Natural and induced genome structural variation in oilseed rape

lan Bancroft

17t June, 2019

 Understanding and dealing with genome complexity in Brassica species
* Genome structural variation resulting from homoeologous exchange

* Genome structural variation resulting from ionising radiation
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Genome complexity in the cultivated Brassica species
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Genome complexity in the cultivated Brassica species
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Genome complexity in the cultivated Brassica species

Targeted high quality genome
sequencing showed:

* Conserved synteny between

protein-coding genes

* Interspersed gene loss results in
~4 orthologues in B. napus for
each gene in Arabidopsis
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Cheung, et al. Comparative analysis between genome segments of Brassica napus and its
progenitor species reveals extensive sequence-level divergence. Plant Cell 21:1912-1928, 2009
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“Functional genotypes” from mRNAseq data

~3 Gb mRNAseq / plant
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Plant Biotechnology Trick, et al. SNP discovery in the polyploid Brassica napus using Solexa transcriptome sequencing
Journal Plant Biotechnology J. 7:334-346, 2009
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Transcriptome SNPs as molecular markers in B. napus
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nature ol Bancroft, et al. Dissecting the genome of the polyploid crop oilseed rape by transcriptome sequencing
biotechnology FNIRH Biotechnology 29:762-6, 2011
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B. napus genome sequence was difficult to assemble

B. napus

Darmor-bzh
Darmor-bzh

36,731 44,196
+20,113

Gene models

e =&y Chalhoub, et al. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome.

Science 345:950-953, 2015
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Genome assignment completely secure in progenitor species

B. napus
B. rapa B. oleracea

Chiifuv2 A c 101000

Darmor-bzh
Darmor-bzh

36,731 44,196

47,656 +20,113 54,766

Gene models
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AC pan-transcriptome reference sequence for B. napus

B. napus
‘§ 3
< < < <
B. rapa A § 3 5 3 C B. oleracea
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\/
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57,804 2654

He, et al. Construction of Brassica A and C genome-based ordered pan-transcriptomes for use in rapeseed
genomic research. Data in brief 4: 357-362, 2015.
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Improving the organisation of Brassica genome sequences

!
il

Chimaeric and mis-mapped scaffolds
are common in genome sequences

Allotetraploid Brassica genomes pose
particular problems

Genome Ordered Graphical Genotypes
(GOGGs) proposed as part of quality
control process for genome sequence
assembly
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ature t. He and Bancroft. Organisation of the genome sequence of the polyploid crop species Brassica juncea
ene 1CS Nature Genetics 50:1496-1498, 2018
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GOGGs for B. napus using AC diploid CDS reference pan-genome

Graphical genotypes
for TNDH population

39 lines used for
transcriptome SNP

mapping

Only simple SNPs
used for mapping

4509 markers in
different genes
mapped in A genome

2084 markers in
different genes
mapped in C genome
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Diploid genomes collinear in both allotetraploid populations
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Identifying orthologous gene triplets across genomes

Identify triplets of orthologues
between Brassica A, B and C
genomes, as 3-way reciprocal
top BLAST hits between CDS
gene models

21,359 reciprocal top
BLAST hit triplets

A gene B gene Cgene

A_position

B_position

C_position

Arabidopsis Thellungiella

thaliana parvula

WSO, bBWN =

| BraA01g000040. maker-scaff_95¢ Bolg001040.1
| BraA01g000050. maker-scaff_35¢ Bo1g001050.1
| BraA01g000060. maker-scaff_35¢ Bolg001060.1
| BraA01g000070. maker-scaff_95¢ Bolg001080.1
| BraA01g000080. maker-scaff_35¢ Bo1g001030.1
| BraA01g000030. maker-scaff_35¢ Bolg001100.1
| BraA01g000110.3 fgenesh_maske: Bolg002150.1

Bras01g000130.0 fgenesh_maske: Bolg002130.1

: Bras01g000150.{ fgenesh_maske: Bolg002200.1
| Braf01g000160.1 fgenesh_maske: Bolg002210.1

