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Combining complex traits to improve

yield potential, climate-resilience and
input-use-efficiency of wheat.
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Big data analyses predicts stagnation of wheat yield gains if complex
traits to match growing demand and & climate instability are not tackled

» GWP focuses on traits of trans-
national (strategic) value:

* Yield & wide adaptation.
- Biotic stress resistance **
» End-use quality/nutrition

 Productivity gains worth $11b p.;
(to consumers in Global South alone)

%

**1b litres fungicide saved since 2000
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Wheat genetic resources have avoided disease pandemics,
improved food security, and reduced environmental footprints:
A review of historical impacts and future opportunities
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M) Chock for updates

Increased ranking change in wheat breeding under !
climate change

Wei Xiong ©*2=, Matthew P. Reynolds?, Jose Crossa®*, Urs Schulthess'?, Kai Sonder ®*%,
Carlo Montes?, Nicoletta Addimando©¥¢, Ravi P. Singh©?, Karim Ammar?, Bruno Gerard? and
Thomas Payne?

The International Malze and Wheat Improvement Center strategies’. GEls impact the overall genetic gains and efficiency
develops and annually distributes elite wheat lines to public  of breeding programmes by Influencing how well target growing
and private breeders worldwide. Trials have been created In  cnvironments are identified and resources are allocated to different
muitiple sites over many years to assess the lines’ perfor-  breeding objectives. GEls can be grouped Into two categories: cross-
mance for use In breeding and release as varleties, and to  over Interactions, which represent differences In genotype rankings,
provide Iterative feedback on g breeding gles’. and non-crossover Interactions, which are assoclated with changes
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The IWYP approach to “blend” complex traits capitalizes on models of yield,
genetic resources, phenomics, genomics and validation via IWIN

PHYSIOLOGICAL PRE-BREEDING PIPELINE

CROP DESIGN |, GENETIC RESOURCES , PHENOTYPING GENETIG ANALYSIS CROSSING & EVALUATION OF
Radiation-use SELECTION GENETIC GAINS
/f/ efficiency o Y
Photoprotectiong

Partitioning </ Light
interception
Water use AN
Determine traits/genes « Landraces * High through-put | <Genetic complexity | «Strategic crosses | For example, through
for adaptation « Wild relatives remote sensing | +QTL identification | * Select best progeny | International Wheat
* Elite lines 'Plf]ec's'ton. *MAS assay developed| (phenotyping/ Improvement Network
PREnotyping molecular tools)
— INFORMATICS ——

Database that integrates (phenomic and genomic) research, breeding and international trial data

Reynolds MP and Langridge P, (2016). Physiological Breeding.
Current Opinions in Plant Biology 31: 162171 C I M M Y Tﬁ



Novel alleles from wild-relatives are accessed via crossing

with amphiploids like ’'synthetic wheat’
NW Mexico, 2016 & 2017 (Late sown)
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Best primary synthetics show

20%> biomass than checks

* Deep roots

« Efficient use of water

* Heat/drought adaptive
metabolism
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Evolution of high-throughput field-phenomics at CIMMYT Hub

Multispectral and thermal cameras:

a0 hiphen
Leaf angle

Chlorophyll Index (green)
Chlorophyll Index (Red-Edge)
Vegetation cover (PROSAIL)
LAI (PROSAIL)

Clhorophyll a + b (PROSAIL)
FIPAR (PROSAIL)

Canopy Temperature
Biomass index*

Plant height*

Yield predictions*
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Research to Deliver Wheat for the Future

applied in BW breeding nurseries since 201

(Francisco Pinto et al)

6

3 Experiments

Pre-breeding: WYCYT, CandWYCYT

1 Hain 30 min for CT ata
resolution of 5 cm/pix aprox

>10 Experiments

Pre-breeding: WYCYT, CandWYCYT,

1 Hain 30 min for CT ata
resolution of 5 cm/pix aprox

SATYN, CandSATYN

Available for all trials, nurseries
and experiments, including
candidates for WYCYT and IYPTE

12 Ha in 30 min for CT at a
resolution of 5 cm/pix aprox

At experimental
stage for fitting
models

2019 to date

Tests in experiment : BestPT,
HiBAP, BDP.
Available for candidates in 2024

400 plots (large)/h

Test and
calibration
phase in 2023

* DL models
developed.

* Private partner

* Outputs available

Tests in BestPT and BDP.
Available for candidates in 2024

400 plots (large)/h

Not available until
new funds.

