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Societal Impact Statement

Increasing crop productivity is often proposed as a key goal for meeting the food
security demands of a growing global population. However, achieving high crop
yields alone without meeting end-use quality requirements is counter to this objec-
tive and can lead to negative environmental and sustainability issues. High yielding
feed wheat crops in the United Kingdom are a typical example of this. The historical
context of UK agricultural industrialisation, developments in plant breeding and
wheat end-use processing are examined. We then outline how employing innova-
tions in plant breeding methods offer the potential to redress the balance between
wheat quantity and quality.

Summary

Bread wheat (Triticum aestivum L.) has historically been an important crop for many
human civilisations. Today, variability in wheat supply and trade has a large influence
on global economies and food security. The United Kingdom is an example of an
industrialised country that achieves high wheat yields through intensive cropping sys-
tems and a favourable climate. However, only a minority of the wheat grain produced
is of suitable end-use quality for modern bread baking methods and most wheat pro-
duced is fed to livestock. A large agricultural land area and input use dedicated to
producing grain for animal rather than human food has wide-ranging negative
impacts for environmental sustainability and domestic food production. Here we pre-
sent an historical perspective of agricultural and economic changes that have resulted
in UK production primarily focussing on wheat quantity over quality. Agricultural
intensification, liberalisation of free trade in agricultural commodities, innovations in
the milling and baking sector, developments in scientific understanding of genetics
and plant breeding, and geopolitical changes have all played a role. We propose that
wheat breeding plays a crucial role in influencing these issues and although wheat
breeders in the United Kingdom have historically applied the most-up-to-date scien-
tific advances, recent advances in genomics tools and quantitative genetics present a
unique opportunity for breeders to redress the balance between quantity and

quality.
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1 | THE ROLE OF UK WHEAT IN THE
GLOBAL FOOD SYSTEM

Domestication of wheat (Triticum aestivum L.) from its ancestors
played a major role in the formation of early agrarian civilisations in
the fertile crescent (Bhargava et al., 2019; Faris 2013), which for
better or for worse, involved sedentarism and the first centralised
states (Scott, 2017). Over the last century, agricultural industrialisation
and progress in plant breeding has sustained substantial increases
in wheat vyields (Mackay et al, 2011; Mondal et al, 2020;
Tadesse, 2019), broadly meeting the food demands of the rapidly
growing global population. However, recent volatility in the global
wheat trade (Bentley, 2022), projected increases in population growth
and demand beyond supply (Godfray et al., 2010), as well as climate
change impacts (Ray et al., 2019) underline the vulnerability of wheat
production and distribution. Use of agricultural inputs, including inor-
ganic nitrogen and phosphorus fertilisers as well as pesticides, will also
become increasingly limited due to scarcity of their component
resources and requirements to reduce environmental impacts (Basosi
et al., 2014; Dawson & Hilton, 2011; Skowrofiska & Filipek, 2014; van
der Werf, 1996).

Wheat grains contain mostly starch (80%), while total proteins
(e.g., glutenins) typically constitute between 9% and 15%. Fibre,
mainly derived from non-starch cell walls, and minerals important for
human dietary health (Fradgley et al., 2022), are present in much smal-
ler proportions (Shewry et al., 2013). The suitability of grain for human
consumption, as defined by quality end-use classes (e.g., bread baking
and biscuit making), is determined by variations in both the overall
quantity and the specific properties of different proteins that affect
the ease of grain milling, processing and baking characteristics,
defined by the prevalent bread baking industries. Grain that falls
below threshold quality criteria is generally used as feed for livestock.
These quality criteria for processing and human nutrition have histori-
cally evolved along with developments in industrial processing
methods and consumer product preferences.

Temperate wheat growing regions, such as north-western Europe,
have favourable climates for achieving high yields. In comparison to
other major wheat producing regions, the United Kingdom has rela-
tively mild winters and cool summers with long day lengths, conducive
to optimising the reproductive and grain filling phase (Worland, 1996).
Reflecting this, several recent world record breaking wheat yields
have been achieved in the United Kingdom (Jones, 2023; Senapati
et al., 2019). However, this highly productive system providing large
guantities of feed grain for livestock consumption underpins an
unsustainable food system and intensifies the environmental impacts
of industrial farming land use. The lack of focus in the
United Kingdom on producing high quality wheat grain for human

consumption has been an outcome of many factors including

agricultural intensification, developments in milling and baking indus-
try requirements as well as difficulties in plant breeders' simultaneous
selection for multiple quality traits, some of which are negatively cor-
related with yield.

Here we give an historical perspective of changes and develop-
ments in quality wheat production and breeding in the United
Kingdom. We highlight the important role that plant breeding can play
to redress the current imbalance between quantity and quality and

shape a more sustainable food system in future.

2 | THE HISTORICAL CONTEXT FOR
CHANGES IN UK WHEAT QUALITY

2.1 | Industrialisation and globalisation drove
highly productive wheat farming in the
United Kingdom

Wheat was not the dominant cereal crop grown and consumed by the
majority of Britons as the ‘the staff of life’ until the industrial revolu-
tion of the mid-19th century (Collins, 1975). The enclosure of com-
mon land (McCloskey, 1972) and the agricultural revolution towards
the end of the 18th century was the first major step change in
increasing the productivity of British agriculture and the dominance of
wheat (Allen, 1999). Consolidation of small holdings of less than an
acre (~0.4 ha) and adoption of crop rotations as well as integration of
livestock to fertilise cropland led to greater farm system efficiency
(Thompson, 1968). The beginnings of mechanisation saw horse-drawn
seed drills enabling greater productivity with reduced manual labour.
The enclosures also paved the way for private ownership of farmland
and the urbanisation of labour that fuelled the industrial revolution
(Fairlie, 2009).

Agriculture in Victorian Britain, particularly between 1830 and
1880, has been considered to have been a golden age of ‘High
Farming” where mechanisation and mixed farming, integrating
livestock into crop rotations, ensured steady increases in output and
competitiveness of British farmers with European contemporaries
(Harley, 2018; Perry, 1981; Walton, 1999). Mixed farmers already
valued both yield of straw for forage and grain for bread making but
the value of grain for livestock feed was also becoming increasingly
important so that high yielding and soft, low-quality varieties that
responded well to manure fertilisation were generally preferred. With
the lack of a coordinated wheat quality grading system, there was
already little incentive for farmers to produce lower yielding, but high-
quality wheat crops for bread making.

Pressure from the increasing urban population to reduce food
prices led to the 1846 repeal of the Corn Laws to allow free trade in

lower cost imported wheat, which was a major first step towards a
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globalised food system (Fay, 2017). Wheat imports to the
United Kingdom came mainly from the United States, Canada and
Russia, where wheat could be grown much more cheaply over larger
areas. These shorter season growing environments with reduced sum-
mer rainfall meant that the hard milling red spring wheat types were
grown at lower vyields and higher protein content, producing stronger
and higher-quality flour than the softer United Kingdom produced
wheat. With farmers' higher production costs and reduced grain prices
Britain entered a period known as the great agricultural depression
which saw increased reliance on grain imports, decreased agricultural
productivity, and a shift towards extensive permanent pasture-based
livestock systems over grain production (Figure 1; Turner, 1992;
Walton, 1999). Facing the financial challenges of lower domestic grain
prices due to cheaper imports and increased labour costs in competi-
tion with the booming urban industries, British wheat farmers were
obliged to prioritise yield over quality. Another consequence of this
was the development of the market for British soft wheat flour for
biscuit making as an international trade exchange for higher quality
bread wheat imports, but no formal quality grading system existed for
domestically produced grain (Walton, 1999).

The second industrial revolution (from the second half of the
nineteenth century) saw the decoupling of the inverse relationship
between workers' wages and population size so that both increased
sharply (Harley, 2018). This was also a significant turning point for the
milling industry with the invention of roller mills which rapidly
replaced traditional stone mills throughout the 1870s and facilitated a
more centralised processing system (Figure 1a). Roller mills operate
a series of incrementally narrowly spaced steel rolls that separate
much more efficiently the white endosperm as fine white flour from
the larger sized bran and germ components of the grain as different
fractions (Belderok et al., 2000). A higher extraction rate of sifted
white flour can therefore be achieved from roller milled flour com-
pared to stone milling. This new industrial milling method redefined
the wheat quality criteria with greater value placed on high extraction
rates from hard milling imported grain that could not be matched by
domestic wheat growers. The increased prevalence of wheat in the
diets of the urban population was therefore also accompanied by a
shift to more efficiently refined white flour across societal classes, and
was endorsed by food chemists for perceived health benefits (Tann &
Jones, 1996). Beginning in the south-east with increased demand
from the population in London, pulses and other grains including bar-
ley, oats and rye were replaced by wheat as the dominant cereal con-
sumed in the United Kingdom (Collins, 1975).

The agricultural depression in Britain lasted from 1876 to the end
of the 19th century (Figure 1a). Despite the beginnings of systematic
plant breeding in the United Kingdom in the early 20th century, the
United Kingdom continued to import more than three quarters of
wheat for domestic use throughout the agricultural depression and up
until World War Il (Figure 1b; Belderok et al., 2000; Mitchell, 1988).
However, the constraints on imports due to the war abruptly necessi-
tated the United Kingdom to ‘dig for victory’ and become more self-
sufficient. Large areas of permanent pasture were again cultivated for

cereal grain production (Figure 1d; Angus et al., 2009). In addition,

implementation of the Haber Bosch process (Kissel, 2014) saw nitro-
gen fertiliser availability and application (together with wheat yields)
rapidly increase up until the end of the 20th century (Figure 1ic;
Muhammed et al., 2018). Increases in grain yield from the 1960s
onwards were partly achieved through increased fertiliser rates
(Hawkesford & Riche, 2020), but genetic advances made through
intensive selection and breeding have also become increasingly impor-
tant (Figure 1c; Mackay et al., 2011).

