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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of ‘markers’ physically linked to them. These included visible or
morphological, cytological, protein, and molecular or DNA markers. Among
them, the first DNA marker, the RFLPs, introduced a revolutionary change in
plant genetics and breeding in the mid-1980s, mainly because of their infinite
number and thus potential to cover maximum chromosomal regions, phe-
notypic neutrality, absence of epistasis, and codominant nature. An array of
other hybridization-based markers, PCR-based markers, and markers based
on both facilitated construction of genetic linkage maps, mapping of genes
controlling simply inherited traits, and even gene clusters (QTLs) controlling
polygenic traits in a large number of model and crop plants. During this
period, a number of new mapping populations beyond F2 were utilized and a
number of computer programs were developed for map construction, map-
ping of genes, and for mapping of polygenic clusters or QTLs. Molecular
markers were also used in studies of evolution and phylogenetic relationship,
genetic diversity, DNA-fingerprinting, and map-based cloning. Markers
tightly linked to the genes were used in crop improvement employing the
so-called marker-assisted selection. These strategies of molecular genetic
mapping and molecular breeding made a spectacular impact during the last
one and a half decades of the twentieth century. But still they remained
‘indirect’ approaches for elucidation and utilization of plant genomes since
much of the chromosomes remained unknown and the complete chemical
depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the ‘genomic resources’ including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic-physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies, and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series ‘Compendium
of Plant Genomes,’ a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are therefore focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/ or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole
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Preface

The major global crop Brassica napus L. (rapeseed, oilseed rape, canola,
kale, swede, rutabaga; genome AACC, 2n = 4x = 38) is a recent allopoly-
ploid species, formed during the past *7500 years by interspecific
hybridization between B. rapa (AA, 2n = 2x = 20) and B. oleracea (CC, 2n =
2x = 18). This hybridization is believed to have occurred spontaneously, with
at least three independent origins, but most likely under human cultivation as
no wild forms of B. napus are known. The diploid progenitors each derived
via ancestral hexaploidy from a common origin, but despite relatively close
genome homology, evolved into separate species with distinct karyotypes
and genome structures. Their hybrid, B. napus, represents the collision of two
related, highly duplicated genomes in a single nucleus. As such, B. napus has
become an important model for investigation of the consequences of poly-
ploidy on duplicated selective forces during crop plant evolution. The
availability of assembled B. napus genomes thus provides intriguing insight
into the genome restructuring and selection processes associated with poly-
ploidization and human selection from agricultural traits.

At the time of completion, the B. napus genome was the most highly
duplicated plant genome yet sequenced and also the genome with the highest
content of annotated genes (more than 100,000). The genome sequence
therefore provided a unique opportunity to examine the consequences of
large-scale gene duplication, structural and functional crosstalk within and
among highly duplicated gene pathways and epigenetic regulation of gene
expression and modification. The ability to readily generate and resequence
synthetic B. napus forms, derived by embryo rescue from new interspecific
crosses between different A-subgenome and C-subgenome diploid progeni-
tors, provided an unprecedented view of widespread homeologous exchanges
during the allopolyploidization process. Large-scale and small-scale genome
restructuring through homeologous exchanges, which was also found to be
widespread and prevalent in natural B. napus, appears to have shaped the
modern genomes of different B. napus accessions, creating a basis for
quantitative trait variation and leading to human selection of ecogeographi-
cally and morphologically divergent crop types. As an example, breeding
selection for specific genome rearrangements led to loss of glucosinolate
genes but expansion of oil biosynthesis genes, providing a genetic basis for a
globally important oilseed crop. The availability of high-quality B. napus
genome sequence assemblies thus enables novel insights into recent
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allopolyploid genome evolution and its impact on plant domestication and
crop improvement.

