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Superfood claims!



Protein and Oil contents of chickpea germplasm collection and elite
lines/released cultivars across 3 locations in SK (2017-2019)

Kabuli type
Trait Population N Range Mean SD
Protein Germplasm 184 13.6 - 27.5 19.5 2.5
(% DWB) Varieties 100 13.5-27.3 19.0 2.1
Oil Germplasm 184 2.5-9.4 6.4 1.0 CDC-Frontier
. o (12 pg g-1)
(% DWB) Varieties 100 3.5-10.2 6.7 0.8

Source: Orsak, 2022

Total Carotenoids

Desi type

CDC-Cory
(24 pg g-1)

CDC-Jade
(31 pgeg-1)

Golden Rice 2
37pgg-1






If chickpeas and flax are so super....

Why not
everyone eat
it?




If chickpeas and flax are so super....

Why do we not
produce them
in million tons?

J




If chickpeas and flax are so super....

What are the
challenges?




Challenge #1: Short
growing season in
Saskatchewan



Challenge #2: High
pressure of Ascochyta
blight disease

 The most devastating disease
globally caused by fungus
Ascochyta rabiei

e Cool summer with some
moisture in Saskatchewan =2
very conducive for the disease
development.

Blight wipes 0?
much of region’s
chickpea crops

By Richard Ripley
- Staff writer

A chickpea blight epidemic has
wiped out half of the Inland Empire
crop of the popular yellowish salad
bean, causing more than $3 million

“in losses, the U.S. Department of

‘It can wipe out a field
in three days. It’s just
like fire.’




Challenge #3: Emerging Issue



Root rot symptoms of CDC
Leader kabuli chickpea
p , . under controlled

Challenge #3: ‘New’ Diseases! conditions. From left to
right: non-inoculated
control, Macrophomina
phaseolina, Berkeleyomyces
basicola, Verticillium
dahliae, Fusarium
avenaceum.

Root rot severity (0-5 scale) caused by three isolates each
of three Fusarium species on 3-week-old plants

(Source: Armstrong-Cho et al. 2023)



Challenge #4: acreage competition with other commodities,
especially in a non-subsidized production and open market system

* Competitive advantage = increasing net return for farmers



Main goals of chickpea breeding program

1. Competitive advantage for farmers:
Yield x seed size (x nutritional quality) x price

2. Reduce risks and production cost: ascochyta blight resistance;
fusarium root rot; early maturity; frost and heat tolerance

3. Ease of management: herbicide tolerance; upright plant stature

4. Consumer preference:
e Seed appearance (size, shape, colour);
* Grain processors: canning, milling efficiency;

e Nutritional characteristics (protein, oil, micronutrients,
carotenoids);

Alternative and new products: hummus, frozen green chickpea




Global Chickpea Production , ,
2016-2021 Chickpea average yield
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(at the same period India produced: 10.1 M tons)

Source FAOSTAT 2023



kg/ha (Average yield in Chickpea Regional Trials 2015-2020)
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Early Maturity



Characterization of CaELF3 - key gene for
early flowering

®* Sequencing of ELF3 in ICCV 96029 and CDC
Frontier: 11-bp deletion in highly conserved
domain of ICCV 96029 resulting in a premature stop
codon

e elf3 mutation strongly associated with reduced
photoperiod sensitivity

* Transformation of
Arabidopsis elf3-1
mutant with CDC
Frontier and ICCV
96029 forms

* Complementation of
flowering phenotype
of the Arabidopsis
elf3-1 mutant by the
Frontier form, but not
the 96029 form of
35S::CaELF3a



Early maturity strategy: Early flowering; Less sensitive to photoperiod
- 3-5 days earlier maturity than the recurrent parent

IC_VIOULD X LULC FToriuer

l

F1 x CDC Frontier

l

BC1F1 x CDC Frontier

l

BC2F1 x CDC Frontier

l

BC3F1

®;

BC3F6
Phenotyping

Foreground selection for elf3
& two flanking SNP markers

Foreground selection for elf3
& background selection with
40 markers (5 markers per chr)

Lines homozygous for elf3 were selected

DC Frontier (wild type/ELF3)

CDC Frontier with elf3
introgression



Resistance to fungal
diseases:

e Description
— Resistance to ascochyta blight & potential new disease (s)

e Value Proposition

— Increased harvestable yield
— Stabilized yield

— Improved grain quality

e Approach

— Native resistances

- QTL, GWAS, Candidate genes

— Accelerated breeding strategy

— Gene editing and transgenic solutions (?)



