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Abstract

Breeding new varieties with low seed glucosinolate (GS) concentrations has long been a prime target in
Brassica napus. In this study, a novel association mapping methodology termed ‘associative transcriptomics’
(AT) was applied to a panel of 101 B. napus lines to define genetic regions and also candidate genes controlling
total seed GS contents. Over 100,000 informative single-nucleotide polymorphisms (SNPs) and gene expres-
sion markers (GEMs) were developed for AT analysis, which led to the identification of 10 SNP and 7 GEM as-
sociation peaks. Within these peaks, 26 genes were inferred to be involved in GS biosynthesis. A weighted
gene co-expression network analysis provided additional 40 candidate genes. The transcript abundance in
leaves of two candidate genes, BnaA.GTR2a located on chromosome A2 and BnaC.HAG3b on C9, was corre-
lated with seed GS content, explaining 18.8 and 16.8% of phenotypic variation, respectively. Resequencing of
genomic regions revealed six new SNPs in BnaA.GTR2a and four insertions or deletions in BnaC.HAG3b. These
deletion polymorphisms were then successfully converted into polymerase chain reaction—based diagnostic
markers that can, due to high linkage disequilibrium observed in these regions of the genome, be used for
marker-assisted breeding for low seed GS lines.
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1. Introduction this aim, candidate genes for GS biosynthesis and trans-

portation in rapeseed must be identified.

Glucosinolates (GSs) are secondary metabolites mainly
found in the family of Brassicaceae'? which includes
rapeseed (Brassica napus L.), the globally important oil
crop. Some breakdown products of GS have an anti-nutri-
tional value for livestock,® thus making it necessary to
breed for rapeseed varieties with low GS (<30 mol g~ ")
in seeds.* However, modern varieties with low GS in
seedstend to be associated with aconcomitant reduction
of the GS content in leaves,>® and thus they are more sus-
ceptible to insects”® and diseases such as Sclerotinia scler-
otiorum.’ For this reason, it is desirable to reduce the GS
contents within seeds so that the cake is suitable for
fodder and yet maintain the disease-protective effects
of high GS contents in other organs. As a prerequisite for

The chemical structure of GS comprises a thioglucose
moiety, a sulphonated oxime, and a side chain derived
from aliphatic oraromatic amino acids, or tryptophan.?
There are three basic steps for GS biosynthesis in plants,
i.e.amino acid chain elongation, GS skeleton formation,
and side-chain modification.'®'" To date, nearly all
genes responsible for biosynthetic steps have been
identified,' >~ 2* leading to the clarification of the core
pathway of GS biosynthesis in Brassicaceae (Supple-
mentary Fig. $1).?°7?7 The GSs are believed to be
synthesized mainly in rosette and silique walls and
then relocated actively to embryos through phloem
by specific transporters.?® 32 Blocking the reallocation
of GS from vegetative organs to embryos could be an
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effective way of reducing GS concentrations in seeds
without affecting other tissues. This concept has been
supported by the most recent identification of GTR1
and GTR2 that encode a GS transporter in Arabidopsis.
In the gtr1 gtr2 double-mutant plants, the GS content
was found to be reduced by 100% in seeds but with a
10-fold increase in rosette.*3

Quantitative trait locus (QTL) analysis is a powerful
method to study the genetics underpinning quantita-
tive variation in GS profiles.3* For total GS accumulation
in the seeds, seven QTLs have been identified on several
linka%e groups in rapeseed.®>®> 2% More recently, Feng
et al.*® identified 105 metabolite QTLs that had an
effect on the GS concentration and constructed an
advanced metabolic network for the GS composition
in both leaves and seeds of rapeseed. Genome-wide
association study (GWAS) is another powerful tool of id-
entifying genes associated with complex traits, which
has several advantages over bi-parental QTL mapping.*®*'
The number of GWASs conducted is rapidly increasing,
and it has resulted in the discovery of genes for tocoph-
erol, carotenoid, and oil content in maize,**>~** and
genes underlying important traits such as flowering
time and grain yield in rice.*>*® Studies regarding
GWAS in rapeseed have gained attention in recent
years. The overall level of linkage disequilibrium (LD)
in 85 winter rapeseed genotypes was found to be very
low, with a mean r? of 0.027.%” A structure-based asso-
ciation study using gene-linked simple-sequence
repeat markers revealed that four genes were asso-
ciated with the total GS content in seeds.*® Most recent-
ly,a panel of 472 rapeseed lines were further applied to
a GWAS of seed weight and seed quality traits, leading to
the identification of four clusters of single-nucleotide
polymorphisms (SNPs) highly associated with the GS
content.*?

With the rapid development of the new biotech-
nology, especially the emergence and application of
next-generation sequencing technologies such as
[llumina (Solexa) sequencing, a considerable progress
in the accumulation and distribution of Brassica
genome data has been made in recent years. These
endeavours have resulted in a 95-k unigene set and
41,211 SNPs publicly available for Brassica community
(Brassica genome gateway; http://brassica.nbi.ac.uk/).
More recently, the massively parallel RNA sequencing
(MRNA-Seq)>° was also applied to dissect the genome
of B. napus at transcriptome level, which led to the de-
velopment of some 23,000 SNP markers and the con-
struction of an ultradensity linkage map in B. napus.®'
Moreover, gene expression variation (i.e. gene expres-
sion marker, GEM) for each unigene can also be inferred
from the same set of mRNA-Seq data, providing add-
itional ca. 189,000 GEMs for both A and C genome.
With the huge amount of markers (SNPs and GEMs)
derived from mRNA-Seq, an improved GWAS method
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termed ‘associative transcriptomics’ (AT) was proposed
to overcome the difficulties (e.g. the complexity of poly-
ploidy and the lack of reference genome sequences to
order SNPs) that hinder GWAS in B. napus.>? The novel
AT methodology has been proved in a relatively small
panel, and the orthologs of HAGT (also known as
MYB28), the key player in the regulation of aliphatic
GS biosynthesis in Arabidopsis (Supplementary Fig. 1),
were discovered to be vital for GS variation in B. napus.>?
However, due to the small number of lines used, the
power of AT has not been fully exploited, and many
other candidate genes for GS as well as their allelic varia-
tions in the germplasm have yet to be characterized.

