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Prospects and challenges for genome-wide
association and genomic selection in oilseed

Brassica species’

W.A. Cowling and E. Balazs

Introduction

Papers in this special issue of Genome were submitted for
publication following the conference “Exploiting Genome-
wide Association in Oilseed Brassicas: a model for genetic
improvement of major OECD crops for sustainable future
farming™, held at The University of Western Australia, 9—
12 November 2009, which was sponsored by the OECD
Co-operative Research Programme on Biological Resource
Management for Sustainable Agricultural Systems3. This pa-
per summarizes formal and informal discussions among the
attendees on prospects and challenges for genome-wide as-
sociation studies and genomic selection in oilseed Brassica
species, with subsequent updating before publication.

Genome-wide association and genomic
selection in animals and plants

The outcomes sought from genome-wide association stud-
ies (GWAS) differ among human geneticists, plant molecu-
lar geneticists, and animal and plant breeders. Thousands
and often millions of single nucleotide polyporphism (SNP)
markers are available in public databases for GWAS in hu-
mans and other animal species, Arabidopsis, rice, maize,
barley and Brassica (Weir 2010), and domesticated livestock
(Hayes and Goddard 2010). In humans, the major role of
GWAS is the discovery of genes and pathways (“candidate”
genes), whereas in animal (and presumably plant) breeding
there is more emphasis on predicting genetic merit of the
phenotype, with the aim of accelerating genetic improve-
ment (Goddard and Hayes 2009). Marker assisted selection

is of greatest value for genetic improvement of complex
traits in elite breeding programs. In animal breeds, the pro-
portion of variance explained by individual SNPs is small;
therefore, it is necessary to use all the SNP information si-
multaneously and capture all the quantitative trait loci
(QTL) in a process called “genomic selection” (Hayes and
Goddard 2010).

When applied to breeding programs, SNP genome-wide
markers can have the dual benefits of gene identification
for complex traits and more rapid genetic improvement.
The challenge for plant breeders is how best to achieve
these positive outcomes of GWAS in plant breeding. The
genus Brassica is a good model to test the value of genomic
selection inside plant breeding programs, since Brassica is
related to the model plant Arabidopsis (and can benefit
from sequence and functional genomics information devel-
oped in Arabidopsis). Good progress towards SNP whole-
genome markers has been made in B. rapa and B. napus,
and oilseed Brassica species are amenable to tissue—culture
techniques that enable generation of doubled haploids.

However, plants are subject to large genotype X environ-
ment (G x E) interactions and the estimation of genetic
merit depends greatly on the environment in which complex
traits, such as yield, are measured (Cullis et al. 2010). The
issue of G x E was considered in a recent review of ge-
nomic selection in plant breeding, but no biometrical solu-
tions were presented to help with genomic selection in the
presence of G x E (Heffner et al. 2009). In this conference,
G x E was a major topic for discussion in the preconference
workshop and in papers where genetic information from rel-
atives was used in factor analytic (FA) modelling of multi-
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environment trial (MET) data in a canola breeding program
(Beeck et al. 2010; Cullis et al. 2010). Pedigree information
improved the modelling of G x E and revealed distinct pat-
terns of additive and nonadditive genetic variation across en-
vironments. Genome-wide markers integrated into MET and
FA analysis should improve further on these analyses, and
ultimately lead to genomic selection in plant breeding pro-
grams.

Clearly, major challenges remain to be solved before ge-
nomic selection is adopted in commercial plant breeding
programs. In Brassica, high density genome-wide SNP ar-
rays do not yet exist, and the cost of genotyping with SNP
chips may be beyond the commercial reach of most breed-
ing programs. To be effective, every individual in the breed-
ing program that is phenotyped in the field should also be
genotyped by SNP arrays. In the example presented by
Beeck et al. (2010), 332 B. napus genotypes were assessed
at 19 sites over 2 years in highly unbalanced designs in
MET and FA analysis. The cost of genotyping 332 individu-
als will not be trivial (332 is a small number of genotypes
compared with those tested in most plant breeding pro-
grams); missing molecular marker values may cause prob-
lems in the analysis (Schrag et al. 2010); and the time and
cost involved in “cleaning” data will be substantial (Weir
2010). The process of cleaning SNP data from many indi-
viduals for quality assurance and quality control is very de-
manding, but it is important to detect and eliminate false
positive associations by eliminating spurious effects (Weir
2010).