Braf01g000170.0 maker-scaff_95¢ Bolg002220.1

| BraA019000130.0 maker-scaff_35¢ Bo1g002230.1
| BraA01g000130.0 maker-scaff_95¢ Bolg002250.1
| BraA01g000230. maker-scaff_95¢ Bolg002300.1
| BraA019000240. maker-scaff_35¢ Bo1g002310.1
| BraA019000250. fgenesh_maske: Bolg002330.1
| BraA019000260. fgenesh_maske: Bolg002340.1
| BraA019000270. maker-scaff_35¢ Bo1g002350.1
| BraA01g000280. fgenesh_maske: Bolg002360.1
| BraA019000300. maker-scaff_35¢ Bol1g002400.1
| BraA019000310.0 maker-scaff_35¢ Bo1g002410.1
| Braf019000340. fgenesh_maske: Bolg002450.1
| BraA01g000350. maker-scaff_95¢ Bolg002460.1
| BraA019000360. maker-scaff_35¢ Bolg002470.1
| BraA019000380. fgenesh_maske: Bolg002430.1
| BraA01g000330. maker-scaff_95¢ Bolg002500.1
| BraA019000400. fgenesh_maske: Bolg002510.1
| BraA019000420. maker-scaff_35¢ Bo1g002520.1
| BraA01g000430. augustus_mask: Bol1g002530.1
| BraA019000450. fgenesh_maske: Bolg002550.1
| BraA019000460. maker-scaff_35¢ Bolg002560.1
| BraA01g000470. augustus_mask: Bol1g002570.1
| BraA019000430. maker-scaff_35¢ Bol1g002590.1
| BraA019000530. maker-scaff_35¢ Bolg002670.1
| BraA01g000540. maker-scaff_95¢ Bolg002630.1
| BraA01g000580. maker-scaff_95¢ Bo1g002730.1
| BraA019000620. maker-scaff_35¢ Bol1g002760.1
| BraA01g000630. maker-scaff_95¢ Bo1g002770.1
| BraA01g000640. fgenesh_maske: Bolg002780.1
| BraA01g000650. fgenesh_maske: Bolg002730.1
| BraA01g000660. fgenesh_maske: Bolg002810.1
| BraA01g000670. fgenesh_maske: Bolg002840.1
| BraA01g000630. maker-scaff_35¢ Bo1g002850.1
| BraA01g000630. augustus_mask: Bolg002860.1
| BraA01g000700. maker-scaff_95¢ Bo1g002870.1
| BrasA01g000730. maker-scaff_95¢ Bo1g002910.1
| BraA01g000750. maker-scaff_95¢ Bolg002930.1
| BraA01g000780. maker-scaff_95¢ Bo1g002950.1
| Bras01g000730. maker-scaff_95¢ Bo1g002960.1
| BraA01g000840. maker-scaff_95¢ Bolg002930.1
| BraA01g000850. maker-scaff_95¢ Bol1g003010.1
| Braf019000830. fgenesh_maske: Bolg003070.1
| BraA01g000300. maker-scaff_95¢ Bolg003080.1
| BraA019000920. fgenesh_maske: Bolg003030.1
| Braf019000370. fgenesh_maske: Bolg003120.1
| Bras01g000920.

maker-scaff_95¢ Bo1g003110.1

A01_000010232_000011317
A01_000012431_000013279
£01_000016133_000019645
£01_000021106_000022030
£01_000023343_000024434
£01_000029350_000032812
A01_000085395_000065361
A01_000079510_000073306
£01_000085205_000088522
£01_000093335_000034366
£01_000095215_000038101
£01_000098385_000100763
A01_000101153_000104774
£01_000116213_000113133
£01_000126436_000129380
A01_000131143_000133804
A01_000137555_000142089
£01_000143038_000144359
A01_000147530_000143034
A01_000152707_000153349
£01_000154145_000155630
£01_000160814_000161233
A01_000163765_000164530
£01_000165106_000165697
£01_000163423_000163315
A01_000172682_000177321
A01_000130669_000181013
A01_000135758_000187033
A01_000192597_000196181
A01_000213413_000228208
A01_000229565_000231076
A01_000231382_000234617
£01_000235870_000237565
A01_000258561_000262619
A01_000264339_000267184
A01_000281916_000284111
A01_000310974_000311725
A01_000312763_000314037
A01_000316103_000316981
A01_000326775_000328122
A01_000335385_000337421
A01_000350105_000350935
A01_000354450_000359513
A01_000362730_000363409
A01_000365090_000367603
A01_000382337_000384095
A01_000387120_000357653
£01_000392843_000334343
£01_000335385_000337540
£01_000411193_000416511
A01_000422670_000424598
£01_000439420_000441130
A01_000442092_000442774
A01_000443630_000443305
A01_000451636_000452160
A01_000456217_000453636