2.2 | Progress and challenges faced by UK wheat
breeding to combine yield and quality

Although breeding high quality and highly productive varieties has
long been an endeavour of UK wheat breeders, the context of indus-
trialisation of wheat production and market forces favouring quantity
over quality has historically presented many challenges. At least as far
back as the 18th century, arable farmers were encouraged to follow
the common practice of livestock farmers managing the best stock for
breeding and select seed from the most vigorous plants in the heter-
ogenous landraces (a plant variety that is heterogeneous and has
evolved in particular location) grown at the time (Walton, 1999). How-
ever, more formal plant breeding was not undertaken until towards
the end of the 19th century. Following the 18th century age of
enlightenment when rapid advances in scientific thinking and discov-
eries were made across Europe (Hankins & Hankins, 1985), Gregor
Mendel's work in the 1850s on inheritance of genes in plants laid the
foundations for the science of genetics and plant breeding
(Gliboff, 1999). Nevertheless, the implications of Mendel's work were
only considered by a few contemporaries in the scientific community
before the end of the century (Olby & Gautrey, 1968). From the mid-
19th century, heterogeneous landrace varieties were replaced by
higher yielding pure-line selections from them, and then through
deliberate crossing of individual lines and selection of high performing
pure-line varieties (Belderok et al., 2000; Bradshaw, 2017). For exam-
ple, the newly identified Squarehead wheat types were adopted and
used for crossing by plant breeders across northern Europe, bringing
steady increases in yield (Figure 1c), but were generally of poor quality
for milling and bread making (Pujol Andreu, 2011). The National Asso-
ciation of British and Irish Millers (NABIM) had raised concerns over
the deterioration of the quality of United Kingdom produced wheats
from as far back as 1890 (Walton, 1999). For example, Squareheads
Master (Figure 2) was one of the early varieties developed by crossing
distinct parental varieties and was mainly used as a biscuit wheat
(Percival, 1934).

The Cambridge Plant Breeding Institute (PBI) was established in
1912 to lift Britain out of financial depression and apply the accepted
Mendelian understanding of genetics and heredity to plant breeding
(Palladino, 1996; Radick, 2023). Although the classical population
geneticists and statisticians of the time advocated a more quantitative
biometric model of evolutionary processes, Mendelism prevailed as
the accepted concept, assuming that discreet qualitative traits were
more simply inherited (Harwood, 2015; Provine, 2001). Much in the
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FIGURE 1 A historical overview of trends in wheat production in the United Kingdom from 1800 to 2022. (a) Historical timeline for UK
wheat production including geopolitical events, advances in the science of crop genetics and breeding, key innovations in the milling and baking
industry and significant wheat varieties released. (b) Trends in imports and exports of wheat in the United Kingdom. (c) Trends in grain yield of
wheat in the United Kingdom and the six countries with the largest wheat exports. (d) Trends in land area use for wheat and permanent pasture
for livestock grazing in the United Kingdom. Data sourced from Mitchell (1988) and FAO (2022).

same way as Mendel had demonstrated with pea flower colour and for yield and quality. Despite contentious correspondence with the
seed shape, Biffen considered directed crosses of inbred parent lines Canadian wheat breeder Charles Saunders, who argued the contrary,
to be an effective approach to combine and fix simply inherited traits Biffen assumed ‘strength’ (of dough viscoelastic properties) in wheat
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behaved as a purely Mendelian trait (Saunders & Biffen, 1909).
Although components of gluten protein quantity and quality were not
clearly understood at the time, Biffen aimed to combine the high yield
of the Squarehead type varieties with gluten strength from other
sources (Humphries & Biffen, 1907). Rather than using the traditional
high quality UK landraces that had been displaced, he looked further
afield and used the spring wheats that were being imported to the
United Kingdom. Biffen achieved early success with the first few
released varieties each being grown over large proportions of the UK
wheat area (Lupton, 2005; Srinivasan et al., 2003). These included Lit-
tle Joss, which was bred from Squareheads Master and Ghirka
(@ Russian spring wheat), as well as Yeoman which was bred from
another English Squarehead type wheat (White-chaffed Browick) and
Red Fife; a Canadian spring wheat. Despite Biffen's early successes
and close collaborations with the established milling and baking indus-
try (Humphries & Biffen, 1907), there was still a disconnect with the
market forces and requirements influencing farmers' decision making.
Although the minority of quality wheat growers supported Biffen's
work, the growing poultry feed industry was still able to offer compa-
rable premiums to those of bread baking quality wheat
(Halnan, 1928), thus shifting production incentives towards lower
quality. As work at PBI progressed, white grained varieties such as
Steadfast (released: 1942) and Holdfast (released: 1936) were
released but achieved only limited acceptance due to susceptibility to
pre-harvest sprouting (leading to reduced grain quality), despite
Holdfast's otherwise good quality profile (Belderok et al., 2000;
Palladino, 1996).

The shortcomings of PBI extended after World War Il as varieties
from foreign private breeding companies were increasingly grown in
the United Kingdom (Palladino, 1996). The high yielding and disease
resistant French variety Cappelle Desprez came to dominate wheat
farming in the United Kingdom throughout the 1960s and was used
extensively at PBI as a parent of new varieties to further push greater
yields (Figure 1a; Lupton, 2005). The release of the high-quality wheat
Maris Widgeon (Figures 1a and 2) in 1964 was a significant exception
to this trend but was not grown widely; again, due to the lack of
market incentives to grow high-quality wheat at the time. Therefore,
the disconnect between PBI and the market requirements continued

into the 1960s and meant that high-quality varieties still went

Holdfast

(1936) (1964)

Red Lammas

Squareheads Master

(Pre 20 centuary caly
squaredhead type wheat)

Maris Widgeon

underutilised. From the 1960s, introgression of semi-dwarf height
reducing genes into wheat breeding programmes around the world
and selection for widely adapted varieties was a fundamental part of
the ‘Green revolution’” which enabled greater use of nitrogen fertiliser
to increase yields without risk of yield losses due to crop lodging and
a shift towards greater harvest index (Baranski, 2022; Hedden, 2003).
However, the first semi-dwarf wheat variety (Maris Hobbit) was not
released in the United Kingdom until 1978 (Figure 1a).

From the 1980s, a clearer scientific understanding of the major
genetic and physiological components of wheat quality at PBI enabled
an era of increased focus on high quality wheat breeding. Early rudi-
mentary methods to assess gluten quality include manually washing
gluten from wheat dough (Monsivais et al., 1983), the Pelshenke test
and the Zeleny test. These tests were developed as simple methods
that could estimate the baking performance of newly developed
breeding lines. The Pelshenke test included a measure of time taken
for a yeasted dough ball to expand, float and disintegrate in water,
thus providing information on the gluten quality (Pelshenke, 1930).
The Zeleny test quantifies the sedimentation of wheat flour in a dilute
lactic acid solution, indicating good dough quality (Zeleny, 1947).
These early tests were replaced by higher throughput and more accu-
rate methods such as the addition of sodium dodecyl sulphate (SDS)
to the sedimentation tests which could then be more closely related
to dough quality regardless of confounding effects of starch degrada-
tion (Preston et al, 1982) and use of near infra-red reflectance
spectrometry (NIRS) technology directly on grain or flour samples to
rapidly and accurately measure protein content (Corbellini &
Canevara, 1994). At this time, PBI scientists knew that wheat gluten
quality was largely regulated by the high molecular weight glutenin
subunit genes (Blackman & Payne, 1987; Payne & Lawrence, 1983).
These are located on chromosome 1 from each of the A, B and D
genomes of hexaploid wheat (Glu-1A, Glu-1B, and Glu-1D loci). With
this knowledge, breeders could make selection for gluten quality
based on specific genetic information. These improvements in both
testing methods and genetic marker assisted selection meant that
much larger numbers of breeding lines could be screened for quality
traits and associated beneficial genes at earlier stages of the breeding
programme leading to successful release of several high-quality biscuit

and bread wheat varieties throughout the 1980s. Initially, the high

Hereward
(1991)

FIGURE 2 Example side and front view
images of ears from key early wheat varieties
grown in the United Kingdom.
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performing quality subunit 1 allele at the Glu-1A locus was already Red Fife's 5 + 10 allele at the Glu-D1 locus that contributes the great-
present in older high quality PBI varieties including Holdfast and Maris est value for gluten quality was not directly selected from Holdfast to
Widgeon. Subsequently, the variety Moulin was released in 1985 and Maris Widgeon at this early stage (Figure 3). It was not until much
included the 17 + 18 subunit allele at the Glu-1B locus that was intro- later that varieties were released in the United Kingdom with the
duced from a Mexican breeding line from the International Maize and same 5 + 10 allele derived less directly from other European material.
Wheat Improvement Center (CIMMYT) (Figure 3). Red Fife was iden- The spring wheat Maris Dove was released in 1971 which inherited
tified and used as the new source of gluten strength by Biffen at the the 5 + 10 allele from German material where the allele was much
start of the 20th century without explicit knowledge of the underlying more frequent (Belderok et al., 2000) but likely originated from

glutenin profile (Humphries & Biffen, 1907). However, inheritance of Canadian Red Fife (Figure 3). Mercia was later released in 1984,
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FIGURE 3 Pedigree visualisation of the routes that beneficial high molecular weight glutenin alleles were introduced and combined into UK
varieties.
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inheriting the allele from the French variety Flanders and was selected
based on physical SDS sedimentation tests rather than direct geno-
typing for the 5 + 10 allele. Solitaire, released in 1985 with 5 + 10
inherited from Dutch and Swedish material, also combined with the
other introduced beneficial 17 + 18 allele at the Glu-1B locus but did
not contribute much as a parent of later varieties (Figure 3). However,
Rialto (1991) inherited 5 4 10 from German varieties, similarly to
Maris Dove, as well as 17 + 18 directly from Moulin (Figure 3) and is
an ancestor of many later high-quality winter wheat varieties. Simi-
larly, via its descendant Cadenza, Maris Dove became the ancestor of
many later high-quality spring wheats (Fradgley et al., 2019).

