Sharpening the tools: genomics-assisted radiation mutagenesis in winter oilseed rape

lan Bancroft
16t October, 2023

* Visualizing genome structural variation in oilseed rape
 Trimming the Rfo introgression

* A prototype WOSR genome re-sequenced radiation panel
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Visualizing genome dosage variation using genome re-sequencing data

Quantify read depth (RPKM) mapped to
AC genome reference sequence

|

Display height of histogram bars based on RPKM values

lan Bancroft 16 October, 2023 UNIVERSITY W



Visualizing genome dosage variation using genome re-sequencing data

Quantify read depth (RPKM) mapped to
AC genome reference sequence

|

Display height of histogram bars based on RPKM values
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Visualizing genome dosage variation using genome re-sequencing data

Quantify read depth (RPKM) mapped to
AC genome reference sequence

|

Display height of histogram bars based on RPKM values

Duplication (homoeologous exchange)

\{

* Preferable to have a more compact display to compare many genomes
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Visualizing genome dosage variation using genome re-sequencing data

Quantify read depth (RPKM) mapped to
AC genome reference sequence

|

Code intensity of shading based on RPKM values

|

Filter data for reciprocal top BLAST hit gene pairs

|

Visualise using tile plots with gene pairs ordered by one genome
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Visualizing genome dosage variation using genome re-sequencing data
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A01_000035983_000033952
A01_000063572_000063039
A01_000079019_000078723
A01_000088358_000088041
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A01_000097996_000095110
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A01_000168725_000168246
A01_000170941_000170440
AD1 000171955 000171563
A01_000180461_000175822
A01_000184155_000183811
A01_000190655_000188381
AD1 000199980 000195942
A01_ 000210518 000207773
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AD1_000236573_000235062
A01_000240300_000237136
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Order Cgenome
inC Position in C genome homoeologue

1 C01_000004096_000006192  Bo1g001030.1
25377 C07_048354208 048355530  Bo7g120870.1
2 C01_000007519_000009142  Bo1g001040.1
3 C01_000009720_000010577  B01g001050.1
5 C01_000037620_ 000038611  Bo1g001080.1
6 C01_000039858 000040949  Bolg001090.1
7 C01_000046852_000050484  Bo1g001100.1
30597 C09_021661539 021662053  Bo9g071600.1
9 C01_000068965 000070059  Bolg001140.1
10 C01_000103201_000103782  Bol1g002150.1
11 C01_000112982 000113278  Bol1g002190.1
12 C01_000124351_000124668  Bo1g002200.1
13 C01_000128563_000130200 Bo01g002210.1
14 C01_000130440_ 000133386  Bo1g002220.1
15 C01_000134318 000135251  Bo1g002230.1
16 C01_000137577_000141372  Bo1g002250.1
17 C01_000148961_000151258  Bolg002280.1
18 C01_000153250_000156261  Bo1g002300.1
19 C01_000164958 000168351  Bo1g002310.1
20 C01_000172779_000174206  Bo1g002330.1
21 C01_000175196_000180272  Bolg002340.1
23 (01_000183323_000183774  Bo1g002360.1
24 C01_000184847 000187483  B01g002370.1
22 C01_000181177_000182520  Bo1g002350.1
25 C01_000191317_000191852  Bo1g002400.1
26 C01_000192637_000194204  Bo1g002410.1
27 C01_000195435_000197330  Bo1g002420.1
29 C01_000202463 000202892  Bolg002450.1
30 C01_000205351_000206116  Bol1g002460.1
31 C01_000206881_000208172  Bo1g002470.1
32 C01_000209076_000210429  Bo1g002480.1
33 C01_000210647 000211042  Bo1g002490.1
34 C01_000216852 000221622  Bolg002500.1
35 C01_000223558_000223902  Bolg002510.1
37 C01_000228012_000229293  Bo1g002520.1
38 C01_000237167 000240760  Bo1g002530.1
39 C01_000268432 000270656  Bo1g002540.1
40 C01_000278884_000293749  Bo1g002550.1
41 C01_000294476_000298099  Bo1g002560.1
42 C01_000298888 000301646  B01g002570.1
43 C01_000305351_000307099  B01g002590.1
44 C01_000312999 000314150  Bo1g002620.1
45 C01_000315809_000316990  Bo1g002630.1
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Visualizing genome dosage variation using genome re-sequencing data