In contrast to other concerted international plant genome sequencing
efforts, many of which have been initiated within the framework of coordi-
nated international sequencing consortia, the ultimate completion of the B.
napus genome was enabled by informal cooperation between independent
genome assembly efforts on different reference genotypes in Europe
(winter-type oilseed rape), China (semi-winter-type rapeseed), and Canada
(spring-type canola), respectively. The exchange among these programs was
facilitated and encouraged by the steering committee of the ‘Multi-national
Brassica Genome Project,’ which promotes and coordinates international
cooperation in the area of Brassica genomics. The published reference
assembly of the European winter-type oilseed rape genotype Darmor-bzh
(Chalhoub et al. 2014) represents the result of a highly successful interna-
tional research community effort to exchange and share data from competing
research programs in the interests of scientific progress. The result was a
unique genome assembly, at the time the most complex plant genome to be
successfully assembled into a high-quality reference, which provided a
hugely valuable resource for research into allopolyploid crop evolution and
for breeding and genetics in B. napus and related crops.

In this volume, authors from the thriving international B. napus research
community present deep insight into genetic and genomic analysis and
applications enabled by the B. napus genome. Introductory chapters outlined
the importance of B. napus as a crop and as a cytogenetic model for the
consequences and importance of polyploidy and introduced the state of the
art with regard to mapping of genes and quantitative trait loci for agronomic
traits; many of mapping researches were based on the assembled reference
genome resource. Five chapters broadly cover genome organization, one
of the most interesting and complex features of the B. napus genome, with
detailed contributions on genome and gene duplication, organization and
evolution of repeat sequences, homeologous exchanges and the influence
of these factors on gene expression and epigenetic regulation. Insight into the
mitochondrial and chloroplast genomes of B. napus is presented in the
context of Brassica evolution and crop differentiation, a topic which is also at
the core of gene family differentiation among different Brassica species and
forms. The impact of allopolyploidization on selection for important agro-
nomic traits is underlined by three chapters which describe the complexities
of trait-related gene evolution in relation to oil biosynthesis pathway genes,
glucosinolate pathway genes, and resistance genes, respectively. The book
closes with an overview of valuable B. napus genomic resources and out-
looks on future applications of the B. napus genome for genome-facilitated
breeding of oilseed rape and for research on structural, evolutionary, and
functional genomics in B. napus.

As sequencing technologies and genome assembly strategies become
increasingly cost-effective, efficient, and accurate, the first reference genome
assembly of B. napus was likely one of the last complex crop genomes to be
assembled on a backbone of Titanium Roche 454 and Sanger sequences.
Ultra-cheap, ultra-high throughput next-generation sequencing, the
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ever-increasing accuracy and cost-effectiveness of long-read sequencing
technologies, and new assembly procedures including scaffolding and
phasing-based chromatin conformation technologies present completely new
opportunities to accurately sequence complex crop genomes. As this volume
is published, a multitude of new B. napus genomes has already been
assembled using new-generation strategies, and many will almost certainly
be published in the near future. This will give rise to a new era of crop
genome analysis, moving far beyond single reference genome sequences and
toward an association of pan-genome variation with agronomic and biolog-
ical trait information. Implementing this great magnitude of new information
to advance breeding will be one of the great challenges for coming genera-
tions of Brassica geneticists and breeders. Even with new possibilities
offered by genome editing in association with genomic knowledge, consid-
erable challenges still lie ahead: The complex genetics underlying quantita-
tive disease resistances, nutrient and water use efficiency and heterosis must
be better understood in order to make targeted use of genome diversity in
agriculture. A better understanding of chromosome structure, homeologous
pairing, recombination, and genome stability will be essential to make best
use of available (and de novo) diversity for B. napus improvement, for
example, by better control of new interspecific hybridization to exploit the
vast diversity present in the diploid progenitors of B. napus. Finally, maxi-
mizing the value of genome data in B. napus and other crops will rely in
future on coordinated, integrated data management and analysis systems as a
basis to navigate between diverse, multidimensional omics datasets from the
international research community and implement them to draw biological
insight into the complex relationship between genotype and environment.
The first B. napus genome has laid an excellent foundation for this quest, and
we look forward to working together with future Brassica napus researchers
to continue this momentum.