Human studies have demonstrated the value of large sam-
ple sizes — tens of thousands are necessary to find subtle
single genetic effects, although epistatic interactions have
not yet been revealed by GWAS (Weir 2010). A major ben-
efit of plant breeding programs for GWAS is that large
numbers of plant progenies can be generated and tested in
replicated trials, with control over the population structure.
Inbreeding crops such as B. napus are interesting models to
find epistatic effects through GWAS — homozygous pure
lines should have less complex epistasis than outbreeding
organisms.

Inbreeding at the level of the population or the individual
will require special statistical analysis in GWAS (Weir
2010). Selfing to homozygosity (as occurs in most breeding
programs of inbreeding crops) is clearly not essential to
achieve benefits from genomic selection; the rate of genetic
improvement per year in heterozygous livestock species may
be doubled through genomic selection compared with pedi-
gree selection only (Hayes and Goddard 2010). Several dif-
ferences exist between animal and plant breeding programs.
At the population level, many crop breeding programs have
a small effective population size (Cowling et al. 2009). The
selection unit in animal breeding is the individual, which has
a unique genome. In plant breeding, the selection unit is
often heterogeneous, there are multiple “genomes” within a
plant variety, and these are subject to segregation in each
generation of inbreeding. Plant breeders face many chal-
lenges in modifying their breeding programs to capitalize
on the benefits of genomic selection.

While the power to accurately estimate SNP effects is
greatest when the allele frequency is 0.5, targeting inter-
mediate allele frequencies should not become an obsession.
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There is a strong argument that phenetic or numerical taxo-
nomic studies would be more robust if they included loci
with a range of allelic variation (Sneath and Sokal 1973), as
this is closer to the expected distribution of QTL allele fre-
quencies.

However, QTL allele frequencies do become important at
a low effective population size. In animal populations with
an effective population size of 20, alleles with fre-
quency <0.1 were shown to be at risk of loss through ge-
netic drift (Luikart et al. 1998). In practice, it is difficult to
introgress “new” positive alleles for quantitative traits in
plant breeding programs if their frequency is low (Cowling
et al. 2009). Nevertheless, introgression of positive alleles
from wide or distant relatives is a major justification for de-
velopment of genomic selection in crop plant breeding. Po-
tentially, it will be beneficial to combine the population
breeding approach (Falk 2010) with genomic selection, and
to trace the movement of positive alleles from wild into elite
crop varieties as done in rice (McCouch et al. 2007).

Traditional marker assisted selection is based on diagnos-
tic markers for genes or loci that may represent clusters of
linked positive allelic forms, normally developed by “pre-
breeders”. The next generation of marker-assisted selection
will encompass genomic selection inside breeding programs.
Of course, knowledge of candidate genes and QTL identi-
fied by linkage analysis will benefit future developments in
genomic selection (Zou et al. 2010).

New technologies for GWAS and candidate
gene discovery

Second generation sequencing is having a huge impact on
candidate gene discovery (Imelfort et al. 2009a; Imelfort
and Edwards 2009) with large implications for crop im-
provement (Edwards and Batley 2010). It is now possible to
discover genetic variation on a whole genome level, some-
thing which was impossible just a few short years ago
(Chagné et al. 2007; Edwards et al. 2007; Batley and Ed-
wards 2009b; Duran et al. 2009a; Duran et al. 2009b; Duran
et al. 2009¢; Imelfort et al. 2009b). These discoveries when
combined with massive throughput SNP genotyping as de-
veloped by Illumina, Inc. (San Diego, California) offer
whole new opportunities for genome wide association and
selection (Appleby et al. 2009; Batley and Edwards 2007;
Edwards and Batley 2010; Marshall et al. 2010).

