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Introduction

1. Adapted and resynthesised B. napus

2. Allotriploids: backcrossing allotetraploid 
B.napus with one of its parental diploids

3. Crossing two amphidiploids

4. Related species outside the triangle of U



Cabbages, Chinese Kale

B. rapa B. oleraceaB. napus

B. nigra

B. juncea B. carinata

(AA) 2n=20 (AACC) 2n=38 (CC) 2n=18

(AABB) 2n=36 (BBCC) 2n=34

(BB) 2n=16

Turnips
Turnip-rape

Chinese cabbage

Oilseed rape
Fodder rape

Swede
Cauliflowers, Broccoli

Brussel sprouts, Kales

Black mustard

Brown mustard Ethiopian mustard

The triangle of U



The Triangle of U

• No evidence for wild B. napus
– Feral populations are short-lived

• Probable that B. napus, B. juncea and B. carinata
are, like wheat, the products of human selection 
and cultivation

• The diploid species are the primary repository of 
genetic variation, except for recent alleles that 
have arisen in the amphidiploids



Genetic diversity in the Brassica C-genome

Chinese 
B. oleracea vegetables

Modern “European”
B. oleracea vegetables:
cabbage, broccoli
kohlrabi, Brussels 
sprout

Primitive (celtic) kales
Wild C-genome 
“species”: B. cretica, 
B.insularis, B. hilarionis, 
B. elongata , etc.



B. rapa
n = 10

B. napus
n = 19 

B. oleracea
n = 9



Resynthesis of B. napus

• Two related diploid genomes are fused in a 
single nucleus

– Chromosome doubling

– Genetic control of homologous pairing

– Changes in imprinting

– Protein complexes



Differences from adapted B. napus

• Control of homologous recombination 
optimised for the parental diploids

• Almost all resynthesized B. napus is self 
incompatible

• Adapted B. napus is self compatible
• A weak C-genome S-allele, a disruptive A-

genome S-allele and unlinked suppressor 
genes are ubiquitous in adapted B. napus



Adapted and resynthesised B. napus

Identifying the substantially intact 
A and C genomes of B. napus



B. rapa

AA

B. oleracea

AC

CC

AACC

AA’CC’

AACC A’A’C’C’

A/A’C/C’

A/A’.A/A’.C/C’.C/C’

Two generations 
of inbreeding

�

� �

�

�
Microspore culture

Chromosome doubling
N61-9 population
of double haploid lines

Mapping the A and C genomes in B. napus



• doubled haploid lines

• homozygous

• easily amplified

Microspore culture

Plants derived from male 
gametes

Chromosome doubling



Disomic inheritance and homoeologous exchanges

a

a’

A genome

b
b’ C genome

RFLP mapping the B. napus A and C genomes in a 
population of DH lines



Chromosome behaviour in the resynthesised
B. napus x adapted B. napus F1 hybrids

Disomic inheritance (predominantly)
Bivalent pairing

Adapted B. napus (N-o-9)

- - -

- - -

A1* A2* A3* A10*

A1 A2 A3 A10

- - -

- - -

C1* C2* C3* C9*

C1 C2 C3 C9

B. rapa chromosomes B. oleracea chromosomes

resynthesised B. napus



Adapted and resynthesised B. napus

Mapping the homoeologous 
regions of the Brassica A and C 
genomes



Bivalent pairing of homologous
chromosomes

Recombination between non-sister 
chromatids of a chromosome pair

Bivalent pairing of homoeologous
chromosomes

The same recombination pattern 
between non-sister chromatids of 
a pair of homoeologous chromosomes

All translocations non-reciprocal

First meiotic
division

Second meiotic division

Each chromatid in a
separate gamete

Homoeologous exchanges lead to 
non-reciprocal translocations (transpositions)



Genetic instability through homoeologous 
exchanges

• Homoeologous exchanges (and other rearrangements) simple to score 
in F1 hybrids of DH lines

• Five newly resynthesized lines crossed with three adapted B. napus
lines (N-o-9, N-o-1 and ‘Tapidor’)

• 5-10% of recombination events in resynthesized B. napus result in 
homoeologous exchanges

• Only 1 in 300 recombination events in adapted B.napus result in 
homoelogous exchanges

• Adapted B.napus is 15-30 times more stable than resynthesized 
B.napus 

• In adapted B. napus, 1 in 15 gametes still carry a new homoeologous 
exchange



P1 P2AACC A’A’C’C’X

AA’CC’Expected

P1 P2

C

A

C’

A’

Observed

C

A

C’

A’

1

F1 progeny

2 3 75 9864 10

2
2

2

2 2

Mapping homoeologous exchanges in resynthesised adapted B. napus



A1 C1 A2 C2 A3 C3 A5 C5C4A4

A6 C6 A7 C7 A8 C8 A9 C9 A10

A6

C5

16 major chromosomal 

rearrangements

Primary pattern of homology between the A and C genomes



basic ancestor n=3-5

related (poly)diploid species n=5

hexaploid ancestor n=15 (allopolyploid)

Crambe
ancestor

n=15?