The aim of this study is to address the genetic control
of GS natural variation in B. napus using AT. This has been
achieved by genotyping a panelof 101 lines by mRNA-
Seq and phenotypingthe total GS content in seeds. Four
consensus association peaks and also many candidate
genes involved in the GS pathway were identified. The
identification of candidate genes not only furthers our
understanding of the gene network for GS biosynthesis
but also provides markers for the breeding of low GS
rapeseed varieties.

2. Materials and methods

2.1. Plant materials and GS measurements

A diversity panel comprising 101 B. napus lines was
used for association mapping study. Within this panel,
there are 54 winter, 17 spring,and 5 semi-winter rape-
seed type lines, which are mainly collected from Europe,
Canada, and China, respectively. To maximize allelic
variations for GS-related genes, B. napus lines of five
kale types, nine swede types, nine fodder types, one syn-
thetic type, and one vegetable type were also included
(Supplementary Table S1).

Seeds of all lines were sown into 9-cm pots containing
Scotts Levington F1 compost (Scotts), germinated, and
grown in long-day (16-h photoperiod) glasshouse con-
ditions at 15°C for 21 days, as described previously.®?
The experiment was arranged into a four-block, one-way
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Figure 1. Frequency distribution of total seed glucosinolate
concentrations in the diversity panel.
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randomized design with one plant of each of the lines
per block and randomized within each block. The first
true leaf of each plant (21 days after sowing) was
excised and pooled according to line and frozen in
liquid nitrogen, giving a final harvest of four pooled
leaf samples per line. These samples will be used for
DNA and RNA extractions.

To phenotype the GS content, seeds of all lines were
sown in January 2012 as described by Smooker
et al.>® Then, the vernalized seedlings were trans-
planted into the field at John Innes Centre, Norwich,
UK (1.297°E, 52.628°N) by the end of April 2012 in
four randomized blocks at an average density of three
plants per square meter. Before the flowers opened,
racemes were covered by bread bags to obtain selfed
seeds for GS measurement. Mature seeds were har-
vested from each plot and measured for the total GS
content using near infra-red spectroscopy (NIRS) at
KWS-UK (Foss NIRS Systems 5000). The GS content
for each line was presented as a mean value of four
replicates.

2.2. Transcriptome sequencing and SNP calling

RNAwas prepared by grinding juvenile leaves in liquid
nitrogen and extracting the RNA using the EZN.A. Plant
RNA Kit (Omega Bio-Tek) according to the manufac-
turer”s protocol. After RNA samples had been isolated
and dried, they were dissolved in diethylpyrocarbo-
nate-treated H,O,and a NanoDrop spectrophotometer
(modelND-1000) was used to determine the RNA con-
centration. RNA quality was assessed by running 1 plof
each RNA sample on an Agilent RNA 6000 Nano
LabChip (Agilent Technology 2100 Bioanalyzer).

[llumina sequencing, quality checking,and processing
were conducted asdescribed previously.”' Briefly, the se-
quencing libraries for all lines were prepared separately
using the Illumina mRNA-Seq kit (RS-100-0801,
[llumina Inc.), and run on a single lane for 80 cycles on
the lllumina Genome Analyzer GAllx. Illumina base
calling files were processed using GERALD to produce a
sequence file containing 80 base reads for each sample.

SNPs were called by the meta-analysis of alignments
of lllumina reads obtained from each of 101 B. napus
against a Brassica A and C genome-cured unigene refer-
ence sequence, as described previously.>*>> SNP posi-
tions were excluded from further analysis if more than
two alleles were detected across the accessions, and a
noise threshold of 0.15 was employed to reduce false
SNP calls due to sequencing errors.

Using methods and scripts also described before,
SNPs identified within the superset assembled over all the
101 B. napus lines were then assigned to the A or C
genomes through the computational detection of cis-
linkage within sequenced lllumina reads to independently
identify inter-homologue polymorphisms (IHPs). Only

52,54,55
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simple cases with two classes of linkage (each of the
bases constituting the IHP linked exclusively to only
one of the bases constituting the SNP) were accepted.
SNPs were traversed to make genome assignments
based on the IHP-mediated and other lines of evidence.

2.3. GEMcalling

Using methods and scripts described before,
Illumina reads from the 101 B. napus lines were rea-
ligned against the ‘cured’ reference comprising the A
and C genome versions of 94,558 unigenes (189,116 in
total) using MAQ version 0.7.1 (http://mag.sourceforge.
net/indexshtml) and assigned to the A and C genome.
When a read maps equally well to multiple IHP posi-
tions, MAQwill randomly pick one position, thereby dis-
tributing reads evenly between the A and C genome
versions of the unigene where the sequence is identical.
MAQ pile-up text files were generated from the MAQ
binary map files. The Perl script tagcounter.pl >* was
used to count the number of reads aligning to the A and
C genome version of each unigene by accessing the pile-
up files, outputting a count and calculated reads per kb
(of unigene) per million aligned reads (RPKM) value for
each unigene.