Wuhan, China Shengyi Liu
Giessen, Germany Rod Snowdon
Evry, France Boulos Chalhoub
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1Academic and Economic Importance
of Brassica napus Rapeseed

Wolfgang Friedt, Jingxing Tu and Tingdong Fu

Abstract
Rapeseed or canola (B. napus) is the second
most important oilseed crop of the world. It is
also a favourite plant for basic and breeding
research. Due to its origin and evolution,
rapeseed has a complex polyploid genome.
Recent sequencing of the corresponding gen-
omes provides the basis for a better under-
standing and exploitation of the genetic
diversity involved in major rapeseed traits.
However, directed selection for major quality
characteristics, i.e. minimal erucic acid content
and low glucosinolate level, has caused genetic
bottlenecks limiting genetic variation in the
current gene pools of cultivated oilseed rape
(OSR). Therefore, broadening genetic diversity
is an important aim of research and a necessary
prerequisite for further progress by OSR
breeding. In agricultural production, rapeseed
is nowadays an indispensable component of
crop rotations in major growing areas such as
Australia, Western Canada, Central China and
many countries of the European Union. In
many cases, OSR is the only leaf crop among

dominating cereal species. Therefore, OSR as a
component of crop rotations helps to maintain
soil fertility and contributes to sustainable
production therefore. As a major cash crop
OSR substantially contributes to farmers’
incomes and therefore helps to stabilize rural
populations. Beyond that, as major globally
traded agricultural commodities rapeseed/
canola and rapeseed/canola oil and meal sig-
nificantly input the national products of a
number of countries e.g. Canada. Rapeseed/
canola is a raw material for vegetable oil and
extraction meal as feed, food and fuel. The oil
is mainly used as a high-value salad oil for
dressings etc. due to its high contents of oleic
acid (ca. 60%) and poly-unsaturated linolenic
acid (omega-3, ca. 10%). Nevertheless, a large
part is also used as a mobility fuel for diesel
cars and tractors, particularly in Germany and
Europe. The extraction meal (and protein) from
oil processing is now recognized as a highly
valuable animal feed, particularly for ruminants
(cattle) but also for monogastric farm animals
(pigs, poultry). Furthermore, the interest in
rapeseed protein for the purpose of human
nutrition is increasing. Optimal contents of the
major compounds mentioned before represent
the main requirements for rapeseed/canola
varieties today. Consequently, quality charac-
teristics are major criteria for variety testing
and registration therefore. Other major require-
ments for modern rapeseed varieties are yield
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and various agronomic traits securing seed
yield, i.e. resistance against fungal diseases and
insect pests. Because of the environmental
concerns and the rejection of agrochemicals
such as insecticides (e.g. ban of neonicotinoids
in the EU), genetic approaches of establishing
resistant crop cultivars constantly gain impor-
tance. OSR breeding has long been a relatively
ordinary process of repeated selection for
resistance, quality and yield, the propagation
of improved populations and their release as
new open pollinated (OP) varieties. Since this
approach is not very effective, breeders have
been interested in breeding hybrids instead.
Today, F1 hybrids represent the major variety
type. They are produced with genetic male
sterility systems, most of which are based on
cytoplasmic mutations causing male sterility
(cms). The higher performance of hybrids is
caused by “heterotic effect” which largely
depends on the genetic distance between the
parents. Therefore, distant genetic pools need
to be generated for the development of female
and male parents. The future potential of
variety design is consequently determined by
the usefulness of the genetic pools and the
performance of hybrid parents extracted from
them. Modern breeding tools based on biotech-
nology and genomics can substantially con-
tribute to a better exploitation of useful genetic
diversity, i.e. specific genes and genetic net-
works. Better varieties are a precondition for
further crop improvement. Future quality OSR
cultivars deserve high yield potential, com-
bined with good stability due to disease and
pest resistance. This will be the basis for
exploiting the great agronomical and industrial
advantages of the rapeseed plant.

1.1 General Relevance of Brassica
napus

Scientific research on Brassica napus is particu-
larly relevant because of the following reasons:

(i) It is a major crop plant and member of a
large plant family (Brassicaceae)

including many crops and weeds with
many unique features.

(ii) It also represents one of the few dicot
plants which are particularly important
today to break plant production systems
(rotations) often dominated by cereals and
maize.

(iii) Rapeseed is a very valuable plant, used for
various purposes: as a forage for cattle, as
an oil plant (“oilseed rape”) for nutritional
and industrial purposes and as a protein
crop for producing compound animal feed.

(iv) As a major seed component, rapeseed oil
can have very different fatty acid profiles
and corresponding uses, i.e. high erucic,
canola (hi-oleic, hi-linolenic), high oleic
(HOLLI).