Although these alleles took several routes into the UK wheat
gene pool, deeper analysis of the wheat pedigrees suggests Red Fife
as the ancestral source of the 5+ 10 allele through each route
(Figure 3; Payne et al., 1987; Lukow et al., 1989; Foot & Angus, 2005;
Fradgley et al., 2019).

However, this period of successful development of high-quality
wheat varieties at PBI would not last. The introduction of Plant
Breeders' rights in 1964 enabled several private breeding companies
to coexist with the dominant PBI (Galushko & Gray, 2014), but with
the privatisation of the PBI in 1987 and the International Union for
the Protection of New Varieties of Plants (UPOV) act of 1991, that
allowed breeders to claim greater royalties on farm saved seed, a
much larger number of private plant breeding companies came to
compete in the UK wheat varietal development and release market. In
contrast to southern Europe, the particularly strong administration of
the royalties system in the United Kingdom has made it a valuable tar-
get market for large breeding companies operating programmes
across Europe. Management of the variety recommended lists pro-
duced by the then publicly funded National Institute of Agricultural
Botany (NIAB) was later transferred to commercial breeding industry
and farmer levy funded bodies including the British Society for Plant
Breeding (BSPB) and the Home Grown Cereals Authority (HGCA),
now the Agriculture and Horticulture Development Board (AHDB),
and the four distinct wheat quality classes were more clearly defined
by NABIM; now UK Flour Millers. As a result, since the 1990s, the
United Kingdom has had readily available high-quality varieties
with optimum HMW glutenin profiles, combined with a statutory/
regulatory framework with clearly defined quality classes enabling
clearer incentives and premiums for high-quality wheat varieties.
Despite this, the focus of commercial UK wheat breeding has contin-
ued to have been on increasing yield as the economically important
trait ensuring return on breeding investment (Galushko & Gray, 2014;
Lupton, 2005).

2.3 | Changes in wheat processing redefine wheat
baking quality and nitrogen fertiliser use

Alongside evolving agricultural practices and developments in com-
mercial wheat breeding, modern bread processing technologies were
also invented and adopted. This further changed the requirements for

UK wheat baking quality and the demand for different end-uses. In a

similar manner to that in which roller mills redefined the wheat grain
quality requirements and preference for white bread among con-
sumers towards the end of the industrial revolution, the Chorley wood
baking process (CWBP) was developed in 1961 (Figure 1a) and revolu-
tionised the mass production of bread. The CWBP involves high
speed mixing under high pressure to aerate the dough, rapid fermen-
tation and addition of dough ‘improvers’ (including enzymes, oxidising
agents and emulsifiers) (Cauvain & Young, 2006). These methods
enabled much faster processing times and efficiency for industrial pro-
duction of supermarket bread. The new wheat quality requirements
for this method included several more specific criteria to ensure high
uniformity and processing efficiency in the new centralised mass-
production system but also reduced the required protein content in
flour blends to achieve sufficient loaf volume using this method to as
low as 11 or 12% (Blackman & Payne, 1987; Stewart, 2013). This
meant that bread could be baked using a greater proportion of lower
protein UK wheat in blends with higher protein imports and promoted
increasing yields of milling wheat varieties at the expense of protein
content to reduce reliance on imports (Figure 1b). However, the
resulting shift in the yield to protein trade-off has also had implica-
tions for crop nitrogen fertiliser use efficiencies - much greater nitro-
gen fertiliser rates are required to compensate for otherwise lower
protein, as well as to meet the higher yield potential of modern
varieties.

Under Statutory law, refined white wheat flour in the
United Kingdom has been supplemented with calcium and iron since
1998 and more recently with folic acid (Figure 1a), in an attempt to
provide sufficient quantities of these nutrients to consumers via inclu-
sion in a food type (wheat products) that make a large contribution to
diets (Lockyer & Spiro, 2020). Although whole grain flour contains
three times the concentration of key micronutrients compared to
refined white flour (Fradgley et al., 2022), 90% of breadmaking flour
milled in the United Kingdom is refined white flour (UK Flour
Millers, 2023). There is also concern over apparent declines in micro-
nutrient density of modern wheat varieties over recent decades of
breeding. Similarly to how grain yield and protein have a negative
genetic trade-off, the yield dilution effect has also reduced wheat
grain mineral concentrations as yields have increased (Davis, 2009;
Fan et al., 2008; Murphy et al., 2008). Nevertheless, there has been
no incentives from the UK milling and baking industry to allow plant
breeders in the United Kingdom to include nutritional value as a
breeding target or promote the health benefits of whole grain cereals
(Mann et al., 2017). Therefore, the nutritional components of wheat
quality have also been neglected due to lack of value in the supply
chain. Like overall quality they have also suffered indirect negative
impacts from the focus on maximising yield gains and processing

requirements.

3 | CURRENTSTATUS IN THE UK

Despite the UK's strong potential to produce high yielding milling
wheat for human consumption and the plant breeding industry's past
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successes in responding to the prevailing requirements of the milling
and baking industry, delivery of high-quality milling quality wheats by
the commercial wheat breeding industry has been considered by some
to be a market failure (Galushko & Gray, 2014). Although there are
strong financial incentives to breed and produce high quality milling
wheat, since the early 1980s less than half of the wheat produced in
the UK has been for domestic human consumption end-use (Figure 4).
A review of the current UK AHDB Recommended List (a list compiled
annually for each end-use quality class to inform farmers' variety
choice; AHDB, 2022) shows that there are almost three times as many
feed wheats as high-quality milling varieties available to UK farmers.
Although the two varieties with the greatest seed production in 2021
were both milling wheat varieties, all milling wheat varieties together
were only 32.5% of all certified seed produced. In short, the UK
remains a typical example of a high income country that has an
increasing focus on non-food uses of wheat (Figure 4; Ray
etal, 2022).

However, with the United Kingdom producing mostly feed
wheat and over 80% of flour milled in the UK coming from
home-grown crops (UK Flour Millers, 2022), the UK could easily be
self-sufficient in milling wheat whilst reducing acreage of feed
wheat. In comparison to the United Kingdom, wheat yields in major
quality wheat exporting countries, such as Australia, Canada, the
United States, Ukraine and Russia, are typically less than one half
that of the United Kingdom and France (Figure 1b; FAO, 2022), but
much more readily achieve high grain protein content. In the
United Kingdom, yields of high-quality wheats that are suitable for
milling and bread baking end-use are generally no more than 10%
lower than feed wheat varieties (AHDB, 2022). Although wheat in
the United Kingdom is produced with some of the highest nitrogen
fertiliser inputs globally (FAO, 2022), wheat for direct human
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FIGURE 4 Trends in proportion of UK-grown wheat by different
end use types. Data sourced from supplementary material of Ray
et al. (2022).
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consumption end-uses can be produced at high yields on a much
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smaller land area which largely accounts for the smaller carbon foot-
print of bread made from home-grown compared to imported wheat
(Espinoza-Orias et al., 2011).

Furthermore, climate change impacts for the UK in the near
future are likely to remain largely positive for grain yield (Harkness
et al., 2020; Slater et al., 2022) and quality traits (Fradgley, Bacon,
et al., 2023). Further developing exports of more sustainably produced
UK milling wheat, rather than the feed wheat that currently comprises
the majority of UK exports, may also contribute to global food secu-
rity and sustainability.

4 | FUTURE OUTLOOK AND
RECOMMENDATIONS

Farmers' decision-making processes for variety choice are largely
influenced by management of risk in their production system. Invest-
ing more into growing a high-quality wheat variety, particularly in
terms of the additional nitrogen fertiliser costs, can result in greater
economic returns if the required quality criteria are met after harvest
and a premium grain price is achieved. However, management of this
risk is largely dependent on quality characteristics of the wheat vari-
ety grown so plant breeding plays a major role in influencing trends in
farmers' decision-making regarding variety choice and crop manage-
ment. We propose that recent developments in plant breeding will be
key to addressing the wider agronomic, environmental and socioeco-

nomic challenges outlined above.

4.1 | Mendelism and 21st century plant breeding
Applying a Mendelian approach to plant breeding in the early 20th
century, Biffen had only limited success at breeding high quality UK
wheat varieties without knowledge of the specific genetic control of
HMW glutenin subunits. The later successes of the PBI, once opti-
mum HMW glutenin profiles could finally be intentionally combined,
was fortunately only possible because gluten strength traits are highly
heritable with only a few major genetic effects and generally inconse-
quential environmental effects or variety by environment interactions.
Most of the progress in wheat quality breeding has been achieved
through improvements in gluten strength traits, but this is unusual in
comparison to many of the other more quantitative wheat quality
traits for which much less progress in breeding has been made
(Fradgley, Bentley, et al., 2023).

Bernardo (2016) outlined how the many trends and ‘band-
wagons’ in genetics and crop breeding have gone through the ‘hype
cycle’. Utilising the wealth of genomic marker data available, there
has been thousands of studies reporting identification of quantitative
trait loci (QTL)—small regions of the genome associated with useful
variation in a trait of interest. However, only a small fraction of these
QTL with large effects have been successfully applied in plant breed-
ing programmes for relatively simple traits such as disease resistance.
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It has been much more difficult to find and deploy QTL for more com-
plex and polygenic traits such as grain yield that have been under
strong long-term selection and for which the remaining QTL are
therefore of only small effect sizes (Scott et al., 2021). Interactions
between genetic and environmental effects (G x E) also often mean
that identified QTL are rarely stable and validated in subsequent envi-
ronments. The same trends have been found for many of the other
wheat quality traits such as grain protein content, grain specific
weight and Hagberg falling number that are more quantitative than
gluten strength controlled by a few HMW glutenin genes (Fradgley
et al,, 2022; Kristensen et al., 2018).

However, more recent developments in tools and methods in
guantitative genetics puts modern crop breeders in the unique posi-
tion to do what previous generations of wheat breeders attempting to
reconcile yield and quality traits could not. Wheat breeding now has a
wealth of genomic tools at hand to accelerate genetic gain that previ-
ous generations of plant breeders did not and costs of genotyping
have dramatically decreased (Crossa et al., 2021). Genomic assisted
selection methods allow breeders to make selections purely on
genetic variation and recycle parental material at earlier stages of the
breeding programme. Most notably, quality traits which traditionally
are too expensive and time consuming to measure on large numbers
of early-stage breeding lines, can be prioritised simultaneously with
grain yield and productivity traits.

