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1. Abstract

There are not many options to substitute for fossil-oil based lubricants and hydraulic fluids in
industrial uses, such as engine oil or in a hydraulic ram on a digger arm. Rapeseed oil could
present a low cost, low carbon, biodegradable alternative, if only there was a lower content of
polyunsaturated fatty acids (PUFAs). These PUFAs breakdown under high temperatures and
pressures, rendering the oil less than suitable. Commercial cultivars of oilseed rape (Brassica

napus) with very low PUFA content have not yet been developed.

This project shows that a cultivar of oilseed rape with lower than usual PUFA content has non-
functional alleles at three of the four orthologous FATTY ACID DESATURASE 2; (FAD2) loci.
FADZ s the principal locus controlling the proportion of PUFAs in seeds of Arabidopsis thaliana.
Many important plant species have polyploidy in their recent ancestry, complicating inferences
about the genetic bases of trait variation. To explore the genetic basis further, we developed an
ethyl methanesulphonate (EMS) mutagenised population, JBnaCabE, and used it to identify lines
that also carried mutations in the remaining functional copy. This confirmed the hypothesised basis
of variation, resulting in an allelic series of mutant lines showing a spectrum of PUFA contents of
seed oil. Several lines had PUFA content of ~6% and oleic acid content of ~84%, achieving a
long-standing industry objective: very high oleic, very low PUFA rapeseed without the use of GM
technology. The population contains a high rate of mutations and represents an important

resource for research in Brassica napus.



2. Introduction

Vegetable oils are an important part of the human diet, providing essential fatty acids. One of the
most important oilseed crops, second in global production only to soybean, is oilseed rape
(Canola). Oilseed rape is one of the crop types of the species Brassica napus. Like Arabidopsis
thaliana, B. napus is a member of the Brassicacea, but unlike the simple genome of A. thaliana,
that of B. napus is polyploid, which is more typical of crop species. The genetic complexity arising
from polyploidy presents a barrier for the translation of knowledge from fundamental research in
species such as A. thaliana into crop improvement, necessitating study of the genetic bases of
traits in the crop species themselves. The lack of progress towards long-standing industry
objectives in oilseed rape by traditional breeding, such as reducing the content of polyunsaturated

fatty acids in rapeseed oil in order to improve its thermal stability, is a good example.

Fatty acid biosynthesis has been studied extensively in Arabidopsis thaliana. The major fatty acids
in seed oil are derived from the saturated fatty acid moiety stearic (which contains a backbone of
18 carbon atoms with no double bonds and is denoted C18:0). This can be elongated successively
to 20 and 24 carbon fatty acids, but in modern rapeseed cultivars that pathway has been blocked
by mutation of orthologues of components of the elongase complex encoded by the FAEL locus
(James et al. 1995), resulting in rapeseed oil comprising predominantly 18 carbon fatty acids. In
both A. thaliana and rapeseed, C18:0 is sequentially desaturated to the monounsaturated fatty acid
(MUFA) oleic (one double bond; denoted C18:1), then the polyunsaturated fatty acid (PUFA)
linoleic (two double bonds; denoted C18:2) and finally the PUFA linolenic (three double bonds;
denoted C18:3). The key control point in the biosynthesis of PUFAs in A. thaliana is the desaturase
encoded by the FAD2 locus, which catalyses the desaturation of C18:1 to C18:2 (Miquel and
Browse 1992). Okuley et al. (1994) reported two T-DNA insertion lines of A. thaliana where
disruption of the gene resulted in a considerable increase in C18:1 from 15.4% in the wild type to
37.7% and 53.5% in the fad2-5 and fad2-1 alleles respectively. This was accompanied by a
reduction in C18 PUFA from 53% to 19.4% and 8.5% respectively, showing that inactivation of the
enzyme encoded by the FAD2 locus (i.e. blocking of the desaturation pathway) results in a high
oleic, low PUFA oil profile. In double mutants, in which the biosynthesis of erucic acid (C22:1) is
also blocked, C18:1 accumulated to around 85% in A. thaliana (Smith et al. 2003).

The Brassica species are the closest crop relatives of the model plant A. thaliana. B. napus itself is
a recently-formed allotetraploid resulting from hybridisation between the “diploid” Brassica species,
B. rapa (A genome) and B. oleracea (C genome). Comparative mapping with A. thaliana suggest
that the diploid Brassica genomes are themselves derived from a hexaploid ancestor, and the set
of six related genome segments (three from B. rapa and three from B. oleracea) can be discerned
clearly in B. napus (Rana D. et al. 2004). However, extensive interspersed gene loss has occurred

during the diploidisation process following polyploidy (O'Neill C. M. and Bancroft I. 2000; Town et
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al. 2006; Yang et al. 2006; Cheung et al. 2009) so families of genes in B. napus are not necessarily
present in six copies. Indeed, recent characterisation of the family of FAD2 orthologues in B. napus
(denoted BnaFADZ2) by Yang et al. (2012a) has confirmed that four are present within B. napus, as
suggested previously by Scheffler et al. (1997). Family member BnaA.FAD2.b contains deletion
and insertion events in its coding region, leading to mis-sense mutation and truncation, so is
unlikely to be functional. Alleles of BnaA.FADZ2.a that contain a 4 bp insertion in its coding region,
which is expected to abolish function, resulted in an increase in C18:1 content (from 64.5 to 75% of
total fatty acids). The two copies in the C genome (BnaC.FAD2.a and BnaC.FADZ2.b) appear intact
and likely to be functional. An approximation of the knock-out of the complete FAD2 gene family
has been achieved by RNAI (Peng et al. 2010), which resulted in an oleic acid content of up to
85% and a reduction in PUFA to under 10%. However, the stability, efficacy and precision of RNAI
is unclear, particularly in polyploids. The approach is unattractive for crop improvement due to the
high cost of completing the regulatory processes, but the results provide encouragement that a
clearer understanding of the way in which the BnaFAD2 gene family controls the trait may enable
the predictive breeding of rapeseed producing very low PUFA oil.

It is generally considered that genetic diversity in B. napus is low, as the species arose from a
limited number of spontaneous hybridization events in a restricted geographic range (Mei et al.
2011), with the elite rapeseed genepool further eroded by intensive breeding with an emphasis on
specific oil and seed quality traits (Hasan et al. 2006). To help overcome a lack of natural genetic
variation, induced genetic variation (mutation breeding) techniques have been developed. These
include the use of ionising radiation, such as X-rays or gamma rays, and chemical mutagens.
Indeed, it has been estimated that over 2000 varieties resulting from mutation breeding have been
released in the last 75 years (FAO/IAEA 2010). Whilst irradiation techniques produce larger scale
genome deletions and rearrangements, chemical mutagenesis induces point mutations which may
enable the identification of an allelic series of mutations. EMS produces mutations in genetic
material by nucleotide substitution. The principle mechanism is via alkylation of guanine to form
O°®-ethylguanine, which cannot pair with cytosine but can pair with thymine. During subsequent
replication, the effect is to substitute thymine for cytosine. Hence the predominant result of EMS
mutagenesis is C/G to T/A transition changes, although occasionally G/C to C/G or G/C to T/A
transversions, or A/T to G/C transitions occur (Krieg 1963; Greene et al. 2003). EMS has been
used successfully for the development of mutagenised Brassica populations (Wang et al. 2008;
Stephenson et al. 2010; Harloff et al. 2012; Himelblau et al. 2009).

Current approaches to detecting sequence variation in mutation/germplasm screens rely on
methods such as Targeting Induced Local Lesions IN Genomes (TILLING) (McCallum et al. 2000;
Stemple 2004) or conventional Sanger sequencing of a target amplicon. In TILLING, PCR is used

to amplify an exon fragment from the target gene using pooled DNA from the individuals in a



mutagenised population. The products are then melted and re-annealed before digestion with Cell
exonuclease, which cleaves at mismatched bases in heteroduplex DNA (Oleykowski et al. 1998 ).
The PCR fragments are then analysed using fluoro-labelled electrophoresis and mutations
confirmed via PCR and sequencing from individual DNA samples. A general requirement for
mutation detection involving heteroduplex analysis is the ability to develop a locus-specific PCR
amplicon, which can be problematic in polyploid species, although occasionally gene families are
so similar in sequence that TILLING can be conducted even with mixed amplicons (Wang et al.
2008).

Our aim was to understand the genetic basis of the control of PUFA content in rapeseed oil by
functional characterisation of the family of FAD2 orthologues in B. napus. We based our study on a
conventional winter oilseed rape cultivar, Tapidor (oil profile: ~60% C18:1, 29% PUFASs), and a
cultivar showing reduced PUFA content, Cabriolet (oil profile: ~75% C18:1, 16% PUFAS). To test a
hypothesis, we developed a new EMS mutagenised population of B. napus (JBnaCabE) from the
latter and analysed the phenotypic effects in an allelic series of mutations in a specific orthologue
of FAD2.

