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Introduction

Incompatibilities in crop
breeding

Sourdille Pierre
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An increasing demand with less arable
lands to produce: improving yield is a
priority!

1980 20002020
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How to improve yields?

* |dentify genes of interest to improve
— Genetic mapping & QTL detection
— Association genetics (GWAS)
— Positional cloning
* Search for original and powerful alleles
— Exploitation of genetic resources
— Explore wild relatives
* Realize crosses
— Problem of crosses
— Problem of chromosome pairing
— Problem of recomblnatlon between chromosomes




Some troubles linked to the realization
of crosses

e Species barrier

— Definition of a species

 Set of individuals (population) that can, under natural
conditions:
— Reproduce with each other i.e.
» Lead to a viable descent
» Lead to a fertile descent
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Some troubles linked to the realization
of crosses

e Species barrier

— Interspecific or intergeneric incompatibility
* Impossible crosses ’

e Sterile descent
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Some troubles linked to the realization
of crosses

e Species barrier

— Interspecific or intergeneric incompatibility
* Impossible crosses '

e Sterile descent

* |ntra-varietal barrier
— Self-Incompatibility
— Inter-Incompatibility
* Hybride Necrosis
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Fecundation in plants

® Germination

Stigma

Style

"~ @ Hydratation

@® Sticking

Pollen tube —/r
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® Fecundation
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Gametes in plants

* Pollen grain

Schéma d'un grain de pollen

e Ovule

Micropyle

Tégument externe
Tégument interne
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cellule vegetative
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cellule vegetative
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Sexual reproduction in plants

* Autogamous

— Fecundation of female gametes by male gametes
of the same flower
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Sexual reproduction in plants

* Autogamous

— Strictly autogamous = rare = residual allogamy (5%
in wheat)
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Sexual reproduction in plants

* Cleistogamous

— Reproduction before flowers open

SEIRY WS
N
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Sexual reproduction in plants

* Cleistogamous
— Reproduction before flowers open
— Reduction of gene flux but...

— Some flowers may still open (instability of the
trait) = not enough reliable to ensure biological
lockdown (GMOs)
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Sexual reproduction in plants

* Allogamous

— Definition: cross-fecundation between two
distinct individuals

— Avantages: favours genetic diversity
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Sexual reproduction in plants

* Allogamous
e Different cases:

— Plants from the same species are either male or
female = dioecious species

B . |
.
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Sexual reproduction in plants

* Allogamous
e Different cases:

— Male and female flowers are distinct but on the
same p

t =

lant = monoecious species
N Y, 7 \ /e 3

(/‘
0 ,1\;\ ’, " /
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Sexual reproduction in plants

* Allogamous

— Strictly allogamous: several cases

* Pollen does not germinate if it falls on a female organ of
the same flower
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Sexual reproduction in plants

* Allogamous

— Strictly allogamous: several cases

* Pollen dispersed before maturity of female flowers =
protandry
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Sexual reproduction in plants

* Allogamous

— Strictly allogamous: several cases
e Ovaries maturate before pollen dispersion = protogyny
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Sexual reproduction in plants

* Allogamous

— Partialy: production of a few grains after self-
pollination
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Apomixis, a special case!

Definition: asexual multiplication, without
fecundation and with modification of the
meiosis (related to parthenogenesis)

* Pollination = stimulation of the diploid cell of
the ovule =» reproduction of the maternal
genotype

* Loss of diversity (transmission of somatic
mutations only)

* Cultivated species not concerned
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Underlying questions behind these
reproductive modes

* What factors control incompatibility?
— Self-incompatibility
— Interspecific incompatibility

* Results of unlocking incompatibility?

* |[nterest of introgressions in breeding?

* I[mpact of introgressions in breeding?
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Self-incompatibility in plants

* Definition :
— Physiological impossibility for a male gamete to

fertilize a female gamete of the same
hermaphroditic flower

— Impossibility to produce seeds through selfing

 Examples

* Y5 angiosperms

....
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Self-incompatibility in plants

* Gametophytic self-incompatibility:

— The allele of the male gametophyte = one of the
two alleles from the ovary (diploid) from the
female organ =» development of the pollen tube
blocked = fecundation cannot occur

— Selfing impossible
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Self-incompatibility in plants

pollen

* Pollen S1/S2
* Envelop (diploid) S1S2
* Gametophyte (haploid) S1 or S2

* Plant A (S3/S4)

— Pistil/ovary (diploid) S354
* Plant B (S1/S2)

