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The evolution of wheat enabled the establishment of the first cities

The Fertile Crescent

szs, [ - A The Neolithic Revolution saw the first
A Bl cites 10,000 years ago
e, a8 A Hunter gatherers became farmers
S e A These new civilisations were
y Yy s dependent on bread and pasta wheat
eeeeeeeeeee i A Bread wheat does not exist as a wild
species- it arose from polyploidisation

events on farms in the fertile crescent

A These new systems caused a 10x
Increase global population to ~10
million




The cities of the 2% century still rely on wheat!

A Global population almost 8
billion

A Major wheat cultivation on every
Inhabited continent

A 780 million tonnes produced
each year

A Most traded crop

A 20% of our calorific intake

A Increased production required
for a population of 10 billion In
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Agriculture feeds us while also driving climate chang
and mass extinction
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Where do modern wheat varieties come from?

| OCTOBER 28, 1921,

WHEAT WIZARD.

CURING “CRIMINAL
PLANTS.

‘What is probably the finest wheat in the
world has been created at Cambridge, and
this season it bas been yet further im-
proved. The maker is Professor Biffen
amd his staff, who have quite surpassed all
the ** plant wizards ”
of the age in this or
any other country.
Perhaps the strangest
part of the improved
*“ Yeoman ' wheat,

parventage. Professor

iffen has performed
the miracle of getting
wood offspring from
a bad parent. For
example, he found in
America a most can-
tankerous and re-
pulsive wheat. Tt had a little head and a
stiff beard, but through these deficiencies a
: heart of  gold was detected. By help
S]  of that astonishing law of heredity

X Rl T JZRTES known as the law of Mendel the bearded
CUP FOR ORIGINATOR OF “LITTLE JOSS"’ WHEAT.—The wheat of criminal type was cnabled to
Hon, E. G. Strutt (left) presenting at the Shire Hall, Chelmsford,

hand on to his grandchildren his strength
and hardihood and golden heart without

yesterday, an 84-0z. cup to Professor Biffen, of Cambridge, as an thet benrd ‘and -the small’ fiead, - Im:
A ledgment by &!..x farmers of his signal services to | );g\’edu?co:.l:x‘n." lIcni: I::Sti(};\‘t.“(l(’sc(‘lldilnf.
agriculture in producing " Little Joss” wheat. (Daily Mail. | has a huge ear of SO grains or more and

| a ** strong ” transparent kernel.

Sarah Bailey et al 2024

The founders of European
wheat breeding
Introduced a potential
bottleneck

Nick Fradgely, et al.

As breeding programmes
mature the diversity of
pedigrees Is reduced



Genetic gains achieved by conventional
breeding have declined

A Is it possible that increased
genetic progress can be achieved
by increasing genetic diversity In
modern wheat?

national yields
(tonnes/ectarea)

A Where would this diversity come
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Genetics Society'Magazine, August 2023, issue 89

Geneticist and Collector
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The collection of crop germplasun from a unitwhich employed many horses for ]
LT

every comer of the globe promoted by
the Russian gensticst Nikolai Vavitov
during thea years preceding Waorkd War

Il was highly influential in establishing
the importance of plant conservation. In
the UK one of the two moest preminent
sclenusts invatved In this actvty was
Arthur Ernest Watkine 2t the University
of Cambadge (the ather baing Jchn
Percival at the Urdversity of Readingl
Watkins was born in London on April 23
1838, the anly child of Arthwr Charles and
Edith Isabel Watkire. His father worked
lor the company John Lyons & Co. a lrm
whichhad begunits cperations in 1894
as a eashop in Plccadilly, London. but
wihich later expanded into the popular
chain of "lyons Corner House™ teashops
By the times of Arthur Charles’ retirerment
as a managar in the 13305, the company
had dversifiecd into the London top end
restaurant and hotel business, and was
marketing a range of teas, biscuits and
cakes wold in grocery stores across the
wearld Arthwur Ernest was educated at
the fee-paying Latymer Upper Schoal.
founded n 1424 and stll very much in
existence today. He won a scholarship to
stucy Mathematcs and Natural Saences
at St John's College, Carmbridge, but was
unable to take up his place w1 1973 55
- at the age of just 19 - he was inducted
INLO e army as a second lieutenant
and saw action in the trenches in France
Irem Christmas 1917 until the end ol
World War | Havirg been brought up in
Londen, Watkins was unlikely to have
had rrwch exposure to rural life. but his
wiar service would have changed this