3. Materials and methods

3.1. Determination of homologue number and sequence of FAD2 homologues

within B. napus var. Tapidor

Clones from the B. napus var. Tapidor JBnY and JBnB BAC libraries containing the BnaFAD2
genes were previously identified as described by Smooker et al., (2011). DNA from all positively
hybridising clones confirmed by Southern hybridisation was prepared by standard methods (Marra
et al. 1997). Alignments of the AtFAD2 sequence and BnaFAD2 sequences downloaded from
Genbank produced using VectorNTi AlignX (Invitrogen) (Lu and Moriyama 2004) were used to
design a degenerate forward PCR primer (ATTCCTTCCTNCTNCTNGTNCC) and a reverse primer
(CAGGAGAAGTAAGGGACGAGG) within a conserved region of the gene. PCR was performed
using 1ul DNA prep, 2ul 10 x PCR buffer (500mM KCI, 100mM Tris-HCI (pH 9.0), 1% Triton X-100
15mM MgCI2 (supplied with AmplitagTaq Gold)), 2ul forward primer (2mM), 2ul reverse primer
(2mM), 1.3ul dNTPs (2uM Invitrogen Cat. No. 10297-018), 0.2ul Amplitag Gold 5u/pl (Applied
Biosystems Cat. No. 4311820), 11.5ul ddH20 on the following touchdown cycle: 94°C for 5
minutes, 15 x (94°C for 30 seconds, 64°C for 30 seconds (-1°C per cycle), 72°C for 30 seconds),
30 x (94°C for 30 seconds, 53°C for 30 seconds, 72°C for 30 seconds), 72°C for 7 minutes, store
at 8°C. To determine the individual homologues of FAD2 present within the clones, sequencing
was performed on 1pl of PCR product cleaned up by isopropanol precipitation using the BigDye
Terminator V3.1 cycle sequencing kit (Applied Biosystems Cat. No. 100 reactions 4337455)
according to the manufacturer’s instructions (Applied Biosystems. 2002). Individual clone



sequences were again compared using AlignX and divided into homologue groups. To obtain the
sequence of the complete BnaFAD2 homologues, one clone per group was chosen and
sequenced by external commercial service providers (JIC Genome Laboratory, GATC-Biotech in
Konstanz Germany, Beijing Genomics Institute). To confirm no further homologues of BnFAD2
were present within B. napus, cloning of PCR product from a conserved forward primer
(CCTCGTCCCTTACTTCTCCTG) and the reverse primer previously used to screen the BAC
clones amplified on a standard 50°C PCR cycle, was performed on genomic Tapidor DNA using
the pGEM-T Easy vector system kit according to manufacturer’s instructions (Promega Cat. No.
A1360). Colony PCR and sequencing using the vector SP6 and T7 primers was then performed for

11 clones and sequences aligned against the previously identified homologues.

3.2. Mapping of BhaFAD2 homologues

Three of the BnaFAD2 homologues were mapped as previously described by Smooker et al.
(2011). The chromosome allocation of the remaining homologue was implied by homology to the

B. rapa genome sequence (Wang et al. 2011).

3.3. Determination of sequence of BnaFAD2 homologues within B. napus var.
Cabriolet

Combination of specific and conserved primers designed from the Tapidor reference sequence
were used to obtain gene sequence from Cabriolet following the touchdown PCR protocol
described above, with the first touchdown cycle starting at 63°C. Primers are detailed in
Supplemental Table 1. Primer combinations for amplifying ~1000bp of each homologue are given

in Supplemental Table 2.

Supplemental Table 1. Primers used for the amplification of BnaFAD?2.

Primer Length

No. Sequence (5'-3") (bp) GC% Tm
1 GTCTCCTCCCTCCAAAAAGT 20 50.0 549
2 GTGTCTCCTCCCTCCAAA 18 55.6 519
3 CTACAGAAACAAACATGGGC 20 450 53.1
4 CTCTCCTCCCTCCAGCTCCC 20 70.0 62.4
5 CTCTTCGACATCCTCCTCTC 20 55.0 533
6 CCTCGTCCCTTACTTCTCCTG 21 571 58.2
7 CCTCATAACTTATTGTTGTACCAG 24 37.5 539
8 CAAGACGACCAGAGACAGC 20 55.3 550
9 GAACTCGACAAATTTGCCTG 20 55.7 450




Supplemental Table 2. Primer combinations required for the homologue specific amplification of BnaFAD?2.

Homologue F primer R primer Amplicon size (bp) Notes
BnaC.FAD2 a 1 8 1212
BnaA.FAD2a 2 7 1133
BnaC.FAD2b 5 7 991 Will not amplify in Cabriolet
BnaA.FAD2b 6 9 966
BnaA.FAD2 a-specific in Cabriolet. Will also
BnaA.FAD2b 3 7 1173 amplify BnaC.FAD2 a in other genotypes.
BnaA FADZ2 a-specific in Cabriolet. Will also
BnaA.FAD2b - 7 1133 amplify BnaC.FADZ2 a in other genotypes.

3.4. Expression analysis of BnaFAD2 homologues

Ten seeds of Tapidor and Cabriolet were sown, pricked out into individual 6¢cm pots at the two-leaf
stage and, at the four-leaf stage, vernalised at 4°C for six weeks. Following vernalisation plants
were transferred to a glasshouse 12-18 °C, with 16h day length and re-potted into 1 litre pots. RNA
was extracted from developing seed 45 DPA (a stage at which Bna.FAD2 gene expression is
expected to be high) using the RNeasy plant mini kit (Quiagen). Buffer RLC (containing guanidine
hydrochloride) was substituted for buffer RLT due to the secondary metabolites present within the
seed. cDNA was synthesized using the Superscript Ill First Strand Synthesis System for RT-PCR
(Invitrogen Cat. No. 18080-051). PCR and cloning of RT-PCR product was performed as for the

genomic samples, detailed previously.

3.5. Transcriptome sequencing of Tapidor and Cabriolet seed

As amplification could not be achieved for homologue BnaC.FAD2.a within Cabriolet,
transcriptome sequencing, which does not rely on homologue amplification, was performed on the
RNA from developing seed 45 days after pollination (DAP) using the 80bp lllumina RNA-seq GA,,
platform by TGAC. Reads were aligned against the Tapidor reference sequences and data viewing

using Tablet Next Generation Sequence Assembly Visualisation software (Milne 2010).

3.6. Mutagenesis of B. napus var. Cabriolet

EMS mutagenesis was carried out on ~33000 seeds of B. nhapus var. Cabriolet. Five treatments of
150ml of 0.2%, 0.4%, 0.6%.0.8% and 1% EMS (Sigma Aldridge Cat. No. M0880) in 0.02% Tween
20 solution (Sigma Aldridge Cat No. TS700-500ML) were performed on 30g (~6400) seed each.
Treatments of 10ml 0.02% Tween 20 and 10ml 2% EMS were performed on 2.5g (~ 500) seed as
negative and positive controls respectively. Seed treatments tubes were placed into a rotating box
and set to turn slowly overnight (18hrs). EMS decontamination of the seed was achieved by
performing 10 washes of 150ml 0.02% Tween 20 for 20 minutes/wash, turning slowly. After the

final wash seeds were transferred to KWS UK for sowing at a density of 500 seeds/348mm x
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220mm tray. Trays were kept at 4°C for 2 days to stratify before transferring to glasshouse at 18°C
with 16hrs light. Emergence was scored seven days after sowing.10,080 lines were grown on for
seed from treatments predicted to contain a good mutation load but still maintain viability, 4,578
0.4% EMS lines, 4,410 0.6% EMS lines and 1,092 0.8% EMS lines.

3.7. M, population growth

Two 17cm spaced double rows of seed for each M, line were drilled for 7,684 lines (2,738 0.4%
EMS, 3,873 0.6% EMS and 1,073 0.8% EMS) distributed between two sites within the UK
(Newmarket and Cambridge) and a site in France (Boissay). One plant per double row was
labelled, bagged for seed production and leaf material was collected. DNA isolation was carried out
using the DNeasy Plant 96 Qiagen Kit for 96 samples following the manufacturer’s instructions
(Qiagen, UK). M3 seed was collected, threshed and deposited within the John Innes Centre seed-

store (1.5°C, 7-10% relative humidity) to ensure their long-term viability.