Sinapis
ancestor

n=15?

Brassica
ancestor

n=15?

fusion and 
rearrangement of 
chromosomes

Arabidopsis
n=5

Crambe
n=15

Sinapis
alba
n=12

Brassica
nigra
n=8

Moricandia
n=14

Brassica
oleracea

n=9

Brassica
rapa
n=10

Brassica napus
n=19

amphidiploid/allotetraploid

1-3 Myr

C.15 Myr

0.5-2 Kyr

Brassica evolution



RFLP Mapping six homoeologous loci in DH B. napus lines



ArabidopsisCH4 segment and homoeologous pieces of B. oleracea

From Carmel O’Neill and Ian Bancroft, John Innes Ce ntre, Norwich, UK

BAC contigs

Gene models in
Arabidopsis
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Insights from Brassica evolution

• The diploid parents of amphidiploid B. napus are 
themselves degenerate hexaploids

• Despite this, each region of the A genome has an 
exclusive or strongly preferred homoeologous 
region in the C genome

• The hexaploid ancestor probably acquired or 
evolved mechanisms for suppressing 
homoeologous exchanges (or promoting 
homologous recombination)



The paradox of homoeologous recombination 
and genome stability in B.napus

• The A and C genomes have major rearrangement breaking 
collinearity

• Over generations, none reciprocal exchanges lead to 
multivalent formation, then aneuploidy and eventual sterility

• In adapted B.napus 1 in 15 gametes carry new non-
reciprocal translocations

• B. napus still has A and C genomes that are largely intact

• Continuous human selection is probably the stabilizing 
factor: B. napus aneuploids have slightly narrowed leaves



Adapted and resynthesised B. napus

Mapping genes that suppress 
homoeologous recombination in 
B. napus



Mapping the genes that suppress homoeologous 
recombination (or promote homologous 
recombination) in B. napus

• Adapted B. napus has some genetic control of 
homoeologous recombination

• If the genes could be identified and moved into 
parental diploids, through interspecies crosses 
and marker-assisted selection, they could stabilize 
resynthesized B. napus

• Further increasing stable genetic behaviour would 
improve B. napus crop breeding



B. rapa AA B. oleracea

AC

CC

AACC Relatively stable adapted

B. napus N-o-9

AA’CC’

AACC A’A’C’C’

A/A’C/C’

A/A’.A/A’.C/C’.C/C’ A*A*C*C*

F1

Two generations 
of inbreeding

No additional
pairing control

�

�

�

�

�

�

�
Microspore culture

Chromosome doubling

N61-9 population
of double haploid lines

B. napus N-o-1

Testcross progeny assessed for 
non-reciprocal translocations

Chromosome
doubling

Mapping the genes controlling homoeologous 
recombination in B. napus



Genes suppressing homoeologous recombination in 
Brassica napus

Gene 1          
+

Gene 2          
+

Gene 3          
-

Overall 
p-value

Variation 
explained

One gene 
model

P =
1.3x10-4

0.031 51%

Two gene 
model

0.0095 79%

Three gene 
model

0.043 92%

Linkage group Top A9 Top C7 Top A6



Adapted and resynthesised B. napus

Uncharacteristic regions of the 
canola ( B. napus) genome



Uncharacteristic regions of the B. napus genome

• The top ends of chromosome A3 and C3 are homogenized 
in most (perhaps all) adapted B. napus lines/accessions

• The variety ‘Westar’, and many of the lines derived from 
‘Westar’, have a reciprocal translocation on the lower arms 
of A7 and C6 and involving the S-loci

• F1 hybrids between lines carrying and lines not carrying this 
reciprocal translocation from quadrivalents at meiosis and 
frequently transmit 20 chromosomes in their gametes