Although Mendelism prevailed over the more quantitative, statis-
tical genetics theories of biometrics as the accepted model of evolu-
tionary biology at the beginning of the 20th Century (Radick, 2023),
today's 21st century breeders are finding greater relevance in more
quantitative and statistical genetics models as originally proposed by
biometrics. Genomic assisted selection methods such as genomic
selection (Meuwissen et al, 2001) use large numbers of genetic
markers across the genome to make predictions of trait values so that
breeders' selections can be based on the culmination of many inher-
ited genetic effects. This approach has proven highly applicable in
commercial breeding programmes for improvement of complex poly-
genic traits (Crossa et al., 2017). Fradgley, Bentley, et al. (2023) dem-
onstrated that most progress in wheat bread baking quality in the UK
has been down to improvements in gluten quality traits, where spe-
cific genetic markers were used to select for specific HMW glutenin
combinations (Figure 3). However, few improvements in grain specific
weight or Hagberg falling number have been achieved. Genomic
selection holds great potential for these traits (Fradgley, Bentley,
et al,, 2023).

4.2 | High baking quality at low protein content

It has been shown that UK wheat breeding has successfully
enhanced suitability of milling wheat varieties for modern industrial
bread baking methods by increasing the frequency of high molecular
weight glutenin genes to increase gluten strength while grain protein
content has decreased (Fradgley, Bentley, et al., 2023; Shewry
et al., 2020). Increased strength of gluten protein now replaces the

need for large quantities of weak gluten protein in older varieties.
Continued breeding for enhanced baking quality performance at low
protein is still an objective for lowering the nitrogen fertiliser require-
ments of wheat (Shewry et al., 2023), but will require acceptance of
such varieties and some adaptation of the bread baking processes by
the milling and baking industry. The optimum HMW glutenin profiles
have been well defined for baking performance at around 13% pro-
tein, but further increasing glutenin strength above what is currently
considered optimum may enable reductions in acceptable grain pro-
tein content. This could be achieved by making use of more novel
alleles of current glutenin and gliadin genes such as the overexpres-
sion of the Bx7 at Glu-B1 (Ragupathy et al., 2008), from the tertiary
genepool of wheat ancestors (Delorean et al., 2021), or from dis-
section of genetic control of the wheat grain proteome (Afzal
et al., 2023). However, it should be noted that this approach to fur-
ther reduce overall grain protein content will not be biologically neu-
tral as it will exacerbate micronutrient dilution (Davis, 2009; Garvin
et al, 2006). Consideration of grain protein content and micro-
nutritional quality as quantitative traits alongside grain yield as a
component of the forward wheat quality breeding strategy will be
important to ensure basic nutritional content including micronutrients
can at least be held stable, if not increased (Fradgley et al., 2022;
Govindan et al., 2022).

4.3 | Breaking the trade-off between grain yield
and protein

A key approach to specifically break the trade-off between grain
yield and protein content and achieve genetic increases in both traits
simultaneously is to employ a selection index for grain yield protein
deviation (GYPD), where a positive GYPD is defined as the increased
in grain protein content beyond what is expected given the negative
correlation between grain yield and protein content (Bogard
et al.,, 2010; Michel et al., 2019; Monaghan et al., 2001). Shewry
et al. (2023) demonstrated that modern varieties with high GYPD
were particularly valuable for better baking quality at lower protein
content due to reduced nitrogen fertilisation. Despite evidence that
GYPD has not been optimised in recent decades of wheat breeding
in the United Kingdom (Yang et al., 2022), it has been demonstrated
that sufficient heritability exists for GYPD (Mosleth et al., 2020;
Scott et al., 2021) and simulations of recurrent selection suggests
that progress in advancing GYPD to break the yield—protein trade
off would be possible, but a highly quantitative approach will be
required (Fradgley, Gardner, et al., 2023). Deployment of accelerated
breeding methods, making use of genomic selection (Crossa
et al., 2017) and speed breeding methods (Cha et al., 2022; Ghosh
et al., 2018) to minimise generation times and enable rapid cycling of
parental genotypes with high breeding value will aid application of
these methods in commercial breeding programmes. Because of the
strong genetic association between grain protein and micronutrient
content (Davis, 2009; Fradgley et al., 2022), the GYPD selection
approach would likely also help resolve the micronutrient dilution
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problem (Guttieri et al., 2015) and should be an efficient criterion to
indirectly select for improved nitrogen use efficiency (Bogard
et al., 2010). It has already been shown that progress in conventional
recurrent selection breeding for both yield and enhanced zinc and
iron content is possible (Govindan et al., 2022). The stability of
GYPD trends across differing environments and climates or nitrogen
input levels is less well understood, although Michel et al. (2019)
demonstrated good accuracy of forward genomic prediction across

years.

44 | A modern synthesis of quantitative genetics
and biotechnology

Denison (2015) suggested that trade-off free improvements in crop
breeding that have already been optimised by natural selection in
ancestral populations will be difficult to resolve. However, application
of new breeding technologies to generate or unlock novel genetic
effects may be particularly fruitful for enabling breeding progress.
Gene editing methods are proving highly useful as a tool for under-
standing complex gene regulatory networks and molecular biological
processes. As an example, recent work taking a more fundamental
molecular biology approach found that overexpression of HOMEO-
BOX DOMAIN-2 (HB-2) protein resulted in a large increase in grain
protein content without apparent yield penalties so may be a particu-
larly useful innovation for breaking the trade-off between grain yield
and protein content (Dixon et al., 2022). However, bridging the gap
between fundamental research and applied plant breeding is often
problematic. Applying gene editing technologies as a pre-breeding
tool to generate genetic variation that feed into an accelerated breed-
ing programmes could have great potential (Hickey et al., 2019). How-
ever, novel genetic effects generated from gene editing in the latest
elite material in a crop breeding programme would not be predictable
from a genomic prediction model trained on previous cycles of breed-
ing data. Therefore, a priori integration of novel genetic effects in
genomic prediction models, such as promotion of alleles by genome
editing (PAGE; Jenko et al., 2015) would be required. Like the modern
synthesis of Mendelian and population scale Darwinian theory pro-
posed by Huxley (1942), a synthesis of quantitative genetics and more
fundamental research employing biotechnologies will be key to their

future co-optimisation.

4.5 | A broader context

In summary, genomic tools for crop breeding are now cheaply avail-
able and enable enhanced selection to break trade-offs between yield
and quality that have long been problematic. From a scientific per-
spective, this tips the balance as far as possible towards breeding for
high vyielding quality varieties. However, successful application of
these scientific methods to applied breeding programmes and wider
food systems will require equally innovative regulatory and socio-

political incentives.
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A better metric for valuing productivity per area of crop land may

People P

be required to incentivise positive changes in agricultural practices.
Cassidy et al. (2013) proposed that rather than using tonnes of grain
per hectare, a metric defining the number of people nourished per
hectare should be used. This would greatly favour high yield and
quality wheat for human consumption end-use and with enhanced
nutritional value rather than wheat for livestock feed. Further changes
in global diets including reduced reliance on animal-based proteins will
also be required to ensure environmentally sustainable diets (Willett
et al., 2019). However, global demand for animal-based protein has
continued to rise, and vegetarians and vegans are still a minority even
in western countries, such as the UK. Considering the nutritional value
of unrefined whole grain cereals in the broader context of complex
food systems will also be important (Poole et al., 2021). In short,
increasing agricultural productivity will be ineffective in achieving a
sustainable food system unless suitability of wheat for end-uses that
feed many people is also prioritised through plant breeding and com-
plementary supply and demand throughout the food supply chain.

AUTHOR CONTRIBUTIONS

Nick S. Fradgley designed and performed the research; collected,
analysed and interpreted data and wrote the manuscript. Keith A.
Gardner, Matt Kerton, Stéphanie M. Swarbreck and Alison R. Bentley
designed the research, interpreted data and wrote the manuscript.

ACKNOWLEDGEMENTS

This work was funded by Biotechnology and Biological Sciences
Research Council (BBSRC) grant number: BB/M011194/1 as part of
the PhD research project of NF. ARB is supported by the OneCGIAR
Accelerated Breeding Initiative.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were
generated or analysed during the current study.

ORCID

Nick S. Fradgley "= https://orcid.org/0000-0002-7868-8795

Keith A. Gardner "' https://orcid.org/0000-0002-4890-301X

Matt Kerton "2 https://orcid.org/0000-0002-9587-8523
Stéphanie M. Swarbreck "= https://orcid.org/0000-0001-8355-7354
Alison R. Bentley "= https://orcid.org/0000-0001-5519-4357
REFERENCES

Afzal, M., Sielaff, M., Distler, U., Schuppan, D. Tenzer, S., &
Longin, C. F. H. (2023). Reference proteomes of five wheat species as
starting point for future design of cultivars with lower allergenic
potential. NPJ Science of Food, 7(1), 9. https://doi.org/10.1038/
s41538-023-00188-0

AHDB. (2022). AHDB recommended lists for cereals and oilseeds
2022-23 (first ed.). AHDB. https://ahdb.org.uk/knowledge-library/
recommended-lists-archive. Accessed 10 Dec. 2022