(v) Other than many other species, it is a
allopolyploid organism derived from an
ancient hybridization between two (crop)
species which again derived from prehis-
toric hybridizations; for this reason, gen-
ome analysis of B. napus can give deep and
unique insights into the structure, function
and regulation of a complex genome
showing variation on the sub-genomic,
chromosomal, sub-chromosomal and
molecular levels.

1.2 Origin and Evolution
of Rapeseed—A Plant
with a Complex Polyploid
Genome

The mustard family (Brassicaceae, Cruciferae)
comprises about 300 genera with around 4000
species. These include a number of agriculturally
important plants, either as crops (vegetables, spi-
ces and oil plants) or weeds (e.g. Raphanus
raphanistrum, Sinapis arvensis). Major crop
plants are domesticated forms of wild cabbage
(Brassica oleracea), e.g. white and red cabbage,
kohlrabi (turnip cabbage), Brussels sprouts, and
broccoli. Furthermajor cropmembers of the genus
Brassica are pak choi, Chinese cabbage (B. rapa
subsp. chinensis), white beet (B. rapa
subsp. rapa), turnip rape (B. rapa subsp. oleifera),
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swede (B. napus subsp. rapifera) and rapeseed
(B. napus subsp. napus). Other nameable mem-
bers are B. nigra (black mustard) and Sinapis alba
(white mustard). Representatives of the genus
Raphanus are radish types (R. sativus), horse-
radish (Armoracia rusticana) and cresse (Lepid-
ium). Another very important member of the
family is the model plant Arabidopsis thaliana
(common wallcress) which has been very useful
for basic scientific research in the family and far
beyond.

The taxonomic relationships within the genus
Brassica were basically revealed by cytological
studies in the 1930s. There are obviously two
ploidy levels represented (i) by three primary
species: B. rapa (A, n = 10), B. oleracea
(C, n = 9) and B. nigra (B, n = 8) and (ii) three
secondary species: B. napus (AC, n = 19),
B. juncea (AB, n = 18) and B. carinata (BC,
n = 17). The latter are amphidiploids (allote-
traploids) derived from the primary species as
has been confirmed by the re-synthesis of
B. napus and other amphiploids (“The triangle of
U”; Fig. 1.1; see U 1935).

More recent genetic and molecular studies
give closer insights into the taxonomic relation-
ships between the species and related genera (e.g.
Mei et al. 2011; Liu et al. 2014; Chalhoub et al.

2014). According to the latter authors, rapeseed
was formed presumably approximately
7500 years ago or later by hybridization between
B. rapa and B. oleracea, followed by chromo-
some doubling, resulting in an allopolyploid
progeny. Together with more ancient poly-
ploidizations, this conferred an aggregate 72 �
genome multiplication that we could detect by
comparative genomic and bioinformatic analyses
since the origin of angiosperms. It has been
speculated that rapeseed originated in the
Mediterranean where the distribution areas of the
parental species overlap.

It is still debated from what time on rapeseed
has been cultivated in Europe and used instead of
animal fat. It seems that this was first the case in
Western Europe from where the plant migrated to
northern and later to southern Germany (six-
teenth century). In the eighteenth and nineteenth
centuries, rapeseed became widely used in cen-
tral Europe where rapeseed oil (from B. napus or
B. rapa) was mainly used as a lamp oil or for
technical purposes. As oil plants, mainly the
winter forms of rapeseed (B. napus ssp. oleifera
L.) and turnip rape (B. campestris L.
ssp. oleifera) became widely distributed due to
the existing diversity. Summer forms are rela-
tively unimportant in Germany and would

Fig. 1.1 U’s triangle
illustrates the origin of the
polyploid crop plants B.
carinata (Ethiop. mustard), B.
juncea (Indian mustard) and
B. napus (rapeseed) from
crosses between the diploid
parents indicated
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mainly be grown in northern latitudes, e.g. as a
substitute after winterkill of a previous winter
(rapeseed) crop.