54,55

2.4. SNPassociation analysis

The SNP data set for the 101 lines was entered into the
program STRUCTURE 2.3.4.° An admixture model with
independent allele frequencies was used, and the K
value best representing the data set was determined
according to the method of Evanno et al.>” Once the
optimal number of K populations was established, a Q
matrix score for each individual line could be used as a
fixed effect in the subsequent association analysis. The
GS trait data, Q matrix, and SNP data for all lines were
entered into the program TASSEL 3.0.°® Minor allele
states below 0.05 were removed from the SNP data set,
and a kinship (K) matrix was calculated to estimate the
pairwise relatedness between individuals. These data
sets were entered into a mixed linear model (MLM) with
optimum compression and P3D variance component es-
timation to decrease the computing time for the large
data set. The significant value and also the marker effect
for each SNP were exported, and a Manhattan plot was
generated in R package (http://cran.r-project.org).

2.5. GEM association analysis

The relationship between gene expression and GS
content of seeds was determined by linear regression
using R package.®? For each unigene, RPKM values
were regressed as the dependent variable and the GS
contentasthe independentvariable,and R? and signifi-
cance values (P) were calculated for each unigene. The
P-value for each unigene was converted into —log;oP
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and plotted against its physical position in the ‘pseudo-
molecules’ to generate a Manhattan plot.

2.6. Co-expression analysis

Weighted gene co-expression network analysis
(WGCNA)®>? was performed as described previously.>?
Briefly, 101 B. napus lines were clustered according to
the RPKM values of unigenes. Then, a soft-thresholding
power (B=5) to approximate scale-free topology
within the network was determined by plotting the
scale-free topology fitting index against soft threshold
(power). Genes were then clustered using dissimilarity
based on the topological overlap calculated between
allgenes. Avalue of 0.2 was selected to cut the branches
of the dendrogram, resulting in a network containing
122 modules, each represented by a colour. Each
module was summarized by the first principal com-
ponent of the scaled (standardized) module expres-
sion profiles. Thus, the module eigengene explains the
maximum amount of variation of the module expres-
sion levels. Network construction was performed
using the ‘blockwiseModules’ function in the software
package, which allows the network construction for
the entire data set. The summary profile (eigengene)
for each module was then correlated with external
traits. This analysis identifies several significant module
trait associations; the most interesting is the relation-
ship between the ‘lightblue4’” module and total GS
contentinseeds (Supplementary Fig.S2). The programme
Cytoscape®® was used to draw the network with signifi-
cant connected genes.

To analyze gene ontology (GO), all unigenes from
‘lightblue4’” module were submitted to the online
toolkit, agriGO (http://bioinfo.cau.edu.cn/agriGO/), to
generate a GO network using the Singular Enrichment
Analysis tool .’

2.7. Polymerase chain reaction amplification
and resequencing

The nucleotide sequences of two unigenes,JCVI_13343
(BnaA.GTR2a) and EX043693 (BnaC.HAG3b), were
retrieved from database (http://brassica.nbi.ac.uk/) and
used as templates to design specific polymerase chain
reaction (PCR) primers. BnaA.GTR2a was amplified from
genomic DNA using oligonucleotide primers GTR2F
(GGGATTTTCTTCGCCTTT) and GTR2R (GTCCAAAGAG
TTGTAAATGGT), and BnaC.HAG3b was amplified with
HAG3F (TGGAGTGTACGAGAAAAAC) and HAG3R (TTC
ATACATCAAATACCAAAC). Following PCR amplification,
the products were resolved on a ABI 3730XL capillary
sequencer by GATC Biotech Ltd. (London, UK) as a com-
mercial service and analysed using Sequence Scanner
V1 (http://www.appliedbiosystems.com) to determine
the presence or absence of each DNA polymorphism.

[Vol. 21,
3. Results

3.1. Phenotypic variation of total GS concentration
in seeds

Seeds of 101 B. napus lines were harvested and mea-
sured for total GS concentration using NIRS (Fig. 1). The
GS content for each line ranged from 8.0 to 195.6 umol
g~ ', with an average of 65.3 pmol g~ . The coefficient of
variation was estimated as high as 73.2%, a sign of wide
variation for GS concentrations in this panel. Thus, it is suit-
able for association mapping. Moreover, 41% of lines were
classified as low GS (<30 pmol g~ '), one of the two key
characteristics for the canola quality in rapeseed. The GS
concentrations for Tapidor and Ningyou7 (two parents
of the widely used mapping population TNDH) were
19.0 and 85.7 umol g~ ', respectively, which were very
close to previous results (19.9 and 78.6 pmol g~ ').>?

3.2. Genotyping of B. napus lines

RNAwas isolated and sequenced from each of 101 B.
napus lines, providing a total of >200 Gb of 80-bp se-
quence reads (under accession numbers: ERA122949,
ERA036824,and ERA063602). By mapping sequence
reads to a reference sequence comprising the Brassica
unigeneset,atotalof 225,011 SNP markers were called
(Supplementary Table S2). Among these markers, 80,880
with minorallele frequencies (MAF) <0.05 were removed,
and the remaining 144,131 SNP markers were further
mapped onto specific genomes. As expected, only a few
of these markers could be mapped onto either A (7580)
or C (7673) genome, which are very useful for anchoring
genetic loci to a specific genome location; the majority
(89.4%) was mapped onto both genomes, because A
and C genome sequences are highly similar.>"

The GEM, expressed as RPKM value of a unigene, can
also be inferred from the mMRNA-Seq data. This exercise
provided atotalof 189,116 GEMs,with 94,558 onAand
C genomes. Among these GEMs, 49,599 and 50,935
were shown to be informative (i.e. RPKM > 0 for at
least some lines) on respective A and C genomes; thus
they were also used for marker-trait association study.