8512017 SUOWILIOD SO ot jdde aup Aq peusenob ae ssjole O ‘SN JO S9N Joj Afed1T8UIUO AB]IA UO (SUORIPUOD-PUE-SLUBY LD A8 | IMA g BUI|UO//SAIY) SUORIPUOD PUe SWS | 8U 885 *[7202/60/0€] U0 ARiq1T8UIIUO AB|IM ‘001@ N 3UIL4P0D AQ Z90T €ddd/200T 0T/10p/W00" A3 | 1M ARl jpu|uo"yduy/Sdny Wwo.y papeojumoq 'S 'v20g ‘T1922.52


https://orcid.org/0000-0002-7868-8795
https://orcid.org/0000-0002-7868-8795
https://orcid.org/0000-0002-4890-301X
https://orcid.org/0000-0002-4890-301X
https://orcid.org/0000-0002-9587-8523
https://orcid.org/0000-0002-9587-8523
https://orcid.org/0000-0001-8355-7354
https://orcid.org/0000-0001-8355-7354
https://orcid.org/0000-0001-5519-4357
https://orcid.org/0000-0001-5519-4357
https://doi.org/10.1038/s41538-023-00188-0
https://doi.org/10.1038/s41538-023-00188-0
https://ahdb.org.uk/knowledge-library/recommended-lists-archive
https://ahdb.org.uk/knowledge-library/recommended-lists-archive

1010 | -

FRADGLEY ET AL.

s People Planet PI'T

Allen, R. C. (1999). Tracking the agricultural revolution in England. The Eco-
nomic History Review, 52(2), 209-235. https://doi.org/10.1111/1468-
0289.00123

Angus, A., Burgess, P. J., Morris, J., & Lingard, J. (2009). Agriculture and
land use: Demand for and supply of agricultural commodities, charac-
teristics of the farming and food industries, and implications for land
use in the UK. Land Use Policy, 26, S230-S242. https://doi.org/10.
1016/j.landusepol.2009.09.020

Baranski, M. (2022). The globalization of wheat: A critical history of the
Green revolution. University of Pittsburgh Press.

Basosi, R., Spinelli, D., Fierro, A., & Jez, S. (2014). Mineral nitrogen fertilizers:
Environmental impact of production and use (pp. 3-44). Fertil. Compon.
Uses Agric. Environ. Impacts, Nova Science Publishers. Lopez-Valdez,
F and Fernandez-Luquenos, F.

Belderok, B., Mesdag, J., Mesdag, H., & Donner, D. A. (2000). Bread-making
quality of wheat: A century of breeding in Europe. Springer Science &
Business Media.

Bentley, A. (2022). Broken bread—Avert global wheat crisis caused by
invasion of Ukraine. Nature, 603(7902), 551. https://doi.org/10.1038/
d41586-022-00789-x

Bernardo, R. (2016). Bandwagons |, too, have known. Theoretical and
Applied Genetics, 129, 2323-2332. https://doi.org/10.1007/s00122-
016-2772-5

Bhargava, A, Srivastava, S. (2019). Human civilization and agriculture. In A.
Bhargava & S. Srivastava (Eds.), Participatory plant breeding: Concept
and applications (1st ed., pp. 1-27). Singapore: Springer. https://doi.
org/10.1007/978-981-13-7119-6_1

Blackman, J. A, & Payne, P. I. (1987). Grain quality. In F. G. H. Lupton (Ed.),
Wheat breeding: Its scientific basis (pp. 455-485). Springer.

Bogard, M., Allard, V., Brancourt-Hulmel, M., Heumez, E., Machet, J.-M.,
Jeuffroy, M.-H., Gate, P., Martre, P., & Le Gouis, J. (2010). Deviation
from the grain protein concentration-grain yield negative relationship
is highly correlated to post-anthesis N uptake in winter wheat. Journal
of Experimental Botany, 61(15), 4303-4312. https://doi.org/10.1093/
jxb/erq238

Bradshaw, J. E. (2017). Plant breeding: Past, present and future. Euphytica,
213(3), 60. https://doi.org/10.1007/s10681-016-1815-y

Cassidy, E. S., West, P. C., Gerber, J. S., & Foley, J. A. (2013). Redefining
agricultural yields: From tonnes to people nourished per hectare. Envi-
ronmental Research Letters, 8(3), 034015. https://doi.org/10.1088/
1748-9326/8/3/034015

Cauvain, S. P., & Young, L. S. (2006). The Chorleywood bread process.
Woodhead Publishing.

Cha, J.-K, O'Connor, K., Alahmad, S., Lee, J.-H. Dinglasan, E.,
Park, H., Lee, S.-M., Hirsz, D., Kwon, S.-W., Kwon, Y., Kim, K.-M,,
Ko, J.-M., Hickey, L. T., Shin, D., & Dixon, L. E. (2022). Speed
vernalization to accelerate generation advance in winter cereal crops.
Molecular Plant, 15(8), 1300-1309. https://doi.org/10.1016/j.molp.
2022.06.012

Collins, E. J. T. (1975). Dietary change and cereal consumption in Britain
in the nineteenth century. The Agricultural History Review, 23(2),
97-115.

Corbellini, M., & Canevara, M. G. (1994). Estimate of moisture and protein
content in whole grains of bread wheat (T. Aestivum L.) by near infra-
red reflectance spectroscopy. Italian Journal of Food Science (Italy), 6(1),
95-102.

Crossa, J., Fritsche-Neto, R., Montesinos-Lopez, O. A., Costa-Neto, G.,
Dreisigacker, S., Montesinos-Lopez, A., & Bentley, A. R. (2021). The
modern plant breeding triangle: Optimizing the use of genomics, phe-
nomics, and enviromics data. Frontiers in Plant Science, 12, 651480.
https://doi.org/10.3389/fpls.2021.651480

Crossa, J., Pérez-Rodriguez, P. Cuevas, J., Montesinos-Lopez, O.,
Jarquin, D., de los Campos, G., Burguefo, J., Gonzalez-Camacho, J. M.,
Pérez-Elizalde, S., Beyene, Y., Dreisigacker, S., Singh, R., Zhang, X,
Gowda, M., Roorkiwal, M., Rutkoski, J., & Varshney, R. K. (2017).

Genomic selection in plant breeding: Methods, models, and perspec-
tives. Trends in Plant Science, 22(11), 961-975. https://doi.org/10.
1016/j.tplants.2017.08.011

Davis, D. R. (2009). Declining fruit and vegetable nutrient composition:
What is the evidence? HortScience, 44(1), 15-19. https://doi.org/10.
21273/HORTSCL.44.1.15

Dawson, C. J., & Hilton, J. (2011). Fertiliser availability in a resource-limited
world: Production and recycling of nitrogen and phosphorus. Food Pol-
icy, 36, 514-S22. https://doi.org/10.1016/j.foodpol.2010.11.012

Delorean, E., Gao, L., Lopez, J. F. C., Wulff, B. B., Ibba, M. I., & Poland, J.
(2021). High molecular weight glutenin gene diversity in Aegilops
tauschii demonstrates unique origin of superior wheat quality. Commu-
nications Biology, 4(1), 1242. https://doi.org/10.1038/s42003-021-
02563-7

Denison, R. F. (2015). Evolutionary tradeoffs as opportunities to improve
yield potential. Field Crops Research, 182, 3-8. https://doi.org/10.
1016/j.fcr.2015.04.004

Dixon, L. E., Pasquariello, M., Badgami, R., Levin, K. A, Poschet, G.,
Ng, P. Q. Orford, S., Chayut, N., Adamski, N. M., Brinton, J,
Simmonds, J., Burkhard, S., Searle, I. R., Uauay, C., & Boden, S. A.
(2022). MicroRNA-resistant alleles of HOMEOBOX DOMAIN-2 mod-
ify inflorescence branching and increase grain protein content of
wheat. Science Advances, 8(19), eabn5907. https://doi.org/10.1126/
sciadv.abn5907

Espinoza-Orias, N., Stichnothe, H., & Azapagic, A. (2011). The carbon foot-
print of bread. The International Journal of Life Cycle Assessment, 16,
351-365. https://doi.org/10.1007/s11367-011-0271-0

Fairlie, S. (2009). A short history of enclosure in Britain. The Land,
7(27), 12.

FAO. (2022). Crops and livestock products. https://www.fao.org/faostat/
en/#data/QCL. Accessed 02 Feb. 2023.

Faris, J. D. (2013). Wheat domestication: Key to agricultural revolutions past
and future. SpringerLink.

Fay, C. R. (2017). The corn Laws and Social England. Cambridge University
Press.

Foot, I. M., & Angus, W. J. (2005). Breeding breadmaking varieties for
European markets. In S. P. Cauvain, S. S. Salmon, & L. S. Young (Eds.),
Using cereal science and Technology for the Benefit of consumers
(pp. 18-23). Woodhead Publishing.

Fradgley, N., Bentley, A. R., Gardner, M., Swarbreck, S. M., & Kerton, K.
(2023). Maintenance of UK bread baking quality: Trends in wheat
quality traits over 50 years of breeding and potential for future appli-
cation of genomic-assisted selection. The Plant Genome, e€20326.
https://doi.org/10.1002/tpg2.20326

Fradgley, N., Gardner, K., Kerton, M., Swarbreck, S. M., & Bentley, A. R.
(2022). Trade-offs in the genetic control of functional and nutritional
quality traits in UK winter wheat. Heredity, 128(6), 420-433. https://
doi.org/10.1038/s41437-022-00503-7

Fradgley, N., Gardner, K. A., Bentley, A. R, Howell, P.,, Mackay, I. J,
Scott, M. F., Mott, R., & Cockram, J. (2023). Multi-trait ensemble geno-
mic prediction and simulations of recurrent selection highlight impor-
tance of complex trait genetic architecture for long-term genetic gains
in wheat. In Silico Plants, 5, diad002. https://doi.org/10.1093/
insilicoplants/diad002

Fradgley, N., Gardner, K. A., Cockram, J., Elderfield, J., Hickey, J. M,
Howell, P., Jackson, R., & Mackay, I. J. (2019). A large-scale pedigree
resource of wheat reveals evidence for adaptation and selection by
breeders. PLoS Biology, 17(2), e3000071. https://doi.org/10.1371/
journal.pbio.3000071

Fradgley, N. S., Bacon, J., Bentley, A. R.,, Costa-Neto, G., Cottrell, A,
Crossa, J., Cuevas, J., Kerton, M., Pope, E., Swarbreck, S. M., &
Gardner, K. A. (2023). Prediction of near-term climate change impacts
on UK wheat quality and the potential for adaptation through plant
breeding. Global Change Biology, 29(5), 1296-1313. https://doi.org/
10.1111/gcb.16552