— Read depth if genome re-sequencing B. rapa (A genome only)
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Visualizing genome dosage variation using genome re-sequencing data

— Read depth if genome re-sequencing B. rapa (A genome only)
— Read depth if genome re-sequencing B. oleracea (C genome only)
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Visualizing genome dosage variation using genome re-sequencing data
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Visualizing genome dosage variation using genome re-sequencing data

in silico AACC
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Visualizing genome dosage variation using genome re-sequencing data

in silico AACC

B. oleracea CC
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Visualizing genome dosage variation using genome re-sequencing data

in silico AACC

B. oleracea CC
B. rapa AA
\ B. napus
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Sharpening the tools: genomics-assisted radiation mutagenesis in winter oilseed rape

lan Bancroft
16t October, 2023

 Trimming the Rfo introgression
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Visualizing genome dosage variation using genome re-sequencing data

in silico AACC
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Three genomes can be visualized using genome re-sequencing data

Radish RR in silico AACC
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Fertility restorer introgression from radish can be identified and delineated

Radish RR in silico AACC

B. oleracea CC in silico AARR
B. rapa AA
\ CMS female Rfo male
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Fertility restorer introgression from radish can be identified and delineated
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Visualizations can be ordered by any genome
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Radiation treatment can be used to disrupt introgressions
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Visualizing genome dosage to assess radiation-induced variation genome-wide

Radish RR in silico AACC

B. oleracea CC in silico AARR M, Rfo
B. rapa AA deletion
CMS female Rfo male lines
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Visualizing genome dosage to assess radiation-induced variation genome-wide

Radish RR in silico AACC

<+ Radiation-induced lesions

B. oleracea CC in silico AARR M, Rfo
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Visualizing genome dosage to assess radiation-induced variation genome-wide
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Genome-wide variation can be related to traits such as seed vield

Radish RR in silico AACC
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Genome-wide variation can be related to traits such as seed vield
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Sharpening the tools: genomics-assisted radiation mutagenesis in winter oilseed rape

lan Bancroft
16t October, 2023

* A prototype WOSR genome re-sequenced radiation panel
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EMS mutagenesis for “TILLING”
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Radiation mutagenesis
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Development of a genome re-sequenced radiation panel for reverse genetics

Re-sample for
duplications /
deletions

ATGACGTCCGTTAACG
TTAAGCTCCTTTACCG
TACGTCTTAACCAACC

Re-sequence

v

Visualize

>
Test
phenotype
Select for
sequence
variation

Select for
structural
variation
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Development of a genome re-sequenced radiation panel for reverse genetics

Re-sample for
duplications /
deletions

ATGACGTCCGTTAACG
TTAAGCTCCTTTACCG
TACGTCTTAACCAACC

Re-sequence

v

Visualize

Select for
sequence
variation

Select for
structural
variation

phenotype

1133 lines in protype panel
using Maplus (high erucic,
low glucosinolate) WOSR
background
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CMYK
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Visualizing gamma radiation-induced dosage variation
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Frequency of large-scale lesions induced by radiation

e Gamma and Fast Neutrons induce similar
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Identification of small-scale lesions induced by radiation

1. Manual inspection of Excel spreadsheets of RPKM data, aided by conditional formatting
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Identification of small-scale lesions induced by radiation

2. Computationally using VarScan, for both InDels and SNVs
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2. Computationally using VarScan, for both InDels and SNVs

Identification of small-scale lesions induced by radiation

Target gene Line Nucleotide Reference allele Variant Read Read Validated?
position allele depth depth
reference | variant

allele allele
Bna.CytP450.A5 G2000-83b A05:5736668 CT C 0 13 Yes
Bna.elF(iso)4E.A4 | G2000-119-1 | A04:7768451 GGAGAGGTAGAAGAT G 0 3 Yes
Bna.FAD2 A5 G2000-137b | A05:36892995 | CCACCACTTACTTCCCTCTCCT C 11 2 Yes
Bna.FAD2.C5 G1750-356a | C05:51453809 T A 5 4 Yes
Bna.FAD3.A4 G2000-145b | A04:16659808 CCTTT C 6 6 Yes
Bna.FAE1.A8 G2000-173b | A08:16404035 GA G 3 2 Yes
Bna.GTR1.A6a g1750-153-1 | A06:11068670 TA T 0 10 Yes
Bna.GTR2. A6 G1750-327a | A06:34290460 GC G 3 4 Yes
Bna.GTR2.A%a G2000-396-1 | A09:4453814 TGA T 7 8 Yes
Bna.GTR2.C9 g2000-408-2 | C09:5200267 A ACAC 10 3 Yes
Bna.VTE4.C2a g2000-403-1 | C02:15001410 TA T 0 7 Yes
Bna.VTE4.C2a G1750-489b | C02:15002099 CCGT C 0 7 Yes