— Pistil/ovary (diploid) S152

Laugerotte et al. 2022 Plant Biotech. J. doi: 10.1111/pbi.13784 ° PI
ant C

— Pistil/ovary (diploid) S2S3

=>» S1 pollen germinates and fertilize plant A (53/54) and C (52/S3) but not B (51/S2)
=>» S2 pollen fertilizes plant A only (S3/S4) but not B (51/S2) or C (S2/S3)
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Self-incompatibility in plants

e Sporophytic self-incompatibility:
— Cell wall of the sporophyte (pollen grain) = diploid

— At least one of the two alleles of the male
sporophyte = one of the two alleles of the ovary
(diploid) of the female organ =» development of
the pollen tube blocked = no fecundation

— Selfing impossible
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Self-mcompatlblllty in plants

pollen

N P * Pollen S1/S2
L * Envelop (diploid) S1S2

Plant A (S3/54)

— Pistil/ovary (diploid) S354
Plant B (S1/S2)

— Pistil/ovary (diploid) S152
* Plant C

— Pistil/ovary (diploid) S2S3

2, SiS: 5

Laugerotte et al. 2022 Plant Biotech. J. doi: 10.1111/pbi.13784

=» S1 or S2 pollen germinate and fertilize plant A only (S3/54) but not B (S1/52) or C (S2/S3)
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Self-incompatibility in plants

Example of olive tree

— Six known alleles: R1 to R6
— No homozygotes (known)
— 15 combinatisons

R1R2
R3 R1R3 R2R3
R4 R1R4  R2R4  R3R4
R5 R1R5 R2R5 R3R5 R4R5

R6 R1IR6 R2R6 R3R6 R4R6  R5R6

https://s2hnh.org/articles/2016/11/lautofecondation-et-lincompatibilite-des-croisements-chez-les-plantes-les-manifestations-c ik :
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Self-incompatibility in plants

Example of olive tree (sporophytic Sl)

— Dominance of alleles
* R6 > R2 > R1=R3=R5 > R4 (R4 not found = R4R4)
* Expression in mother cells = 1 pollen type delivered

R1R2
R3 R1IR3  R2R3
R4 R1R4 R2R4 R3R4
R5 RIR5  R2R5 R3R5  R4R5

R6 R1IR6 R2R6 R3R6 R4R6  R5R6

https://s2hnh.org/articles/2016/11/lautofecondation-et-lincompatibilite-des-croisements-chez-les-plantes-les-manifestations-c ik
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Self-incompatibility in plants

 What genes for self-incompatibility?
— Gametophytic

e Mechanism with RNase
— ldentified in tobacco in 1989

— Emission of ribonuclease (S-RNase) by the ‘_ = degradation
d) ribosomal RNA R AT —_—

— Block pollen tube growth at 1/3 of style{@®s Y
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Self-incompatibility in plants

 What genes for self-incompatibility?

— Gametophytic

* Mechanism with S-glycoproteins
— |Identified in Papaveraceae in 1997

— Interaction |C

/

@

— Immediat (1-2 min) stop of elongation

= calcium influx
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Self-incompatibility in plants

 What genes for self-incompatibility?

— Gametophytic
* Mechanism with two loci

— Identified in grasses in
— Two loci: S & Z

— If both |&

expressed alleles =

— Genes not cloned

NIVERSITE

Q@

alleles, then incompatibility
‘ - |
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Self-incompatibility in plants

 What genes for self-incompatibility?

— Gametophytic

e Mechanism with two loci

Pollen parent  g.5.7.7.  $8:2:2s  S$iS:ZiZ:  $iS1ZiZs  SiSiZiZs
genotype

S3Z2 SaZi S1Zs S3Zy S22 SiZ: SiZs SiZy g7, S:Z>

SsZi ||l 5422 SiZ: ||[S5925 $i2:
15221 @

100% 75% 50% 50% incompatible
compatible compatible compatible compatible

222 SiZ: |l S1Z3 SiZ: SiZ>

W&Q]  UMR 1095 INRAE-UCA Clermont-Ferrand
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Self-incompatibility in plants

* What genes for self-incompatibility? !

— Sporophytic
* Mechanism Sl (self-incompatibility) in Brassica (1999)

— Phenotype of pollen determined by the anther’s genotype

— Small Cystein-Rich (SCR) proteins from pollen envelop (or
SP11)

Self-pollination Cross- (non-self-) pollination
— Recognized by SRK 4 = =
: : mE g
e Variable external domain \‘spn/SCR

. Molecular
recognition

* |nternal domain = kinase

Brassicaceae

— Inhibition of pollen 9

--.-» Incompatibility
response

SRK
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Self-incompatibility in Brassica

SLG SP11/SCR SRK

— B e . S-ocs
o ?