The genetic basis of winter rapeseed adapted
to central Europe is thought to be rather limited:
only a few landraces are known as basic germ-
plasm formed under different climatic conditions
and deviating in their vegetative growth and
winter hardiness, “Lembkes Winterraps”, the first
German variety, selected from a landrace from
Mecklenburg has obviously been used frequently
as a cross parent in France, Poland and Sweden.
The introduction of 0 (low erucic) from the
summer forage variety, “Liho” and 00 quality
(plus low glucosinolates from the polish summer
variety, “Bronowski”) caused a bottle-neck effect
due to the fixation of several genomic regions
involved in these traits. For example, Körber
et al. (2012) evaluated the patterns of phenotypic
diversity in a species-wide B. napus germplasm
set of more than 500 inbreds with respect to
various seedling development, agronomic and
seed quality traits in greenhouse and field trials.
They observed differences in phenotypic diver-
sity among the examined eight germplasm types.
The reduction of phenotypic diversity was on
average more pronounced for the seedling
development traits than for the agronomic and
seed quality traits (Körber et al. 2012). These
results along with other studies suggest that new
genetic variation has to be introduced into cur-
rent rapeseed elite material as a basis of future
breeding progress.

Whereas winter 00 rapeseed dominates in
Europe and spring types of canola are widely
used in Canada, the rapeseed cultivation in China
is based on alternative or semi-winter types. The
use of the term “rapeseed” sometimes causes
confusion: rapeseed is the traditional name for
the Brassicaceae oilseed crops. It can be divided
into two types—industrial rapeseed versus canola
(00-rapeseed in Europe). While the seeds of the
two types are visually identical, the distinguish-
ing difference between them is their individual
chemical profiles regarding fatty acids and glu-
cosinolates. Generally, “industrial rapeseed”
refers to any rapeseed with a high content (45%
or more) of erucic acid in the oil. The name

“Canola” was registered in 1979 in Canada and
refers to the edible oil crop that is characterized
by low erucic acid (less than 2%) and low levels
of glucosinolates. In this chapter, the term rape-
seed is used in a more general sense for any type
of B. napus. Types especially developed for the
use of seed oil (and protein) are also known as
“oilseed rape” (OSR).

Crucifers including the brassicas are basically
outcrossing species. Self-fertilization (selfing) is
often impeded by genetic self-incompatibility
systems preventing sexual crosses between par-
ents with identical S alleles. In the cultivated
types, self-fertile varieties have been selected,
allowing the generation of inbred pure lines.
Therefore, species like B. juncea or B. napus are
in fact facultative inbreeding/outcrossing species,
where either open-pollinated (OP) varieties or
hybrids can be developed by breeding. Current
commercial varieties of oilseed rape (B. napus)
are predominantly hybrids all over the world. For
example, in the European Union including Ger-
many WOSR crops today are predominantly
single-cross hybrids based on the application of
male sterility systems such as the “Ogu-INRA”
cytoplasmic male sterility (CMS) or the “Male
Sterility Lembke” (MSL) system (Fig. 1.2).

1.3 Broadening Genetic Diversity
for Oilseed Rape Research
and Breeding

1.3.1 Using Existing Intraspecific
Variation

Genetically diverse populations are necessary
tools for phenotypic and genotypic analyses of a
species. Such populations may represent collec-
tions of random inbred lines (e.g. RIL or SSD
lines), introgression lines (IL), segregating F2
progenies, fixed inbreds or doubled haploid
(DH) populations. Numerous collections derived
from different parents and developed for various
traits have been propagated and are used for
genetic approaches such as mapping and gene
cloning. The combined use of different resources
like this enables the establishment of consensus
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maps for the deep genomic analysis of complex
traits. For example, Raman et al. (2013) have
applied nine DH populations developed by var-
ious authors for different traits and purposes and
developed a high-density consensus map:

• Ag-Castle/Topas (segregating for resistance
to Leptosphaeria maculans)

• BLN2762/Surpass400 (L. maculans and
shatter resistance, water-soluble
carbohydrates)

• Lynx-037DH/Monty028DH (flowering time,
seed oil quality)

• Maxol1/Westar (resistance to L. maculans)
• Skipton/Ag-Spectrum (various components of

flowering time, race-specific and non-specific
L. maculans resistance, C isotope discrimi-
nation, water-soluble carbohydrates)

• Tapidor/Ningyou7 (various components of
flowering time, oil content, erucic acid,
a-tocopherol content, glucosinolate
concentration).