High false discovery rate, especially for SNVs at low read depth

Mutation load much lower than with EMS

High proportion of mutants are deletions of a few bases that disrupt reading frames
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Testing predictive impacts of gene copy number variation: FAE1 and oil erucic acid content

FAE1 orthologues control erucic acid content in an additive manner

MM‘M—W ““Jj‘ .
G1750_2b MMWMW

A8 s

Heterozygous duplication

G2000-308-1 MMMW

A8

Control
A8

Heterozygous deletion

me 1
Control il b bkl

C3

G1500_6a MWWWMMM
c3 .

Heterozygous deletion

Identified radiation lines:
G2000-308-1 (FAE1.A8 deletion)
G1750_2b (FAE1.A8 duplication)
G1500 _6a (FAE1.C3 deletion)
G2000-119a (FAE1.C3 duplication)

Gene model

Bo3g168710.1
Bo3g168720.1
Bo3g168740.1
Bo3g168750.1
BnaC03g65930D
Bo3g168770.1
Bo3g168780.1
Bo3g168790.1
Bo3g168800.1
Bo3g168810.1
BnaC03g51250.1T
BnaC03g51270.1T
BnaC03g51310.1T
Bo3g168820.1
Bo3g168830.1
Bo3g168840.1
Bo3g168850.1
Bo3g168860.1
Bo3g168870.1

BnaFAE1.C3

G2000-108b
G2000-110-2
G2000-112a

1.17 1.29 1.22
0.90 1.20 1.21
0.78 1.02/0.63
1.04 1.25 0.90
0.830120 1.01
1.05 1.16 0.89
0.75 1.05/0.66
0.97 0.87 1.00
1.16 1.24 0.97
0.95 0.74 0.96
0.84 0.93 1.03
1.21 0.86 0.82
1.04 1.00 0.80
0.77 1.47 0.91
0.98 0.82 1.18
1.10 1.27 1.16
1.03 1.09 0.87
0.86 1.07 0.98
1.03 1.09 0.87

G2000-113b

G2000-114a

G2000-115-1
G2000-117-1
G2000-118-1
G2000-119a

G2000-120-1
G2000-122-2
G2000-123-1
G2000-125-1
G2000-126-1
G2000-128a

G2000-132-2
G2000-133-1

1.41 1.11 1.00 0.97 1.37 1.10 1.26 1.18 1.02 0.99 1.23 0.85 1.01 0.79
1.08 1.29 1.23 1.31 1.25 1.02 1.26 1.04 1.29 0.85 0.95 0.92 1.11 1.06
0.49 0.79 1.05 0.74 0.74 0.97 0.66 1.05 0.49 0.65 1.28 0.57 0.57 0.99
1.27 1.00 1.25 1.11 0.62 1.07/0.51 1.14 1.40 1.45 1.40 1.32 0.97 0.82
1.50 1.48 0.88 1.59 1.33 0.69 0.62 1.38 0.56 0.59 1.05 0.84 0.59 1.43
1.02 1.04 1.04 1.21 1.28 0.76 1.04 1.26 1.08 0.71 0.96 1.22 1.07 1.18
1.23 1.32 1.10 0.92 0.88 0.70 0.53 0.88 0.97 0.79 0.75 0.92 0.61 0.57
0.91 0.92 0.77 0.99 1.16 1.19 1.07 0.89 0.76 0.98 0.88 1.04 1.10 1.26
1.04 1.17 0.84 0.88 1.35 1.01 0.66 0.88 1.34 1.41 1.22 0.85 0.80 0.92
1.36 0.88 1.22 0.66 1.382:21 0.56 0.46 1.06 0.93 0.88 1.33 0.93 1.03
1.25 1.11 0.89 0.96 1.24 0.71 0.77 0.89 1.25 0.69 0.90 1.11 1.27 0.66
1.00 1.04 0.86 0.79 0.64 1.18 1.39 1.36 1.21 0.75 0.75 0.96 1.36 0.96
1.04 1.21 0.92 1.11 1.09 1.08 0.95 1.24 1.18 1.13 0.87 1.42 0.98 0.94
1.33 0.91 1.40 1.19 0.98 1.05 0.70 0.49 1.26 0.84 0.84 1.12 0.70 1.40
1.07 1.05 1.02 0.96 1.28 1.06 0.76 0.82 0.97 0.86 1.04 0.99 1.10 1.05
0.84 1.12 0.99 1.01 1.06 0.87 0.89 1.00 1.15 1.06 1.03 1.18 0.99 1.15
1.03 0.79 1.07 1.06 1.02 0.82 1.13 0.99 0.88 0.74 1.28 0.99 1.02 1.04
1.14 0.94 0.84 1.00 0.80 1.01 0.97 0.81 1.21 1.15 0.75 0.85 0.95 0.68
1.05 1.06 0.78 1.23 0.94 0.87 1.11 0.98 0.96 0.86 0.92 1.27 0.97 1.01
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Testing predictive impacts of gene copy number variation: FAE1 and oil erucic acid content