B05_000060477_000061064
B05_000061791_000062420

C01_000000663_000002286
C01_000002864_000003721

B05_000074270_000075880 C01_000006586_000011160

B05_000043783_000050174

C01_000030764_000031755

B05_000047058_000047634 C01_000033002_000034093

B05_000042508_000042718

C01_000039996_000043628

B05_000034336_000035435 C01_000036345_000036926

B05_000030822_000031113
B05_000023813_000024130
B05_000018738_000020354
B05_000017579_000017862
B05_000013677_000014472
B05_000010670_000011250

C01_000106126_000106422
C01_000117435_00017812
C01_000121707_000123344
C01_000123534_000126530
C01_000127462_000128395
C01_000130721_000134516

B05_000037037_000037446 C01_000146334_000143405

B05_000105526_000105341
B05_000113541_000120081
B05_000127373_000127584
B05_000129636_000130225
B05_000131875_000132139
B05_000141688_000141351
B05_000142738_000143835
B05_000150933_000151136
B05_000153823_000154211
B05_000155185_000155352
B05_000153110_000159433
B05_000166145_000166731
B05_000168141_000163434
B05_000174652_000174952
B05_000186779_000139344

C01_000158102_000161435
C01_000165923_000167350
C01_000168340_000173416
CO01_000174321_000175664
CO01_000176467_000176918
C01_000184461_000184336
CO01_000185781_000187348
C01_000195607_000136036
C01_000133435_000139260
C01_000200025_000201316
C01_000203791_000204186
C01_000209996_000214766
C01_000216702_000217046
C01_000221156_000222437
C01_000230311_000233304

B05_000205872_000207883 C01_000272028_000286893

B05_000240328_000241922

C01_000287620_000291243

B05_000246265_000246567 C01_000292032_000234730

B05_000243731_000249926

B05_000262287_000265247 CO01_000320930_000325157 AT2G21330.1

B05_000268631_000269754
B05_000280480_000280712

C01_000298495_000300243

C01_000328199_000330246
C01_000341476_000343830

B05_000293536_000293842 CO1_000355241_000355934
B05_000295657_000296030 C01_000357677_000360676
B05_000322443_000323309 C01_000362763_000363650

B05_000325326_000326150
B05_000336111_000336314
B05_000343137_000344024

C01_000382652_000383934
C01_000391349_000393380
C01_000416003_000416833

B05_000343437_000350248 CO01_000421201_000423672

B05_000352612_000352902

C01_000426678_000427380

B05_000356096_000356440 C01_000429833_000432376

B05_000369785_000370103
B05_000374168_000374703

C01_000448313_000450681
C01_0004533973_000454512

B05_000373348_000380353 CO01_000453735_000461761
B05_000383550_000383852 C01_000462838_000464697

B05_000393413_000400274

C01_000420181_000482742

B05_000404354_000405484 C01_000486287_000485247
B05_000426683_000427473 C01_000519215_000520978

B05_000428414_000428586
B05_000430132_000430407

C01_000521395_000522552
C01_000523423_000523698

B05_000437294_000438538 C01_000530842_000535047

B05_000434062_000434521

C01_000525848_000527735

Tp7g36950
AT2G21240.2  Tp7g36930
Tp7g36830
Tp7g36830
Tp7g36800
Tp7g36770
Tp7g36750
Tp7a36740

Tp7g36630
Tp7g36680

Tp7g36570
Tp7g36540
Tp7936530

Tp7g36470
Tp7g36460
Tp7g36440
Tp7g36370
Tp7g36360
Tp7g36340
Tp7g36760
Tp7g36270
Tp7g36230
Tp7g36130
Tp7g36130
Tp7g36170
Tp7g36150
Tp7g36130
Tp7g36120
Tp7g36110

Tp7q36090
Tp7g36030
Tp7q36010
Tp7g35350
Tp7g35350
Tp7q35310
Tp7g35890
Tp7g35850
Tp7g35830
Tp7g35820