3.8. Screening of the M, population for BnaC.FAD2a mutations

A 1212bp BnaC.FAD2.b specific amplicon was amplified from 3000 of the 0.8% and 0.6% treated
EMS line using the primers, GTCTCCTCCCTCCAAAAAGT and CAAGACGACCAGAGACAGC
with the standard PCR recipe detailed for homologue sequencing on the following cycle; 94°C for
5min, 35 x (94°C for 30s (ramp 0.5°C /s), 57°C for 30s (ramp 0.5°C /s), 72°C for 1min (ramp 0.5°C
/s)), 72°C for 10min, store at 8°C. Unincorporated primer and dNTPs were removed from 10pl of
the product by SAPEXO treatment, 1ul shrimp alkaline phosphotase (SAP) (Roche - Cat. No.
04898133001) and 0.5pl exonuclease 1 (EXO) (GE Healthcare — Cat. No. E700732), samples
incubated at 37°C for 30min, denatured at 80°C for 10min before sequencing was performed on
1ul of product using the BigDye Terminator V3.1 cycle sequencing kit (Applied Biosystems
Catalogue number 100 reactions 4337455) according to the instructions of the manufacturer.
Mutations were scored by electropherogram alignment to wild type Cabriolet using the
MutationSurveyor v2.61 software (SoftGenetics, State College, PA, USA)(Dong and Yu 2011).

3.9. Growth and phenotyping of M3 lines

12 M; seed were sown for each line at KWS and DNA prepared from a young leaf for each line as
for the M,. Sequencing of BnaC.FAD2.a PCR product, as detailed above, was performed to select
homozygous and wild type out-segregant lines for phenotyping. Multiple homozygotes of each line
and outsegregant examples, where available, were grown in long day glasshouse conditions (16
hour photoperiod and18°C/14°C day/night) in a randomised split block design. A maximum of
twelve replicate plants of three lines, Tapidor, Cabriolet and V141, were used as standard controls.
Phenotyping for fatty acid profile was performed by Gas Chromatography (conducted at KWS)

using standard industry protocols.



4. Results

4.1. Characterisation of the BnaFAD2 family in Tapidor and Cabriolet

Bacterial Artificial Chromosome (BAC) clones derived from genomic DNA of B. napus var. Tapidor
that had been identified previously by Smooker et al. (2011) as containing sequences that
hybridized to FAD2-specific probes were sequenced. The results confirmed the presence of four
orthologues in B. napus, as suggested by Yang et al. (2012b). Three copies had been positioned
previously by linkage mapping (BnaA.FAD2.a on linkage group A5, BnaC.FAD2.b on C1 and
BnaC.FADZ2.a on C5; (Smooker et al. 2011)). We positioned the fourth (BnaA.FAD2.b) on linkage
group Al based on sequence similarity with the B. rapa genome sequence (Wang et al. 2011).
These positions corresponded to those previously indicated, based on RFLP mapping, by Scheffler
et al. (1997). Alignment of the coding regions of the genes showed a high level of sequence
conservation between the pairs of homoeologous genes, i.e. those on Al and C1 (95%), and those
on A5 and C5 (96%) (see Supplemental Figure 1). The Tapidor allele of BnaA.FADZ2.b, as with the
allele in the Chinese germplasm characterised by Yang et al. (2012b), contained deletion and
insertion events predicted to result in frame shifts and a truncated protein. The other three copies
are predicted to encode full length proteins of 383 amino acids (see Supplemental Figure 2). All
copies were found to be expressed in the seed, using both RT-PCR and mRNAseq (data not
shown).

Oil from the rapeseed variety Cabriolet contains ~75% oleic and 16% PUFAs, compared with
~60% oleic and 29% PUFAs in variety Tapidor, suggesting that fewer FAD2 orthologues may be
functional in Cabriolet than in Tapidor. We used locus-specific PCR amplification and sequencing
to characterise the family of FAD2 orthologues in Cabriolet, with primer design based on the
sequences of the Tapidor alleles. Sequence analysis revealed the same frame shifts to be present
in the Cabriolet allele of BnaA.FAD2.b. A 1bp deletion was identified in the Cabriolet allele of
BnaA.FAD2.a, predicted to result in a frame shift and a truncated protein. We were unable to
amplify BnaC.FAD2.b from Cabriolet and could detect no expression by mRNAseq analysis of
RNA from seeds 45 days after pollination, suggesting deletion of this gene. Thus only

BnaC.FADZ2.a appears to encode a functional protein in Cabriolet.
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Supplemental Figure 1. BnaFAD2 sequence alignment

Section 1

Tap_BnaC.FAD2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(11 10 20 30 ;
u)ATGGG GCAGGTGGAAGAATGCAAGTEGTCTCCTCCCTCC
u)ATGGG GCAGGTGGAAGAATGCRAGTIBGTCICCTCCCTCC
u)ATGGG GCAGGTGGAAGAATGCAAGTIGTCICCTCCCTCC
U)ATGGG GCAGGTGGAAGRAATGCRAGTGTCICCTCCCTICC
u)ATGGGCGCAGGTGGRAGAATGCAAGTCTCTCCTCCCTCCAGCTCCCCCG
u)ATGGGCGCAGGTGGAAGAATGCAAGTCTCTCCTCCCTCCAGCTCCCCCGGAACCA
u)ATGGGCGCAGGTGGAAGAATGCAAGTCTCTCCTCCCTCCAGCTCCCCCGGAACCA
Section 2

Tap_BnaC.FAD2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FADZ.a
Tap_BnaC.FAD2.b

(56) 56 70 80 20 100 110
(56) CATCARGCGCGTACCCTGCGAGACACCBCCETTCACTEGTCGGAGAACTCARA
(56) rcaafccceT@cccTGCGAGACACCHCClTTCACTETCGGAGARCTCAA
(56) AllaAcETcArBcGeceTHCcccTGcGAGACACCHCC@TTCACTETCGGAGABCTCAR
(56) AljraclrcargceceTHCCCTECGAGACACCHCCETTCACTETCGGAGARCTCAR
(56) ARACCTCAAACGCGTCCCCTGCGAGACACCACCETTCACTCTCGGAGACCTCAA

Tap_BnaA.FAD2.b (56) CCTCARACGCGTCCCCIGCGAGACACCACCATICACICTICGGAGACCTICAA
Cab_BnaA.FAD2.b (56) CCTCAAACGCGTCCCCIGCGAGACACCACCATTICACTICTICGGAGACCTICAA
Section 3

(111) 111 120 130 140 150 185

Tap_BnaC.FAD2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(111) GARAGCAATCCCACCEHCACTGETTCAAACGCTCEATCCCMCGCTCEMTTCTCCT
(111) GAAAGCAATCCCACCECACTGETTCAAACGCTCEBATCCCCGCTCBTTCTCCT
(111) GAAAGCAATCCCACCECACTGETTCAAACGCTCEBATCCCMCGCTCBTTCTCCT|
(111) GAAAGCAATCCCACCECACTGETTCAAACGCTCBATCCCMCGCTClTTCTCCT,
(111) GARAGCAATCCCACCTCACTGCTTCAAACGCTCCATCCCHMCGCTCCTTCTCCTHEC
(111) GAAAGCAATCCCACCTCACTGCTTCAAACGCTCCATCCCACGCTCCTTCTCCT-C
(111) GAAAGCAATCCCACCTCACTGCTTCAAACGCTCCATCCCACGCTCCTTCTCCT-C

s sNo N

Tap_BnaC.FAD2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

Section 4
(166) 166

(166) CATC--CICGTICTECTCCTCCCTCTACCACCTCTCCACAGECTA
(165) TTCGACATCATCATCTCCTCCTCEBGCTCCTCCCTCTACCACCTCTCCACAGEBCTA
(165) TTCGACATCATCATCTCCTCCTCEGCTCCTCCCTCTACCACCTCTCCACAGECTA

Section 5

(221) 2 275

Tap_BnaC.FAD2.a (219) CTTCCCTCI‘CC TAC TCGCCTG CTCTACTGGGCC
Cab_BnaC.FAD2.a (219) CTTCCCTCTCC c TACETCGCCTG CTCTACTGGGCC
Tap_BnaA.FAD2.a (219) CTTCCCTCTCC TACETCGCCTG CTCTACTGGGCC
Cab_BnaA.FAD2.a (218) CTTCCCTCTCC TACHTCGCCTG CTCTACTGGGCC
Tap_BnaC.FAD2.b (219) CTTCCCTCTCC CCTTACCTCGCCTG CCCCICTACTGGGCC
Tap_BnaA.FAD2.b (220) CTTCCCTCTICC————————————— —-CTTACCTCGCCTGACCCCICTACTGGGCC