Self-incompatible Compatible interaction

"Self-pollen" "Cross-pollen”
& * Compatible pollen

[} ) » ..
‘ . A reponses (secretion) : »~,_:!.
.:( o g ?:-{_.
. E) L] )r‘
"_ B
4
“ [
U ! cell wall
< ~ cell membrane
cytoplasm
MLPK : &\ SP11/SCR : e

Phosphorylation : @ SRK :

SLG : - Ubiquitination : @
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Self-incompatibility in plants

 What genes for self-incompatibility?
— Sporophytic

* Heteromorphic incompatibility
— Ex.: egg-plant Heterostyly

— Hetero-style flowers =
each flower type e

-1 gene, p) a“eles (S/S : 1971) on a different plant |

— Gene not cloned " s B o

short-styled § B

ER
REPUBLIQUE
RANCAISE S SR g B UNIVERSITE
Clermont

Auvergne



Hybrid necrosis

* Crosses can be made

* Seeds are produced

* Seeds germinate

* But plantlet does not develop...

Ex
REPUBLIQUE . :
/A “ J)

A I BV o 2 € Clermont



Hybrid necrosis in wheat

* Frequently found in 6x x 4x crosses
* Lethal ou semi-lethal = yield v/

REPUBLIQUE il T, —— g
FRANCAISE | ENE N AN 4 (universiTe _ 3 [:I_]:§ , 37
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Hybrid necrosis in wheat

* Two genes involved:
— Nel on 5BL; Nel>nel
— Ne2 on 2BS; Ne2>ne?2

Four possible combinations

NelNe2

2 2 2 2
Nelne2 g & 2 &
nelNe2 g g S S
nelne2 2 S S S
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Hybrid necrosis in wheat

* Genotypes nelne2 most frequent: ©
* But not everywhere: ®

Amérique du Nord 37,4% 7,5% 55,1%
Afrique 43,4% 47,9% 6,7%
Blé synthétiques ? ? 70%
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Hybrid necrosis in wheat

* Problem:
« =»Develo

now to know if Nel or Ne2?
oment of molecular markers

* Positional cloning of the two genes

— Ne2 = CC-NBS-LRR (coiled coil-nucleotide-binding
site-leucine-rich repeat) protein

— Nel?

CCCCC




Interspecific incompatibility

* Interspecific hybrldlzatlon qwte frequent in
animals Rt ¢

— Polar bear x Grizzly
— Wolf x Dog
— Wild-board x Pig
— Donkey x Horse

* Interest ,
— Species improvement (hardiness

iﬁ!ﬂw—r—"‘”
i

— Opportunities (diversity) &g
* Problem: sterility ‘
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Interspecific incompatibility

* |nterspecific hybridization less frequent in pIants
(except orchids) -

* |n general, controlled crosses
— Wheat x Rye = Triticale
— Tangerine x Orange = Clementine
— Fescue x Ryegrass = Festulolium

* |nterest
— Species improvement (hardiness)
— New species
— Introduce diversity

* Problem: sterility but not always + vegetative

multiplication in some cases

UMR 1095 INRAE-UCA Clermont-Ferrand
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Unlock interspecific incompatibility:
example of Triticale

Triticale (xTriticosecale Wittm.)
Derived from a wheat x rye cross
— Wheat = (9
Interest = = ./
— Hardiness (organic farming, low inputs) | 2= 7748\
— Productivity (8t/ha) '
Outcomes
— Animal feeding (pigs, poultry)
— Biogaz, biofuel
— No panification
Variability: ~120 varieties in France, ~320 in Europe
Production: ~350 kha in France (5 Mha for wheat!)
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Unlock interspecific incompatibility:
example of Triticale

* First wheat/rye hybrids in the 19th century
* First fertile hybrid in 1888

* Breeding since 1930 in Poland (discovery of
colchicin) but development in the 1980s only

— 1982 Lasko
— 1983 Clercal (INRA CFD)
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Unlock interspecific incompatibility:
example of Triticale

* Problems:

— A few wheat varieties are compatible (European
elite lines are incompatible)

— Complex trait = polygenic
— Incompatibility is dominant

— Crosses
* Wheat (@] xRye |J] : ©
* Rye |@] x Wheat [J] : ®

— Tedious phenotyping ®

UMR 1095 INRAE-UCA Clermont-Ferrand
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Penotyping crossability