60

« Deletions cause large drop in
l P erucic acid content, as expected

40+

« Duplications cause significant
increase in erucic content

Erucic acid %

- -

204

FAE1.A8 FAE1.A8 FAE1.A8 FAE1.C3
deletion outsegregant duplication deletion

FAE1.C3 FAET C3 Adjusted P-values for significance:
outsegregant duplication *% <0005’ *%% <00005’ *kkk <000005

lan Bancroft 16t October, 2023

UNIVERSITYW



Testing predictive impacts of gene copy number variation: FAD2 and oil linoleic acid content

FADZ2 orthologues control PUFA (especially linolenic acid) content in an additive manner

Identified radiation line:
G2000-137b (FAD2.A5 21 base deletion)

Target gene Line Nucleotide Reference allele Variant Read Read Validated?
position allele depth depth
reference | variant
allele allele
Bna.CytP450.A5 G2000-83b A05:5736668 CT C 0 13 Yes
Bna.elF(iso)4E.A4_| G2000-119-1 | _A04:7768451 GCAGAGGTIAGAAGAT o 0 3 Yes
Bna.FAD2 A5 G2000-137b | A05:36892995 | CCACCACTTACTTCCCTCTCCT C 11 2 Yes I
Bna.FAD2.C5 GT750-356a | CUS5 453809 T yay 5 4 Yes
Bna.FAD3.A4 G2000-145b | A04:16659808 CCTTT C 6 6 Yes
Bna.FAE1.A8 G2000-173b | A08:16404035 GA G 3 2 Yes
Bna.GTR1.A6a g1750-153-1 | A06:11068670 TA T 0 10 Yes
Bna.GTR2 A6 G1750-327a | A06:34290460 GC G 3 4 Yes
Bna.GTR2.A%a G2000-396-1 | A09:4453814 TGA T 7 8 Yes
Bna.GTR2.C9 g2000-408-2 | C09:5200267 A ACAC 10 3 Yes
Bna.VTE4.C2a g2000-403-1 | C02:15001410 TA T 0 7 Yes
Bna.VTE4.C2a G1750-489b | C02:15002099 CCGT C 0 7 Yes
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Testing predictive impacts of gene copy number variation: FAD2 and oil linoleic acid content
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« FAD2.A5 Knockout causes large

drop in linoleic acid content, as
expected

Adjusted P-values for significance:
** <0.005; *** <0.0005; **** <0.00005
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Testing predictive impacts of gene copy number variation: FAD2 and oil linoleic acid content
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Conclusions

* Radiation treatment is an effective tool for breaking up introgressions

* Visualization of whole genome enables identification of additional lesions

e Structural changes correlated with poor agronomic traits can be identified
 Genome re-sequencing enables identification of abundant large-scale deletions

* Panel of ~1100 lines sufficient to achieve saturation for large-scale deletions

* Deleted segments often inherited by siblings, so increasing copy number feasible
* High false discovery rate for single nucleotide variants

* Indels disrupting open reading frames are the most common small variant type

* Panel of ~1100 lines insufficient to achieve saturation for single gene knockout

* Predicted phenotypes confirmed for knockouts of two fatty acid synthesis genes

* Increased FAE1 dosage results in novel increase in erucic acid content
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