A1 C1 A2 C2 A3 C3 A5 C5C4A4

A6 C6 A7 C7 A8 C8 A9 C9 A10

A6

C5

The primary pattern of homology between the A and C genomes



A7A7 C6C6 Quadrivalent formation in
winter OSR x Westar F1 hybrids

N-o-9
Natural configuration

N-o-1
Westar



Kathryn Hall & John Parker, University of Reading, UK



Allotriploids

The genetic behaviour of AAC 

allotriploids:
1. Transmision of univalent C chromosomes

2. Elevated A-genome recombination

3. Rare homoeologous exchanges

4. Centromere mapping
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Parents and progeny of the 
Brassica allotriploid

B.rapa
0003

A’A’

B.napus
N-o-1

AACC

B.napus*
N-o-9

A*A*C*C*

Allotriploid
AA’C

N-o-72-8
AA*CC*

Disomic inheritance of A/A*

and C/C* (Sharpe et al 1995 )

B.napus*
N-o-9

A*A*C*C*

Population 1
A*.A/A’.C*.[C]

Population 2
A*.A/A’.C*.[C]



Meiosis in Brassica AAC triploids

C genome – Nine univalent chromosomes, 
nine linkage units with no recombination

A genome – Ten bivalents, ten linkage groups with 
recombination rate doubled
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A-genome chromosome 2 (A2)

C-genome chromosome 2 (C2)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
pN121a � � � � � � � � � � � � � � �

pN102d � � � � � � � � � � � � � � �

pR29a � � � � � � � � � � � � � � �

pN86 � � � � � � � � � � � � � � �

pR4b � � � � � � � � � � � � � � �

pR72a � � � � � � � � � � � � � � �

pO119a � � � � � � � � � � � � � � �

Number of crossovers 3 1 1 2 1 2 4 1 2 2 2 3 2 2 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
pR29b o � o o o � o o � o � o � o o

pR4a o � o o o � o o � o � o � o o

pW177 o � o o o � o o � o � o � o o
pO5b o � o o o � o o � o � o � o o

pW176a o � o o o � o o � o � o � o o

Number of crossovers 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Whole C-genome chromosomes and A-genome chromosomes  with double
the normal frequency of recombination are transmitt ed



Comparison of A-genome recombination frequencies

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Allotriploid 0.87 1.31 1.87 0.49 1.09 1.40 0.89 0.42 1.44 0.60

N-o-72-8 0.53 0.73 0.88 0.34 0.55 0.95 0.53 0.49 0.65 0.23

Ratio 1.65 1.79 2.13 1.44 1.98 1.47 1.68 0.85 2.21 2.61



H = Homoeologous recombination:  T = Telocentric chromosome

C-genome chromosome 4 (C4)

A-genome chromosome 4 (A4)

Occassional non-reciprocal A-genome translocations and
telocentric C-genome chromosomes
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Univalent N13 chromosome in 
Brassica napus at anaphase I



A1 C1 A2 C2 A3 C3 A5 C5C4A4

A6 C6 A7 C7 A8 C8 A9 C9 A10

A6

C5

Centromere positioning from telocentric chromosomes



Crossing two amphidiploids

The amphidiploids carrying the 
Brassica B genome
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Brassica rapa
Brassica oleracea

Brassica rupestris-villosa

Diplotaxis erucoides

Sinapis aucheri
Raphanus ssp.

Brassica oxyrrhina

Diplotaxis Cluster A

Eruca sativa

Brassica nigra

Sinapis arvensis
Sinapis alba
Brassica fructiculosa
Sinapis pubescens

Brassica tounefortii

Diplotaxis Cluster B
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Moricandia arvensis

Arabidopsis thaliana

~20 M yrs



Mapping the A and B genomes of B. juncea

Parent in B. nigra
mapping cross

Parent in B. rapa
mapping cross

B. rapa B. nigra

AA BB

AB

AABB

Chromosome
doubling

A’A’B’B’A*A*B*B*

B. junceaB. juncea

“Natural” J-o-3 DH “Natural” J-o-7 DH

�

�
A’AB’BA*A’B*B’ A*A*B*B* A*A*B*B*

A*/A’.A*.B*/B’.B* A’/A.A*.B’/B.B*

�

�

��

� �



Chromosome behaviour in the adapted B. juncea x 
resynthesised B. juncea F1 hybrid

Disomic inheritance
Bivalent pairing

Adapted B. juncea (J-o-7)