Bread wheat Rye
Triticum aestivum Secale cereale
var. CS or Ct var. Dankowskie Nowe

Rye pollen

ABDR

Not crossable (Ct) Crossable (CS)
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Unlock interspecific incompatibility:
example of Triticale

* Problems:

— A few wheat varieties are compatible (European elite
lines are incompatible)

— Complex trait = polygenic
— Incompatibility is dominant

— Crosses
* Wheat (?) xRye [J] : ©
* Rye (2] x Wheat [J) : ®

— Tedious phenotyping: ®

=21t is therefore necessary to develop molecular
markers or to clone the gene(s) involved!
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Genetic bases of wheat x rye
crossability

First analyses beginning of 20t century
(Backhouse, 1916)

Wheat x rye crossability controlled by two major
genes

— Kr1l & Kr2

— Genes on 5AL & 5BL = homoeologues

Krl & Kr2 also control H vulgare x H bulbosum
crossability .

Riley and Champan (1967)
Minor genes

Krolow (1970)
Lange and Riley (1973)
Snape et al. (1979)

— Kr3 on 5DL > Feancnau sz
Falk and Kasha (1983
— Kr4 on 1AL )

UMR 1095 INRAE-UCA Clermont-Ferrand
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Positional cloning of a gene involved in
interpsecific incompatibility: SKr

 Experimental approach:

— ldentification of contrasted parents
e Courtot: French variety, not crossable (<5%)

* Chinese Spring: Chinese variety, international reference,
highly crossable (>90%)

— Development of segregating populations
* DH lines (~200) 100
e SSD lines (~600)
e HIF lines (~250) c
— Genetic mapping
* RFLPs, SSRs, SNPs

— Phenotyping ]
5I;=BLIQUE m NC‘ 0 MMMW

FRANCAISE

80 A

60 -

40

Crossability (%)

Clermont
Auvergne

3C: crossable
NC : not crossable

Genetics & R 116 SSD




Positional cloning of a gene involved in
interpsecific incompatibility: SKr

. 5A 5B 7A
* Experimental approach:
] SKr di103
— QTL detection
gpwl1072
psp3094
gpw2252
glk510 gpw2243a 14.0
"L gpw2243b ° fbal66
Kr2 6.7 Kri - wp583 QTL 7A g tam51
fbb181 glk510b cfd2019
Cadalen (1996) 3.0 21.1

Tixier et al. (1998 fbb166
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Positional cloning of a gene involved in
interpsecific incompatibility: SKr
* Experimental approach:
— Physical maps
* In Courtot & Chinese Spring
— Sequence
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Physical maps (V1)

G ti Phenotype
enetic map y SKr  (linked to cfb341)
Pr5C
SSD 254-14 (AF) Lol ! s |
r tgld375  tglc390 Genel2 Genel3 Xmag705 (dominant)
cfp4568
w2 Gogon| Y1563 a5
Cfb382 Cfb306 glez Cf tglc376 gwm234
0.2 0.4 0.2 0.4 1.8
telomere centromere
2 . 1 2
Physical map
cd
s P ( g\('?’ %? 19/c3 75
3t =% & Ge,
19 d‘o3D‘ ‘\OD‘O N Ca %, Ze 75
CS_426N16 5B (140 kb) ¢ ®cs_1731101- 5B (120kb) %625
rrrrrralrrrrrQrr T, FLLLTES FTTIFFE  FTTTT T Ge,
CS_345G05 5B (94 kb) CS_1553D14 - 5B (60 kb) CS_134N22 - 5B (150 kb) Ze 2, CS_244P15 (10f)kb)
rrrilyrrrrr@a .m.m.

CS_377H12 (140 kb) 5SD254_28E24 5B (80 kb 55D254_47J9 5B (80 kb) CS_456G18c2-5B (180 kb) €S_180306 (115 kb) CS_11042F22¢2_5B (170 kb)
cpoazg cfna632 CS_329N17 (75 kb) CS_1882N8 (170 kb) C§_592D11c1_5B 5100 kb)
cfp4628 tglcaos @
cfpd62 Gap 1 CS_47K18 (140kb) Gap 2 Ga 3 ds_ssr2d (135 k)

Frrrrrrrrril) [

]

CSE_714M13 (90kb)

