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Brassica napus: A recent, anthropogenic allopolyploid

Brassica oleracea 
2n = 2x = 18 
Genome CC Brassica napus 

2n = 4x = 38 
Genome AACC

Brassica rapa 
2n = 2x = 20 
Genome AA

Mediterranean 
cabbages and 

kales

Asian cabbages, 
Sarson and turnips

Rapeseed/canola, kale & swede/rutabaga
Originated under cultivation, just a thousand years ago, from very few 

founding hybridisation events – wild forms unknown
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Rags to riches in three decades: A “Cinderella” crop…

Today the world’s No. 2 oilseed crop 
Healthiest vegetable oil for human nutrition, equally suitable as a biofuel  

High-quality, protein-rich extraction meal for livestock feed  
Vital component in cereal crop rotations
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A paradoxical polyploid fairy-tale?

Extreme breeding 
bottlenecks

Very few species 
founders

Strong allopolyploidisation  
bottleneck

Diploid progenitor species

Seed quality selection

De novo allopolyploid

H
ow

ever: U
nexpected adaptive 

capacity
 and breeding successEx

tr
em

e 
er

os
io

n 
of

 g
en

et
ic

 
di

ve
rs

it
y 

es
se

nt
ia

l f
or

 b
re

ed
in

g



http://vector.me/files/images/1/7/173152/weather_symbols_clip_art.jpg http://http://
www.pamsclipart.com/clipart_images/

sunflower_and_tomato_seed_packages_0515-1104-1203-1411_SMU.jpg www.google.de/
imgres?

client=safari&sa=X&rls=en&biw=1813&bih=1277&tbm=isch&tbnid=gvGX16IeRFjyYM%3
A&imgrefurl=http%3A%2F%2Fvector.me%2Fsearch%2Fwindy-weather-

symbol&docid=8xDxyC0P6-3FOM&imgurl=http%3A%2F%2Fvector.me%2Ffiles http://
www.abcteach.com/free/s/simpleplantcolorlabeled.jpg%2Fimages%2F1%2F1%2F112621 

http://forzaitalianfootball.com/wp-content/uploads/2013/03/Jupp-Heynckes-Bayern-
Munich.jpg%2Fweather_sunny_clip_art.jpg&w=425&h=404&ei=flPqUs2mH4fc4QS3t4HIB

g&zoom=1&iact=rc&dur=568&page=1&start=0&ndsp=69&ved=0CLcB http://
www.mpg.de/7529598/zoom.jpg EK0DMBw http://www.ragtsemences.com/rs/images/

logo_portail.gif http://www.york.ac.uk/

Rod Snowdon, JLU Giessen GCIRC, Alnarp, 09.05.2017

Learning from Brassica napus

Retrospective learning
• How could allopolyploids (ancestral and recent) achieve sufficient 

de novo diversity (despite significant polyploidisation bottlenecks) 
to adapt to completely new environments and become highly 
successful crops?

Breeding applications
• Can the B. napus story help us to more efficiently use de novo 

allopolyploids (synthetics) to reinstate diversity into depleted crop 
gene pools, driving adaptation to newly emerging environmental 
challenges?
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The complex, allopolyploid genome of Brassica napus

Fig. 2 (draft)

•Allopolypoid from hybrid between between two ancestral hexaploids

• Extensive inter- and intra-subgenomic duplication and homoeology
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High-throughput genotyping in a complex polyploid

20111003%

The$International$Brassica$SNP$Consortium$—$Frequently$
Asked$Questions$

1. How$many$SNPs$will$be$on$the$Brassicas$Panel?%%SNP%content%is%still%being%finalized.%%The%
tool%will%be%designed%using%60,000%Attempted%BeadTypes%(ABT).%%The%final%SNP%number%

will%therefore%depend%upon%how%many%beadtypes%are%used%per%SNP%(some%require%two,%

most%require%only%one)%and%the%final%content%that%passes%Illumina’s%quality%control%for%

internal%redundancy%and%representation.%%We%expect%final%content%to%be%between%50,000%

and%54,000%SNPs.%%

2. How$were$the$SNPs$discovered?$$How$were$the$SNPs$selected?$%SNP%content%is%still%
being%finalized%for%the%International%Brassica%SNP%Consortium%Tool.%Up%to%16%independent%