Cab_BnaA.FAD2.b

CTTACCTCGCCTGACCCCICTACTGGGCC

(220) CTTCCCTCTCC-—

Section 6

Tap_BnaC.FADZ.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FADZ2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(276) 278 290 00 310 20 330
(274) TGCCABGGGTGCGTCCTAACBGGCBTICTGGGTCATRAGCCCACG IGCGGCCACC
(274) TGCCABGGGTGCGTCCTAACBGGCBTICTGGGTCATRAGCCCACG IGCGGCCACC
(274) TGCCAGGGETGCGTCCTAACEGGCEBTCTGGGTCATAGCCCACG TGCGGCCACC
(273) TGCCAGGGETIGCGTCCTAACEBGGCBTCTGGGTCATRGCCCACG IGCGGCCACC
(274) TGCCABGGETGCGTICCTAACGGGCCTCTGGGTCATCGCCCACGAATGCGGCCACT
(260) TGCCABGGETGCGTCCTAACGGGCCTCTGGGTCATAGCCCACG TGCGGCCACC
(260) TGCCARGG IGCGICCIAACGGGCCTCIGGGICAIIGCCCRCG:IIGCGGCCACC
Section 7

Tap_BnaC.FAD2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b

(331) 331 340 350 360 370 285
(329) ACGCCTTCAGCGACMACCAGTIGGCTTGACGACEBICCGTEGGTCTCRTICTTICCACTC
(329} ACGCCTTCAGCGACHACCAGTIGGCTTIGACGACHEBICCGTEGGTCTCRTICTICCACTC
(329) ACGCCTTCAGCGACHMACCAGIGGCTEGACGACBCCGTEBGGEBCTCRTICTTICCACTC
(328) ACGCCTTCAGCGACHACCAGTIGGCTEGACGACHICCGTBGGEBCTCRTICTTICCACTC
(329} ACGCCTTCAGCGACCACCAGTGGCTBGACGACGCCGTGGGECTCGTCTTCCACTC
(315) ACGCCTTCAGCGACCACCAGTIGGCT] GACGACGCCGTIGG CTCGICTTCCACTC

Cahb_BnaA.FAD2.b (315) ACGCCTTCAGCGACCACCAGTIGGCTEGACGACGCCGT] CTCGTCTTCCACTC
Section 8
(386) 386 400 410 420 430 440

Tap_BnaC.FADZ.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(384) CTTCCTICCTCGTCCCHTACTTCTCCTGGAAGTACAGECATEGACGCCACCATTICC
(384) CTTCCTCCTCGTCCCMTACTTCTCCTGGAAGTACABMCATE@GACGCCACCATTCC
(384) CTTCCTCCTCGTCCCMTACTTCTCCTGGAAGTACABMCATE@GACGCCACCATTCC
(383) CTTCCTCCTCGTCCCEMTACTTCTCCTGGAAGTACABMCATE@GACGCCACCATTCC
(384) CTTCCTCCTCGTCCCHTACTTCTCCTGGAAGTACABCCATRGACGCCACCATTCC
(370) CTTCCTCCTCGTCCCGTACTTCTCCTGGAAGTACATCCAT-GACGCCACCATTCC
(370) CTTCCTCCTCGTCCCGTACTTCTCCTGGAAGTACATCCAT-GACGCCACCATTCC
Section 9

Tap_BnaC.FADZ2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FADZ.a
Cab_BnaA.FADZ.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(441) 441 450 460 470 480

(439) AACACBGGETCCCICG. GAAGTGTTEMGTCCCCAAGAAGAR
(439) AACACEGGETICCCTICG, GAAGTGTTEMGICCCCAAGAAGAA
(439) AACACEGGETICCCTICG, GAAGTGTTEMGICCCCAAGAAGAA
(438) ARCACHGGETCCCICG. GAAGTGTTEGICCCCAAGAAGARL
(439) AACACCGGATCCCTICGABAGGGATGAAGTGTTICGICCCCAAGAAGAAATCCGACA
(424) AACACCGGATCCC ICGATAGGG:IGAAGTGT TCGICCCCAAGAAGARATCCGACA
(424) AACACCGGATCCCTICGATAGGG GAAGTGTTICGICCCCAAGAAGARAATCCGACA
Section 10

Tap_BnaC.FAD2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(496) 496 510 540 550
(494) TCAAGTGGTACGG AAGTACCTCAACAACCCI IGGACGCAC GTGATG@TAAC

(494) TCAAGTGGTACGGEAAGTACCTCAACAACCC GGACGCACEBGTGATGETAAC
(494) TCAAGTGGTACGGEAAGTACCTCAACAACCC GGACGCACEBGTGATGETAAC
(493) TCAAGTGGTACGGEAARGTACCTCAACAACCC GGACGCACEBGTGATGETAAC
(494) TCAAGTGGTACGGAARARGTACCTCAACAACCCGCTAGGACGCACGGTGATGCTAAC
(479) TCAAGTGGTACGGEAARGTACCTCAACAACCCGCTAGGACGCACGGTGATGCTAAC
(479) TCAAGTGGTACGGEAAGTACCTCAACAACCCGCTAGGACGCACGGTGATGCTAAC
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Section 11

Tap_BnaC.FADZ2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FADZ2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b

(551) 551 560 570 580 590
(549) GTECAGTTCA] CTCGGCTIGGCCEBTITGTACTTAGCCTTCAACGTCTC
(549) GTECAGTTCA] CTCGGCTIGGCCBTTGTACTTAGCCTTCAACGTCTC
(549) GTECAGTTCA] CTCGGCTIGGCCTTITGTACTTAGCCTTCAACGTCTC
(548) GTECAGTTCA] CTCGGCTGGCCTTTGTACTTAGCCTTCAACGTCTC
(549) CGTCCAGTTCABIGCTCGGCTGGCC TTGTACTTAGCCTTCAACGTCTCTGG AGA

Tap_BnaA.FAD2.b (534) CGTCCAGTTCAAGCTCGGCTGGCC TTGTZ\CTTAGCCTTCAACGTCTC AGA
Cab_BnaA.FAD2.b (534) CGTCCAGTTCAAGCTICGGECTGECC TTGTACTTAGCCTTCAACGTCTC AGA
Sectlon 12

(E) 806 B B30 £40 550 660

Tap_BnaC.FADZ2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(604) CCTTAC CGGETTCGCTTGCCATTTCCACCCEBAACGCTCCCATCTACAACG
(604) CCTTAC CGGETTCGCTTGCCATTTCCACCCEBAACGCTCCCATCTACAACG
(603) CCTTAC CGGETTCGCTTGCCATTTCCACCCEBAACGCTCCCATCTACAACG
(604) CCTTACAGCGACGGTTTCGCTTGCCATTTCCACCCGAACGCTCCCATCTACAACG
(589) CCTTACAGCGACGGTTTCGCTTGCCATTTCCACCCGAACGCTCCCATCTACARCG
(589) CCTTACAGCGACGGTTTCGCTTGCCATTTCCACCCGAACGCTCCCATCTACARCG

(604) CCTIACI ICGGITTCGCTTGCCATITCCACCC AACGCTCCCATCTACAACG
&g

Tap_BnaC.FAD2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FADZ2.a
Cab_BnaA.FADZ2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

Section 13
(661) 661 B70 680 _ 90 700 715
(659) ACCGEBGAGCGTCTCCAGATATACATCTCEBGACGCTGGCRTCCTCE/CCGT)
(659) ACCGIGAGCGTCTCCAGATRTRCATCTC GACGCTGGCHRTCCTICECCGT)
(659) ACCGTGAGCGTCTCCAGATATACATCTCEBGACGCTGGCHTICCTCRCCGT,
(658) ACCGTGAGCGTCTCCAGATATACATCTCBGACGCTGGCHTICCTCHCCGT)
(659) ACCGEMIGAGCGTCTCCAGATATACATCTCTGACGCTGGCGTCCTCTCCGTATGT
(644) ACCGEBGAGCGTCTCCAGATATACATCTCTGACGCTGGCGTCCTCTCCGTATGT
(644) ACCGEGAGCGTCTCCAGATATACATCTCTGACGCTGGCGTCCTCTCCGTATGTNN

Tap_BnaC.FADZ2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FADZ2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b

Section 14
(716) 716 730 760 770
(714) TGGTCTGE@HETCTAC
(714) TGGTCTGE@HETCTAC

(714) TGETCTGEITCTAC
(713) TGCTCTGEMTCTAC
(714) TGETCTGTGTCTAC
(699) CGACTAGCCTCTGTGGTCTGTGTCTAC

Cab_BnaA.FAD2.b (699) NNNNNNNNNNNNNNNNNNNNNNNNECGAGGAGTAGCCTICIGIGEICTGTGICTAC
Section 15
(771) 771 800 810 825

Tap_BnaC.FAD2.a
Cab_BnaC.FADZ.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b