8512017 SUOWILIOD SO ot jdde aup Aq peusenob ae ssjole O ‘SN JO S9N Joj Afed1T8UIUO AB]IA UO (SUORIPUOD-PUE-SLUBY LD A8 | IMA g BUI|UO//SAIY) SUORIPUOD PUe SWS | 8U 885 *[7202/60/0€] U0 ARiq1T8UIIUO AB|IM ‘001@ N 3UIL4P0D AQ Z90T €ddd/200T 0T/10p/W00" A3 | 1M ARl jpu|uo"yduy/Sdny Wwo.y papeojumoq 'S 'v20g ‘T1922.52


https://doi.org/10.1111/1468-0289.00123
https://doi.org/10.1111/1468-0289.00123
https://doi.org/10.1016/j.landusepol.2009.09.020
https://doi.org/10.1016/j.landusepol.2009.09.020
https://doi.org/10.1038/d41586-022-00789-x
https://doi.org/10.1038/d41586-022-00789-x
https://doi.org/10.1007/s00122-016-2772-5
https://doi.org/10.1007/s00122-016-2772-5
https://doi.org/10.1007/978-981-13-7119-6_1
https://doi.org/10.1007/978-981-13-7119-6_1
https://doi.org/10.1093/jxb/erq238
https://doi.org/10.1093/jxb/erq238
https://doi.org/10.1007/s10681-016-1815-y
https://doi.org/10.1088/1748-9326/8/3/034015
https://doi.org/10.1088/1748-9326/8/3/034015
https://doi.org/10.1016/j.molp.2022.06.012
https://doi.org/10.1016/j.molp.2022.06.012
https://doi.org/10.3389/fpls.2021.651480
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.1016/j.tplants.2017.08.011
https://doi.org/10.21273/HORTSCI.44.1.15
https://doi.org/10.21273/HORTSCI.44.1.15
https://doi.org/10.1016/j.foodpol.2010.11.012
https://doi.org/10.1038/s42003-021-02563-7
https://doi.org/10.1038/s42003-021-02563-7
https://doi.org/10.1016/j.fcr.2015.04.004
https://doi.org/10.1016/j.fcr.2015.04.004
https://doi.org/10.1126/sciadv.abn5907
https://doi.org/10.1126/sciadv.abn5907
https://doi.org/10.1007/s11367-011-0271-0
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1002/tpg2.20326
https://doi.org/10.1038/s41437-022-00503-7
https://doi.org/10.1038/s41437-022-00503-7
https://doi.org/10.1093/insilicoplants/diad002
https://doi.org/10.1093/insilicoplants/diad002
https://doi.org/10.1371/journal.pbio.3000071
https://doi.org/10.1371/journal.pbio.3000071
https://doi.org/10.1111/gcb.16552
https://doi.org/10.1111/gcb.16552

FRADGLEY ET AL.

Galushko, V., & Gray, R. (2014). Twenty five years of private wheat breed-
ing in the UK: Lessons for other countries. Science and Public Policy,
41(6), 765-779. https://doi.org/10.1093/scipol/scu004

Garvin, D. F., Welch, R. M., & Finley, J. W. (2006). Historical shifts in the
seed mineral micronutrient concentration of US hard red winter wheat
germplasm. Journal of the Science of Food and Agriculture, 86(13),
2213-2220. https://doi.org/10.1002/jsfa.2601

Ghosh, S., Watson, A., Gonzalez-Navarro, O. E., Ramirez-Gonzalez, R. H.,
Yanes, L., Mendoza-Suéarez, M., Simmonds, J., Wells, R., Rayner, T.,
Green, P., Hafeez, A., Hayta, S., Melton, R. E., Steed, A., Sarkar, A.,
Carter, J., Perkins, L., Lord, J., Tester, M,, ... Hickey, L. T. (2018). Speed
breeding in growth chambers and glasshouses for crop breeding and
model plant research. Nature Protocols, 13, 2944-2963. https://doi.
org/10.1038/s41596-018-0072-z

Gliboff, S. (1999). Gregor Mendel and the Laws of evolution.
History of Science, 37(2), 217-235. https://doi.org/10.1177/
007327539903700204

Godfray, H. C. J., Beddington, J. R,, Crute, I. R., Haddad, L., Lawrence, D.,
Muir, J. F., Pretty, J., Robinson, S., Thomas, S. M., & Toulmin, C.
(2010). Food security: The challenge of feeding 9 billion people.
Science, 327(5967), 812-818. https://doi.org/10.1126/science.
1185383

Govindan, V., Atanda, S. Singh, R. P., Huerta-Espino, J., Crespo-
Herrera, L. A., Juliana, P., Mondal, S., Joshi, A. K., & Bentley, A. R.
(2022). Breeding increases grain yield, zinc, and iron, supporting
enhanced wheat biofortification. Crop Science, 62(5), 1912-1925.
https://doi.org/10.1002/csc2.20759

Guttieri, M. J., Baenziger, P. S., Frels, K, Carver, B., Arnall, B.,, &
Waters, B. M. (2015). Variation for grain mineral concentration in a
diversity panel of current and historical Great Plains hard winter wheat
germplasm. Crop Science, 55(3), 1035-1052. https://doi.org/10.2135/
cropsci2014.07.0506

Halnan, E. T. (1928). Digestibility trials with poultry: Il: The digestibility
of “weak” and “strong” wheats, and their value for poultry
feeding. Ill. The digestibility of “whole” and “flaked” maize. The Journal
of Agricultural Science, 18(3), 421-431. https://doi.org/10.1017/
50021859600019456

Hankins, T. L., & Hankins, P. T. L. (1985). Science and the enlightenment.
Cambridge University Press.

Harkness, C., Semenov, M. A,, Areal, F., Senapati, N., Trnka, M., Balek, J., &
Bishop, J. (2020). Adverse weather conditions for UK wheat produc-
tion under climate change. Agricultural and Forest Meteorology, 282,
107862. https://doi.org/10.1016/j.agrformet.2019.107862

Harley, C. K. (2018). Reassessing the industrial revolution: a macro view. In
The British industrial revolution (pp. 160-205). Routledge.

Harwood, J. (2015). Did Mendelism transform plant breeding? Genetic
theory and breeding practice, 1900-1945. In D. Phillips & S. Kinsland
(Eds.), New perspectives on the history of life sciences and agriculture
(Vol. 40, pp. 345-370). https://doi.org/10.1007/978-3-319-12185-
7_17

Hawkesford, M. J., & Riche, A. B. (2020). Impacts of G x E x M on nitrogen
use efficiency in wheat and future prospects. Frontiers in Plant Science,
11. https://doi.org/10.3389/fpls.2020.01157

Hedden, P. (2003). The genes of the Green revolution. Trends in Genetics,
19(1), 5-9. https://doi.org/10.1016/50168-9525(02)00009-4

Hickey, L. T. N. Hafeez, A., Robinson, H. Jackson, S. A,
Leal-Bertioli, S. C. M., Tester, M., Gao, C., Godwin, |. D., Hayes, B. J., &
Waulff, B. B. H. (2019). Breeding crops to feed 10 billion. Nature
Biotechnology, 37(7), 744-754. https://doi.org/10.1038/s41587-019-
0152-9

Humphries, A. E., & Biffen, R. H. (1907). The improvement of English
wheat. The Journal of Agricultural Science, 2(1), 1-16. https://doi.org/
10.1017/50021859600000952

Huxley, J. (1942). Evolution. The modern synthesis. George Alien &
Unwin Ltd.

e | 1011
ts People Planet "PJ‘J—

Jenko, J., Gorjanc, G., Cleveland, M. A, Varshney, R. K., Whitelaw, C. B. A,
Woolliams, J. A.,, & Hickey, J. M. (2015). Potential of promotion of
alleles by genome editing to improve quantitative traits in livestock
breeding programs. Genetics Selection Evolution, 47(1), 1-14.

Jones, D. (2023). Lincs grower tightens grip on top-yields record with new
win. Farmers Weekly. https://www.fwi.co.uk/arable/harvest/lincs-
grower-tightens-grip-on-top-yields-record-with-new-win.  Accessed
25 Jan. 2019.

Kissel, D. E. (2014). The historical development and significance of the
Haber Bosch process. Better Crops with Plant Food, 98(2), 9-11.

Kristensen, P. S., Jahoor, A., Andersen, J. R, Cericola, F., Orabi, J.,
Janss, L. L., & Jensen, J. (2018). Genome-wide association studies and
comparison of models and cross-validation strategies for genomic pre-
diction of quality traits in advanced winter wheat breeding lines. Fron-
tiers in Plant Science, 9. https://doi.org/10.3389/fpls.2018.00069

Lockyer, S., & Spiro, A. (2020). The role of bread in the UK diet: An
update. Nutrition Bulletin, 45(2), 133-164. https://doi.org/10.1111/
nbu.12435

Lukow, O. M., Payne, P. I., & Tkachuk, R. (1989). The HMW glutenin subu-
nit composition of Canadian wheat cultivars and their association with
bread-making quality. Journal of the Science of Food and Agriculture,
46(4), 451-460. https://doi.org/10.1002/jsfa.2740460407

Lupton, F. (2005). Advances in work on breeding wheat with
improved grain quality in the twentieth century. The Journal of
Agricultural Science, 143(2-3), 113-116. https://doi.org/10.1017/
50021859604004617

Mackay, I. J., Horwell, A., Garner, J., White, J., McKee, J., & Philpott, H.
(2011). Reanalyses of the historical series of UK variety trials to quan-
tify the contributions of genetic and environmental factors to trends
and variability in yield over time. Theoretical and Applied Genetics,
122(1), 225-238. https://doi.org/10.1007/s00122-010-1438-y

Mann, K. D., Pearce, M. S., & Seal, C. J. (2017). Providing evidence to sup-
port the development of whole grain dietary recommendations in the
United Kingdom. Proceedings of the Nutrition Society, 76(3), 369-377.
https://doi.org/10.1017/50029665116000793

McCloskey, D. N. (1972). The enclosure of open fields: Preface to a study
of its impact on the efficiency of English agriculture in the eighteenth
century. The Journal of Economic History, 32(1), 15-35. https://doi.org/
10.1017/50022050700075379

Meuwissen, T. H., Hayes, B. J., & Goddard, M. (2001). Prediction of total
genetic value using genome-wide dense marker maps. Genetics,
157(4), 1819-1829. https://doi.org/10.1093/genetics/157.4.1819

Michel, S., Loschenberger, F., Ametz, C., Pachler, B, Sparry, E., &
Burstmayr, H. (2019). Simultaneous selection for grain yield and pro-
tein content in genomics-assisted wheat breeding. Theoretical and
Applied Genetics, 132, 1745-1760. https://doi.org/10.1007/s00122-
019-03312-5

Mitchell, B. R. (1988). British historical statistics. CUP Archive.