200 plots (large)/h




Genetic Analysis & Gene
Discovery

WCIMMYT.
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Gene-sequencing of progeny from crosses with amphiploids
reveals heat tolerance haplotypes without yield penalty

International
Wheat Yield
Partnership

Sequenced IWYP & HeDWIC panels -by AGIS- leverages the vast

phenotypic data sets for gene & haplotype discovery

Research to Deliver Wheat for the Future
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Stress susceptibility index for yield l

communications biology

Explore content v About the journal v  Publish with us v

nature > communications biology > articles > article

Article | Open Access | Published: 09 January 2023

Exotic alleles contribute to heat tolerance in wheat
under field conditions

Gemma Molero, Benedict Coombes, Ryan Joynson, Francisco Pinto, Francisco J. Pifiera-Chévez, Carolina

Rivera-Amado, Anthony Hall & & Matthew P. Reynolds &

Communications Biology 6, Article number: 21 (2023) \ Cite this article

Infernational Cooperation

nature

Explore content v About the journal v Publish with us v Subscribe
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Harnessing landrace diversity empowers wheat
breeding

shifeng Cheng ®, Cong Feng. Luzie U, Wingen Hong Cheng, Andrew B, Riche, Mei Jiang, Michelle

Leverington-Waite, Zejian Huang, Sarah Collier, Simon Qrford. Xiaoming Wang. Rajani Awal, Gary Barker,

Tom O'Hara, Clare Lister, Ajay Siluvery, Jesis Quiroz-Chivez Ricardo H, Ramirez-Gonzilez, Ruth Bryant

Simon Berry, Urmil Bansal, Harbans S, Bariana, Malcolm J, Bennett, Breno Bicego, ... Simon Griffiths =

& HeDWIC
ICIMMYT.




Gene discovery in novel amphiploid genomes
(Xu et al)

Environmen Ch PVE all si Novel PVE all l
romo- all sig ove all nove
ts CFNEB’ Marr some SNPs markers SNPs
Mexico
SYNPAN II Irrigation AX-94907052 1A 40% Y 23%
AX-158621657 5B Y
AX-94951542 5B Y
Heat Excalibur_c32608_500 1B 47% Y 20%
Ex_c525_1401 2B Y
Drought AX-94537209 4D 15% Y 6%
AX-158587956 6B Y
Combined AX-158570322 1B 55% Y 24%
Tdurum_contig777_260 3A Y
AX-158541430 3B Y
D_contigh9199_227 3D Y
AX-158534283 5B Y
Ex _c101666_634 7B Y
ISO-DRILs,
. Irrigation 5D@20.2 5D 21% Y 8%
(Family 2)
Drought 1D@42.2 1D 24% Y 24%
5D@0.2 5D Y

ICIMMYT.



Gene discovery in diversity panels originating from the
World Wheat Collection (large subset) at CIMMYT
(Xu et al)

MOLPAN (selected to Chromo- PVE per Novel
maximize molecular some Pvalue SNP  pypau MTA  PpVEallnovel
diversity) Environment adjusted sig SNPs SNPs
% %
MOLPAN Yield Potential 3A 0.0000181 8% 30.7 Y 20
CENEB, Mexico 3B 0.0004115 10% Y
MOLPAN Heat 3B 0.0000006 6% 21.5 Y 9
CENEB, Mexico 4A 0.0064573 3% Y
MOLPAN Drought 3B 0.0065973 7% 37 Y 17
CENEB, Mexico 6A 0.0050185 7% Y
7D 0.0020624 5% Y
MOLPAN Combined 1A 0.0083901 NS 32 Y 9
CENEB, Mexico 1A 0.0003131 7% Y
3B 0.0000004 10% Y
EDPIE-MEX Heat 1A 0.0070 6% 43 Y 4
selected elite lines with|Drought 5A  0.0004 13% 22 Y 22
highly diverse CENEB,Mexico  7A  0.0065 10% Y
pedigrees
EDPIE-International g‘t’g;’ (22 4B 0.0039 8% 42 Y 18

ICIMMYT.



Physiological or Predictive Pre-
Breeding (PPB)

WCIMMYT.



Source X sink crosses to stack
complementary physiological traits

Sink Traits

Grain Size, Weight, Number;
Increased Spikelet Number

Trade-offs with competing
sinks at grain set

Partitioning of Captured

Harvest Index C to Grains

I I Fruiting efficiency

oy

Biomass, Canopy RUE, EUE, Photosynthetic Root Architecture
Architecture & Induction
Phenology Traits
\Y H
oo Source Traits
e cIMMYT.

Research to Deliver Wheat for the Future



WYCYT & SATYN trial sites (>200 request p.a.)