(769) GGAGTCCC CTI ATTGTCAAT GII‘TCI IGTGTTGATCACTTACTTGCAGC
(769) GGRGTCCC CTT T ATTGTCAATEGETTC GTGITGATCACTTACTTGCAGC
(769) GGAGT@MCCTCTT ATTGTCA GGTTCTTAGTTTTGATCACTTACTTGCAGC
(768) GGAGT@MCCTCTT ATTGTCA GGTTCTTAGTTT TGATCACTTACTTGCAGC
(769) GGAGT, CC CTTAT ATTGTCA TGITTCITIGTCTTGATCACTTJ\CTTGCAGC

Tap BnaA.FAD2.b (754) GGAGTECC CTI.TAATTGTCA TTC GTCTITGATCACTTACTTGCAGC
Section 16
(826) 826 840 850 860 870 880

Tap_BnaC.FADZ2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FADZ2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

CTGCCTCACTACGARTCETCEBGAGTGGGATTGGTTGAGEGGE
CTGCCTCACTACGARTCETCEBGAGTGGGATTGGTTGAGEGGE
(824) ACACGCA TCTGAGTGGGATTGGTTGAGEGG
(823) ACACGCA TCTGAGTGGGATTGGTTGAGEGG
(824) ACACGCAC] ICGCTGCCTCACT GABRTCTTCGGAGTGGGATTGGTTGAGAGG
(809) ACACGCAC] ICGCTGCCTCACT GA TCTTCIGAGTGGGRTTGGTTGAGAGG
(809) ACACGCANNCTNCNCTGCCTCACT GARTCTTCEMGAGTGGGATTGGTTGAGAGG

(824) ACACGCA
(824) ACACGCA

Section 17

(ss1)B881 890 910 920 935
Tap_BnaC.FAD2.a (879) AGCTTTGGC AGAGACTABGGAATCTTGAACAAGGTET T@CABARA
Cab_BnaC.FAD2.a (879) AGCTTTGGC AC GT G AGAGACTABGGAATCTTGAACAAGGTET T@CABARA
Tap_BnaA.FAD2.a (879) AGCTTTGGCCAC GT G AGAGACTABGGAATCTTGAACAAGGTET T@CABARA
Cab_BnaA.FAD2.a (878) AGCTTTGGCCAC AGAGACTARGGAATCTTGAACAAGGTETTE@CABARA

Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b

(879) AGCTTTGGC ACTGTGGATAGAGACTATGGAATCTTGAACAAGGTGTTTCATAAC
(864) AGCTTTGGC ACTGIGGATAGAGACTATGGAATCTTGAACAAGGTGTTICATAAC

Cab_BnaA.FAD2.b (864) AGCTTTGGCIACTGTGGATAGAGACTATGGRAATCTTGAACAAGGTGTTECATAAC
Section 18
(936) 936 950 960 970 980 990

Tap_BnaC.FADZ2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a

(934) ATTACCGACACGCACGTGGCGCATCAICTGITCICCAC ATGCCGCATTAT AI—
(934) ATTACCGACACGCACGTGGCGCATCACTGTTCTCCACEBATGCCGCATTAT)

(934) ATEACEBGACACGCACGTGGCGCATCACCTGTTCTCEGACCATGCCGCATTATEAT -
(933) ATEACEBGACACGCACGTGGCGCATCACCTGTTCTCEGACCATGCCGCATTATEAT -

Tap_BnaC.FADZ.b (934) ATBACEBGACACGCACGTGGCGCATCAMCTGTTCTIC ATGCCGCATTATARC-
Tap_BnaA.FADZ.b (919) ATBACEBGACACGCACGTGGCGCATCAMCTGTTCTIC ATGCCGCATTATARC-
Cab_BnaA.FAD2.b (919) ATEBACBGACACGCACGTGGCGCATCACTGTTC ICCACIATGCCGCATTATAA —
Section 19

(991) 991 1000 1010 1020 1030 1045

Tap_BnaC.FADZ2.a
Cab_BnaC.FAD2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FADZ2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(988) GCGATGGAAGCEACBAAGGCGATARAGCCGATACTB-GGAGAGTATTAMCAGTT
(988) GCGATGGAAGCHACEBARGGCGATARAGCCGATACTE-GGAGAGTATTAMCAGTT,
(988) GCGATGGAAGCHACGAAGGCGATARAGCCGATACTE-GGAGAGTATTAMCAGTT,
(987) GCGATGGAAGCEACGAAGGCGATARAGCCGATACTE-GGAGAGTATTABMCAGTT
(988) GCGATGGAAGCGACBAAGGCGATAAAGCCGATACTT-GGAGAGTATTACCAGTTT
(973) GCGATGGAAGCGACBAAGGCGATAAAGCCGATACTTITGGAGAGTATTACCAGTTT
(973) GCGATGGAAGCGACHAAGGCGATAARAGCCGATACTTTGGAGAGTATTACCAGTTT
Section 20

Tap_BnaC.FADZ2.a
Cab_BnaC.FADZ2.a
Tap_BnaA.FAD2.a
Cab_BnaA.FAD2.a
Tap_BnaC.FAD2.b
Tap_BnaA.FAD2.b
Cab_BnaA.FAD2.b

(1046) 1046 1060 1070 1080 1090 1100
(1042) GATGGEBACGCCGGEMGGTTAAGGCGATGIGGAGGGAGGCGAAGGAGTGTATCTATG
(1042) GATGGBACGCCGGEGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
(1042) GATGGBACGCCGGEGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
(1041) GATGGBACGCCGGEGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
(1042) GATGGAACGCCGGElGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
(1028) GATGGAACGCCGGCGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
(1028) GATGGAACGCCGGCGGTTAAGGCGATGTGGAGGGAGGCGAAGGAGTGTATCTATG
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seLuu £1

(1101 1101 1110 1120 1130 1140 1155
Tap_BnaC.FADZ.a(lDQ?) TEGAACCGG AGGCAAGGTGAGAAGAAAGGTGTGITCTGGTACAACAATAAGTT
Cab_BnaC.FADZ.a(wg?) TEGAACCGG AGGCAAGGTGAGAAGAAAGGTGTGITCTGGTACAACAATAAGTT
Tap_BnaA.FADZ.a(mg?) TEGAACCGG AGGCAAGGTGAGAAGAAAGGTGTGITCTGGTACAACAATAAGTT
CabenaA.FAD2.a(1096) TEGAACCGG AGGCAAGGTGAGAAGAAAGGTGTGTTCTGGTACAACAATAAGTT
TaprnaC.FADZ.IJ(wg?) TTGAACCGGATAGGCAAGGTGAGAAGAARAGGTGTGTITCTGGTACAACAATAAGTT
Tap_BnaA.FAD2.b (1083) TTGAACCGGATAGGCAAGGTGAGAAGAAAGGTGTGTTCTGGTACAACAATAAGTT
Cab_BnaA.FADZ.h(losa) TTGAACCGGATAGGCAAGGTGAGAAGAAAGGTGTGITCTGGTACAACAATAAGTT
Section 22

(1156) 116869
Tap_BnaC.FAD2.a (1152) ATGA
Cab_BnaC.FAD2.a (1152) ATGA
Tap_BnaA.FAD2.a (1152) ATGA
Cab_BnaA.FAD2.a (1151) ATGA
Tap_BnaC.FAD2.b (1152) ATGA
Tap_BnaA.FAD2.b (1138) ATGR
Cab_BnaA.FAD2.b (1138) ATGA

Supplemental Figure 2. BnaFAD2 amino acid alignment

Section 1

6 10 30 40
Tap_BnaC.FAD2.a (1) MGAGGRMQVSPPS KRVPCETPPFT, LKKAIPPHCFKRSIPRSFS
Cab_BnaC.FAD2.a (1) MGAGGRMQVSPPS KRVPCETPPFT| LKKAIPPHCFKRSIPRSFS
Tap_BnaA.FAD2.a (1) MGAGGRMQVSPPS KRVPCETPPFTHGERLKKAIPPHCFKRSIPRSFS)
Cab_BnaA.FAD2.a (1) MGAGGRMQVSPPS KRVPCETPPF LKKAIFPPHCFKRSIPRSFS
Tap_BnaC.FAD2.b (1) MGAGGRMQVSPPSSSPETKEMKRVPCETPPE LXKAIPPHCFKRSIPRSFS

Tap_BnaAFAD2.b (1) MGAGGRMQVSPPSSSPGTNEMKRVPCETPPF LXKATPPHCFKRSIPRSFSSS
Cab_BnaA.FAD2.b (1) MGAGGRMQVSPPSSSPGINEKRVPCETPRE LKKAIPPHCFKRSIPRSFSSS
Section 2

(57) 57 B 100 112

Tap_BnaC.FAD2.a (57)
Cab_BnaC.FAD2.a (57)
Tap_BnaA.FAD2.a (57)
Cab_BnaA.FAD2.a (57)
Tap_BnaC.FAD2.b (57) oL