Sequence (€S) Contig 1 Contig 2 L Contig 3] Contjg 4

cfp4633
cfpd634
cfp4635
cfp4636
cfp4637
220 {73N21 50kb 220 21H17 (145kb) 220 _39N22 IBSkb} 220_23C5 (125kb) 220 31DJ)1 (170Kb)
L s> 0 ) A FiFrara WA Vil A T (5 L] L
220_36B23 (85 kb)
Sequence (Ct) o r@rrrrrrr s
220_6CJ0 60kb 23 110kb 220_176P10 (1130 kb)
L L -
Annotation ‘ [ ] Wheat 5BS
Comparison I Barley 5H (1 Mb)
Comparison e - T \ Rice 12
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Julius -48Mb

EnsemblPlants

Renan g4y

CSv1.0

2

CSv2.1

Full sequence of the locus in four

varieties

Genetic ma Phenotype
P SKr (linked to cfb341)
Pr5Cd
SSD 254-14 (AF Lgrscd toIe370 .
r tgld375 tglc390 Genel2 Genel3  Xmag705 (dominant)
G341 | 4oreq Cfpgg7 cfp4643
tglc2 Cfb400 tglc376
Cfb382 Cfb306 gle2 ¢f g gwm234
0.2 0.4 0.2 0.4 1.8
telomere centromere

cfb382 cfb306 Pr5Cd Genel2 cfb341TGlIc2 Genel3 gwm234
4056 719 1062 040 4070489 4648 044 415804192 5344 992 6342252 6362502 67368 590 6675 159 6739060 6766955 7195293 T211799 7216436 7336113 8176705 8190 m?j 8194 436 /g,rggszs 8 867 516
4057 213 4064 360 4072063 46352 783 4808 903 5343315 6545 547 63563 983 6571 544 6676 474 6743533 6767335 7198232 215120 7218734 7340278 6283091518 193 463 sui/us- 8205 078 83878 423

F: 4045163 F: 4069855 F: 4808401 R: 7337842 F: 3193543 R: 8193343 F: 13319649
3070 987 3076 309 3084749 3685819 3836934 4496436 5667095 5687320 3693 408 7 095 5864610 95337 6550314 6366832 657143 6690900 6968 930 6975 204] 6978721 6983 810 7654 407
3071 481 3078 629 3086325 3689660 3841665 4496779 5670368 5688801 5696362 64490 5869094 5892941 6553253 6368143 6573772 6695065  6023542706977{750 6982540 6989 352 7743 147

F: 3059407 F: 3084121 F: 3841163 R: 6 692629 R: 6977628 F: 977908 F: 11460175
~8.1 Mb 874 982 867 835 860 144 319 071 304 275 5329 616 6485940 6499448 6505544 6629988 6695526 6711802 6930124 7030337 7036195 7132649 7671983 7681 7685537 7690 630 8382 962
875 476 870 153 861 718 322914 308 804 5329 939 6489346 6300390 6503490 6631292 6699980 6710003 6933054 7031662 7038151 7136891 7630184 7684154 7689354 7696279 8393 869

/
F: 887160 F: 862340 F: 304777 F: 7134754 R: 7684432 F: 7684724 F: 8351999  F: 12145516
I I___TI ___________________ I I
3 [ 4 I- | b - ' T B T | 4
~1.3 Mb 5057 454 5062 929 5071378 5417435 5431547 | 1579405 ' 220460 217017 210311 87 134 6396 837
5057 948 5063 249 5072952 3421278 5436 076 | 1519728 | Lm 000 219359 213257 88438 6407 744
£so S e - e e - T 6365942 F: 5189013
I I R e e e e e I I
4 > T L - /! - 41 I aa [ 2
~1.7Mb 4731523 4736 998 ATAS 447 5090 565 5104677 | 606261 | 227949 216406 208800 86051 16319 1067 209448 1110691 1104202 6433773
4732017 4739318 4T4T021 5094 408 5109206 606534 IL231209 27848 211746 87353 2079 1406201212378 1112014 1106158 6464 682
ra S ., e e N N | B F 6422808 F: 8249553
F: 5108704 F:1007367  F: 42654264 R:42654556
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Full sequence of the locus in 12
varieties