Monaghan, J. M., Snape, J. W., Chojecki, A. J. S., & Kettlewell, P. S. (2001).
The use of grain protein deviation for identifying wheat cultivars with
high grain protein concentration and vyield. Euphytica, 122(2), 309-
317. https://doi.org/10.1023/A:1012961703208

Mondal, S., Dutta, S., Crespo-Herrera, L., Huerta-Espino, J., Braun, H. J., &
Singh, R. P. (2020). Fifty years of semi-dwarf spring wheat breeding at
CIMMYT: Grain vyield progress in optimum, drought and heat stress
environments. Field Crops Research, 250, 107757. https://doi.org/10.
1016/j.fcr.2020.107757

Monsivais, M., Hoseney, R. C., & Finney, K. F. (1983). The Pelshenke test
and its value in estimating bread-making properties of hard winter
wheats. Cereal Chemistry, 60(1), 51-55.

Mosleth, E. F., Lillehammer, M., Pellny, T. K., Wood, A. J.,, Riche, A. B,,
Hussain, A., Griffiths, S., Hawkesford, M. J., & Shewry, P. R. (2020).
Genetic variation and heritability of grain protein deviation in
European wheat genotypes. Field Crops Research, 255, 107896.
https://doi.org/10.1016/j.fcr.2020.107896

8512017 SUOWILIOD SO ot jdde aup Aq peusenob ae ssjole O ‘SN JO S9N Joj Afed1T8UIUO AB]IA UO (SUORIPUOD-PUE-SLUBY LD A8 | IMA g BUI|UO//SAIY) SUORIPUOD PUe SWS | 8U 885 *[7202/60/0€] U0 ARiq1T8UIIUO AB|IM ‘001@ N 3UIL4P0D AQ Z90T €ddd/200T 0T/10p/W00" A3 | 1M ARl jpu|uo"yduy/Sdny Wwo.y papeojumoq 'S 'v20g ‘T1922.52


https://doi.org/10.1093/scipol/scu004
https://doi.org/10.1002/jsfa.2601
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1177/007327539903700204
https://doi.org/10.1177/007327539903700204
https://doi.org/10.1126/science.1185383
https://doi.org/10.1126/science.1185383
https://doi.org/10.1002/csc2.20759
https://doi.org/10.2135/cropsci2014.07.0506
https://doi.org/10.2135/cropsci2014.07.0506
https://doi.org/10.1017/S0021859600019456
https://doi.org/10.1017/S0021859600019456
https://doi.org/10.1016/j.agrformet.2019.107862
https://doi.org/10.1007/978-3-319-12185-7_17
https://doi.org/10.1007/978-3-319-12185-7_17
https://doi.org/10.3389/fpls.2020.01157
https://doi.org/10.1016/S0168-9525(02)00009-4
https://doi.org/10.1038/s41587-019-0152-9
https://doi.org/10.1038/s41587-019-0152-9
https://doi.org/10.1017/S0021859600000952
https://doi.org/10.1017/S0021859600000952
https://www.fwi.co.uk/arable/harvest/lincs-grower-tightens-grip-on-top-yields-record-with-new-win
https://www.fwi.co.uk/arable/harvest/lincs-grower-tightens-grip-on-top-yields-record-with-new-win
https://doi.org/10.3389/fpls.2018.00069
https://doi.org/10.1111/nbu.12435
https://doi.org/10.1111/nbu.12435
https://doi.org/10.1002/jsfa.2740460407
https://doi.org/10.1017/S0021859604004617
https://doi.org/10.1017/S0021859604004617
https://doi.org/10.1007/s00122-010-1438-y
https://doi.org/10.1017/S0029665116000793
https://doi.org/10.1017/S0022050700075379
https://doi.org/10.1017/S0022050700075379
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.1007/s00122-019-03312-5
https://doi.org/10.1007/s00122-019-03312-5
https://doi.org/10.1023/A:1012961703208
https://doi.org/10.1016/j.fcr.2020.107757
https://doi.org/10.1016/j.fcr.2020.107757
https://doi.org/10.1016/j.fcr.2020.107896

1012 | -

FRADGLEY ET AL.

s People Planet PI'T

Muhammed, S. E., Coleman, K., Wu, L., Bell, V. A, Davies, J. A. C.,
Quinton, J. N., Carnell, E. J., Tomlinson, S. J., Dore, A. J., Dragosits, U.,
Naden, P. S., Glendining, M. J., Tipping, E., & Whitmore, A. P. (2018).
Impact of two centuries of intensive agriculture on soil carbon, nitro-
gen and phosphorus cycling in the UK. Science of the Total Environ-
ment, 634, 1486-1504. https://doi.org/10.1016/j.scitotenv.2018.
03.378

Olby, R., & Gautrey, P. (1968). Eleven references to Mendel
before 1900. Annals of Science, 24(1), 7-20. https://doi.org/10.1080/
00033796800200021

Palladino, P. (1996). Science, technology, and the economy: Plant breeding
in Great Britain, 1920-1970 1. The Economic History Review, 49(1),
116-136. https://doi.org/10.1111/j.1468-0289.1996.tb00560.x

Payne, P. |, & Lawrence, G. J. (1983). Catalogue of alleles for the complex
gene loci, Glu-Al, Glu-B1, and Glu-D1 which code for high-
molecular-weight subunits of glutenin in hexaploid wheat. Cereal
Research Communications, 11(1), 29-35.

Payne, P. I, Nightingale, M. A, Krattiger, A. F., & Holt, L. M. (1987). The
relationship between HMW glutenin subunit composition and
the bread-making quality of British-grown wheat varieties. Journal of
the Science of Food and Agriculture, 40(1), 51-65. https://doi.org/10.
1002/jsfa.2740400108

Pelshenke, P. (1930). Notes on the estimation of the baking quality of
wheat and wheat flours. Arch. Pflanzenbau, 5, 108-151.

Percival, J. (1934). Wheat in Great Britain. Duckworth London.

Perry, P. J. (1981). High farming in Victorian Britain: Prospect and retro-
spect. Agricultural History, 55(2), 156-166.

Poole, N., Donovan, J., & Erenstein, O. (2021). Agri-nutrition research:
Revisiting the contribution of maize and wheat to human nutrition and
health. Food Policy, 100, 101976. https://doi.org/10.1016/j.foodpol.
2020.101976

Preston, K. R., March, P. R, & Tipples, K. H. (1982). An assessment of the
SDS-sedimentation test for the prediction of Canadian bread wheat
quality. Canadian Journal of Plant Science, 62(3), 545-553. https://doi.
org/10.4141/cjps82-083

Provine, W. B. (2001). The origins of theoretical population genetics: With a
new afterword. University of Chicago Press.

Pujol Andreu, J. (2011). Wheat varieties and technological change in
Europe, 19th and 20th centuries: New issues in economic history.
Historia Agraria., 54, 73-95.

Radick, G. (2023). Disputed inheritance: The battle over Mendel and the
future of biology. University of Chicago Press.

Ragupathy, R., Naeem, H. A., Reimer, E., Lukow, O. M., Sapirstein, H. D., &
Cloutier, S. (2008). Evolutionary origin of the segmental duplication
encompassing the wheat GLU-B1 locus encoding the overexpressed
Bx7 (Bx7 OE) high molecular weight glutenin subunit. Theoretical and
Applied Genetics, 116, 283-296. https://doi.org/10.1007/s00122-
007-0666-2

Ray, D. K, Sloat, L. L., Garcia, A. S., Davis, K. F., Ali, T., & Xie, W. (2022).
Crop harvests for direct food use insufficient to meet the UN's food
security goal. Nature Food, 3, 367-374. https://doi.org/10.1038/
s43016-022-00504-z

Ray, D. K., West, P. C., Clark, M., Gerber, J. S., Prishchepov, A. V., &
Chatterjee, S. (2019). Climate change has likely already affected global
food production. PLoS ONE, 14(5), e0217148. https://doi.org/10.
1371/journal.pone.0217148

Saunders, C. E., & Biffen, R. H. (1909). The inheritance of “strength” in
wheat. The Journal of Agricultural Science, 3(2), 218-224. https://doi.
org/10.1017/50021859600001131

Scott, J. C. (2017). Against the grain: A deep history of the earliest states.
Yale University Press. https://doi.org/10.2307/j.ctvlbvnfk9

Scott, M. F., Fradgley, N., Bentley, A. R., Brabbs, T., Corke, F., Gardner,
K. A., Horsnell, R., Howell, P., Ladejobi, O., Mackay, I. J., Mott, R., &
Cockram, J. (2021). Limited haplotype diversity underlies polygenic

trait architecture across 70 years of wheat breeding. Genome Biology,
22(1), 137. https://doi.org/10.1186/s13059-021-02354-7

Senapati, N., Brown, H. E., & Semenov, M. A. (2019). Raising genetic yield
potential in high productive countries: Designing wheat ideotypes
under climate change. Agricultural and Forest Meteorology, 271, 33-45.
https://doi.org/10.1016/j.agrformet.2019.02.025