This avalanche of data creates a huge challenge for bioin-
formatics (Edwards 2007; Edwards and Batley 2008; Batley
and Edwards 2009a); however, there are an increasing num-
ber of tools available to assist with the storage, comparison,
and visualization of Brassica genetic markers (Love et al.
2004; Love et al. 2006; Lim et al. 2007; Duran et al. 2010).
There remains a gap between the genome and phenome that
will require a substantial investment in the collation of phe-
nomic data (Edwards and Batley 2004).

Next generation sequencing will enable epigenetic varia-
tion (the “epi-genome”) to be characterized and quantified
(Joosen et al. 2009; Lister et al. 2008). The adoption of
eQTL and genetical genomics approaches may provide
more insights as large interconnected datasets become avail-
able. This will determine the contribution of the epi-genome
to phenotypic variation that mediates G x E interactions.
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What impact will such knowledge have on plant breeding?
Potentially, there is scope to manipulate epi-allelic variation
in relation to providing plants with greater adaptation to var-
iable growing environments (King et al. 2010).

Another prospective use of the sequence data is for pre-
dicting genomic estimated breeding values for genomic se-
lection. Meuwissen and Goddard (2010) demonstrated that
using sequence data, rather than SNP data, could give fur-
ther improvements in rate of genetic gain.

Technologies for genome-wide association
studies in Brassica

SSR markers are valuable to identify diversity among
genotypes, as few markers are required and they are multi-
allelic. For example, up to 10 alleles per locus and 4 or 5
loci per SSR primer pair were detected in a diversity analy-
sis of a diverse population of B. napus (Chen et al. 2008).
This type of diversity analysis provides useful information
for the selection of lines for SNP discovery. SSR markers
may be helpful to align maps of Brassica, but caution is
necessary because of frequent SSR paralogues in replicated
regions of the genome. Many sources of Brassica SSR
markers are available (Burgess et al. 2006; Batley et al.
2007; Hopkins et al. 2007; Ling et al. 2007; Lowe et al.
2004; Piquemal et al. 2005; Suwabe et al. 2002; Suwabe et
al. 2006) and additional resources for their discovery (Rob-
inson et al. 2004; Jewell et al. 2006).

SSR markers are problematic for GWAS in polyploid spe-
cies such as B. napus because of the difficulty in distinguish-
ing between homoeology (divergent copies of genes in
different genomes) and paralogy (within-genome gene dupli-
cation events) and the occurrence of nulls (Mayerhofer et al.
2005; Parkin et al. 2003; H. Raman, personal communica-
tion). Also, the mutation rate in and around SSRs is generally
higher than in coding regions of neighbouring genes (Mogg
et al. 2002; Duran et al. 2009b); therefore, polymorphism in
SSRs may not be representative of normal evolution, which
occurs largely through single base mutations in genes.

SNPs are the most powerful markers for association stud-
ies because of their abundance, low rate of reversion to the
ancestral state, and relatively low cost of high throughput
assay. Up to 20000 SNPs across the genome have been
identified for parents of the B. napus mapping population
BnaTNDH (Trick et al. 2009) (data are available from
www.brassica.bbsrc.ac.uk/). In the UK, the BBSRC sequenc-
ing project is currently screening the “digital transcriptome”
across the BnaTNDH mapping population (provided by J.
Meng, Huazhong Agricultural University, China), therefore,
these SNP markers will be mapped at a high density. Other
projects are generating gene expression markers (GEMS)
based on array data from eQTL experiments.