Tp7g35800
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Homoeology relationships between A and C genomes

AO01 A02 A03

A04

A05 A06

A07

A08

A09

A10

C genome

A genome

C05 Cco6 Cco7 Cco8 Co9

Co4

Cco3

Cc02

co1

Based on 31,591
reciprocal top
BLAST hit pairs
between A and C
genome
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Homoeology relationships between A and C genomes

AO1 A02 A03 A04 AO5  AO6  AO7  AO08 A09 A10
N\
- o /
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.. . T

A genome

C05 Cco6 Cco7 Cco8 Co9

Co4

Cco3

Cc02

co1

Based on 21,359
reciprocal top
BLAST hit triplets
between A, B
and C genomes
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Natural and induced genome structural variation in oilseed rape

lan Bancroft

17t June, 2019

* Genome structural variation resulting from homoeologous exchange
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Conventional visualisation of genome dosage

GSL=»
A2 Other varieties ft
coverage

A2 Reference

Swede

Darmor-bzh

C2 Other aladision e Darmor-bzh
varieties a0 ) 0 e | i LM a1 Swede
10Mb 20Mb 30Mb 40Mb

e =&y Chalhoub, et al. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome.
Science 345:950-953, 2015
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Conventional visualisation of genome dosage

. g GSL-»>
A2 Other varieties Swede
coveragef - Darmor-bzh

20Mb \ ' ' %/

Darmor-bzh

C2 Other
varieties o 00 40t ) ) L 1 a1 Swede

20] 30Mb 40Mb

Genome dosage difficult to determine, especially when HEs in reference

e =&y Chalhoub, et al. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome.
Science 345:950-953, 2015
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Visualizing genome dosage variation using mRNAseq data

Quantify transcript abundance (RPKM) using
AC pan-transcriptome reference sequence

|

Filter data for reciprocal top BLAST hit gene pairs

|

Code intensity of shading based on RPKM values

|

Visualise using tile plots with gene pairs ordered by one genome
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Visualizing genome dosage variation using mRNAseq data

___Positions of 31,591 homoeologous gene pairs, arranged by

r——

AC

C1

Cc2

Cc3

Gene pairs
arranged by
coordinate in
one of the
genomes

c4

C5

C6

Cc7

C8

<€

9

the order in the C genome of the C genome homoeologoue

1

N
w

A genome

homoeologue Position in A genome

Cab020597.1
Cab020596.1
Cab020595.2

|cab020594.1

Cab020592.1
Cab020591.1
Cab020590.1
Cab020589.1
Cab020588.1
Cab020581.1
Cab020579.1
Cab020577.1
Cab020576.1

|Cab020575.1

Cab020574.1
Cab020573.1
Cab020571.1
Cab020570.1
Cab020569.1
Cab020568.1
Cab020567.1
BnaA01g05330D
BnaA01g05340D

|Cab020565.1

Cab020563.1
Cab020562.1
Cab020560.1

|Cab020558.1

Cab020557.1
Cab020556.1
Cab020555.1

|Cab020554.1

Cab020553.1
Cab020552.1
Cab020550.1
Cab020549.1
Cab020547.1

|Cab020546.2

Cab020545.1
Cab020544.1
Cab020543.1

|Cab020540.1

Cab020539.1

A01_000007596_000004363
A01_000009147_000008191
A01_000011403_000009778
A01_000012765_000011917
A01_000021944_000019956
A01_000024271_000022281
A01_000032446_000028836
A01_000033293_000032595
A01_000035983_000033952
A01_000063572_000063039
A01_000079019_000078723
A01_000088358_000088041
A01_000094861_000093230
A01_000097996_000095110
A01_000100108_000098057
A01_000105326_000101322
A01_000115025_000112704
A01_000119528_000116614
A01_000129775_000126831
A01_000135472_000131405
A01_000143020_000139039

A01_000146772_000145212.00:
A01_000146772_000145212.00.

