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Significance of mating systems for
chromosomes and gametes in polyploids
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(Received August 10, 1970)

» Evolutionary “balance between new-creating and preserving forces.”
» Maintain “homozygosity and heterozygosity ... at different homoeologous loci.”

» Allopolyploids preserve through selfing (homo), while maintaining allelic diversity (homeo)
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LT INYZCIII<Ell  Allohexaploid wheat

Evolution of allohexaploid wheat

T.urartu  A. Speltoides sp.

Einkorn
x Extinct Triticum
Tturg/dum A touschii » Fertile Crecent
» Neolithic revolution
Emme Goatgrass » AA x BB~ 05 Mya
Durum
Aegelops
Taest/vum L .
» early speciation from Triticum (A x B)
Common » AABB x DD ~ 10,000 ya
Wheat
BBDD
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AL
Allohexaploid wheat

A B D

Allopolyploid
nn » Very difficult to assemble a genome

> Thank you IWGSC! (and for prepublication access!)

ua » Disomic inheritance

> no crossover across homeologous chromosomes

» Autogamous
> self-pollinated (outcrossing < 1%)

» Allelic diversity preserved across subgenomes

> Most genes have three divergent copies!

111111 Is wheat an immortalized hybrid?
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allelic interactions! (dominance)
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HEREE
Allopolyploid formation

Ty 2z
Mutation &

natural

selection

Species XXyyZZ Species B

~ e

XXYYyyzzZ7Z  Homeo-Hybrid

Common Ancestor

homeoallelic interactions? (homeologous epistasis)

With markers and RefSeq, we can now ask this question!
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ESase
Cornell Winter Wheat Master Population

A B D

n u Cornell winter wheat breeding population
» 8,692 phenotypic records
> 1,447 lines .
u > 26 NY trials » Align markers to RefSeq v1.0
> 10 years (2007 - 2016) > separate markers by
> 2-3 locations / year subgenome
> 11,604 GBS markers > calculate genetic covariance
for each subgenome:
» 4 traits K., Kz and Kp
> Grain Yield (GY) > estimate subgenome breeding
“ > Test Weight (TW) values
" "“ > Heading Date (HD)
> Plant Height (PH)
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SRSl Subgenome additive effects

Can predict subgenome breeding values

Santantonio, Jannink and Sorrells (2019a; G3)
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RISl  Subgenome additive effects
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Santantonio, Jannink and Sorrells (2019a; G3)
Sub-Genome Effect
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SIS CN Sl Subgenome interactions

Subgenome interactions aid genomic prediction

Santantonio, Jannink and Sorrells (2019a; G3)
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Suggests all epistasis is homeologous?

Santantonio (Cornell University) Homeologous Epistasis January 11, 2020 10 /20



Homeologous Epistasis Two Locus Epistasis

Two-Locus Epistasis

Consider the two locus model (from Hill et al. 2008):

Ely] = u+ Bap + Cac + BC(aw)pc

Additive x Additive Duplicate Factor
‘ cC  cc ‘ CcC  cc

BB | 2a 0 BB a a
bb 0 2a bb a 0
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Subfunctionalization

‘ cc cc
BB | s(a*+a) a*
bb a 0
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Homeologous Epistasis Subfunctionalization

Subfunctionalization Epistasis

s
Let a be the effect of a functional allele (or haplotype), A
Ancestor
Mutation / \ 14 Additive
Subfunctionalization
Descendant 1 a* Descendant 2
Y+ a AIIoponp|0|d 1/2 4" Redundant
s = subfunctionalization coefficient
Y
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Homeologous Epistasis An example: Rhtl

Interaction of markers near
Green Revolution dwarfing genes

Caledonia x NY8080 BBDD
Rht-B1 x Rht-D1 bbDD

120
1

BBdd

» 158 RILs

100
1

» Segregating for two homeologous dwarfing
genes

Plant Height (cm)
80
1

Subfunctionalization of Dwarfing Genes

> 1+1#2

60

» functional redundancy

T T
Rht - D1bdwarf Rht - D1 wildtype

Rht1 Genotype
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Homeologous Epistasis An example: Rhtl

Interaction of markers near
Green Revolution dwarfing genes

Caledonia x NY8080
Rht-B1 x Rht-D1

120
|

> 158 RILs Ié<0

100
|
\
\

» Segregating for two homeologous dwarfing
genes

Plant Height (cm)
80

Subfunctionalization of Dwarfing Genes

60

> 14+1#2
§=0.73
» functional redundancy e | p-val = 0.003
Rht- D‘1bdwarf F””*D“‘ wildtype

Rht1 Genotype

Santantonio (Cornell University) Homeologous Epistasis January 11, 2020 13 /20



Homeologous Epistasis An example: Rhtl

Interaction of markers near
Green Revolution dwarfing genes

Caledonia x NY8080
Rht-B1 x Rht-D1

120
|

» 158 RILs

100
|
\
\

» Segregating for two homeologous dwarfing
genes

Plant Height (cm)
80

Subfunctionalization of Dwarfing Genes
> 1+1#2

» functional redundancy

60

s=1/2

40

T T
Rht - D1bdwarf Rht - D1 wildtype

Rht1 Genotype
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Homeologous Epistasis An example: Rhtl
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Homeologous Marker Sets
Homeoallelic Marker Sets

1A

7D
g . 1B

IWGSC RefSeq v1.0 genome
» 110,790 coding sequences
» Align CDS to self
Alignments
» 24,695 singletons, 20,319 multi-align

» 23,796 homeologous gene sets

> 18,184 triplicates
> 5,612 duplicates
> ~ 60% gene space

7A
N
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Homeologous Epistasis Homeologous Marker Sets

Homeoallelic Marker Sets

1A

IWGSC RefSeq v1.0 genome
» 110,790 coding sequences
» Align CDS to self
Alignments
» 24,695 singletons, 20,319 multi-align

» 23,796 homeologous gene sets
> 18,184 triplicates
> 5,612 duplicates
> ~ 60% gene space
Anchor closest GBS marker
» 10,172 marker sets

s > 6,142 triplicates
4B 4A > 3,985 duplicates
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RITOEETEN SN EEEI  Significant homeologous interactions

Additive GWAS
> Few large effect QTL
» But high prediction accuracy

> Many small effect loci

Homeologous Epistasis GWAS
> Few large effect interactions
» Pattern genome-wide?

» Increase in prediction accuracy?
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Evidence of Subfunctionalization Additive effects vs 2-way interactions
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Evidence of Subfunctionalization Additive Effects and Interactions

Homeologous interactions explain much of non-additive genetic signal

Q
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« | @ Homeologous
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Evidence of Subfunctionalization Summary of Homeoallelic Epistasis

Summary of Homeoallelic Epistasis

A B D
nn Homeoallelic interactions tend to be less than additive
”n » Suggests global subfunctionalization of homeologous orthologs
Homeoallelic pairs explain more than half of the non-additive genetic signal
» GY not affected, too polygenic to detect?
Opportunity to fix advantageous homeoallelic pairs
» Establish heterozygosity across subgenomes

“”” » Immortalize through inbreeding
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Evidence of Subfunctionalization Summary of Homeoallelic Epistasis

Allopolyploids are not diploids.
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