Best lines locally/regionally used as parents

QuycHicHiL viyainzauvi

0 2 i
. i n netic distance between elite PPB lines and
University / Educational Inst. K- Elite BW lines by DNA ﬁngerprinting

¢ - (Dreisigacker et al unpublished)

NGO

SATYN
. 0 L )

Ggernment Organization : o N 0 LI N KAG E D RAG ! !

Private Company
O
University / Educational Inst.

NGO

w0,
eﬂi’ééding Lines N
b Moy 8 i

PC2(14,1%)
=
—

o

Locations of cooperators
institutions and/or known or
expected nursery trial sites of
the WYCYT and SATYN

niireariae far tha lact R uanare

WCIMMYT.



Top 10 WYCYT lines (averaged across all IWIN sites) on-track to
deliver 50% yield gains -over Borlaug 2014- by 2034.

Improved performance of pre-breeding WYCYT lines over time: ALL sites 2017-2023

6.3 38 Entries
8 Sitess
34 Entries
20 Sites
L
6.0- 21Entries 24 Entries 28 Entries 25 Entries 30 Entries *

34 Sites 22 Sites 24 Sites 30 Sites 22 Sites
TOP 10 lines/WYCYT

SImprovement,
1.80% per year,
relative to average
yield (Slope 99

Yield (tha)

kg/ha/yr)
5.4~ =
""""""" Sokoll
L e Borlaug 100
.
p-value = 2.19E%° T S
R?adj = 0.69 2017 2018 2019 2020 2021 2022 2023
Year of WYCYT
L < N <
é‘$~\(’ $*Cé x\$~\g ‘\S*(‘ $*('é s*(:é 6‘$*(J
] S A % & S N

WCcIMMYT.



Understanding yield potential and trait targets

PHYSIOLOGICAL PRE-BREEDING PIPELINE

GENETIC ANALYSIS

PHENOTYPING

GENETIC RESOURCES

CROP DESIGN

Radiation-use
i/ efficiency

Photoprotectionk ;

\

Partitioning |/
interception
Water use AN
Determing traits/genes | *Landraces « High through-put « Strategic crosses _ *
for adaptation « Wild relatives Lemqte; sensing * Select best progeny :nternahonalt\liv\lhezwatk
*Elite lings * el *MAS assay develop®{| (phenotyping/ mprovement Networ
Input to i
: phenoong olecular tools)

breeding

lllllllll

Research to Deliver Wheat for the Future

A\ HeDWIC

Reynolds MP and Langridge P, (2016). Physiological Breeding.
Current Opinions in Plant Biology 31: 162—-171

WCIMMYT.



Yield (g/m2/d)

Radiation

Physiological bases of yield potential: Source Traits
Yield shows linearity with radiation use efficiency over the total cycle

7.0

6.5

6.0

5.5

50 ™

4.5

Use
Efficiency

Yield v radiation use efficiency (RUE) of cycle

1.70

y=2.2x+1.30 HH »
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e iz 3
1.90 2.10 2.30

Radiation Use Efficiency Total (g/MJ)

RUE varies pre and post anthesis

B RUE_preGF mRUE_GF B RUE_Total

(8/MJ)

2.0
15
1.0

Growth stages: pre-GF, GFill & Cycle

o e s

.’L{-

HOH

2.50

7.00

Nonetheless, RUE pre-Anthesis,
while avg 30% higher than in grain-
filling is not associated with yield.

To capture the benefits of RUE
pre-Anthesis, requires discovery.

Yield v RUE pre-Grainfill (negative)

® [ ]
R*=0.12
R*=0.17
o. [ ]
2.0 2.5 3.0 3.5 4.0

RUE-preAnthesis (g/M)J)

ICIMMYT.



Yield/ (g/m2/d)

Physiological bases of yield potential: Sink Traits |
Yield shows a linear relationship with Grains/m2

7.0

6.5

6.0

5.5

5.0

4.5

14000

Yield v Grains/m?2

2 _
+|R°=0.1877

16000 18000 20000 22000

Grains/m2

However, kernel weight (TGW) indicated
non-linear association with yield

A polynomial model suggest a value of
~50mg to be optimal in this situation.

o1 o o N
o1 o o1 o

Yield (g/m2/day)

Yield v TGW
R*=0.1078

HBH HH

R*=0.2073

42.0 47.0 52.0 57.0

Average kernel weight (mg)

ICIMMYT.