o
v
. ¢ 4 Il 4B B A &b aeaa 4aedaaeaaibh e a a2 ehe>paeaaaas |4
Jul[us ~2.86 Mb 1056 719 4062 040 4070489 4648 944 4804 192 5344 992 6542252 6562 502 6568 590 6675 159 6739060 6766955 7195293 7211799 7216436 7336113 3176705 8190907 194436 199325 8867 516
4057213 4064 360 4072063 4652783 4808 903 5345 315 6543547 6363 983 6371 544 6676 474 6743533 67673555 7198232 213120 7218754 7340278 (283091518193 465 3198255 8205078 8878 423
4 Il 4B E ED> 4B a4 B am 44l &2 bbb e & agae2Ah>h a2ass= 4
Renan ~2_49 Mb 3070 987 3076 309 3084 749 3685 819 3836 954 4496 456 5667095 5687320 5603 408 7085 3864 610 95337 6550 314 6366 832 6571 454 6690900 6968939 6973204 6978 721 6983 810 7634 407
- 3071481 3078629 3086323 3689660 3841665 4496779 5670368 5638801 5696362 64490 5860004 5802041 6553253 6563143 6573772 6605065 6023542706977750 6982 540 6989 352 7743 147
£~
&8
- 4 4 IHD aa A &> e L B I BN B B B I A R | |
Norinﬁl ~2‘37 Mh 874 982 867 835 860 144 319071 304 275 5329 616 6485 940 6499 448 6505 544 6629 988 6695526 6711802 6930124 7030337 7036 195 7132 649 7671983 7681996 7685 537 7690 630 8382 962
875 476 870 155 861 718 322914 308 804 5320939 6489346 6500 890 6508 490 6631292 6699080 6719093 6933054 7031662 7038 151 7136 891 7680 184 7684 554 7689 354 7696279 8393 869
:
o T = ="~ =~===~====-= 14
4 I oaE > B aEa :|---- Il D a D |
CSv2.1 ~1.7Mb 4731523 | 4736998 ATAS 4T 5090 565 5104677 | 606261 | 27949 216406 203800 86051 16319 1067 (1209448 1110691 1104202 1005258 ] § 6433 775
4732017 4739 318 4747 021 5094 408 5109 206 l 6_4)6184_ _LZ.El 209 217848 211 746 87355 20 790 140621Ei l:Zl_Z 313 _l 2224_ 1_106_153_ - _l? 4"_2| é 6464 682
.é 'z g
4731523..4732017 6453775..6464 682
Jagger -
£g 7114376.7114871 4or 1.6 Mb 1090 3 483354.3494261
Lancer 4227530..4228 025 495 ~3.0 Mb 10008 © 199555.9210463
Landmark 6229432.6229 927 495 ~2.3 Mb Jp0p7 L 954140.1965047
= 7
Mace
2820717.2821212 Mb 8024453..8035 361
495 ~3.2 10908
Stanley Mb
3264988..3265483 ~ 7876177..7887 085
495 2.6 10908
ArinaLrFor 9 654253..9654 748 405 ~2.8 Mb 1000g 4 820268.4831176
T. spelta -
1527111.1527 606 495 2.3 Mb 10455 5 876119.5886 574
Zhang1817 Mb
3 851885..3852380 ~ 8 509883..8520 791
495 2.7 10908
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Comparative analysis of the sequences

 Same gene content (16) between crossable and non crossable
— Not presence/absence polymorphism
* Check for significant differences
— Stop codon, splicing variants, mutants
— Difference in expression
* Two high-quality & highly similar sequences
— Julius (NC), Norin-61 (C) = new population?
* Functional validation

— Knock-out
* CRISPR/Cas9
* VIGS
 EMS

* Exploitation of results in breeding schemes
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Exploitation in breeding schemes

e Six NC French varieties x C substitution line
= 11 progenies C

C ct Fukuho-Komugi 5B * Source : Annaig Bouguennec

X

GENESIS —
BALTHAZAR —

ORNICAR —

02BB05-2-1 4‘

NC

ALTRIA —

02BB01-2-1 4|

FD92017 —

|
O
X
O
<
e
O

5A 5B 5D
I I I I I I Substitution line Ct /FK 5B: chromosome 5B of Courtot has been replaced by chromosome 5B of crossable variety

Fukuho-Komugi (Gay & Bernard (1994) Agronomie (1994) 14, 27-32)
2n=40+2"

02BB04-4-1 j
02BB03-1-1 J

01BB15-2-1 4‘

01BB19-4-4
01BB19-1-5
01BB19-4-3
01BB11-3-2
01BB11-3-4
01BB12-1-1
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Production of crossable lines

Without markers CcT:
NC:
C:
Htz:
NC Wheat X C Wheat Hmz:
l BC:
Year 1 F,
Selfing
Year 2 F, X Rye (CT)
X Backcross (NC)

&)

Year 3 BC1
(75 % recurrent line)

Selfing

BC1F,
i X Rye (CT)
I X Backcross (NC)
v
Year 7 Cline
(BC2 F,)
87,5% recurrent line

crossability test With markers
non crossable
crossable
heterozygote
homozygote NC Wheat X C Wheat
backcross l
Year 1 F, X Backcross (NC)