Tap_BnaA.FAD2.b (57) TSSSPPRLI.PLPPLxILL SPLP PLLGLPRLRP
Cab_BnaA.FAD2.b (57) TSSSPPRLLPLPPLHELLESPLP PLLGLPRLRP

(113) 113 120
Tap_BnaC.FAD2.a (113)
Cab_BnaC.FAD2.a (113)
Tap_BnaA.FAD2.a (113)
Cab_BnaA.FAD2.a (113)
Tap_BnaC.FAD2.b (113)

Tap_BnaC.FAD2.a (169)
Cab_BnaC.FAD2.a (169)
Tap_BnaA.FAD2.a (169)

Tap_BnaC.FAD2.b (169)
Tap_BnaA.FAD2.b (163)
Cab_BnaA.FAD2.b (163)

Tap_BnaC.FAD2.a (225)
Cab_BnaC.FAD2.a (225)
Tap_BnaA.FAD2.a (225)
Cab_BnaA.FAD2.a (219) SRYTSPTLAS
Tap_BnaC.FAD2.b (225) cDAGWLSVCYGLY¥RYAGE - - - - -
Tap_BnaA.FAD2.b (219) s

Cab_BnaA.FAD2.b (219) QEYES

(281) 281
Tap_BnaC.FAD2.a (273) L
Cab_BnaC.FAD2.a (273) L
Tap_BnaA.FAD2.a (273)

Tap_BnaA.FAD2.b (267)
Cab_BnaA.FAD2.b (267)

(a7 83
Tap_BnaC.FAD2.a (329) H
Cab_BnaC.FAD2.a (329) H

Tap_BnaA.FAD2.a (329) H be
Cab_BnaA.FAD2.a (326) R-SRYWEST I SSMERR]
Tap_BnaC.FAD2.b (329) N 1

Tap_BnaA.FAD2.b (323) N RVLPV--WNAGG-GD
Cab_BnaA.FAD2.b (323) N WRVLPV--WNAGG-GD

(303) 398
Tap_BnaC.FAD2.a (383)
Cab_BnaC.FAD2.a (383)
Tap_BnaA.FAD2.a (383)
Cab_BnaA.FAD2.a (374) - -
Tap_BnaC.FAD2.b (383)
Tap_BnaA.FAD2.b (372)
Cab_BnaA.FAD2.b (372)
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4.2. Development of an EMS-induced mutation population

As we wished to test the hypothesis that BnaC.FADZ2.a is the only functional copy of the gene
family in Cabriolet, we induced mutations in this genetic background. ~33000 seeds of variety
Cabriolet seed were treated with a range of doses of EMS and from them a population, which we
called the JBnaCAB_E population, was developed. Observation of seedling emergence from the
treated seeds showed that treatment with increasing EMS concentration generally resulted in
reduced seeding emergence and vigour, with 2% EMS resulting in no viable seedlings. Treatments
with 0.4%, 0.6% and 0.8% EMS were chosen to be grown on to produce the population.
Emergence, fertility and seed number details are shown in Supplemental Table 3. ~20 seed were

collected from each of these M; generation plants.

Supplemental Table 3. Emergence, fertility and seed number of B. napus Cabriolet seeds subjected to EMS

treatment.

Treatment | Total sown | Establishment % | No. grown on | % plants with >20seed | Fertile plants %

0 1000 86.0 42 73.2 97.6

0.2 6000 77.0 42 88.1 100.0

0.4 6000 76.9 4130 91.6 90.2

0.6 6000 73.5 4352 92.0 98.7

0.8 6000 60.7 1148 93.7 100.0

1 6000 70.0 42 63.3 71.4

2 1000 0.0 0 N/A N/A

0 1000 86.0 42 73.2 97.6

The M, generation was grown, with subsets of the population grown each at one of three sites
(Thriplow and Cowlinge in UK and Boissay in France). All of the ~20 seeds from each M; plant
were sown together, but only one plant was bagged for seed collection. Duplicate leaf tissue
samples were taken from the bagged plants and DNA was prepared from one sample. The
resulting population (as packets of M3 generation seeds derived from individual M, generation
plants) comprised of 1678, 3441, 1037 lines resulting from treatments with 0.4%, 0.6% and 0.8%
EMS, respectively. Few phenotypic abnormalities were observed within the population and no

visible differences were detected between different treatment levels.

4.3. Induced mutation of BnaC.FAD2.a

To search for mutations in BnaC.FAD2.a, we designed a 1212 bp locus-specific PCR amplicon.
After checking specificity, we first assessed the rates of mutations induced by the various EMS
treatments by amplification using the DNA prepared from leaf samples as template. To do this, we
amplified the 1212 bp region of BnaC.FAD2.a and sequenced the PCR products (Capillary
sequencing). This revealed mutation rates of 1.3% (4/302), 2.6% (7/274) and 4.9% (14/288) for
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0.4%, 0.6% and 0.8% EMS treatments respectively, showing the expected increasing mutation
load with increasing severity of EMS treatment. To complete the screening of the population,
further lines (drawn from 0.6 and 0.8% EMS treatment) were screened by amplification and
sequencing of the 1212 bp region of BnaC.FADZ2.a. In all, a subset of ~3000 lines was screened.
Where mutations were identified in a line, 12 seeds from the line (M; generation) were sown and
tested for the presence of the detected mutation by PCR amplification and sequencing using DNA
purified from leaf samples taken from individual seedlings. The sequence trace files were
analysed, enabling robust assessment of whether mutations were present in homozygous state
(the trace file shows a clean call of the altered base) or heterozygous state (~half height peaks are
present in the traces at the position of the altered base). In total, 102 mutations were identified and
confirmed in BnaC.FAD2.a. Of these, five are predicted to result in the introduction of premature
stop codons, 52 are predicted to result in amino acid substitutions and 45 are predicted to be

silent. All mutations detected are shown in Supplemental Table 4.

4.4, Phenotypic analysis of lines with mutations induced in BnaC.FAD2.a

The subset of lines containing non-silent homozygous BnaC.FAD2.a mutations was assessed for
effects on oil composition. To do this, the M3 plants used for confirmation of mutations were grown
on in an unbalanced randomised block design under glasshouse conditions. The number of
homozygous mutant individuals available varied between lines, from 1 to 6 (depending upon
segregation in the M, generation; hence the necessity of an unbalanced design). Most lines were
grown on to maturity, including heterozygous and a proportion of outsegregant wild types for lines
with confirmed mutations. Control lines included Tapidor, as a representative of conventional
rapeseed (~60% C18:1, 29% PUFAs), Cabriolet as the background for mutation (~75% C18:1,
16% PUFAs) and V141, as a representative of the state-of-the-art high oleic lines produced by
commercial breeding (~79% C18:1, 10% PUFAS).

Analysis of the Cabriolet controls showed no line by block interactions and no significant
differences for content of any fatty acid. Analysis of outsegregant lines not inheriting BnaC.FAD2.b
mutations showed no line by block interactions but did show modest, but significant (P<0.05 unless
stated), difference for 16:0, 16:1 (P<0.01), 18:1, 18:3, 20:2 (P<0.01), and 24:1. The greater
variability of outsegregants than the original genotype is likely a consequence of the very large
number of background mutations segregating in lines. Similar variability would likely be
superimposed on effects arising from mutation of BnaC.FAD2.a. As shown in Figure 1 (for C18:1
and PUFA content) and Supplemental Figure 3 (for all other major fatty acids measured), the range
of phenotypes for individual plants homozygous for mutation of BnaC.FAD2.a exceeds that for

outsegregants, with notable skew towards higher C18:1 and lower PUFA content.
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Supplemental Table 4. Mutations in BnaC.FAD?2.a identified in the JBnaCAB_E population.