3.3. Genetic structure and LD

The 144,131 informative SNPs were first used for
genetic structure analysis. Again, all B. napus lines can
be largely divided into two clusters by the Bayesian clus-
tering algorithms implemented in STRUCTURE, one of
which consists of most winter-type lines and the other
of spring-type, swede, and kale lines (Supplementary
Fig. S3 and Table S1).

To facilitate comparison, the 15,253 mapped SNP
markers that have been previously used in a smaller
panel®? were again used for LD analysis in 101 lines.
The extent of LD was gauged by calculating pairwise
r? for the mapped SNPs using an LD window of 500
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(providing >30,000 pairwise values of r?). The mean
LD across the whole genome was 0.0209, which is
close to the previous estimates of 0.0246 in a subset
of these lines®? and confirms the low overall level of
LD in B. napus.

The strength of LD was also measured across each
chromosome pseudomolecule. As an example, there
were several small but strong LD blocks (r? > 0.2) in
A2 (Supplementary Fig. S4a). Meanwhile, two large LD
blocks sit on both ends of C9 (Supplementary Fig. S4b).

3.4. Loci associated with the GS concentration

SNPs and GEMs were separately used for AT study
on total GS concentration in seeds. Firstly, 144,131 in-
formative SNPs were regressed with the GS trait using a
MLM implemented in TASSEL, leading to the identifi-
cation of 10 association peaks at a Bonferroni threshold
of P< 6.9 x 107° (i.e. P=1/144,131; —log;oP = 5.2)
(Supplementary Fig. S5a). These peaks were located on
A2, A3, A6, A9, C2, C3,C4,C7,and C9 (Table 1). It is
not surprising that some peaks on the A genome are

G.Luetal. 617

very similar to those on the C genome, owing to the fact
that most SNPs were mapped onto both A and C
genomes. The well-defined peaks were found on A2, A3,
A6, A9, C2, C3, and C9, within which there were foci to
identify candidate genes for GS. However, P-values erro-
neously fail to be significant for markers in multiple com-
parison tests when analysing a large number of SNPs.>?
Therefore, we used an ad hoc threshold of 10™* to
assess genomic regions underlying association peaks
for the presence of candidate genes. In all, 255 SNPs
were found to be highly associated with GS, which were
derived from 110 unigenes (Supplementary Fig. $6). Of
the 110 unigenes, only 2 were directly implicated in the
GS metabolism pathway (Table 2), and the proteins
encoded by the remaining 108 genes were classified as
transcription factors, factors responding to stimulus or
involved in cellular process, catalytic activity, or with
unknown functions (data not shown).

Secondly, 100,534 GEMs were then regressed (sim-
ple linear regression) with GS concentrations, which
resulted in the identification of seven association peaks
located on A2,A4,A9,C2,C4,C7,and C9 at P < 9.9 x

Table 1. Summary of association peaks for the seed glucosinolate content

Chromosome Peak interval (Mb)? P-value®
SNP GEM SNP GEM

A2 24.7-25.0 24.4-25.8 25x1077 55x107°
A3 21.3-21.4 4.4 x10°°
A4 5.1-5.4 4.0x107°
A6 15.1-15.2 35x1077

19.9-20.3 1.8x1077
A9 1.6-3.7 1.6-3.8 1.2x10°° 40x%x107°
C2 48.5-50.0 49.1-505 25x1077 54x10 "
C3 41.4-41.8 3.4x1077
Cc4 47.7-47.8 22.0-22.1 13x10°° 49 x 10
Cc7 39.8—-40.7 39.7-40.7 43 x107° 3.7x1077
C9 2.0-5.2 0.8-5.8 1.2x10°° 54x107°

¥The physical position is inferred from the chromosome pseudomolecules in Brassica napus (Harper et al. 201 2).
®The P-value is calculated for the lead (most significant) marker within each peak only.

Table 2. Summary of SNPs and candidate genes significantly associated with the seed glucosinolate content

Candidate Chromosome?®  Position (bp)°® SNP© Alleled P-value Annotation
gene
GSH2 A3/C3 4,909,494/ JCVI_3734:475 AR 3.60 x 1077  Glutathione synthase
6,340,070
HAG1 A2/C2 24,774,040/ EX092364:579 GR 1.90 x 107° Transcription factor for high aliphatic
49,619,780 glucosinolate

®The candidate gene has homologues in both A and C genome.

®The physical position is based on the respective chromosome pseudomolecules in Brassica napus.
“For each gene, only the lead SNP (most significant) is listed if there is more than one.
4The favourable allele (leads to lower glucosinolate content) is underlined. International Union of Biochemistry ambiguity

codes:R=AorGC.
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107° (ie. P=1/100,534; —log,o P=5.0) (Table 1
and Supplementary Fig. S5b). A total of 352 GEMs
(262 unigenes) were screened within these peaks at
P <10~ * Of these unigenes, 22 have also been identi-
fied by SNPs (Supplementary Fig.S6). Moreover, 24 uni-
genes detected by GEMs were shown to be directly
involved in GS metabolism (Table 3). This number is
12 times of those captured by SNPs, demonstrating
that the GEM analysis is more powerful than the SNP
analysis in terms of capacity of screening candidate
genes for GS.