Selection of htz

Marke.r Assisted —y \
Year 2 BC1 X Backcross (NC)

Marker Assisted

Selection of htz

Year 3 BC2
(87,5 % recurrent wheat)

Selfing
Marker Assisted —y
Selection of hmz (C) BC2F,
Year 4 C Line
(BC2F,)

87,5% recurrent line
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Succesful interspecific natural crosses:
allopolyploids
* All angiosperme species have undergone (at

least) two whole genome duplication (WGD)
events

* They returned to diploid state during
evolution (fractionation)
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Succesful interspecific natural crosses:
allopolyploids

Jiao et al. 2011; Freeling (2009)

Estimated divergence time (Myr ago)
450 250 150 50 0 ) AnY VaRvVaRY Yoo
T TIE T TTT TTITTTIT[ITTT] Y s o’ O U\ O O

= s Arabidopsis thalia
Carica papaya
Populus tichocar
Cucumis sativus
Vitis vinifera
Oryza sativa chr3
Sorghum bicolor

Genome "’ "
duplication +_| .

bl o

Amborella ric, Lef:
Gymnosperms ‘:‘ —{—
Selaginella moellendorfi I q o B

Physcomitrella patens
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Succesful interspecific natural crosses:
allopolyploids

" S s
Ry o
-
[

- 0
ifii?{\"{&' 35
i S

VY '« ;
somind RSSO \

e Autopolyploids

— Duplication of its own genome

* Allopolyploids
— Combination of different genomes

UMR 1095 INRAE-UCA Clermont-Ferrand
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How the genome can duplicate?

* A diploid individual €= fusion of two (normal)
haploid gametes

* A triploid individual €= fusion of one haploid
gamete and one diploid gamete

e Atetraploid individual (doubling of the
genome) €= fusion of two diploid gametes

Gametes € Meiosis

UMR 1095 INRAE-UCA Clermont-Ferrand
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Progression of meiosis

Homologous
chromosomes Sister

chromatids
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Production of unreduced gametes

e Omission of the first or second division

* Mutation of meiotic genes =2 disruption of
divisions = unreduced gametes

— &) or (@
— Usually not 100% of gametes

— Autogamous species = di-, tri- or tetraploids
(autopolyploids)

— Allogamous species = di-, tri- or tetraploids
(allopolyploids)

— Low fertility of mutants (1-10 seeds in At)
 Examples: DYAD, TAM, OSD1
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Production of unreduced gametes

e Omission of the first or second division

(33
L
0H
¢
G

e External factors

— High temperature

* Time + intensity

— Chemical treatments
 Colchicine (not natural)
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Problems linked to the natural creation
of polyploids
* First generation of polyploids = low fertility =»

loss of selective advantage = elimination
through natural selection!

 Why fertility is lost?
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Disrupted meiosis in nheopolyploids

 Metaphase | plate
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Disrupted meiosis in nheopolyploids

* To remain fertile:
— Diploid gametes
— Rapid return to a more stable state

* “Diploidisation” =2 balanced number of chromosomes
* Control of chromosome pairing:

— Between homologues (autopolyploids)

— Between related chromosomes (homoeologues;
allopolyploids)
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Control of chromosome pairing in
hexaploid wheat

* Bread wheat, a recent allopolyploid

Divergence of the Formation of the D | Divergence of the B Divergence of the A Formation of wild tetraploid
Aand S+B+T lineage via subgenome donor subgenome donor from T. turgidum ssp. dicoccoides
lineages from an hybridization of T from Ae. speltoides T. urartu (1.28 MYA) ~0.8 MYA, BBAA
ancestral (P) and A ancestral (4.49 MYA)
'(I'snmvg:)mm genomes (5.5MYA) Domestication of Formation of
Sal tetraploid T. turgidum hexaploid wheat
wheal, first hulled 9000-8500 YA,
forms (ssp. dicoccon) (bread wheat, T.
i : ~10,500YA and later, aestivum,
‘Fm“mab,,mm"m,,"' g free-threshing (ssp BBAADD)
muticum from the D parvicoccum and ssp
(T genome) lineage (5.37 durum)
from S+B MYA)
: = Ae. speltoides
B-lineage
S+B B d
\ onor Unknown or
extinct
Amblyopyrum
muticum
D-related species D-related diploid
species (*)
D donor "
Ae. tauschii
T. urartu
rd
A-lineage BBAA
A donor - kegichun
BBAADD
T. aestivum
O © 24 O O—> mva
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Control of chromosome pairing in
hexaploid wheat