Yield (g/m2/d)

7.0

6.5

6.0

5.5

5.0

4.5

Physiological bases of yield potential: Sink Traits I
Fruiting Efficiency (FE) is positive with yield

Yield v Fruiting Efficiency
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Fruiting Efficiency
(Grains/g Spike Chaff)

Tiller & spike dynamics
indicate opportunities to
improve RUE & harvest index

They also point to alternative
‘Trait-Paths’ to yield:

7.0

5.5

Yield/d (g/m2/d)

o
o

4.5

Yield v Spike Loss (Anthesis-Maturity)

R*=0.23
&% B %@ R*=0.28
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IO e
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HH % ‘o....@
Fa @ Sl
R, ¥ LI
HH .0. O
* = & %

40 60 80 100 120 140 160 180 200 220 240 260
Spike loss Anthesis to Maturity (Spikes/m2)

WCIMMYT.



Paths to Yield

Two ‘Trait-Paths’ to yield are illustrated by large variation in Spikes/m? at anthesis

HI/LO ‘Spikes/m? at Anthesis’ The 2 Paths to yield show a
7.0 . consistent main effect of tiller
[ J . .
& spike dynamics (below).
Py e © 0o ° ®
6.5 ° o® 0 Toe® .
e ¢ The 2 paths are associated with
S ° o ot ° % 00615 e o -
ée.o -------------------- gl . - other specific trait profiles.
2 _ e = o el
S R*=0.0004 o O e
= o o I I
.§5'5 0. ..o S
> ¢ L ° Tiller & Spike Count at anthesis, and
5.0 e ° loss by maturity for 2 Paths to Yield
°® ° o 650
® = (Path 1)
i % 250 (Path 2)
: Q
320 370 420 470 520 570 %_ 450
Spikes/m? at Anthesis @ 350
(o]
0 250 ii
Q
= 150 Lﬁ
-
50
Tillers/m2 Spikes/m2 Spikes/m2 Tiller Spike
Ant Ant Mat Loss/m2 Loss/m2

Tiller and Spike Dynamics

WCIMMYT.



YIELD (G/M2)

950

900

850

800

750

700

650

600

Paths to Yield
Trait Paths 1 & 2 differ in association of Yield with Water Index (WI)

Yield v Water Index: Trait-Path 1
R?=0.4299

0.240 0.260 0.280 0.300

Water Index (a.u.)

Lines in trait Path 1 express lower
‘apparent RUE’ pre-anthesis.

Water Index (WI) data support
the hypothesis that Path-1 lines
invest in root mass (not factored
into RUE pre-Anthesis) making
yield more tightly coupled to WI.

0.320

Yield v Water Index Trait-Path 2

950

2 _
R =0.2344
900 [
[ ] ® e
850 i X
N ) ) ® .. %
Es8o0 T e
) —
= T e
3 750 . °
- [ ]
700 °
[ ]
650
600
0.240 0.260 0.280 0.300 0.320
Water Index

ICIMMYT.



Paths to Yield
Trait Paths 1 & 2 differ in association of RUE-Grainfill v Water Index

RUE-Grainfill vWI: Trait Path-1

25 o o Lines in Trait-Path 1 express
[ J
O I N coupling of RUE-Grainfill to WI,
T20 o g9 while Path 2 lines do not.
O e
% 1.5 . ®
5 R?=0.1463 o The data further support the
2 1 hypothesis of increased investment
in roots (pre-Anthesis) in Path-1
O.50.240 0.250 0.260 0.270 0.280 0.290 0.300 0.310
Water Index

RUE-Grainfill v WI: Trait-Path 2

2.5
°
e o
L °
= 2.0 .
- i 2 O e
B . .
= . o
< 1.5 . .
u R®=0.0243
L
2 1.0 .
°
0.5
0.240 0.260 0.280 0.300 0.320
Water Index

ICIMMYT.



Yield (g/m2)

Paths to Yield
Trait-Paths 1v2 differ in association of Water Soluble Carbohydrates (WSC) v Yield

Yield v WSC (g/m?) Trait-Path 1 Lines in Trait-Path 2 show increased
storage of WSCs at anthesis,
associated with 32% of yield, while

950

900

850 ® [ ] o ©

,,,,,,, ® rrerneenee® Path-1 lines show no association.
8O0 | g
- R"=0.0283 The data illustrate the strategy of a
700 . .
high tiller number to store WSCs
650
LA )

and their subsequent loss as WSCs

120 170 220 270 are remobilized to the grain.
WSC Anthesis+10d (g/m2)

600

Yield v WSC (g/m2) Trait-Path 2

950

900 ~——
850 ° L ¢

S ° Og. .