Fig. 1.2 Simplified scheme of rapeseed breeding based
on a cytoplasmic male sterile (CMS) female (reproduced
by a complementary fertile “maintainer” line) The CMS
line is used as a mother (seed parent) for seed

multiplication via pollination by a suitable male parent
(restorer, pollen parent), restoring fertility by the action of
a nuclear R allele corresponding to the rr allele of the
maintainer
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The markers represented on their array were
sequenced and aligned with the B. rapa and
B. oleracea genomes, and they provide insight
into the Brassica A and C genomes (Raman et al.
2013).

1.3.2 Exploiting Interspecific
and Intergeneric Diversity

Genetic diversity between and within species is
generally valuable and particularly needed as a
basis for crop breeding and enhancement.
Genetic diversity is a precondition for recombi-
nation leading to novel genetic variation in cross
progeny. Minimal genetic distance is a prereq-
uisite for achieving heterotic effects, i.e. the yield
advantage of F1 versus its parents, and therefore
necessary for breeding hybrid cultivars (see
below) with a high yield potential. Genetic
variance can be induced by sexual hybridization
(crossing) of released cultivars, adapted breeding
lines, landraces or even alien exotic germplasm
(i.e. different Brassica species). In addition,
entirely new variation can be created by inter-
specific or intergeneric hybridization within the
Brassicaceae. As indicated, novel forms of
B. napus including forage and oil types can be
created by interspecific hybridization between
selected genotypes of the two parental species
(Fig. 1.1). The progeny of such hybrids
(“resynthetic [RS] rapeseed”) can give rise to
completely new progenies differing from com-
mercial OSR cultivars and elite material, as
demonstrated, e.g. by Seyis et al. (2003, 2006).
At the same time, different interspecific families
show obvious genetic distance and form separate
sub-clusters within the progenies. The develop-
ment of inbred lines derived from such wide
crosses can lead to new test hybrids (F1) with
elevated seed and oil yield potential as compared
to former variety types (Friedt et al. 2004;
Gehringer et al. 2007; Seyis et al. 2003, 2006).

Such introgressive breeding, whereby a novel
phenotypic or allelic variant in a wild or related
species is crossed with a crop species followed

by successive backcrossing, has repeatedly been
carried out in rapeseed/canola (B. napus).
Hybridization with related species such as B.
rapa, B. juncea and B. carinata has resulted in
the transfer of resistance to Leptosphaeria mac-
ulans (blackleg) and Verticillium longisporum
(cf. Mason and Batley 2015). A further impres-
sive example is the development of breeding
material resistant to clubroot (Plasmodiophora
brassicae). Already in 1987, the clubroot resis-
tant kale (B. oleracea ECD-15) was crossed to
turnip rape (B. rapa ECD-04) to create new
B. napus RS 15/04 (2n = 38). This progeny was
crossed to WOSR cv. “Falcon”. Haploid F1
pollen was cultured in vitro, and DH plants
regenerated thereof. The selected DH line 47/19
was then backcrossed two times to cv. Falcon to
generate a BC2F1 population segregating for
three dominant, race-specific clubroot resistance
(CR) genes. After further crossing and hap-
loidization steps, the resistant WOSR cv. “Men-
del” could be released in 2001 (Diederichsen
et al. 2009). Using this cultivar in further
breeding new CR WOSR cultivars such as
“Mentor” have been generated (Anonymus
2016).

Another interesting source of disease resis-
tance is seen in the B genome of B. nigra
(BB) and B. carinata (BBCC). In this regard, the
work of Fredua-Agyeman et al. (2014) using
B. napus � B. carinata interspecific hybrids
provides evidence that the Brassica B genome
chromosome B3 carries blackleg resistance gene
(s). The authors showed that the B genome
chromosomes were inherited several generations
along with the B. napus chromosomes.