QTLs for resistance to ascochyta blight (in order of importance): Chr4, Chr2, Chr3, Chr5, Chr 8



RNA Seq - Parental

lines (Identification

e

of potential
candidate genes)

a

QTL analyses: four RIL
populations

N

«—>

N\

GWAS: 281 diverse chickpea
germplasm & breeding lines




Conserved QTL across populations

Ca2
TA110 9.4 Mb
Candidate genes involved in plant defence
system located within the QTL region
qgAB2.1 ABA-R
TR58 29.2 Mb . ERF3
CaM1135 31.0 Mb TMV resistance protein-1
Pectinesterase inhibitor
GA1l6 34.7 Mb GDSL esterase/lipase-1
GA20 35.6 Mb GDSL esterase/lipase-2

qgAB2.1 & qAB2.2
PVE: 10-15
CPRO1, CPRO2

aral and ara2a Udupa and Baum 2003,
Thudi et al. 2011, QTLAR3 (lruela et al 2007)
ABQTL-1 (Varshney et al 2013),

Ar19 (Cho et al 2004)



|dentification of genomic region associated with AB using genome wide
association analysis and bi-parental mapping populations (QTL analysis)
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Source: Deokar, unpublished data
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S5_44822351
S5_36485280
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S5_44933039

Cav1sc357.1p274200
S5_43334757
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“Cavlsc444.1p123937

S5_38538904-
S5_39943298
S5_39137105
S5_39008990
S5_39663143
S5_2140444

S5_29657870
Cav1sc210.1p408753
S5_29567820
S5_29722560
S5_39121770
S5_29557968
S5_29365531
S5_27000090
S5_28230458
Ca5-P-29038394
Cab-P-28032402
Cab5-p-27637380
Cav1sc8.1p517657
S5_26822357
S5_8486741
S5_26193675
Cav1sc400.1p241275
Cav1sc209.1p92392
S5_2626691
S5_9182492
S5_10163400
S5_9620998
S5_20640438
S5_21163371
S5_16036784
S5_13605668
S5_18169497

S5_305234

Integrating transcript profiles with QTL mapping

Genes located in QTL interval and differentially expressed in response
to AB infections were selected as potential candidate genes