Collectively, a total of 607 marker loci and 17 associ-
ation peaks were found to be associated with GS in re-
spective SNP and GEM analyses. Among these peaks,
five co-located on A2, A9, C2, C7, and C9 (Table 1).
Interestingly, four out of the five common peaks locate
in the same intervals of previous QTLs for total GS

[Vol. 21,

contents®? (Fig. 2). Within these peaks, the previously
characterized orthologs of HAG1,°% a gene encoding
transcription factor for GS biosynthesis, were re-identi-
fied by both SNP and GEMs (Tables 2 and 3), indicating
the robustness of AT results.

3.5. Distribution pattern of GEMs

There was a well-defined association peak on A2.
Interestingly, GEMs within this peak showed a distinct
clustering pattern, as reflected by the existence of a gap
(i.e. some GEMs clustered at —log;oP > 6.2 while the
others at <4.9) (Supplementary Fig. S5b). Actually, the
eight GEMs clustering at the top of this peak were
highly correlated with each other (P< 0.01), and two
of them have similar functions (encode methylthioalkyl-
malate synthase, MAM)®? in GS biosynthesis, whereas

Table 3. Summary of GEMs and candidate genes significantly associated with the seed glucosinolate content

Candidate Chromosome Position GEMP P-value Annotation

gene (bp)?

HAG1 A9 3,425,844 A_JCVI_40613 8.28 x 107 '° MYB transcription factor family

CYP83A1 C4 32,842,478 C_JCVI_26799 3.97 x 10”°  Cytochrome p450 enzyme

MAM1 A2 24,487,376 A_JCVI_30455 1.91 x 10" %  Methylthiolkylmalate synthase

AOP2 A9 1,155,687 A_JCVI_33047 2.79 x10™®  2-oxoglutarate-dependent dioxygenase

AT2G31790.1 A5 6,660,619 A_JCVI_6771 3.63 x 1078  UDP-Glycosyltransferase superfamily protein

ATGSTF11 A5 23,602,455 A_JCVI_6891 3.36 x 1077 Glutathione transferase

CYP79F1 C5 7,734,381 C_JCVI_17335 6.68 x 1077  Cytochrome p450 enzyme

SAM-2 Cc9 805,498 C_JCVI_12068 8.02x 1077  S-adenosylmethionine synthetase 2 (SAM-2)

SURT Cc7 200,177 C_JCVI_531 1.11 x 107%  C-Slyase involved in converting S-alkylthiohydroximate
to thiohydroximate

BCAT4 A5 16,822,435 A_JCVI_34763 1.18 x 107®  Methionine-oxo-acid transaminase

AK3 A2 6,569,882 A _EX056141 1.25 x 107%  Encodes a monofunctional aspartate kinase

BATS Cc9 28,810,650 C_JCVI_16890 2.92 x 10~®  Transporter of 2-keto acids between chloroplasts and
the cytosol

SOT18 A7 23,340,811 A_JCVI_17243 3.56 x 107°®  Desulfoglucosinolate sulfotransferase

GSTU23 A7 17,429,665 A _EE467545 1.47 x 107°  Glutathione transferase

UGT74B1 A9 27,647,388 A_JCVI_31290 1.68 x 107°  UDP-glucose: thiohydroximate S-glucosyltransferase

MTO1 A5 23,899,195 A_EV191151 1.95 x 107>  Cystathionine gamma-synthase

GTR2 A2 25,155,291 A_JCVI_13343 2.69 x 10>  High-affinity, proton-dependent glucosinolate-specific
transporter

AOP1 A3 14,140,138 A_JCVI_31233 4.41 x10°° Encodes a possible 2-oxoglutarate-dependent
dioxygenase

APS1 A3 19,165411 A_EV196558 472 %1075 ATP sulfurylase

Sor17 A6 7,244,176 A_JCVI_37729 531 x10°° Desulfoglucosinolate sulfotransferase

CBL C4 29,183,950 C_JCVI_35734 5.38 x10°°> Second enzyme in the methionine biosynthetic
pathway

HAG3 c9 3,426,787 C_EX043693 6.86 x 107> MYBdomain containing protein 29

XT2 A9 987,590 C_EE527736 6.87 x 107> Protein with xylosyltransferase activity

FMO GS-OX2 A9 8,429,062 A_JCVI_5227 9.99 x 10>  Glucosinolate S-oxygenase

¥The physical position on chromosome pseudomolecules.

®Only the lead GEM (most significant) was listed if there is more than one for a candidate gene.
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Figure 2. Associative transcriptomics for seed glucosinolate content. These plots are based on the association resultsin 101 lines using either
144,131 SNPs or 100,534 GEMs. Each dot represents a SNP (black) or a GEM (red). Blue bar beneath chromosome pseudomolecule
indicates the confident interval of a QTL for total seed glucosinolate content reported.®?

the other six encode proteins with unknown functions.
This observation indicated that genes involved in the
GS pathway may tend to be located in close proximity
to each other and have similar expression patterns,
resulting in this clustering of GEMs.