A01_000146829_000145011
A01_000155768_000155126
A01_000158109_000156564
A01_000162233_000159755
A01_000164388_000163736
A01_000167670_000166905
A01_000168725_000168246
A01_000170941_000170440
A01_000171955_000171563
A01_000180461_000175822
A01_000184155_000183811
A01_000190655_000188381
A01_000199980_000195942
A01_000210518_000207773
A01_000233705_000220053
A01_000236573_000235062
A01_000240300_000237136
A01_000244118_000242423
A01_000247210_000246059
A01_000249298_000248129

Order

inA
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Order

inC Position in C genome

1 C01_000004096_000006192
25377 C07_048354208_048355539
2 C01_000007519_000009142
3 €01_000009720_000010577
5 C01_000037620_000038611
6 C01_000039858_000040949
7 C01_000046852_000050484
30597 C09_021661539_021662053
9 C01_000068965_000070059
10 C01_000103201_000103782
11 C01_000112982_000113278
12 €01_000124351_000124668
13 €01_000128563_000130200
14 C01_000130440_000133386
15 C01_000134318_ 000135251
16 C01_000137577_000141372
17 €01_000148961_000151258
18 €01_000153250_000156261
19 C01_000164958_ 000168351
20 €01_000172779_000174206
21 C01_000175196_000180272
23 C01_000183323_000183774
24 €01_000184847_000187483
22 €01_000181177_000182520
25 C01_000191317_000191852
26 C01_000192637_000194204
27 €01_000195435_000197330
29 €01_000202463_000202892
30 C01_000205351_000206116
31 €01_000206881_000208172
32 €01_000209076_000210429
33 €01_000210647_000211042
34 C01_000216852_000221622
35 C01_000223558_000223902
37 €01_000228012_000229293
38 €01_000237167_000240760
39 C01_000268432_000270656
40 C01_000278884_000293749
41 C01_000294476_000298099
42 C01_000298888 000301646
43 C01_000305351_000307099
44 C01_000312999_000314150
45 C01_000315809_000316990

Cgenome
homoeologue
B01g001030.1
B07g120870.1
B01g001040.1
B01g001050.1
B01g001080.1
B01g001090.1
B01g001100.1
B09g071600.1
Bo1g001140.1
B01g002150.1
B01g002190.1
B01g002200.1
B01g002210.1
B01g002220.1
B01g002230.1
B01g002250.1
B01g002280.1
B01g002300.1
B01g002310.1
B01g002330.1
B01g002340.1
B01g002360.1
B01g002370.1
B01g002350.1
B01g002400.1
B01g002410.1
B01g002420.1
B01g002450.1
B01g002460.1
B01g002470.1
B01g002480.1
B01g002490.1
B01g002500.1
B01g002510.1
B01g002520.1
B01g002530.1
B01g002540.1
B01g002550.1
B01g002560.1
B01g002570.1
B01g002590.1
B01g002620.1
B01g002630.1
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Visualizing genome dosage variation using mRNAseq data

— Quantify transcript abundance from B. rapa
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Visualizing genome dosage variation using mRNAseq data

— Quantify transcript abundance from B. rapa
r— Quantify transcript abundance from B. oleracea
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Visualizing genome dosage variation using mRNAseq data

Quantify transcript abundance (RPKM) using
AC pan-transcriptome reference sequence

|

Filter data for reciprocal top BLAST hit gene pairs

¢ CMYK

Use CMYK colour-coding based on RPKM values

|

Visualise using tile plots with gene pairs ordered by one genome

Plant Biotechnology Harper, et al. Genome distribution of differential homoeologue contributions to leaf gene
Journal expression in bread wheat. Plant Biotechnology Journal 14:1207-1214, 2016
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Visualizing genome dosage variation using mRNAseq data
— A (B. rapa) = cyan

CMYK
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Visualizing genome dosage variation using mRNAseq data
— A (B. rapa) = cyan

C (B. oleracea) = magenta

CMYK
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Visualizing genome dosage variation using mRNAseq data
A (B. rapa) = cyan

C (B. oleracea) = magenta

CMYK

— in silico A + C (B. napus) = blue
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Assessment of a panel of B. napus varieties by mRNAseq

27 varieties selected across all crop types; x 4 biological replicates

Expect to see blue signal throughout the genome
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: e\ 208 (ap®
Brassica oleracea CC ,\\seed 08 \@e -\seed ¢ o.\\seec\ a\e
in silico AACC ket © det ¢ NG 0g © 1nese aese de
— in silico Wi o0 e gt e yap? owe