Re-synthesis of rapeseed has also been used to
create new genetic variation for quality traits. In
such cases, it is usually necessary to backcross
the RS material with elite rapeseed (B. napus)
lines or varieties. An example is represented by
the winter rapeseed progeny with the pedigree
{[(B. rapa subsp. oleifera (DC.) Metzg. �
Quinta) � Quinta] � Belinda} � rapeseed line,
which has been used as a valuable source of the
yellow seed trait (J. Koch, pers. Mitt.)
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accompanied by a low dietary fibre content of the
seed and associated with better digestibility,
particularly for monogastric farm animals.

Even wider hybridizations across the genus
level are achievable. Prominent examples are
fusions of isolated cells (protoplasts) of rapeseed
and radish (R. sativus). Such protoplast fusions
have, for example, been the basis for the devel-
opment of the Ogu-INRA CMS system for
hybrid breeding (e.g. Primard-Brisset et al. 2005;
see below).

1.4 Agronomy, Environment
and Sustainability

1.4.1 Rapeseed Production and Crop
Rotation

Environmentally friendly and sustainable land
use and agricultural production are based on
many factors, one of the main being diversity of
crops and agricultural production system(s).
Nowadays, the production systems in many
countries are characterized by a small number of
plant species which are grown in short rotations
on relatively large areas as compared to former
times. Consequently, few (cash) crops dominate
the land use; for example, only four crop plants,
i.e. wheat, maize, barley and oilseed rape (OSR),
cover about 80% of the arable land in Ger-
many; OSR (ca. 12% of acreage) has been the
major non-cereal crop recently. For ecological
but also economic reasons, it is necessary to
maintain a minimum acreage of leaf crops such
as OSR in cereal-dominated agricultural systems
in order to avoid or reduce negative effects of
short rotations or monoculture, e.g. increased
incidence of diseases and pests. On the other
hand, OSR itself is also subject to many pests
and diseases often causing damage to the crop:
insect pests such as crucifer flea beetles (Phyl-
lotreta cruciferae), pollen beetles (Brassico-
gethes aeneus) or cabbage seedpod weevils
(Ceutorhynchus obstrictus) can induce the loss of
flower buds, and fungal pathogens such as
blackleg, cancer and clubroot affect the produc-
tivity and seed yield of OSR crops (e.g. Hwang

et al. 2012). Whereas the resistance of rapeseed
cultivars against diseases such as blackleg or
clubroot has been substantially improved during
the last decades (e.g. Diederichsen et al. 2009;
Obermeier et al. 2013; Rahman et al. 2014),
resistance against insect pests has not been
achieved yet. Basic studies have been initiated
however to develop resistant plants via genetic
engineering, e.g. by RNAi technology
(P. Krause, pers. comm.).

Altogether, agricultural practices have chan-
ged dramatically in the last millennium due to the
farmers’ needs and huge technical progress. For
example, during earlier centuries in Europe, a
3-year crop rotation was practiced by farmers
rotating winter rye or wheat in year 1, followed
by spring oats or barley in year 2 and followed
by a 3rd year of no crop (fallow year). With the
introduction of turnips, this all changed: the
farmer did not have to lay the arable land fallow
to get rid of the established weeds. Since a crop
of turnips grown in rows could be hoed to
remove weeds, the area of fallow land could be
greatly reduced or even avoided.

Farmers in those days were essentially
self-supporters. Today, the agricultural produc-
tion—particularly in Australia, America and
Europe—is strongly depending on (international)
markets, and the production is directly influenced
by the demand and consumption. This led to an
increasing expansion and dominance of cereals
such as wheat, rice and corn in plant production.
From an agronomical point of view, it is there-
fore very important (i) to diversify crop produc-
tion as much as possible and (ii) to extend the
share of dicot crops in crop rotations. For tem-
perate regions of the world, rapeseed (B. napus)
has long been known as a very suitable com-
plement for rotations with cereals like wheat and
barley. For example, wheat and other cereals
cover more than 50% of the arable land in Ger-
many today. The share of OSR is only 12%, and
typical rotations would be dominated by winter
cereals (cf. Table 1.1).