sources%of%SNPs%were%considered%in%SNP%discovery.%These%datasets%are%derived%from%

greater%than%60%Brassica%lines%and%include%both%transcriptome%and%genomic%next%

generation%sequence%data.%Over%13,000%Infinium%SNPs%were%validated%by%multiple%labs%to%

ensure%the%efficacy%of%the%independent%SNP%discovery%pipelines.%%For%consistency%all%SNP%

discovery%data%have%been%aligned%to%the%scaffolds%from%the%recently%published%Brassica'
rapa%genome%sequence%(A%genome)%and%to%scaffolds%from%a%soon%to%be%made%public%B.'oleracea'sequence%(C%
genome).%The%SNPs%are%annotated%according%to%their%map%position%within%the%genome%sequences.%%SNPs%are%being%

filtered%using%several%criteria%including:%quality%of%the%flanking%sequence,%no%overlap%with%known%complex%regions,%

defined%read%depth%cutToffs%for%SNP%calling,%minimum%estimated%allele%frequency,%distribution%across%the%genomes%

and%level%of%intraTspecific%polymorphism%in%a%maximum%number%of%lines.%%

3. For$which$lines/species$of$Brassicas$are$these$SNP$considered$appropriate?%%The%SNPs%have%been%extracted%from%or%

validated%in%80%lines%from%Brassica'napus,%four%lines%from%Brassica'oleracea%and%four%lines%from%Brassica'rapa%and%are%
thus%designed%to%work%well%in%any%Brassica%A%or%C%genome%species.%One%can%expect%that%the%highest%number%of%SNPs%

will%be%polymorphic%in%Brassica'napus%germplasm.%%

4. Are$the$SNPs$mapped$and$will$this$information$be$available$to$those$who$place$orders?%%The%SNPs%will%be%mapped%

to%the%Brassica%A%and%C%genome%scaffolds%which%are%linked%to%established%genetic%maps,%so%as%well%as%the%physical%

position%in%the%genome%the%approximate%map%position%relative%to%known%public%genetic%markers%will%be%available.%

Once%the%SNP%selection%has%been%finalised%the%map%positions%will%be%made%available%at%public%Brassica%websites%such%

as%Brassicadb.org;%Brassica.info;%brassicagenome.net%%

5. How$are$the$content$validated?$$How$many$of$the$SNPs$can$I$expect$to$be$segregating$in$my$lines?%%Candidate%
Brassica%A/C%genome%SNPs%will%be%validated%and%optimised%for%a%selection%of%96%diverse%Brassica'napus%genotypes%
(including%a%core%set%of%genotypes%used%for%SNP%discovery).%%The%list%of%genotypes%will%be%provided%to%those%that%place%

orders.%

6. What$do$I$need$(reagents,$etc)$to$run$the$chips?%%Participants%will%receive%all%reagents%necessary%to%run%the%chips%
included%in%their%order%(at%the%consortium%per%sample%price).%%Illumina%recommends%a%minimum%of%200%ng%of%DNA%in%a%

minimum%concentration%of%50%ng/ul%as%measured%by%a%fluorescent%method%of%quantification%for%robust%results%(based%

upon%our%inThouse%FastTrack%Services%best%practices).%%Access%to%an%Illumina%BeadArray%Reader%or%iScan%is%also%

required%to%process%the%chips.%%For%customers%with%an%automation%setup%for%their%instrument,%a%24%sample%tip%guide%is%

Brassica 60k SNP Infinium 
consortium array (released 

2012)

Clarke et al., TAG (2016)

•Highly successful community designed  
SNP genotyping array
•Widely used in rapeseed/canola 

genetics and breeding 
 
However:
•~40% of the Infinium assays address 

multiple loci (hemi-SNPs)
•Hence, most downstream analysis 

(mapping, GWAS, GS etc.) works best 
with a filtered panel of ~25,000 
single-locus SNPs
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Disturbingly low SNP diversity in major breeding pools?