He served with the Royal Field Arvllery,

draft purposes: anenuyin his battalon's
wardary frem March 311918 reads
'Cuning the last 10 days vee hove had
some 50 casuolties, and have inflicted
enarmous losses on the enavmy .. man
and horses have been axceadingly
tired most of the time”. Then, between
the Arrmistice in Novernber 1918 and his
dermobilization in Erglard at the end

of January 19712 the army assgned hn
as an “Assistant Agricultural Cfficer”,
tasked with liaising with the local French
farmers Lo secure food for the marry
troops who remained in Franae for some
months alter the end of the war.

Watkins lnally amyved In Cambridge
sormetime during 1999, gracduated at
the end of 1920 and wes awarded &
Diploma in Agriculture in 1922 In 1923
he mamad Amy Marjorie Blanch, with
whom he had cne son (John Halse):
sadly, Arryy Marjorie died in 1941 and
John Halse was killed during the D- Cay
landings n 1944, aged just 19 Watkins
professicnal carcer was spent entirely
in Cambndge In 1924 he joined the
then reladvety new Plant Breeding
Institute, arvd in 1931 was sppointed s s
lecturer in Cytology at the University of
Carmbndge’s Faculty of Agriculture He
sarved as a member of the committee
of the Genetical Society (the cumrent.
day Geneucs Scdety] during the 1930
and later 3s its secretary. where he
interacted with many of the greats of
Britizh geretics of the time, such as K
Mather, €D Dadingtan. JBS Haldane
and RA Fishwer. He retired in 1748 at

the rether earty age of 50, and died on
January 3rc 19467

Triticum: The importance of the
grass geowus Triticurn s thatits
membars include bread, emmar
and einkornwheat. Tnticum. the
Latin word for wheat. is desived from
the perfect passive participle of the
verb Lerere. meaning w grind

Watkins res=2arch for the moest part
focused on gaining anunderstanding

of the geneucs of key anatomical

traits in Tritcurmn, such a5 swnedness
and glume shape. Recognizing that
variatonin these traits had some
Laxonomic significance, he embarked
on assembling s collecton of larclrace
wheats from around the world.
Coincldentally, perhaps, a similar effory
wias being mounted at around the ame
time by John Percival, While Watkins
and Percival dearly knew one anather, it
= unclear whether they regarded each
otheras either rvals or as colleagues:
Percival would doubtless have
concickerad himsell the more senior,
given that he had been appaointed as
the Prafessor of Agnoudtural Botany at
Reading m 1907 and had published his
seminal book The Wheat Plant already
in 1921 Watkins explained that ™., the
cbyject)s to callect os many wheat
vaneties as possitle from all cver the
world Pimariy the reasons wena (al
partly purely scientific ond (& portly in
connaction with breeding improvad
vaneties of vwheat for English conditions.
A third reasan come {c) when it occurred
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to me that if a rmovre or less compiete
collection of existing vovietias were
made, we might os well take advantage
of the opportunity ond distnbute
suitable vaneties for triol in the colonies
and depenaences (5ic)’

While some of Watkins materials were
obtainad fram collections assembled
by colleagues such as Nikolal Vavilov

in Russia, Shen Zonghan ELF8in
China and Otta Frankel in Now Zealand,
most were collected by persaading

the authorities in London to task

thetr far-flung network of consuds and
agents with the job of visitung local
farms andfor gramn markets on his
benall and dispatching the grain 1o
Cambridge. The result was o steady

flows of sarrples throughout the

1930s. Watkins recognized that grain
acquirod either directly from farmers

or purchased from local markets would
inevitably be genetically hecerogenseous:
ina covering letter to cne of the co
operating government officials. he writes
“the wheats grown by the cultivators

is nearly always @ mixture of many
distinct types so thot a somple of wheat
Lought in o market wall, if soem, yleld

a great many types in most cases, But
irmportont for collecting is that foct
that the types vary from one (coality