0 0O 0
w N =
‘IIHII“!(U]II‘IIIHIW | ‘!lIIIHH[H nnmy !ll!!llii‘*l il grmm ‘!‘11!1 IIM \I\HHIFI il uu‘q W |'u;:III HIII‘HILHHNII i ‘lﬂlll]ll!i' W i ”ﬂl\TII“W —‘ \

0
H

(@] 0
~N (<))

0
(o]

9

GG GINGED GNED GED GINGED GNED GED aNED aaD
0
1%,

lan Bancroft 17t June, 2019 UNIVERSITYW



\
o
I |
I

"

e |
]
| 1) |
I} 18 Mg et sy AL 1) I Illi‘!TiIli"i ] I 111100 (g
1 |
‘ |
[ ‘ ]|
4 il |
|
T
J
|
1]
i
W |
Jl
i
i
]
1 g

¥

1l

1
i

1

N I

S —=_ = = =}= = - = = &= =

|
il
|

|
1B B LRIE R 4 i
\
§
|
J 1R

0T (TR
|

TR
1

=

lan Bancroft 17t June, 2019 UNIVERSITYW



Assessment of a panel of B. napus varieties by mRNAseq

Homoeologous exchanges duplicating the A genome appear cyan,
those duplicating the C genome appear magenta

Brassica rapa AA
Brassica oleracea CC
‘ ,—in silico AACC
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Confirmed by genome sequencing as structural variation

Homoeologous exchanges confirmed by genome skim sequencing
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Homoeologous exchanges in B. napus RIPR diversity pane
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CMYK

Homoeologous exchanges in B. napus RIPR diversity panel g ‘
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383 B. napus accessions
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CMYK

Homoeologous exchanges in B. napus RIPR diversity panel g ‘
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Homoeologous exchanges affect crop traits

Brassica rapa AA

Brassica oleracea CC

I_ in silico AACC

c —
% = Substitution of active orthologue of
= <€-BnaFAD2  FAD? by inactive orthologue reduces
seed oil PUFA content
c2 —

Substitution of active orthologue of
~ €BnaHAG1  HAGI by inactive orthologue reduces
seed glucosinolate content

I8 \} HHIH Il !H | H !WH!I‘

ningyou7 || 111
Tapidor
Cabriolet

Plant Biotechnology AEITE homoeologous genome exchanges in allopolyploid crops revealed by mRNAseq-
Journal based visualization. Plant Biotechnology J. 15:594-604, 2017
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Natural and induced genome structural variation in oilseed rape

lan Bancroft

17t June, 2019

* Genome structural variation resulting from ionising radiation
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Genomics-led predictive mutation breeding

Sow at
high
density

Collect seed
from M, plants

Grow

Make DNA from
a leaf of each
M, plant from
which seeds

will be collected

Collect selfed seed from one
M, plant per M, individual

\ Seed

stocks

Panel of C/G to
T/A mutations
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Genomics-led predictive mutation breeding

AR
() IAEA
O O lY Radbatbolf\/ lﬁy International Atomic Energy Agency
\
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Sl’lL‘(DC anol M, plant from

which seeds Collect selfed seed from one
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mutatlons
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Visualizing genome dosage variation using mRNAseq data
— A (B. rapa) = cyan

C (B. oleracea) = magenta
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Radiation-induced structural variation

More lesions induced at higher doses

Untreated Gamma irradiation M, lines (paired siblings)

in silico AAAC

in silico AAC
in silico AAACC

in silico AACC
in silico AACCC

in silico ACC
in silico ACCC

in silico C
B. oleracea CC

B. rapa AA
in silico A
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Radiation-induced structural variation

Large-scale radiation-induced duplications

Untreated Gamma irradiation M, lines (paired siblings)

in silico AAAC

in silico AAC
in silico AAACC

in silico AACC
in silico AACCC

in silico ACC
in silico ACCC

in silico C
B. oleracea CC

B. rapa AA
in silico A
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Radiation-induced structural variation

Siblings inherited corresponding deletions and duplications

Untreated Gamma irradiation M, lines (paired siblings)

in silico AAAC

in silico AAC
in silico AAACC

in silico AACC
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