A collaboration between China and Australia will map
384 SNPs, and a project is underway in Australia to develop
and map >3000 SNPs in B. napus and across the family
Brassicaceae (J. Batley, personal communication). These
SNPs require manual input to evaluate and score accurately.

There is a strong interest in making a high-density SNP
array publicly available as a tool for the Brassica breeding
and research communities. A number of participants in the
Multinational Brassica Genome Project (available from
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www.brassica.info) have expressed interest in developing a
public 60 kb SNP array, and discussions are underway
among potential contributors of SNP data from public and
commercial Brassica researchers. A key to industry involve-
ment is the growing acknowledgement within the breeding
industry that GWAS and genomic selection can be extremely
useful for identification, characterization, and utilization of
novel genetic diversity in practical breeding programs.

The current estimated cost (August 2010) for a 60 kb SNP
Mlumina BeadArray lies between US$800 and $1000 per
sample (including analysis and chip) depending on the pro-
duction run for the chips (R. Snowdon, personal communi-
cation), although the price should be less for a lower
density chip (G. Durstewitz, personal communication). This
may limit the work to (perhaps) founders of breeding popu-
lations, as done by maize breeders. Based on this estimate,
for the canola breeding program described in Beeck et al.
(2010), genotyping alone would cost >$250 000 for the 332
genotypes, and this does not include the cost of the cleaning
of data or the time taken before genomic selection could
proceed. It is not yet clear what price would be “break-
even” for the application of genomic selection via SNP
chips in Brassica breeding. Many questions remain for the
commercial breeder such as how should the breeder handle
heterogeneity within varieties, which may not be completely
pure breeding? Should the breeder sample 1 plant per vari-
ety, 10 plants, or even more for DNA extraction and ge-
nomic selection?

Generating and measuring genetic and
phenotypic diversity

The importance of precision and accuracy in measuring
phenotype cannot be overstated for complex traits. Accurate
assessment of phenotype such as yield or oil in canola as de-
scribed in Beeck et al. (2010) and Cullis et al. (2010) is just
as important as accurate assessment of genotype for positive
outcomes from GWAS and genomic selection. Accounting
for nongenetic variation such as spatial variation in field tri-
als and adding genetic information from pedigrees, MET
and FA modelling of canola yield and oil was greatly im-
proved (Beeck et al. 2010; Cullis et al. 2010), but more
work is required to integrate genomic selection in the pres-
ence of G x E. Plant breeders may have to consider modify-
ing their breeding program to exploit the benefits of
genomic selection such as increasing the number of geno-
types tested in the MET trial series through the use of p-rep
designs (Beeck et al. 2010). Breeders and molecular geneti-
cists will also have to resolve the question of sampling
within heterogeneous varieties for determination of the vari-
ety’s “genome”.

The research and (or) breeding community also requires
more investment to ensure ongoing support for integrated cura-
tion and data repositories of large phenotypic and (or) genotypic
datasets. One framework for this is being generated (available
from www.brassica.info/resource/databases/cropstore.php).

Exploiting association mapping in Brassica
and other crops

GWAS will lead to the identification of genomic regions

Published by NRC Research Press



Genome Downloaded from www.nrcresearchpress.com by UNIV CALGARY on 07/04/11
For personal use only.

Cowling and Balazs

related to yield and other important traits in crop plants —
will it be possible to integrate these data from public and
(or) private sources? A canola breeding company donated
data for analysis and publication in these proceedings
(Beeck et al. 2010; Cullis et al. 2010). Collaboration is pos-
sible between public and private researchers to develop tech-
nology for genomic selection in the precompetitive area.
This is particularly the case for nested association mapping
(NAM) populations (Yu et al. 2008), which generally in-
clude predominantly prebreeding materials from exotic
founders, but are nevertheless of great interest for commer-
cial breeders. Initiatives are now underway to develop, gen-
otype, and phenotype immortal NAM populations for
Brassica crops. Such investments will considerably increase
the power of genome-wide association analysis for complex
traits.
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