Physical map Gene
CDC Frontier CaV1.0 Time Cluster Gene ID Annotation
24H B Ca_11396 adenosylhomocysteinase
Ca5 24H C Ca_07411  callose synthase 10
24H C Ca_07641  zincfinger protein CONSTANS 9
__________________________________ 40 Mb 24H D Ca_03876 amino acid permease 3
"""" Q T|_ for AB 48H A Ca_07425  abhydrolase domain-containing protein
Field and green house 48H A Ca_07560 probable serine/threonine-protein kinase
screening 48H A Ca_07602 beta-carotene isomerase D27, chloroplastic
LOD=4 -17 48H A Ca_11311  small heat shock protein, chloroplastic
PVE (%) = 12-46% 48H A Ca_12654  aldehyde dehydrogenase
.............................. 48H B Ca_07508 alpha,alpha-trehalose-phosphate synthase
~~~~~~~~~~~~~~~ 42Mb 48H B Ca_12643 beta-galactosidase 16
48H B Ca_12669 gamma-glutamyltranspeptidase 2
48H D Ca_07629 repetitive proline-rich cell wall protein 2
72 H A Ca_07615 CYSTM1 family protein A
72 H A Ca_11408 chalcone synthase 1B
35 TGenecluster2aH A 2 g ! q 3 D
15 1 N\ 1 0 - 15 -
0 -
0.5 - 1 -1 - 0.5
-2.5 -2 -2 -2.5
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Expression pattern of candidate genes in ICCV 96029, CDC Corinne and CDC Luna

Source: Deokar,
unpublished data



Genomic approach to control Ascochyta blight in chickpea

Analyze available genome sequences

l

Examine which genes are Identify candidate disease-related Identify candidate disease-
highly activated during | | 8enes based on sequence and | | related genes based on QTL
infection (RNA seq) genomic location and GWAS

Candidate genes

Regulation and function

Gene editing
& mutation

Test ability to induce
plant defence

l l

Gene Improved
introgression lines




Elizabeth Berenik
MSc student

Cicer arietinum

C. pinnatifidum

C. judaicum



ADF #20200134 Diversifying Sources for Resistance to Ascochyta Blight in Chickpea
(Matching fund: WGRF)
Interspecific line

Susceptible check (score 1.5-2.0)
(score 9.0)

Interspecific line
Susceptible check (score 1.5-2.0)
(score 9.0)

2023 Field evaluation: Moose Jaw, Elrose, Saskatoon (irrigation)

Screening for Ascochyta blight resistance of the progeny from interspecific cross
between Cicer pinnatifidum and C. judaicum

Pictures were taken by Tamanna Jahan and Elizabeth Berenik on June23, 2021



Abiotic Stress Tolerance



“Mining” wild relatives for tolerance to abiotic stresses

C. arietinum x C. reticulatum // C. arietinum x C. reticulatum
(CDC Leader) (19 different accessions) |

600 lines

F5 (200 lines) selected for seed quality and resistance
to Ascochyta Blight

Selfing until F8

(200 interspecific lines)

August 2022



Neighbor-joining tree based on 35,432 SNPs
showing the genetic relatedness among the 200
chickpea interspecific inbred lines.

The 200 lines were seeded at two seeding dates (normal and
late seeding) at three locations to expose the lines to high temp
during flowering

Max T (°C) at flowering

Location Year Seedingdatel  Seeding date 2

(normal) (late)
Moose Jaw, SK 2019 25.4 35.4
Lucky Lake, SK 2019 26.9 34.2
Lucky Lake, SK 2020 25.8 34.7
Yuma, AZ, USA 2020 29.4 38.9

RCBD with 3 reps was used at each location and seeding date

TOL (tolerance index) = Yp—Ys (Rosielle and Hamblin, 1981)
MP (mean productivity) = (Yp+Ys)/2 (Rosielle and Hamblin, 1981)
ATI (abiotic tolerance index) = [(Yp—Ys)/(Yp/Ys)] x100 (Moosavi et al., 2008)

SSPI (stress susceptibility percentage index) = [(Yp=Ys)/(2Yp)] X100 (Moosavi et al., 2008)
K,STI (modified stress tolerance index) = (Yp2/ Yp2) X [(Yp+Ys)/ Yp2) (Farshadfar and Sutka, 2003)



* |Interspecific population chickpea nursery at Yuma, AZ.
March 12, 2020



Location

Lucky Lake, 2019
Moose Jaw, 2019
Yuma 2019-2020
Lucky Lake 2020

Stress Indices
Ys (Seed yield under stress
conditions)

Yp (Seed yield under non-
stress conditions)

ATI (Abiotic tolerance
index)

K,STI (Modified stress
tolerance index)

MP (Mean productivity)

SSPI (Stress susceptibility
percentage index)
TOL (Tolerance index)

Yield (g/m?)

D1 T s
Mean Range Mean Range
228 28-443 193 22-395
306 90-486 210 43-385
259 5-1638 89 3-282
129 6-466 146 9-467
SNP markers associated with different stress indices
NW_9270594 2.31E04 0.31
Ca3_15304269 2.61E04 0.09
Ca6_3396299 2.89E-04 0.31
Ca7_43614232 3.14E04 0.41
Ca4_37419513 3.47E05 0.40
Ca2_ 34600347 3.92F04 0.07
Ca2_34600347 3.25E06 0.07
Ca4_8694304 1.35E05 0.05
Ca4_8737135 5.55E05 0.14
Cal 47259 3.42E06 0.46
Cal 56428 6.91E06 0.46
Cad_36637574 6.05E05 0.10