—
relative
to first Amino New New amino
Line EMS coding acid Amind | Amino acid aming acid
% Status base number acid fi acid classification
s ] 73 CCT HET 224 7 Pro 1MNonpolar | Lew | MNon-polar |
M| 17 4 C=CT HET 228 76 Leu | Silent
S | 595 [ HET 728 76 Leu | Silent
K 28 C>CT HET 23 80 Pro Non-polar Leu Non-polar
| M | 529 £-T HOM 241 81 Leu | Nonpolar | Phe [ Nonpolar |
S ] C>CT HET 245 82 Ser Phe Non-polar
] 314 G=AG HET | 257 1] T STOP
M | 2505 G=AG | HET 258 86 Tp STOP
K 722 C>CT HET 264 88 Ley Silent
M | 2419 C>CT HET 264 88 Ley Silent
s 732 G=AG HET 270 90 Tp STOP
K arz G>GA HET G5 Cys Polar Tyr Polar
M | 2464 G=A HOM 286 96 Val | Non-polar | lie | Non-polar |
M G=AG HET 296 £ Gly Polar Asp Acidic
] 127 C>CT HET 247 ) Gly Silent
M | 814 G-A__| HOM 310 104 Ala__| Non-polar Thr | Polar
164 . C>CT HET 12 104 Ala Silent
635 I C=CT HET 15 105 His | Silent
04 G-AG | HET 6 06 G| Acdic Ly | Basic
135 C>CT HET 3 107 Cys Silent
M | 2734 G-GA HET 322 1068 Gly | Polar Ser | Polar |
s 418 C>CT HET 328 10 His Tyr Polar
M| 951 i HOM 330 10 His | Silent
EEE [ HET 353 1 Ala__| Sient
M 882 C>CT HET 345 15 Tyr Silent
M_| 643 G=AG | HEI 350 17 Tp STOP
17 G=AG | HET 385 19 Asp | Acidic Asn Polar
57 CCT HET 366 2 Val__| silent
692 G>GA HET 367 123 Polar Ser | Polar
145 G=AG 367 123 | [Polar | Ser | Polar |
BaT G-GA 8 13 [ Polar Asp | Polar
5 | 740 CCT HET 375 125 lle | Silent
M | 233 C>CT HET 388 130 Leu | Non-polar Phe | Non-polar |
] C>CT HET 390 130 Leu | Silent
il C>CT HET 405 135 Phe Silent
131 C-T_| HOM [ 308 1% | Ser | Silent
[ T=CT HET 408 136 Ser | Silent
1015 G al 408 136 | Ser | Silent
60 CCT HET 417 30 Tyr | Silent
350 C>C HET 41 41 His Basic T Polar
| 143 GoA HOM | 425 [¥] Arg | Basic Gin_| Polar |
M | 2178 G=A HOM 428 43 Arg | Basic His Basic
W [ 1112 [ HET | 432 [r] His | Silent
[ s [ 32 C-C 5 437 146 | Ser |Polar | Phe | Nonpoar |
M | 1083 C>C HET 438 145 Ser Silent
M | 962 =GA HET FE] 153 Arg | Basic Lys | Basic
M _| 1068 >AG | HET 458 153 Arg | Basic Lys | Basic
M_| 1070 =AG HET 458 153 Basic L Basic
N o 1 0 7
™M | 611 GA HOM 480 160 Lys | Silent
K | 430 G=GA | HET 490 164 Asp | Acidic Asn__| Polar
K | 750 G>GA | HET 498 166 Lys | Shent
M | 2345 G>AG HET 510 170 Lys Silent
K | 325 G-A H 3 181 Mel__| Non-polar lle | Non-polar
M| 1 C>CT HET 560 187 Thr | Polar Asn__| Polar
M_| 2466 AG H 566 189 [ Polar Asp__| Addic
S 16 G-AG | HE 566 85| [ Polar Asp | Acdic .
M 362 G>GA HE 570 190 Tp STOP
K_|_420 c>CT HE 579 193 Tyr | Silent
E] [:r] G=AG | HET 588 200 Polar Arg Basic
M| 965 Gl | H 515 205 [ Silent
[ M| o515 G-AG | HE 16 06| [ Polar Ty Polar
s 2 G=AG | HE 17 206 Gly Polar Acdic
M | 2127 C=CT HE 623 208 Ala__| Mon-polar Val__| Non-polar |
E] 305 C>C HE 623 208 Ala r Val Non-polar
M _| 2287 G HE 200 % %
M _|_Ger oo} [2k] 1 [ Silent
M | 1136 C>CT | HE 633 11 Phe Silent
s | 3% C>CT HE B34 12 Hs__| Basic Tyt | Polar
M | 2434 C>CT HE 637 13 Pro Non-polar Ser Polar |
K 497 4 C>CT HE 642 214 Asn Silent
5 | 265 [ HOM 542 L] Asn__| Poiar % Basic
M| 2547 G-AG | HE 543 15 Ala__| Nonpolar | Polar |
770 c=CT HE B57 19 Asn__| Silent
1154 C=CT HE B57 [E] Asn__| Sient
354 GA H 662 73] Arg__| Basic Hes | Basic
| M| Za&i = HET | 684 fle | Silent
S 405 C>C HE 686 229 Ser Polar Phe | Mon-polar |
K_| 938 c>C HET 887 229 Ser | Silent
5 | 585 [ HOM 887 229 Ser | Silent
5 | 3% CCT HET T02 73 Leu | Silent
M | 405 T HOM 704 235 Ala_ | Nonpolar | Val | Non-polar |
M | 2552 G>AG HET 710 237 C Polar !g Polar
L G-AG | HE 75 I _G%W [Polar |
K | ar 5>AG | HE T16 239 Polar Asp | Acdic |
ST oL I T A
K| 4 Gl | H 132 24 Ala | Silent
| M | 2210 C>CT HET 737 245 Ala_ | Non-polar Val Non-polar |
| M | 2248 c-TC HOM 737 246 | Ala | MNon-polar | Val | Non-polar |
5 | 618 G*A HOM 743 248 | Gly | Polar Glu__| Acidic
] G-A | HOM | 255 | Vel | Non-polar | Te | Non-polar |
[ M ] T | HET [ 250 | Pro | Nonpolar | Leu | Non-por |
s 244 C>CT HE 76 259 Pro Non-polar | Non-polar |
S | 243 G=AG | HE T 259 Pro_ | Silent
M | 2147 C=CT HET I7i 260 Leu Non-polar Phe | Mon-polar
M | 2135 G>GA HE 80 269 Ley Silent
(M 2170 HET 807|260 | Leu [ Sient
S | 114 c>CT HE 816 FiF] Tyt | Silent
M | 1085 G=AG | HE 876 292 Arg | Silent
s | 3m <1 HET 890 257 Thr | Polar lle__| Non-polar
M_| 1020 C>CT HET 924 308 Val | Silent
M| 2230 C=CT HET 939 313 Thr | Silent
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Figure 1. Distribution of oleic acid and 18-carbon polyunsaturated fatty acid composition of seeds in mutant
and control lines. A) Oleic acid (C18:1), B) Total 18-carbon polyunsaturated fatty acid (Total C18 PUFA) in
seeds of B. napus variety Cabriolet (Cab), BnaA.FAD2.a mutated lines (Mutant), outsegregant lines (Null)

and a commercial high oleic, low linolenic line (V141).
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Supplemental Figure 3. Distribution of fatty acid composition of seeds in mutant and control lines. A)
Palmitic acid (C16:0), B) Stearic acid (C18:0), C) Linoleic acid (C18:2), D) Linolenic acid (C18:3), E) 9-
Eicosenoic acid (C20:1) and F) total saturated fatty acids in seeds of B. napus variety Cabriolet (Cab),
BnaA.FAD2.a mutated lines (Mutant), outsegregant lines (Null) and a commercial high oleic, low linolenic line

(V141).

A breakdown of mean composition for the fatty acids quantified is shown in Table 1 for 36 lines
showing non-silent mutations of BnaC.FAD2.a, along with those for Tapidor, Cabriolet and V141.
Many mutations result in little or no difference in the content of C18:1 or PUFAs. However, the

mutation was predicted to result in a stop codon and premature termination of the protein encoding
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the desaturase enzyme, along with 7 further mutations resulted in marked decreases in PUFAs, to
~6% (compared with ~16% for Cabriolet) and marked increase in C18:1, to ~84% (compared with
~75% for Cabriolet). We can exclude the possibility of the observed phenotype being caused by
mutation of a gene other than BnaC.FAD?2.a (i.e. a second site mutation) as it occurs in many
independently-derived lines, even any two of which are highly unlikely to share mutations of
another locus. The results of the analysis of the oil composition of lines heterozygous for these
eight mutations are shown in Supplemental Figure 4. Eight other mutations resulted in intermediate
phenotypes (ranges 8.5% to 12% PUFASs; 79% to 82% C18:1). The protein sequence of
BnaC.FADZ2.a showing the positions of all mutations is shown in Figure 2. The mutations induced
in BnaC.FAD2.a, as expected, had no impact on either content of saturated fatty acids (C14:0,
C16:0, C18:0) or very long chain fatty acids (C20-24). In contrast to the fatty acid composition of
seeds of V141, which contain around twice as much C18:2 as C18:3 (presumably caused by
mutation of another locus, perhaps an orthologue of FAD3), the reduction in total PUFA content in
mutations of BnaC.FADZ2.a is accompanied by an increase in the proportion of 18:3 to 18:2,
resulting in around two thirds the amount of C18:2 as C18:3 in BnaC.FAD2.a mutant lines with

PUFA content similar to, or lower than, that of V141.
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Supplemental Figure 4. Polyunsaturated fatty acid content of seeds from plants segregating for mutations

in BnaC.FAD2.a that have major effects on oil composition.
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LVPYFSWKYSHR HHSNTGSLERDEVFVPKKKSDIKWYGLYL
NNPLGRTVMLTVQFTLGWPLYLAFNVSGRPYDG FACHFHPN
PIYNDRERLQIYISDAGILAVCYGLFRYAAAQ VASMVCFYGV
PLLIVNGFLVLITYLOQHTHPSLPHYDSSEWDWLRGALATVDRD
YGILNKVFHNITDTHVAHHLFSTMPHYHAMEATKAIKPILGEY
YQFDGTPVVKAMWREAKECIYVEPDRQGEKKGVFWYNNKL *

Figure 2. Phenotypic effects of altering amino acids in the desaturase encoded at BnaC.FAD2.a. Red:
mutation results in polyunsaturated fatty acid content below 7% and oleic acid content over 80%. Blue:
mutation results in fatty acid composition similar to wild type. Orange: mutation results in intermediate fatty

acid composition. The amino acid position mutated to a stop codon in line M0643 is boxed.