Spring type
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Genetic diversity analysis in a species-wide germplasm collection 
(n~850) based on ~20,000 single-copy, polymorphic SNPs

Christian Werner, Lunwen Qian, Habib Jan, Sarah Schiessl

• SNP diversity is relatively high between ecogeographic pools, but 
appears to be very low within the major gene pools
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Chromosomal and genomic bias in allelic diversity

Christian Werner, Lunwen Qian, Habib Jan, Sarah Schiessl

0
2000 4000 6000 8000 10000

0.4

0.8

0.2

0.6

0

1.0

0
2000 4000 6000 8000 10000

0.4

0.8

0.2

0.6

0

1.0

0
2000 4000 6000 8000 10000

0.4

0.8

0.2

0.6

0

1.0

0
2000 4000 6000 8000 10000

0.4

0.8

0.2

0.6

0

1.0

kbp kbp

r2

r2

Decay of linkage disequilibrium in different B. napus breeding pools

Winter (1)

Spring

Winter (2)

Semi-winter

C02

C04
C08 C07

C01

C01

C08

C01
C01

C04
C04C02

C08 C08

Qian et al. BMC Genomics (2014), Jan et al. PLOSone (2015), Schiessl et al. Front Plant Sci (2014)
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Chromosome C02, winter-type (1)

Extreme selection signatures on some chromosomes

Christian Werner & Lunwen Qian

Chromosome C02, winter-type (1)
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Chromosome C02, winter-type (2)

Extreme selection signatures on some chromosomes

Christian Werner & Lunwen Qian
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Genomic resequencing: SNP diversity actually not bad?

Thomas Schmutzer, Birgit Samans

Schmutzer et al.,  
Scientific Data (2015)PreBreed-Yield  

BnNAM Consortium 

20 highly diverse synthetic & 
32 exotic, natural B. napus  
(BnNAM founders) 

~15x coverage, 100bp PE
~4M high-quality SNPs

•Contradiction between array and sequence data: Is decisive 
sequence variation obscured in duplicated genes/genome regions?
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Figure S19A (continued): chromosomes Cn1 and Cn2 

Chalhoub et al., Science (2014)

Red: Duplicated segments
Blue: Deleted segments

Homoeologous  
non-reciprocal  
translocations

Synthetic B. napus

Synthetic  
B. napus

C01

A01

B. napus: Widespread structural genome variation

Birgit Samans, Boulos Chalhoub
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Figure S19A (continued): chromosomes Cn1 and Cn2 

Red: Duplicated segments
Blue: Deleted segments

Homoeologous  
non-reciprocal  

translocation

Swede/rutabaga

Swede/ 
rutabaga

C01

A01

Birgit Samans, Boulos Chalhoub

B. napus: Widespread structural genome variation

Chalhoub et al., Science (2014)
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Figure S19A (continued): chromosomes Cn1 and Cn2 

Red: Duplicated segments
Blue: Deleted segments

Homoeologous  
non-reciprocal  
translocations

Kale

C01

A01

Kale

Birgit Samans, Boulos Chalhoub

B. napus: Widespread structural genome variation

Chalhoub et al., Science (2014)
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Figure S19A (continued): chromosomes Cn1 and Cn2 

Red: Duplicated segments
Blue: Deleted segments

Oilseed 
genotypes

C01

A01

Oilseed 
genotypes

B. napus: Widespread structural genome variation

• Also widespread small-scale rearrangements, including frequent gene 
conversion events (right down to single-nucleotide exchanges)

Chalhoub et al., Science (2014)
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Structural variation: Adaptive potential from PAV/CNV

Example: The complex Arabidopsis flowering-time regulatory pathway
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Bn: Multiple copies increase tolerance for mutation

Species-wide sequence capture: 
~600x deep-sequencing of 32 gene families in 280 B. napus accessions
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Not one gene family without PAV in at least one copy
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Extensive, functionally relevant SNP variation
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Consequences of genome rearrangements in B. napus

Positive 
• Genome structural diversification is widespread and ongoing in B. napus and is a 

valuable source of untapped diversity for breeding
• Significant potential influence on quantitative trait control
• Expected contribution to additive heterosis and “heterotic haplotypes”

Negative 
• SNP markers in regions with CNV or PAV are likely to be discarded by standard 