Ca4_8646741 7.12E05 0.16
Ca4_11276937 9.00E-05 0.07
Ca4_11277513 9.00E-05 0.07
Ca2_34600347 1.34E-05 0.07 /
Ca4_8694304 2.37E06 0.05
Ca4_8313845 4.17E6 0.06
Ca4_8694304 2.87E06 0.05
Cad_8670257 1.04E-05 0.06 /
Ca4_8313845 1.19E-05 0.06
Cal 47259 1.66E05 0.46




e Genetic analysis of heat
stress tolerance in chickpea

Sophie Duchesne
(PhD student)



Germplasm Screening

(200 lines) Evaluation for tolerance to heat stress in chickpeas
l ‘ <=Pp Day <@=P Night
GWAS Test of known
genes 40
v 35
RNA Seq 30 First Bud
- Rest of
EZS <« [ _ L Experiment
S o 14 Day Heat (35°C day/29°C night)
Candidate genes for heat ?15
tolerance in chickpea . le. RN PUEREREREAN
l 6 Day Gradual Increase 6 Day Gradual Decrease
5

.‘. ............... 4h
. . . . 25 Days
Introgression into breeding lines o

1 2 3 456 7 8 9101112131415161718192021222324252627 282930313233 34
Days




Seed Quality



17 March 2023

Tamanna Jahan
(PhD)



A heatmap analysis showing the gene
expression patterns of Fe metabolism
related genes FRO2 (A, E), IRT1 (B, F),
NRAMP3 (C, H), YSL1 (D), V1T1 (G), and
FER3 () in roots and leaves of six
different genotypes (1 = CDC Verano, 2
= Cermi 075, 3 = FLIP97-677C, 4 = Sarik
067, 5 = Kalka 064, and 6 = CDC 551-1).
The data at V10, R2 and R5 growth
stages taken only from Fe added (Fe+)
conditions. Green and red color
represents down-regulation, and up-
regulation in the color scale,
respectively.

Jahan et al. 2023



Genomics & New Approaches



Training GS Models Genomic Selection
Of Seed Protein and Oil Content

Parental lines and
germplasm
(Founding alleles;

n=184)

Alanna Orsak
MSc

Testing GS Models
Validation population

Model:
RR-BLUP

Calculate GEBV

Marker Density:

MAF 5% (14,971) G-BLUP ‘ (a// elite line.Sfrom the
MAF 10% (11,397) BayesB CDC breeding program;
LD 0.25 (1,699) BayesCPi n=100)

LD 0.50 (2,650)
LD 0.75 (3,785)
All markers (28,177



Protein and oil contents of TP and VP at each environment (site-year)

Training population (n = 170) Validation population (n = 90)

— Protein

1] oil

Limerick 2016 Limerick 2017 Moose Jaw 2017 Elrose 2018 Limerick 2018 Elrose 2017 Elrose 2018 Limerick 2018 Elrose 2019 Limerick 2019



Variable combinations tested for GS

BLUPs
Predicting BLUPs

Validating BLUPs

Model

Full Marker Set

Minor 5%
Allele

Frequency 10%

r? <0.75

Marker y
Density 2

based on r*<0.50

LD

r? <0.25

Cumulative BLUPS

Growing Location BLUPS

Growing Year BLUPS

Cumulative

Elrose, Limerick, Moose Jaw

2016, 2017, 2018

Cumulative (Elrose, Limerick,
2017, 2018, 2019)

Cumulative (Elrose, Limerick)

Cumulative (2017, 2018, 2019)

rrBLUP | GBLUP | BayesB

BayesCrt|rrBLUP| GBLUP | BayesB [BayesCrt

rrBLUP

GBLUP

BayesB [BayesCnt

...........................................................................................................................................................................................

11

12




Prediction Accuracy (r)
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Prediction Accuracy (r)
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Oil Prediction Models Accuracies

Limerick BLUPs predicting cumulative GEBVs at various SNP densities

LD MAF
Full

46



Highlights of the paper:

Developed Haplotype map in chickpea based on whole
genome sequencing of 3,366 chickpea germplasm
accessions including 195 accessions from seven wild
species of the primary, secondary and tertiary gene pools

Developed Cicer pangenome based on the largest

number of genotypes

Developed and optimized genomic breeding approaches,
haplotype-based breeding, genomic prediction, and
optimal contributions selection for developing tailor-

made high yielding and climate resilient chickpea
varieties.

With Rajeev Varshney
Senior author




Different strategies of genomic breeding for improving 100-seed weight in chickpeas.

Mean GEBV
—223% increase
in one generation
for seed size.

A general linear
model using the

WhoGEM prediction

machine 2 highest
prediction
accuracies for the
full model
(n=1,500; 300
replicates of a
fivefold cross-
validation).

Varshney et al. Nature (2021)

GEBV based on
Bayesian
generalized linear
regression (BGLR)
- highest mean
prediction
accuracy (n=2,980
cultivated
accessions).

Haplotype-based local
GEBVs that are suggested
to provide a fivefold gain
over GEBV



Flax Breeding and Genetics




Breeding objectives and goals:

* Yield

e Early maturity