Shewry, P. R, Hassalll, K. L., Grausgruber, H., Andersson, A,
Lampi, A. M., Piironen, V., Rakszegi, M., Ward, J. L., & Lovegrove, A.
(2020). Do modern types of wheat have lower quality for human
health? Nutrition Bulletin, 45(4), 362-373. https://doi.org/10.1111/
nbu.12461

Shewry, P. R., Hawkesford, M. J., Piironen, V., Lampi, A. M,
Gebruers, K. Boros, D. Andersson, A. A. M, Aman, P,
Rakszegi, M., Bedo, Z., & Ward, J. L. (2013). Natural variation in grain
composition of wheat and related cereals. Journal of Agricultural
and Food Chemistry, 61(35), 8295-8303. https://doi.org/10.1021/
jf3054092

Shewry, P. R, Wood, A. J., Hassall, K. L., Pellny, T. K, Riche, A,
Hussain, A., Shi, Z., Mosleth, E. F., Charlton, M., Poole, M., & Jones, S.
(2023). Identification of traits underpinning good Breadmaking
performance of wheat grown with reduced nitrogen fertilisation.
Journal of the Science of Food and Agriculture. https://doi.org/10.1002/
jsfa.12848

Skowroiiska, M., & Filipek, T. (2014). Life cycle assessment of fertilizers: A
review. International Agrophysics, 28(1), 101-110. https://doi.org/10.
2478/intag-2013-0032

Slater, L. J., Huntingford, C., Pywell, R. F., Redhead, J. W., & Kendon, E. J.
(2022). Resilience of UK crop yields to compound climate change.
Earth System Dynamics, 13(3), 1377-1396. https://doi.org/10.5194/
esd-13-1377-2022

Srinivasan, C. S., Thirtle, C., & Palladino, P. (2003). Winter wheat in
England and Wales, 1923-1995: What do indices of genetic diversity
reveal? Plant Genetic Resources, 1(1), 43-57. https://doi.org/10.1079/
PGR20031

Stewart, B. A. (2013). Quality requirements: Milling wheat. In Cereal Pro-
duction: Proceedings of the Second International Summer School in
Agriculture Held by the Royal Dublin Society in Cooperation with W K
Kellogg Foundation. Butterworth-Heinemann.

Tadesse, W. (2019). Genetic gains in wheat breeding and its role in feeding
the world. Crop Breeding Genetics and Genomics;1:E190005,(2019)
Pagination 1,28.

Tann, J., & Jones, R. G. (1996). Technology and transformation: The diffu-
sion of the roller mill in the British flour milling industry, 1870-1907.
Technology and Culture, 37(1), 36-69.

Thompson, F. M. L. (1968). The second agricultural revolution, 1815-1880.
The Economic History Review, 21(1), 62-77.

Turner, M. (1992). Output and prices in UK agriculture, 1867—1914, and
the great agricultural depression reconsidered. The Agricultural History
Review, 40(1), 38-51.

UK Flour Millers. (2022). Wheat Guide 2022. https://www.ukflourmillers.
org/_files/ugd/329f2f_15f12039afa24482b77022911df7c2e2.pdf
UK Flour Millers. (2023). Flour milling in the UK facts and figures. https://
www.ukflourmillers.org/_files/ugd/329f2f _
969c4be808074547b%ede30ac93d125f.pdf

van der Werf, H. M. G. (1996). Assessing the impact of pesticides on the
environment. Agriculture, Ecosystems & Environment, 60(2), 81-96.
https://doi.org/10.1016/50167-8809(96)01096-1

Walton, J. R. (1999). Varietal innovation and the competitiveness of the
British cereals sector, 1760-1930. The Agricultural History Review, 47,
29-57.

Willett, W., Rockstrom, J., Loken, B., Springmann, M., lLang, T,
Vermeulen, S., Garnett, T., Tilman, D., DeClerck, F., Wood, A,
Jonell, M., Clark, M., Gordon, L. J., Fanzo, J., Hawkes, C., Zurayk, R,
Rivera, J. A., de Vries, W., Majele Sibanda, L., ... Murray, C. J. L. (2019).
Food in the Anthropocene: The EAT-lancet commission on healthy

8512017 SUOWILIOD SO ot jdde aup Aq peusenob ae ssjole O ‘SN JO S9N Joj Afed1T8UIUO AB]IA UO (SUORIPUOD-PUE-SLUBY LD A8 | IMA g BUI|UO//SAIY) SUORIPUOD PUe SWS | 8U 885 *[7202/60/0€] U0 ARiq1T8UIIUO AB|IM ‘001@ N 3UIL4P0D AQ Z90T €ddd/200T 0T/10p/W00" A3 | 1M ARl jpu|uo"yduy/Sdny Wwo.y papeojumoq 'S 'v20g ‘T1922.52


https://doi.org/10.1016/j.scitotenv.2018.03.378
https://doi.org/10.1016/j.scitotenv.2018.03.378
https://doi.org/10.1080/00033796800200021
https://doi.org/10.1080/00033796800200021
https://doi.org/10.1111/j.1468-0289.1996.tb00560.x
https://doi.org/10.1002/jsfa.2740400108
https://doi.org/10.1002/jsfa.2740400108
https://doi.org/10.1016/j.foodpol.2020.101976
https://doi.org/10.1016/j.foodpol.2020.101976
https://doi.org/10.4141/cjps82-083
https://doi.org/10.4141/cjps82-083
https://doi.org/10.1007/s00122-007-0666-2
https://doi.org/10.1007/s00122-007-0666-2
https://doi.org/10.1038/s43016-022-00504-z
https://doi.org/10.1038/s43016-022-00504-z
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.1017/S0021859600001131
https://doi.org/10.1017/S0021859600001131
https://doi.org/10.2307/j.ctv1bvnfk9
https://doi.org/10.1186/s13059-021-02354-7
https://doi.org/10.1016/j.agrformet.2019.02.025
https://doi.org/10.1111/nbu.12461
https://doi.org/10.1111/nbu.12461
https://doi.org/10.1021/jf3054092
https://doi.org/10.1021/jf3054092
https://doi.org/10.1002/jsfa.12848
https://doi.org/10.1002/jsfa.12848
https://doi.org/10.2478/intag-2013-0032
https://doi.org/10.2478/intag-2013-0032
https://doi.org/10.5194/esd-13-1377-2022
https://doi.org/10.5194/esd-13-1377-2022
https://doi.org/10.1079/PGR20031
https://doi.org/10.1079/PGR20031
https://www.ukflourmillers.org/_files/ugd/329f2f_15f12039afa24482b77022911df7c2e2.pdf
https://www.ukflourmillers.org/_files/ugd/329f2f_15f12039afa24482b77022911df7c2e2.pdf
https://www.ukflourmillers.org/_files/ugd/329f2f_969c4be808074547b9ede30ac93d125f.pdf
https://www.ukflourmillers.org/_files/ugd/329f2f_969c4be808074547b9ede30ac93d125f.pdf
https://www.ukflourmillers.org/_files/ugd/329f2f_969c4be808074547b9ede30ac93d125f.pdf
https://doi.org/10.1016/S0167-8809(96)01096-1

FRADGLEY ET AL.

diets from sustainable food systems. The Lancet, 393(10170), 447-
492. https://doi.org/10.1016/50140-6736(18)31788-4

Worland, A. J. (1996). The influence of flowering time genes on environ-
mental adaptability in European wheats. Euphytica, 89, 49-57. https://
doi.org/10.1007/BF00015718

Yang, C. J., Ladejobi, O., Mott, R, Powell, W., & Mackay, I. (2022).
Analysis of historical selection in winter wheat. Theoretical and Applied
Genetics, 135(9), 3005-3023. https://doi.org/10.1007/s00122-022-
04163-3

Zeleny, L. (1947). A simple sedimentation test estimating the
breadbaking and gluten qualities of wheat flour. Cereal Chemistry, 24,
465-475.

Plants People Planet PPP

How to cite this article: Fradgley, N. S., Gardner, K. A., Kerton,
M., Swarbreck, S. M., & Bentley, A. R. (2024). Balancing quality
with quantity: A case study of UK bread wheat. Plants, People,

Planet, 6(5), 1000-1013. https://doi.org/10.1002/ppp3.10462

95U8017 SUOWIWOD SA1E81D 8 geot[dde aup Ag peusencb a1e sjolle YO ‘9Sn Jo Sojni Joj AkeuqT8UIJUQ A8]IM UO (SUONIPUD-pUE-SWB)L00 A3 1M AleIq1jeul Juo//SAny) SUORIPUOD pue SWiB | 81 8eS " [1Z0z/60/0] U0 AkeidiTauliuo AB]1IMm ‘0one@ N aueiyod Aq z9v0T eddd/Z00T 0T/10p/woo A8 1M Arelquieujuo yduy/:sdny woij pepeojumod ‘S ‘v20z ‘11922252


https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1007/BF00015718
https://doi.org/10.1007/BF00015718
https://doi.org/10.1007/s00122-022-04163-3
https://doi.org/10.1007/s00122-022-04163-3
https://doi.org/10.1002/ppp3.10462

	Balancing quality with quantity: A case study of UK bread wheat
	1  THE ROLE OF UK WHEAT IN THE GLOBAL FOOD SYSTEM
	2  THE HISTORICAL CONTEXT FOR CHANGES IN UK WHEAT QUALITY
	2.1  Industrialisation and globalisation drove highly productive wheat farming in the United Kingdom
	2.2  Progress and challenges faced by UK wheat breeding to combine yield and quality
	2.3  Changes in wheat processing redefine wheat baking quality and nitrogen fertiliser use

	3  CURRENT STATUS IN THE UK
	4  FUTURE OUTLOOK AND RECOMMENDATIONS
	4.1  Mendelism and 21st century plant breeding
	4.2  High baking quality at low protein content
	4.3  Breaking the trade-off between grain yield and protein
	4.4  A modern synthesis of quantitative genetics and biotechnology
	4.5  A broader context

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