QC parameters in auto-calling procedures, due to excessive “failed calls” …
• and even if you do keep those markers in your dataset, downstream software 

will frequently throw them out of your analysis anyway because they show 
excessive “missing data”

Challenge 
• Need for a simple and cost-effective technique to recover “missing data” from 

deletions to enable their use for quantitative trait elucidation and breeding
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Identifying structural variants from SNP array data
GSRC
Genome Structure Rearrangement Caller

SNP array

SNP positions

Unigene

positions

BAF

LR

Synteny blocks

CNVs

Genotypes

Translocations

DBSCAN

CSB

1DKM
Input

Output

PCT

1DKM 1-Dimensional K-Means Clustering

BAF B-Allele Frequency

CSB Circular Binary Segmentation

DBSCAN Density-Based Spatial Clustering of Applications with Noise

LR Log R ratios

PCT Polar Coordinates Transformation

gsrc: An R package for genome structure rearrangement calling

Fabian Grandke

Grandke et al., Bioinformatics (2016)

Physically adjacent SNPs which 
consistently “fail” in the same 

genotypes represent deletions in 
those genotypes and can be 
confidently called as SNAPs

(Single-nucleotide absence-presence)

~ 5-20% of assays on 
Brassica 60k SNP array
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Auto-calling of deletions from Illumina 60k-SNP data

Output
Deletions

Fabian Grandke

Grandke et al., Bioinformatics (2016)
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Reanalysis of SNP array data for structural variants

High-throughput calling of structural variants from array data  
• Additional auto-called output matrices describing PAV (SNAP) & CNV
• Inclusion of SNAP data enables consideration of additive allele effects 

that are normally excluded from mapping or breeding datasets due 
to excessive “missing” or falsely-segregating marker data

• Meets No. 1 breeder criterion:  Cheap, reliable and quick! 
• …and samples the most variable, trait-relevant parts of the genome

Work in progress 
• Reanalysis of historical Illumina 60k array raw data from >5000 genotypes 

(biparental mapping populations, B. napus diversity panels, BnNAM 
populations, breeding lines, F1-hybrids, etc.)

• Inclusion of PAV data matrices as an additional dimension in genetic 
maps, QTL/GWAS analysis, genomic prediction models, etc.
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CNV/PAV data reveals “invisible” QTV

Fabian Grandke, Iulian Gabur, Christian Obermeier

Example: Quantitative disease resistance
• GWAS MLM(K): BnNAM subpopulation, n=250

18076 unique, 
polymorphic SNPs

18076 SNPs 
+ 3784 SNAPs
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Structural variants contribute to heterosis

Fabian Grandke, Christian Werner

Example: Genomic prediction of hybrid yield performance

6.4% jump in 
prediction accuracy 
for hybrid yield by 
using SNP & SNAP 
marker calls that 
consider structural 
genome variants

~20k Infinium SNPs 
+ ~4000 SNPs

+ CNV weighting
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~20k single-
copy Infinium  

SNPs

Jeweils 100 Permutationen bei 70% TrainingsPop. Jeweils 100 Permutationen bei 70% TrainingsPop. 

0.582

0.646

• rrBLUP for hybrid yield performance in 450 test hybrids
• Training population n=300, yield data from 12 environments
• Prediction using in silico F1 genotype data
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Using structural genome variation in rapeseed breeding

SNAPs – discovering and using the value in “missing” data 
• Considerably improved elucidation of quantitative traits in B. napus

• Genomics-based diversification of heterotic pools
• Targeted fixation of complementary, additive heterotic effects driven by 

widespread deletions

Enrichment of diversity by introgressions from synthetics 
• Exploiting the extended pan-genome, elevation of gene diversity
• Increased recombination of new diversity in recalcitrant chromosome regions

Maintain strong selection progress despite breeding bottlenecks 
• Genomic predictions implementing SNP and SNAP data
• Exploitation of quantitative resistances induced by segmental deletions
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GPGR4
4th International Symposium on 

Genomics of Plant 
Genetic Resources

Giessen, Germany      3-7 September, 2017      

Discuss the future of our most important agricultural 
asset, our plant genetic resources, with world leaders in 

crop genetics and genomics.

www.gpgr4.org