~§ 800 f.“.’,J.-- o

B e

5 750 | e o 2_

s 70 R7=0.3162

=

700
650

600
120 140 160 180 200 220 240 260

WSC ANT+10d (g/m2) wg C I M M Y T:m



Outstanding Yields from Predictive Pre-Breeding lines
Mainly observed at local or regional level at ~40% of IWIN sites.

% yield gain over best check

Yield gain (% v best BW check at site) of PPB lines,

globally and at selected sites (10t SATYN)
40

36

35
and other statistical tests

30

25

Confirmed by Dunnett’s All WYCYT and SATYN
nurseries have included
lines with outstanding
23 yields at between 3-7

mirrored in sister lines

=
=

% o
v I
i

%

\ Q@ Q

) S N

) @' { <& (o) Q‘b
) & C s S8 S Q
W& 3 R & S 4 X

@#1 PTv#1BW (%)Sites with most outstandi%g localyield of 10th ‘SATYN’ lines

*a,

24
19 sites, and typically
20 17 17
16
. 14
12
10 10 10
. 4.5,5 H
, N |
N &
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Year

2013

2016

2017

2018

2020

2022

2023

2024

2025

Reported released PT cultivars

Name
Pakistan-13

Borlaug-16

Kohat 17

CASCABEL (for SB)
Kunar 20

Misr 7

Misr 9

WGE000006939945

Pakistan-13

MIEX04.27.1.20/3/SOROU//ATTA/3*BCN
 GTOPY-08.0Y.08-387.0M 05

Country
Pakistan

Pakistan

Pakistan

S Asia (humid)
Afghanistan
Egypt

Egypt
Pakistan

Iran

Cross / pedigree
MEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN

SOKOLL/3/PASTOR//HXL7573/2*BAU

SOKOLL/WEEBIL

SOKOLL//W15.92/WBLL1 (SQWA or SUGA)
MEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN/4/PUB94.15.1.12/WBLL1
WBLL1//PUB94.15.1.12/WBLL1/3/MUCUY
BCN/WBLL1//PUB94.15.1.12/WBLL1/3/MUCUY

SOKOLL/3/PASTOR//HXL7573/2*BAU/4/SERI/BAV92//WBLL1

MEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN/4/PUB94.15.1.12/WBLL1

CIMMYT.



Breeding for complex traits is enabled by
a confluence of new technologies:

» Satellite resolution enables a de facto
‘global laboratory’ of field trials.

* Phenomics is opening former “black-
boxes” like estimation of root-depth
profiles at breeding scale with HTP.

* Gene-sequencing ushers in the true age of
molecular breeding for complex traits

e Al vastly accelerates analysis of
multidimensional data

ICIMMYT.



Conclusions

=>» Pre- & post-anthesis
= Pre-anthesis
~> Post-anthesis

Source

Grain weight
> realisation (e
(TGW)

-\

Sink

Processes associated | |

| Strength | [ I 4 Strength ~
e — ! / anlir source tllll! sink I (/
Light Radiation Use |/| ——5 57 ‘—' Grain weight
. 5 i Ul | Respiratory Grains set ] 3
ﬂmterceptwn Efficiency |0 metibitin r potential
( Canopy size and - = Spike growth
architecture « Lodging i —
| ‘
'Advanciyg Canopy ) | CHO storage and efficiency
interception photosynthesis -

remobilisation

| Maintaining Photosynthetic

Time of anthesis |
Qterception N sub-processes

|
< Tiller dynamies | _, |
‘ _and spike mortality

Plant operating
temperature /
energy balance

and function
Reynolds, Slafer, Foulkes, Griffiths, Murchie, Carmo-Silva, Asseng, Chapman et al. 2022.
A wiring diagram to integrate physiological traits of wheat yield potential. Nat Food 3, 318-22

Root depth

International
Wheat Yield
Partnership

Research to Deliver Wheat for the Future

Yield gains ~2% p.a. put IWYP-Hub on-track to
deliver its original objective: 50% yield gain.

Source & sink traits from discovery have been
improved and show association with yield gains.

Different ‘Trait Paths’ to high yield were shown

Results support the efficiency of the IWYP-Hub
approach, using relatively low numbers of
strategic crosses combining yield potential traits.

IWYP’s WD is accepted as a valuable ‘prior’ in
the Al & crop modelling communities

A proposal has been developed -with Al and
modelling experts- to build a trait/allele-based
crossing model to simulate crosses in silico at a
scale unimaginable without machine leaning, to
suggest ‘best-bets’ strategic crosses

WCcIMMYT.
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