3.6. Gene co-expression analysis for GS

GEM analysis has the additional advantage that it can
be used for WGCNA to dissect the biological process
underlying traits. This approach was used to construct
a co-expression network for the GS concentration that
contained 122 modules (co-expressed genes), with
between 31 and 16,989 unigenes in each module. The
‘lightblue4” module was highly correlated with the total
GS content of seeds (r=0.55; P=2.0 x 10™8) (see
also Supplementary Fig. S7). This module comprises 91
unigenes (114 GEMs), of which 40 were implied to be
involved in GS biosynthesis (Supplementary Table S3).

Then, a co-expression network was constructed
with probes (genes) from ‘lightblue4’ module to iden-
tify the relationships between genes highly associated
with GS metabolism. It was found that the unigene
JCVI-16890, the Arabidopsis ortholog of which encodes
a plastidic bile acid transporter (BAT5),°% is in the cen-
tral node in this network. Other hub genes in this
network included JCVI_12709 and JCVI_30455, the
orthologs of which encode branched-chain amino acid
aminotransferase (BCAT/MAAT)®* and MAM 1, respective-
ly (Supplementary Fig. S8). All these genes have been
shown to play key roles in the GS biosynthesis pathway
in Arabidopsis (Supplementary Fig. S1).

GO analysis was further performed with unigenes
from the ‘lightblue4’ module to construct a biological
metabolism network. As a result, most of the genes
are enriched in the biological process related to GS
synthesis, such as carbohydrate metabolic process and
cellular nitrogen compound metabolic process in the
initial stage and later in the GS biosynthetic process and
sulphur amino acid biosynthetic process. Meanwhile, a
few genes encode proteins for cellular components
responding to external stimulus (Supplementary Fig.S9).

3.7. Identification of DNA polymorphism by
re-sequencing

Approximately 66 candidate genes involved in the
GS metabolic pathway have been identified by either
AT or WGCNA (Tables 2 and 3 and Supplementary
Table S3). Some genes of interest were further selected
to investigate and verify the potential associations
of allelic variation of genes with phenotypic variation
in the association panel. This was achieved by amplify-
ing and re-sequencing PCR products using lines with
various GS contents in seeds.

The first unigene of interest is JCVI_13343 (BnaA.
GTR2a); the Arabidopsis ortholog encodes proteins for
transporting GS compounds from leaf to seed.*?
BnaA.GTR2a is located in a genomic region within the
peakonA2 (Fig. 3a),and its expression was positively cor-
related with the accumulation of GS in seeds (r = 0.43,
P<107*%), accounting for 18.8% of trait variation
(Supplementary Fig. S10a). Although there were nine
known SNPs (at positions 469, 625, 655, 667, 688,
775, 860, 861, and 952) within this unigene, none
of them was strongly associated with GS. To detect the
potential new sequence variation (i.e. insertion or dele-
tion, InDel) within this locus, specific primers were
designed and used to amplify the complete unigene
(ca. 600 bp) from 42 lines. By sequences alignment,
all nine known SNPs were re-identified although some
of them were not polymorphic (as only a subset of lines
were analysed), and six were previously unidentified
SNPs (at positions 538,565,571, 640,727,and 748)
(Supplementary Table S4). These results confirmed the ro-
bustness and efficiency of SNP development via mRNA-
Seq in B. napus. However, none of the 10 polymorphic
SNPs (at positions 469, 538, 565, 571, 640, 655,
727,748, 860,and 861) were correlated with the GS
content (r < 0.11, P> 0.500) and thus were not likely
to be causative for trait variation.

Another unigene of interest is EX043693 (BnaC.
HAG3b), which is located within the peak on C9 which
coincides with a region of strong and extensive LD
(Fig. 3b). InArabidopsis, HAG3 (MYB29) is a transcription
factor modulating many genes in the GS pathway.®®
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Figure 3. Associations and genomic locations of two candidate genes for the seed glucosinolate content. Top, marker association scans are
illustrated, for both SNP (black dot) and GEM (red dot) markers, with significance of association (as —log;oP values) plotted against
positions within a specific chromosome pseudomolecule. Bottom, a representation of the pairwise r? (a measure of LD) among the
mapped SNPs surrounding the peak, where the colour of each box corresponds to the r? value according to the legend. The positions of
the candidate genes are indicated by arrows. (a) A locus identified on A2, and (b) A locus identified on C9.
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Figure 4. Summary of significant polymorphisms at BnaC.HAG3b
locus. The locations of DNA sequence polymorphisms (in bp)
are based on unigene EX043693. All four polymorphisms were
combined into two haplotypes. The number of lines sharing each
haplotype, as well as the glucosinolate content (mean + standard
error) was given at the right. **indicates the statistical difference at
P < 0.01 in t-test. Arrows indicate the positions of primers (260F:
TTGTAATAGAGT TCATATATATCG; 490R: TTCATACATCAAATACCAAA
C) for the converted PCR marker.