4.5. Physical properties of purified oil

As an in-kind contribution to the project, Cargill sponsored crushing and purifyingof oil from 47 kg
of seed of line KO047. The fatty acid composition of the oil is shown in Figure 3 and the results of
the testing of physical properties of the oil is shown in Figure 4. These results demonstrate that
purified oil has the properties anticipated for the modified fatty acid composition and that the
performance of the oil is comparable to that of high oleic sunflower oil (and likely to be superior in

terms of pour point due to the smaller proportion of saturated fatty acids).

Fatty acid compositon

Typical Typical
K0047 values LE values
Rape 0Oil HO Sun Qil

% wiw 3.1 3.2 45 37
% wiw 1.4 14 17 30
% wiw 862 87,0 61,8 82,7
% wiw 2.0 23 19.0 85
% wiw 3,8 3.4 9.4 0,2
% wiw 23 26 15
3,5
% wiw 0.4 1,0 0.4

Figure 3. Composition of purified oil from line KO047.

20



Chemical / physical analysis

Property Typical values Typical values
K004 LE Rape OIl HO Sun Oil
0,08 0,1 0,05 0,05

Free fatty acids % Wiw

Peroxide value meqO,/kg 1,9 ND 0,5 0,1
% Wiw 0,01 0,005 0,03 0,03
Colour Yellow Lovibond 7.4 6.8 10,0 29
5 ¥ “cell
Colour Red Lovibond 0,5 0,7 1,0 0,4
5 V4 “cell
hours 11,3 ND 40 10,9
Pourpoint °C TBD ND -9 -12

Figure 4. Physical properties of oil from line KO047.

5. Discussion

5.1. Development of the JBnaCAB_E population

We developed an EMS mutagenised population of B. napus consisting of ~5500 lines comprising
sub-populations with three different severities of EMS treatment. Despite the high mutation loads,
estimated as 1.3%, 2.6% and 4.9% for 0.4%, 0.6% and 0.8% EMS treatments, respectively, we
observed remarkably few visible phenotypes. In contrast, Stephenson et al. (2010) saw a wide
range of visible phenotypes in a B. rapa TILLING population treated with 0.3% EMS and estimated
to carry a 2.7% mutation load. The difference is likely due to the much greater genetic redundancy
in B. napus, which is a recently-formed allotetraploid in which one genome was inherited from a B.
rapa progenitor and the other from a B. oleracea progenitor. This observation does not mean that
there is no upper limit to the EMS treatment that B. napus can withstand. For example, treatment
with 2% EMS resulted in failure of seeds to germinate and establish. Also, the higher level of
background mutations in more severely mutated material may require more extensive
backcrossing to re-establish vigour. Nevertheless, the JBnaCAB_E population represents an
excellent resource for the genetic analysis of traits in a winter oilseed rape crop type of B. napus.

5.2. Functional characterisation of the BnaFAD2 family

Our analysis of the BnaFAD2 gene family in variety Cabriolet revealed the presence of only one
functional member of the family, BnaC.FAD2.a. As we are aware of no reports of additivity for
FAD2 family members or co-dominance of mutant alleles, we hypothesised that the reduced PUFA
phenotype in Cabriolet compared with conventional rapeseed cultivars, such as Tapidor, may be
the result of loss of function at three loci revealing the reduced potency of the enzyme encoded by
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the one remaining locus, BnaC.FAD2.a. To test whether enzyme function could be modulated in
this way, we produced a large allelic series of mutations of this locus by severe EMS treatment of
the Cabriolet genotype. The result was, indeed, lines exhibiting a range of phenotypes, with the
most severely affected having the phenotype: ~84% C18:1, ~6% PUFAs. This phenotype matches
that found to be the result of RNAi knock-down of the gene family in B. napus (Peng et al.
2010),with the remaining PUFAs likely originating from the plastidial biosynthesis pathway. In
addition, there are several genotypes with intermediate oil compositions, consistent with further
impairment (but not abolition) of function. Thus our results confirm that B. napus contains four
orthologues of FAD2, that the breeders, in achieving the reduced PUFA phenotype observed in
Cabriolet, have brought together knock-out mutations of three copies and the final functional copy

which is susceptible to modulation of function by EMS mutagenesis.

We have produced a series of mutations that enable assessment of the functional significance of
specific amino acids in the linoleate desaturase encoded by BnaC.FAD2.a. Before these
assessments can be performed rigorously, it will be necessary for the lines to undergo an
extensive program of backcrossing to reduce background mutations that might affect the
phenotype. In the meantime, however, our results provide indications of those that are likely to be
critical (i.e. those for which we have detected a change in oil composition) or unlikely to be so
important (i.e. those at which mutations result in little or no change in oil composition). None of the

lines produced detectable quantities of unusual fatty acids.

5.3. Novel rapeseed oils

By targeting specifically BnaC.FADZ2.a in variety Cabriolet, we have produced an allelic series of
lines with variation in the proportions of C18:1 and PUFAs in their oil. When produced on a

sufficient scale, these novel types of rapeseed oil may have important uses.

The principle effect on the physical properties of reducing the PUFA content of rapeseed oil is
anticipated to be an increase in its thermal stability, as saturated fatty acids (SFA) and
monounsaturated fatty acids (MUFAS) are more stable than PUFAs. This will make it more suitable
not only for high temperature cooking, but also for high temperature industrial applications, such as
engine lubricants and hydraulic fluids, as a substitute for mineral oil. It is noteworthy that even in
the lines with the lowest PUFA content, the SFA content of the oil has not increased (this is good
as SFAs tend to increase the temperature at which oils begin to set) and that C18:3 has been

reduced only modestly (which is good as C18:3 is linked to cold tolerance).

Dietary studies into the benefits of PUFAs in the diet are confounded by a lack of suitable variation
within a type of vegetable oil. The allelic series produced by mutation of BnaC.FAD2.a could be

used to produce a panel of rapeseed oils with varying PUFA contents. Lines with very similar
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C18:1 and overall PUFA contents to V141, such as S0619, could be used in combination with oil
from V141 to test the effects of varying proportions of C18:2 and C18:3 in the diet.

Although the very high C18:1 phenotype that we have produced by mutation could also be
produced by RNAI, there are important advantages associated with genetic variation induced by
mutation breeding over that induced by GM technology. In particular, the cost of completing the
regulatory process for GM crops is prohibitive. There are no such costs for material produced by
mutation breeding. The RNAI approach, particularly if seed-specific targeting of the silencing was
incorporated, may reduce any tendency to cold susceptibility. However, the high oleic lines we
have produced grow successfully over the winter in UK conditions, so cold susceptibility appears

not to be a problem.

5.4. Conclusions

The genome redundancy arising from polyploidy makes the genetic study of traits, necessary for
predictive breeding, challenging in many crop species. Our study demonstrates that quantitative
reduction in PUFA content of oil in oilseed rape variety Cabriolet is the consequence of breeders
selecting and combining knock-out alleles, as has been observed for other traits in rapeseed that
have been the focus of breeding, such as seed glucosinolate content (Harper et al. 2012). The
phenotypic values of such traits can now be extended in a predictive way in winter oilseed rape, by
targeting further relevant loci using the JBnaCAB_E population. By thoroughly understanding the
genetic basis of PUFA content of rapeseed oil, we successfully knocked out the remaining
functional orthologue of FAD2, resulting in an oil composition very high in C18:1 and very low in
PUFAs. By achieving it in this way, the newly-developed crop type can be cultivated for
applications such as renewable alternatives to mineral oils as lubricants without the regulatory

costs associated with transgenic approaches.
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