e Disease resistances (maintenance and improvement)
e Straw management

e Lodging resistance

e Acceptable seed quality

e Abiotic stress tolerance

Total oil Content ~50%,

ALA: 60 - 70% of ail,

High seed protein ~30% DSW (>60% of Meal)
Plant stature

e Reducing anti-nutritional compounds
(e.g. low cyanogenic glycosides)
e Low cadmium






(kg/ha) (Ib/acre)

Canada 1474 1315 |- Ideally: 1800 Ib/acre
China 1311 1170

United States of America 1289 1150

Russian Federation 868 774

Kazakhstan 823 734

India 540 482

Source: FAOSTAT Jan 07, 2022



Average yield of the old and newer flax cultivars vs Average yield at farms in SK

Task in breeding:
CDC ROW'a”d} increase the genetic

LB/ACRE

2500

2000

1500

1000

500

1940

YIELD

L 4

@CDC Kernen
o o

I

o 0 . “4‘4‘—4~—
M . LS
* L
[
\

1960

Average yield in SK (2015-2019,

1980
YEAR OF RELEASE

= 1300 Ib/acre
= 23 bushel/acre

2000

2020

gain (the slope)

Task in agronomy: narrow the
yield gap ~700 Ib/acre
—>crop, weed and disease
management etc



Improvement of resistance to pasmo and fusarium wilt in flax (Q2)

Frequency distribution of top 100 flax accessions from PGRC for their
reaction to pasmo and fusarium wilt (average of 2014-2019 trials)

Pasmo Fusarium Wilt

I 40

35
16-20 21-25 26-3.0 3.1-3.5

25

20
30
25
20
15
10

15

10

Number of accessions
Number of accessions

6-20 2.1-25 26-3.0 3.1-3.536-4.0

(0—11 scale rating) (0 —9 scale rating)

2020 crossing block
.

Pa.smo: .65 pOpUIat'ons. Pasmo and fusarium wilt screening was done by the
Fusarium wilt: 68 populations CDC Flax Pathology program (Dr. Randy Kutcher)

2023: F4/F5 populations (KCRF)



ADF#20210948 Accelerated Breeding Strategy for Flax Improvement
(Matching funds: WGRF, SaskFlax, MCA)

Dr. Megan House
Research Officer

System optimization



ADF#20210948 Accelerated Breeding Strategy for Flax Improvement

(Pasmo and Fusarium wilt)

Quick population development Integration with phenotypic selection Integration with MMAS




Mining wild relatives

L. bienne.




The Use of Wild Linum Species for
Genetic Improvement of Resistance
to Pasmo in the Cultivated Flax

- Expand germplasm base/increase diversity
- Source for disease resistance (pasmo)

- Source for abiotic stress tolerance

- Source for yield component improvement

Xinjie Yu
(PhD student)



Reaction to pasmo across
9 interspecific populations
(2022 Field Trial)

e Source: Xinjie Yu (2023)



Boll dehiscence

= [. bienne

Rating scale:

L. bienne
Accessions

Origin

Dehiscent Level

PGRC CN 107293
PGRC CN 113617
PGRC CN 19022

PGRC CN 107295
PGRC CN 107258
PGRC CN 19716

PGRC CN 113628
PGRC CN 113606
PGRC CN 107257

unknown
Turkey
Germany
Greece
unknown
Greece
Turkey
Turkey
unknown

O 00 00 00 00 00 N N O

Indehiscent

Dehiscent

n
>

= CDC Bethune

10

Source: Xinjie Yu (2023)



QTLs associated with boll dehiscence identified using bulked segregant sequencing

-

CHR Start End Length

l 107258

T

Lul 4093034 7472902 3379868
Lu3 22519712 23959006 1439294
Lul4 13836257 14021155 184898

Source: Xinjie Yu (2023)

CHR Start End Length
Lu3 19754 872281 852527
Lu7 3623 1699825 1696202

Lul2 20132127 20887091 754964

CHR  Start End Length
Lul 619 3119648 3119029
Lu4 10210827 11409814 1198987
Lu5 1763828 14573220 12809392
Lu6 19257 1653184 1633927
Lu8 89398 7074836 6985438
Lul0 29193 10981877 10952684
Lul4 3600049 5885995 2285946




Breeding objectives

Coriander Coriandrum sativum

e Cultivated types can be divided into two classes on basis of

seed size: small and large seeded. Small seeded type are highly
aromatic vs less aromatic in large seeded type

Germplasm base development
Improve resistance to blossom blight disease and yield

Essential oil content
Caraway Carum carvi

Development of germplasm base through mutation breeding
Genetic improvement of disease resistance in biennial caraway



Source: Armstrong-Cho, 2019
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e Coriander crossing block
cross pollinated diploid species
(2n= 2x=122)



2021 disease screening

W2022 Indoor disease screening

W2022 Indoor disease scraaning 2022 Coriander disease screening : 300 Progeny Rows



Mutation breeding and pedigree selection for genetic
improvement of disease resistance in biennial caraway

e Caraway (Carum carvi L., 2n = 2x = 20)
e Family: Apiaceae family (syn. Umbelliferae).



Caraway M1 population
(Photo taken 3 Dec 2021)
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