Arabidopsis as a model organism for plant scientists in
Europe. Arabidopsis is now the model organism
for plant science, underpinning research around
the world.

1960s and 1970s: PBI breeders develop several
successful wheat lines, harnessing the Rht
characteristic, which dominate UK wheat production and are worth around £75M to the UK
economy each year.
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Arabidopsis thaliana. Credit:
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Woman harvesting wheat, Raisen district, Madhya Pradesh,
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1990: Nick Harberd joins JIC. He aims to clone
the GAI gene in Arabidopsis as a route to
cloning the Rht1 gene in wheat and the equivalent maize gene, D8. Although Arabidopsis and
wheat are not closely related, mutations in GAI
and Rht-1 genes produce similar results – such
mutants are insensitive to the plant hormone
gibberellin (so they have short stems) and
accumulate large quantities of gibberellin in their
tissues.

1990s

1997: Harberd and colleagues successfully
clone GAI in Arabidopsis.

1999: Harberd and colleagues identify the Rht-1
gene in wheat, based on their work on GAI in
Arabidopsis. The discovery gives breeders a
perfect genetic marker for the trait, allowing
them fine control over the height of their wheat
plants by introducing different variants, or ‘alleles’, of the Rht-1 gene.

2011: Researchers from JIC and Rothamsted,
which receive strategic funding from BBSRC,
characterise the Rht-1 genes, adding to our
understanding of the Rht trait in wheat.

1990s & 2000s

The wheat genome
The wheat genome was published in 2012 (following
an initital draft, published in 2010) by a consortium
of researchers from the UK, Germany and the USA.
They identified around 96,000 genes; four times as
many as in the human genome.
Modern domesticated wheat is also hexaploid i.e. it
has six copies of each chromosome, as its genome
consists of three different ‘ancestral’ genomes. This
great size and complexity makes the wheat genome
much more difficult to work with than smaller cereal
genomes such as rice.

Wheat genome

Human genome

42 chromosomes,
comprising
three ancestral
genomes (A, B
and D) of fourteen
chromosomes each.

46 chromosomes

17 billion base pairs

3 billion base pairs

94-96,000 genes

20-25,000 genes

‘Shotgun’ sequence
in 2012

Sequenced in 2001

(Left) Illustration of common wheat, Triticum aestivum, from Prof.
Dr. Otto Wilhelm Thomé Flora von Deutschland, Österreich und der
Schweiz 1885, Gera, Germany (public domain).

4. Developing wheat for changing climates
To maximise yield, farmers need to grow crops that
flower at the right time for the environment they are
growing in. Flowering too early could expose the plants
to frost damage, and flowering too late, particularly in
regions with short growing seasons, could also expose
the plant to unfavourable conditions for grain production.
One of the environmental cues plants use to determine
when to flower is day length, or ‘photoperiod’. Many

1978: Building on earlier studies of flowering
time in wheat, Colin Law and others at PBI
identify three loci involved in control of flowering
time based on day length, Ppd-1, Ppd-2 and
Ppd-3, each located on one of the three group 2
chromosomes (one from each ancestral genome).

1970s

wheat varieties need a period of longer days before
they will flower. However, some plants carry a mutation
which means they are not sensitive to day length.
By understanding the genetics of flowering time,
breeders can precisely control when wheat will flower,
allowing them to develop varieties adapted to new environments, which will be particularly important as global
climates change.

A field of barley. Credit: USDA

1983: Work at PBI identifies the location of the
major photoperiod gene, Ppd-2, on wheat chromosome 2B.

2004: Researchers from JIC, Germany and
Mexico produce a physical and genetic map of
gene Ppd-2 (now known as PPD-B1).

1986: PBI researchers identify the location of
the gene Ppd-1 on chromosome 2D in wheat.

2005: Laurie clones the Ppd-H1 gene in barley
using synteny with rice and Brachypodium,
building on earlier research into photoperiod
response in Arabidopsis.

1995: David Laurie and colleagues at
BBSRC-funded JIC identify two flowering time
genes in barley, using RFLP mapping.

2007: Using their knowledge of the location of
Ppd-H1 in barley, researchers at JIC are able to
precisely identify the Ppd-D1 gene in wheat.

1980s & 1990s

2000s

5. Better UK wheat for bread-making
Historically, the UK imported much of its wheat for
bread-making from the USA and Canada, as the flour it
produced was rich in gluten proteins. However, after the
Second World War, researchers at PBI began to study
the bread-making qualities of wheat to allow them to
breed UK varieties suitable for making bread.

Good bread-making quality in wheat depends on the
gluten in the dough. Gluten is made of two proteins,
gliadins and glutenins, and the presence of different
gliadin and glutenin sub-units affects the properties of
dough made from the wheat flour.

Now, 4.5M tonnes of wheat grown in the UK each year
is used to make bread.

1979: At PBI, Peter Payne establishes the
link between high molecular weight sub-units
of glutenin and the strength of dough made
from wheat flour – an important component of
bread-making quality.

Breads. Credit Scott Bauer/US Department of Agriculture

1981: Payne continues to demonstrate the link
between high molecular weight glutenin and
bread-making quality.
1983: At PBI, Dick Flavell identifies and partially
sequences a cluster of genes which produce the
high molecular weight glutenin sub-units.
1984: Payne, Law and others at PBI identify
the gene loci for three high molecular weight
glutenin sub-units on chromosomes 1A, 1B and
1D, as well as other loci for gliadins and low
molecular weight glutenins.
1989: Flavell and colleagues determine the DNA
sequence of one of the genes for a low molecular weight glutenin sub-unit.

1970s

1980s

1990s-2000s: The molecular characterisation of
the glutenin sub-units by Peter Shewry and colleagues at Rothamsted Research advances our
understanding of dough strength and elasticity.
1997: Shewry shows that disulphide bridges
(chemical bonds between two sulphur molecules) play an important role in determining
the properties of the gluten responsible for
bread-making quality.
2010: Shewry and colleagues characterise
one of the low molecular weight sub-units of
glutenin, which are difficult to study due to their
complex mix of components.

1990s & 2000s
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