- - -

- - -

- - -

- - -

A1’ A2’ A3’ A10’ B1’ B2’ B3’ B8’

A1 A2 A3 A10 B1 B2 B3 B8

B. rapa chromosomes B. nigra chromosomes

resynthesised B. juncea



Amphidiploid B. juncea and
B. carinata

• Disomic inheritance in progeny of F1’s formed from 
adapted X resynthesised B. juncea and from 
adapted X resynthesised B. carinata

• Distinct parental genomes in B. juncea and in 
B.carinata

• No evidence for homoeologous recombination in 
adapted or resynthesised B. juncea or in equivalent 
B. carinata



Crossing two amphidiploids

The genetic behaviour of adapted 
B. carinata X adapted B. juncea
hybrids, ABCC allotetraploids
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B. carinata B. napus (Topas)

BBCC A’A’C’C’

A’BCC’ A’A’C’C’

A’.[A’][B].C’.C’/C

B. Napus (Topas)� �

� �

ABCC allotetraploids



Meiosis in Brassica ABCC allotetraploids

B-genome – eight univalent chromosomes

C-genome – nine bivalent chromosomes

A-genome – ten univalent chromosomes



Genetic behaviour of adapted B. carinata X 
adapted B. juncea hybrids

• Disomic inheritance and elevated recombination frequency 
in the C genome

• B-genome chromosomes inherited as intact linkage units 
and transmitted at high frequency

• Frequent terminal deletions of the B-genome chromosomes 
could be identified in a sister experiment

• No evidence for homoeologous recombination involvong the 
B-genome chromosomes



Crossing two amphidiploids

The genetic behaviour of 
resynthesized B. juncea X 
resunthesized B. napus hybrids, 
AABC allotetraploids



AABC Allotetraploids

AA BB A’A’ CC

�

�

�

�

�

�

��
AB A’C

AABB A’A’CC

AA’BC A*A*C*C*

A*A/A’C*[B][C]

69 progeny from embryo rescue

Resynthesised
B. juncea

Resynthesised
B. napus



Meiosis in Brassica AABC allotetraploids

1 2 3 54 6 7 8

B-genome – eight univalent chromosomes

C-genome – nine univalent chromosomes

A-genome – ten bivalent chromosomes

1 2 843 75 6 9



Actual genotype of AABC allotetraploid

1 1’ 3 54 6 7 8

B-genome – eight univalent chromosomes

C-genome – nine univalent chromosomes

A-genome – ten bivalent chromosomes

1 2 843 75 6 9



Homoeologous exchanges at meiosis in the AABC allotetraploid

1 1’ 3 54 6 7 8

B-genome – eight univalent chromosomes

C-genome – nine univalent chromosomes

A-genome – ten bivalent chromosomes

1 2 843 7
5

6 9

1x
3x

2x



Genetic behaviour of resynthesized 
B.juncea X resunthesized B. napus hybrids

• Disomic inheritance and elevated recombination frequency 
in the A genome

• B-genome chromosomes inherited as intact linkage units 
and transmitted at high frequency

• C-genome chromosomes inherited as intact linkage units 
and transmitted at high frequency 

• The AABC allotetraploid inherited an atypical B-genome

• Chromosome B1 paired with B1’ and interacted with 
homoeologous regions of the C genome



Related species outside the 
triangle of U

Comparative mapping and 
attempted inter-genomic gene 
transfer
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Candidates for inter-genomic 
gene transfer

• A core set of 150 RFLP probes were 
used to generate maps in
–Moricandia arvense
–Sinapsis alba
–Raphanus sativus

• Comparative mapping established 
large conserved linkage blocks



RACC allotetraploids

Raphinus sativus B. oleracea A12 B.rapa B. oleracea A12

RR AA CCCC

RC AC

RRCC AACC

RACC A’A’C’C’

[R][A].A’.C.C’

B. napus DH12075

Chromosome doubling



Summary

• Good prospects for accessing A and C genome diversity from diploids 
and amphidiploids: resynthesis, allotriploids and tri-genomic 
allotetraploids

• Homoeologous exchanges between the A and C genomes allow inter-
genomic gene transfer but the A and C genomes might be unique in this 
regard

• In a meiotic nucleus in the presence of a monosomic genome (univalent 
chromosomes) the recombination frequency in a disomic genome is 
approximately doubled

• Adapted B. napus has imperfect genetic control of chromosome 
recombination

• Adapted B. napus has a (single) mechanism for suppressing self 
incompatibility
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