to ancther while same types may be
peculiar te a definite region (e.g. Tibet
perhaps) 1t is therefore of the first
importance te collect from as vade an
area as possible ond a single collector
should collect fram a number of
aifferant places \n that areo, principally
places with diffarent altitudes, diffarent
rainfalls or etc.”. Because few of the

consular staff tacked with collecting
the matenal had any knowledge of
what 3 wheat grain looked Like, some
of the samples did not even cocsist of
wheat Watkins worked on purifying his
materlals largely by seleclng on the
basis of the anatormécal traits which he
undersood sowell AL IS heght in the
late 1930, bz collecton numbered
scveral thowsand accessions, including
diploid, tetraploid and hexaplosd forms
of Triticam.
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Due to the exigencies of vasr, both the
Watkns and the Percival collections
were neglected dunng the 1940s.
sulfering extensive damage as a resull
of poor storage conditons and insect

dsaticatts s of fels sy ranen.
correspnden s

infestation. The bulk of the Percival
collection fwhich numbered over 2,500
entries) i still stored in its ariginal
baxes and its associated collection of
herbarium sheets survives intact Apart
from a small number of accessions
rescuad by NIAR in Cambrickge in the
1950s. the Percival collecticn as iLexists
inthe UK is no longer viable, However,
in 1532, some 1,700 accessions ware
imported into Ching, wiwere they bave
contributed significantly to efforts to
genatically improwve the national wheat
<rop. The Watkine collecdon, which
rnumbers 827 distinct accessians, is
<urated by the John Innes Centre in
Norwich Over the past fow years, a
substantial effort has been invested
pothin charactenzing the phenotypc
diveraity captured within the collection
and explonng itas a rescurce for

2ene discovery. In order to extend the
characterization to the genatypic level, a
manuscript lcurrently under peer review)
has boon prepared to describe thae re
zaquencing of the entire collection
Creer 50 years since Watkins death and
about 100 years since his collecton
weas sesembled, the memory of ths
oslensibly quiet, shy sclentist and

his Lifes work lives on in the jorm of

a resaurce of relevance to both the
genetics and improvernent of the UKs
MCSLIMPOrant <rop speces



How and why the Watkins landrace collection
was assembled

Draft for letter (~1929) from AE Watkins to
collectors in Italy, Sicily, Corsica, Romania, and
Algeria. Similar letters sent to India and Persia.



A. E. Watkins organised collection of wheat cultivars
1920s and 30s

The BBSRC Wheat Improvement Strategic Programme (WISP)
The A. E. Watkins Landrace Collection Platform ‘Recovering Lost Genes’

Utilising the Global Landraces in WISP
1. Arthur E. Watkins had the foresight to collect landraces from around the world in the 1930s
using his connections with the London Board of Trade. The collection totals over 800 fines
and is stored at the John Innes Centre Norwich UK. Sources are represented on this map.

2. WISP has used SSR molecular markers and geographical origins to create a core subset
of landraces from this collection that represents maxi o a iversity possibie in a more man-
‘ageable 85 lines.

3. The landraces in this core set have been crossed into the UK spring bread wheat Paragon
and mapping populatons developed through Inbreeding the offspring.

4. These Populations are men genellcally mapped using high throughput KASPar molecular
marker technology platform to assign traits to regions of chromosomes
5. Genes for important for wheat ind global food security are
then bred back info non host parental material In a precise manner called Near Isogenic Line
(NIL) production to prove concept of theory and allow a resource tool to be made available to
the wheat industry.
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Over 827 accessions collected in the 1930s using London Board of Trade from 32 countries.



Whole genome sequencing of AE Watkins Collection anc
a modern wheat sample n
A >5 years (2018):

. A 1047 wheat genotypes
(827 landraces x 220 elites)
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Watkins genomics
In a nutshell
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Zn example of Watkins whole genome GWAS | &
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Development of Nested Association Mapping Panel from the Watkins Collecti
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Over 12000 RILs in the DSW NAM population

94



f + Wao JWma IJna]LIJHIJ
In the field.