* Hexaploid :
— Three highly similar genomes = homoeologues

— Same gene content & order
Homoklogues Homoklogues

— Divergence = TE , \
A = (A | ’“F;\I\
* Pairing controle P N (¥
— Two levels 3 0 0 3

* Homologues

* Homoeologues

UMR 1095 INRAE-UCA Clermont-Ferrand

Genetics, Diversity & Ecophysiology of Cereals
Genetics & Recombination (GeCO)




Control of chromosome pairing in
hexaploid wheat

* One major locus: Ph1
* Minor genes (Ph2)

& e\ a - i 7 ] . 00
o ? o b . T Primary Triticale ABDR — ph1
. \ & ' 3 A o 1 §
: A ' :: ) z | ;?‘- ;_" . ; ) & ’
7 N S U :

\L—‘\

UMR 1095 INRAE-UCA Clermont-Ferrand
Genetics, Diversity & Ecophysiology of Cereals
Genetics & Recombination (GeCO)



Control of chromosome pairing in
hexaploid wheat

* One major locus: Ph1
— On chromosome 5BL (Riley & Chapman 1958)
— Cloning (Griffiths et al. 2006) -

 Complex of 4 CDK2-L 5/ -

E |§

* Heterochromatin bloc (3AL)
— TaZIP4 (Rey et al. 2017)

— Role of Ph1:

* More visible in hybrids (wheat/relatives; wheat/rye)
* Favours homologous pairing
* Block MLH1 between homoeologues
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Control of chromosome pairing in
hexaploid wheat

* |n case of mutation of the locus (ph1)

— In hexaploid
* Homoeologues can pair
 Recombination events (CO) may occur
* But rarely

— In wheat x relatives haploid hybrids
 Homoeologues can pair

 Recombination events (CO) may occur

* More frequent phenomenon = translocations or
introgressions
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Interest of introgressions

e Stress resistance (tolerance)
— Biotic stresses (diseases, pests)
— Abiotic stresses (drought, temperature, salinity)
— Other traits
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Interest of introgressions

* Crop improvement starts with sedentarisation

Bean, potato, e _ "y
- Centres of origin of 4 .
tomato food production o &#
D The most productive
agricultural areas of the modern world
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Interest of introgressions
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Interest of introgressions

Search for diversity
Crosses between elites and wild relatives

ldentification of relevant individuals
(resistance, color, taste...)

Backcross to elite
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Examples of introgressions in tomato

S. pimpinellifolium Facultative allogamous

DOMESTICATION
= ,
S. Lycopersicum Migration to the
old world
7 Modern breeding

“ N AE-UCA Clermont-Ferrand - .
'MZAHMI Genetics, Diversity & Ecophysiology of Cereals /SD: 80
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Time

Genetic diversity
Phenotypic diversity




Examples of introgressions in tomato

Fruit colour

— X blue wild x T cocktail

Fruit maturation
— Without ethylen

Resistance

NIVERSITE
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0
0 20000000 40000000
Chromosome 6 physical position

Upstream transcriptional regulators

A

MADS 1 RIN CNR

Exogenous Endogenous
signals signals
(e.g. light) (e.g. ethylene)

ACS2 ° ACS6

ETR3/ ‘ ETR4
NR

PHYB1 ° PHYB2

Downstream fruit development and ripening traits

- Texture - Flavour - Pathogen
- Aroma - Pigmentation susceptibility
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Examples of introgressions in wheat

e Disease resistances

— Eye-spot, downy mildew, powdery mildew,
septoria, fusarium

— Aegilops (ventricosa & others), T. tauschii
(synthetics) b

e Hardiness & resistance
— Translocation 1RS/1BL

* Protein content, Zn, Fe % s, W s a0 | T
oic K G S F R L “
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Limites of introgressions

* Linkage drag

— Deleterious traits together with traits of interest
(e.g. vield loss and eye-spot resistance)

D

— Recombination is blocked

(o]

1
-

chMMb

o Ae. ventricosa

L
o

o |
o

0e+00 1e+08 2e+08 3e+08 4e+08 5e+08 6e+08
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Takehome messages

 There is clearly an interest in crossing diverse species
to improve variability in the species of interest

» Several barriers limit interspecific crosses

 Some of these barriers maybe overcome because of
mutation of key genes

* Unlocking these barriers leads to breeding effects
— Loss of fertility

— Loss of recombination

* Genes controlling chromosome pairing and homoeologous
recombination may be engineered as well

* |Introgressions could be favourables but ...
 They could lead to linkage drag
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