Expression of BnaC.HAG3b is highly associated with GS
accumulation (r=0.41, P<10 %) and accounts for
16.8% of trait variation (Supplementary Fig. S10b).
However, no SNPs have been detected by mRNA-Seq
within this gene. Therefore, genomic regions covering
the length of EX043693 were amplified from 70 lines
and then sequenced to detect potential DNA sequence
variations. By comparing sequences of these DNA frag-
ments, four InDels, i.e. InDel3—1 (3-bp insertion),
InDel3—2 (3-bp deletion), InDel7 (7-bp deletion), and
InDel1 (1-bp deletion), were detected. These InDels
formed two haplotypes: haplotypelincludesthe 3-bpin-
sertionand 11-bp(i.e. 3 plus 7 plus 1) of deletions, while
haplotype I has the sequence identical to the reference
unigene EX04 3693 (Fig. 4). A total number of 60 lines

Figure 5. PCRassay forthe 11-bpdeletionsat BnaC.HAG3b locus. PCR
primer combination 260F/490R was used, which produced a
226-bp (haplotype 1) or 237-bp (haplotype I) band. Numbers
on the left and right sides are fragment length in base pair. M,
100-bp DNA ladder.

were determined as haplotype | at these loci and 10
lines as haplotype Il. The average GS concentration of
haplotype | (56.3 pmol g~ ') was only 55% of that of
haplotype Il (the wild type), consistent with the net 8-
bp (frame-shift) deletion reducing the functional prop-
erties of the encoded protein. To facilitate germplasm
screening and marker-assisted selection for the low GS
content, a pair of specific PCR primers was designed,
whichonlycapturesthe 11-bpdeletionssothatthe poly-
morphism can be more easily resolved by agarose gel
(Fig. 4). An example of PCR amplification is given in
Fig. 5; the haplotype | and Il lines can be clearly distin-
guished by the presence of a 226-bp- and 237-bp-
specific fragment, respectively. Thus, the polymorphism
at BnaC.HAG3b locus has been successfully converted
into a PCR-based marker.
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4. Discussion

4.1. Scenario of AT for GS

Association mapping is a powerful tool for the identi-
fication of genes underlying complex traits. However, it
is not so straightforward to perform GWAS in polyploid
crops such as rapeseed, mainly due to the complexity of
genome constitution and the lack of complete genome
reference sequences. As an allopolyploid species, rape-
seed is formed by the hybridization of progenitor
species B. rapa (which contributed the A genome)
and B. oleracea (which contributed the C genome).®®
The constituent A and C genomes within B. napus are
highly similar to their ancestors, with only ~15% differ-
ence at a nucleotide level and only 3% at a transcript
level,>">* which thus hinder the development of tens
of thousands of SNPs for GWAS. To address this chal-
lenge, our study focused on the development of mo-
lecular markers by mRNA-Seq, which can not only
detect the sequence variation (i.e. SNPs) but also tran-
script abundance (i.e. GEMs). Juvenile leaf was used as
a tissue for mRNA extraction, because it has a large
number of expressing genes and so serves as a good
gene compartment. In our AT study, SNPs were success-
fully associated with GS concentration in seeds.
Interestingly, such association could also be achieved
by using GEMs as independent variants to regress with
GS contents as dependent variants. The scenario of AT
for GS is that the juvenile leaf, where expressing genes
have been captured by mRNA-Seq, is a major organ
for GS synthesis at the vegetative stage. The GS
compounds are then stored in these organs and subse-
quently transported to the embryos at a later develop-
mental stage, as exhibited in Arabidopsis.*° =33 Thus, GS
accumulation in seeds is biologically connected with
gene expression in leaves. Indeed, the expression of
many genes, including those already known to be
involved in the GS pathway, was found to be highly asso-
ciated with the GS content and formed several peaks on
the genome (Fig. 2). More generally, the high associ-
ation of gene expression at the early developmental
stage (e.g. juvenile leaf) with a target trait at a later de-
velopmentstage (e.g.in seeds) isdue toallelic, cis-acting
variation rather than being a read-out of a transcription
network, as hypothesized previously for the association
in maize hybrids of transcript abundance variation in
leaves with grain yield.®” With this concept in mind,
many association peaks were also identified in wheat
for straw biomass traits such as height, weight, and
width by AT (Harper et al., submitted). Therefore, it
seems that AT can be widely applied to many crops,
even including those with complex genomes like rape-
seed and wheat. Moreover, candidate locican also be suc-
cessfully identified using the transcriptome of a single
tissue that provides a suitable genome compartment,
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such as juvenile leaf. This has the added benefit that mul-
tiple trait types can be mapped using a single mRNA-Seq
data set.

4.2. Improving the resolution of AT

Compared with the previous AT study for the GS content
in B. napus using 53 lines as a proof of concept,>” a greatly
enhanced resolution was achieved by using an extended
panel comprising 101 lines in this study. With this new di-
versity panel, the total number of SNP markers was found
to increase from the previous 101,644 to the present
225,011. Even after removing markers with MAF <
0.05, the informative SNP markers (144,131) that can
be used for the AT study were also twice as high as the pre-
vious report, leading to the detection of 10 association
peaks at a significance level of P< 6.9 x 10~°. In com-
parison, only four peaks were detected in the previous
study, even at a lower threshold (P < 107%).3° Likewise,
three more peaks were detected using a similar number
of GEMs in this study, leading to the identification of
many more candidate genes for GS. Given that many
more association peaks and candidate genes were iden-
tified, the resolution of AT appears to be markedly
improved by using an enlarged panel. It is anticipated
that the resolution can be further improved by using
an even larger diversity panel.

Most recently, Li et al.*® also carried out a GWAS and
identified four association peaks on A9,C2,C7,and C9
for GS content, which were reconfirmed in our study. It
is worth noting that the number of association peaks in
our analysis is still superior to theirs (i.e. 10 versus 7) al-
though they have used a larger panel (472 lines), pos-
sibly due to a much larger number of SNP markers
employed (144,131 versus 24,256). Another unique
feature of our study is that additional GEMs can be
developed for marker-trait association and gene co-
expression analysis, which in turn allowed for the iden-
tification of many more candidate genes (Table 3 and
Supplementary Table S3).