AN
: —-..zztawzw-b:.xz-a;ng.vw

i
e RN e

1 R R s o e 0 U U R T

1 i ) R S8 7L T A h

;'Mv :n,.:.'!'-i"".".’:"':’.z'.. f‘

A Ten years of field experimentation at JIC
and Rothamsted

Malcolm
Hawkesford

Andrew
Riche

ROTHAMSTED
RESEARCH



1. Biomass

: adaptation: Phenolog\
sartitonng traits L3 7 Traits measured;

omponents

vee e

G GFP

Increase d.GY > */ | ; §
A %;\ T2 i { § \Y/ \Ant \ \’ Mat

T _

e VT ey
4. Mineral and Quality rain NEPrOL

5. HI and BM / | N\
— NUtE NHI
3. Yield Numeric components R \ & J/

Photosyn R bil
Y / GY \ thesis s;[:g(; :
...... \/BM a
’ . e NUpE. NUE =NUpEx NUtE
,\]/St: i 6. Nitrogen

Gwid GsurfA \ ~ ) component traits




Thousands of genetic effects identified using
complementary gene discovery methods

Trait examples: Overall numbers:
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Thousands of genetic effects identified using
complementary gene discovery methods

Trait examples:
A YellowRust/si ¢ 1 | RY I wlll ¢ HIJ

Yellow rust resistance sources centred on Iran
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Novel alleles for grain mineral content

QTL for increased calcium, coppet,
iron, potassium, magnesium and zinc

SA CaWtGr (W239) 7D CuWtGr (W239)
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Watkins alleles for increased dietary fib

High resolution mapping of known QTL

Low alleld High allele
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Allelic series withextra high Watkins alleles

WATDE Code allele Allele R

1190045-1
1190079-1
1190145-1
1190273-1
1190397-1
1190398-1
1190474-1
1190546-1
1190238-1
1190300-1
1190750-1
11

1190475-1
1190685-1
1190694-2
1190700-1
1190740-2
1190110-1
1190560-1
1190749-1

WATDEO009
WATDEOO10
WATDEOO019
WATDEOO036
WATDEOOS52
WATDEOO053
WATDEOOG3
WATDEOOGS
WATDEO0031
WATDEOO40
WATDEO1

WATD

WATDEO091
WATDEOO093
WATDEO095
WATDEO0103
WATDEOO14
WATDEO071
WATDEO107

high

high H2
high H3
high H4
high H5
high H6
high H7
high H8
high H9
high H10

igh

L2
low L3
low L4
low LS
low L6
low L7
low L8
low L9

James Brett




New alleles for adaptation through change
IN temperature sensitivity

Lukas Kronenberg
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l 2015 choice assays & 2016 field trial

Screening of Watkins Core Slug feeding damage
Origins Collection o — — "

6 slugs, 3 varieties (1 control) per
assay, 10 seeds each, 8 replicates 7

]

Slug Damage

- B

-
%

Soissons —
Paragon —
Wat788 —
Wat704 —
Wat209 —
Wat127 —
Wat325 —
Wat004 —

3 lines experienced most damage: 704, 127, 004
3 lines experienced least damage: 788, 209, 325 21




s To0lkit validation of novel Watkins alleles for yield
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A landrace centric view of wheat breeding history
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Empirical selection for:

Adaptation

Height

Yield

Bread making quality
Disease resistance
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Technological step changes
for breeding:

Line selection

Mendelian genetics
Haber-Bosch Process

Statistical genetics

Mechanisation

Semi Dwarf varieties

Marker assisted selection
Genomic Selection
Wheat genomics

Gene editing




A proposition for systematically designed wheat pedigrees
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Technological step changes
for breeding:

Marker assisted selection
Genomic Selection
Wheat genome/s

Gene editing




Semi dwarfing alleles are absent from the Watkins collection

A In modern agriculture the semi dwarf
trait is essential.

A Almost all Watkins accessions are
very tall.

A To begin new landrace pedigrees we
need to introduce semi dwarfing
alleles

A Gene editing has the potential to
achieve this efficiently




Examples of our chosen targets for fixation in our precision bred
Watkins pedigree

Gene Why? Required edit

RHTFL Delete DELLA domain

Flowering PPD1 Adapt to

fime UK Reduce PPDBB1 copy number

season

Prever_1t Restore reading frame
sprouting

Grain Suitable for
texture leavened bread Remove whole gene/s