4.3. Possible function of new genes inferred from gene
co-expression analysis

In our study, a gene network for GS has been inferred
from WGCNA (Supplementary Fig. S8), which was
further confirmed by GO analysis (Supplementary
Fig. S9). As for GO analysis, most genes are enriched in
GSorsulphateaminoacid (a precursor for GS) synthesis.
The unigene JCVI_16890 (BnaC.BAT5) wasfound in the
hub of the core network (Supplementary Fig. S8). In
Arabidopsis, BAT5 is a member of the putative bile acid
transporter familyand the target of the aliphatic GSreg-
ulators, HAG1 and HAG3 (MYB29). Moreover, BAT5
mediates the transport of 4-methylthio-2-oxobutano-
ate and of long-chain 2-keto acids across the chloro-
plast envelope membrane before, during, and after
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side-chain elongation of 2-keto acids and is thus a key
player in the aliphatic GS biosynthetic pathway.®® Other
genes in the present core network included MAMT,
BCAT4, and AOP2, and those genes encoding proteins
for amino acid metabolites (AK3 and IMD1). These
genes function in nearly all key steps in the GS pathway
(Supplementary Fig. S1), and all were connected to the
some extent, with BAT5 (Supplementary Fig. S8). Thus,
BnaC.BAT5 also seems to have a key role for GS biosyn-
thesis in B. napus, which was underlined by the fact
that the transcript abundance of BnaC.BATS5 is positively
correlated with GS accumulation in seeds (r = 0.493,
P=1.2x107°).

Another unigene of interest was JCVI_9761 (ortho-
log of AT5G14910), which was the only one found in
common between the WGCNA, SNP,and GEM analyses.
This gene encodes a putative heavy metal transport /de-
toxification containing domain protein in Arabidopsis. It
is located in the chloroplast thylakoid membrane,
chloroplast stroma, or chloroplast, and is involved in
heavy metal ion transport (http://www.arabidopsis.
org/). Although evidence is still lacking for the direct
connection of AT5G14910 with GS biosynthesis,
some clues exist for such a connection. For instance, a
complex interaction between metals and GS levels was
observed,®® which underlines a mechanism for plant
defence against herbivores or pathogens.®® Zinc can
be taken up and compartmented by specific transpor-
ters”® and clearly had a distinctive effect on the specific
group of indolyl GS in Thlaspi caerulescens. Within both
roots and shoots, the levels of these compounds were
drastically reduced by zinc.” " In B. rapa, higher zinc con-
centration in hydroponic solution markedly decreased
the accumulation of aliphatic GS but increased the
indole and aromatic GS in shoots.”? Thus, the ortholog
of AT5G14910in B. napus (i.e.JCVI_9761) seems to be
a potential regulator of the GS biosynthesis although it
still needs to be fully elucidated in future.

4.4. Sequence variation of GTR2 and HAG3, and the
development of markers for breeding selection

MRNA-Seq is a powerful tool to develop SNPs but has
some limitations for detecting more extensive sequence
variation. It is therefore necessary to confirm or detect
new causative polymorphisms by re-sequencing PCR
fragments amplified from genomic DNA for two main
reasons. Firstly, during the discovery of SNPs by aligning
80-bp mRNA-Seq reads to the reference sequences,
very restrictive criteria were empirically applied (allow-
ing only 1-bp mismatch) to avoid false discovery
incurred from sequence errors,”> but this process also
removes all sequence variation >2-bp. Secondly, se-
quence variation at noncoding regions within a gene
such as promoter, terminator, or intron cannot be
detected by mRNA-Seq.
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Previously, orthologs of HAGT on A9 and C2 have been
identified as key regulators for GS synthesis in rape-
seed.®? In this study, another two genes, BnaA.GTR2a
and BnaC.HAG3b within the respective peaks on A2
and C9, were of particular interest in that they can
jointly explain 25.8% of trait variation by regression
analysis. Unfortunately, no causative SNPs were found
in the mMRNA-Seq data for either BnaA.GTR2a or
BnaC.HAG3b. Therefore, specific primers were designed
and used to amplify the corresponding genomic
regions. Re-sequencing of the PCR products failed to
detect any causative polymorphism within JCVI_13343
locus, which only covers 21% of GTR2 mRNA (2.8 kb) in
Arabidopsis. In future, sequencing the whole length of
GTR2 in B. napus is needed to identify more sequence var-
iations responsible for GS, because InDels may also exist in
the promoter, terminator, or intron regions.42 An alter-
native explanation of the lack of causative polymorphisms
in JCVI_13343 is that it is trans-regulated, i.e. its expres-
sion level (represented as the RPKM value) is modulated
by other gene(s), not by its own sequence variation.

As for unigene EX043693 (BnaC.HAG3b), the 3-bp
insertion and 11-bp deletion are likely to be important
for its function. In fact, insertion and deletion in the
genome are very common in crops and are an im-
portant mechanism underlying trait variation. For
example, two copies of HAG1 (BnaC.HAG1a and BnaA.
HAG1c) were shown to have been deleted from both
C2 and A9 in low GS B. napus lines.>? In maize,a 117-
bp insertion in the promoter and a 35-bp deletion in
the intron of ZmVTE4 resulted in a significantly higher
level of tocopherol content.*?

Finally, we have successfully developed a PCR-based
marker to detect the 11-bp deletions in BnaC.HAG3b.
The genetic effect of this PCR marker on GS has been
verified in the diversity panel and thus can be used in
germplasm screening and breeding selection of low
GS lines.
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