According to recent field studies in Germany,
the extension of “leaf crops” (dicots) such as faba
beans or field peas in rotations can lead to pos-
itive effects regarding field sanitation and the
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protection of beneficial organisms. In addition, it
allows yield increases of 10–20% in comparison
with wheat as a previous crop. In direct-seeded
field experiments at five locations in Western
Canada from 2008 to 2013, involving continuous
canola and all rotation phases of wheat and
canola or field pea, barley and canola were
conducted. It was found that for each annual
increase in the number of crops between canola,
the yield of canola increased by 0.20–0.36 t ha−1

(Harker et al. 2015). In addition to the direct
yield advantage, a leaf crop makes the soil
preparation for the following (cereal) crop easier
(and cheaper), saves plant protection costs (for
herbicides, fungicides, a.o.) and breaks work
peaks. In addition, the extensive root system of
OSR allows the exploitation of deeper soil layers
and saves nutrients for the following crop(s).

1.4.2 Impact of Rapeseed Cultivation
on the Environment

One of the major environmental impacts of
modern agriculture is increased greenhouse gas
(GHG) emission leading to global warming and
climate change. The Renewable Energy Direc-
tive (RED) of the European Union from 2009
requests that until 2017, greenhouse gas emis-
sions from the production and use of biofuels for
transport must be at least 35% lower than those
from fossil fuels, thereafter, 50% lower.
According to the EU commission’s studies,
rapeseed oil meets the RED requirement, deliv-
ering greenhouse gas cuts of at least 38% com-
pared with conventional fuels. Regarding the
sustainability of OSR and RME production and
use, a detailed life-cycle assessment (LCA) study
of biodiesel has been carried out (Herrmann et al.

2013). Based on today’s climate change potential
from the production and use of biodiesel, the
authors have assessed the specific environmental
impacts from the production and use of biodiesel
as it is today, based on rapeseed oil and different
types of alcohols, and using technologies that are
currently available or will be available shortly.
Based on their analysis, the authors recommend
investigating additional options and incentives
regarding the better use of OSR straw, particu-
larly considering carbon sequestration issues of
using bio-alcohol instead of petrochemical alco-
hol for the transesterification process in order to
further reduce greenhouse gas emissions.

1.5 Impact on Agriculture
and the Rural Population

1.5.1 The Value of Rapeseed and Its
Products

Rapeseed is not only an important oil crop, but
also a source of high-quality vegetable protein
determining its value as an excellent feedstuff for
farm animals, mainly ruminants (cattle, sheep,
etc.). As shown in Table 1.2, almost three-
quarters of the world’s rapeseed production is
harvested in Canada, China and the EU (71%).
These figures demonstrate the outstanding
importance of this crop for agriculture and the
whole economy of these countries.

The major “rapeseed” growing countries
besides China are India (mainly mustard),
Canada, France, Germany and Australia. Further
countries with a significant production are the
Ukraine, Poland, the UK, Russia, the USA and
Pakistan (FAOSTAT 2016). In Europe, oilseed
rape (OSR) is mostly grown as a winter crop

Table 1.1 Examples of
typical rotations for crop
production with oilseed
rape as a main component
practiced in Germany (W.
Sauermann, pers. comm.)

Sequence of crops Frequency of rapeseed (%)

WOSR–WW–WW 33

WOSR–WW–WB 33

WOSR–WW–WW–WW 25

WOSR–WW–FB–WW–WB 20

WOSR winter oilseed rape, WB winter barley, WW winter wheat, FB faba beans
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(WOSR). The highest seed and oil yields are
harvested in Central and Western Europe, where
the annual average yield of WOSR crops varies
between 3.3 and 4.3 t/ha (Table 1.2).

1.5.2 Special Relevance of OSR
for China

The Chinese harvest corresponds to an annual
production of 5 mio tons of edible oil (account-
ing for 55% of total vegetable oil production) and
more than 6 mio tons of high-quality protein
feedstuff. Together, this provides an agricultural
income of nearly 100 billion yuan for more than
100 million peasants. Therefore, the Chinese
rapeseed producers have a great importance to
effectively supply the processing industry with
vegetable oil and forage protein. In addition to
established feeding purposes, the use of rapeseed
extraction meal (REM) or cake in aquaculture is
also promoted today in China and south-east
Asia but also in other parts of the world (e.g.
Scandinavia, South America).

Major rapeseed production regions in China
are: (i) the spring rapeseed area (Qinghai–Tibet,
Xinjiang and Northeastern China); (ii) the upper
region of Yangtze River (Yunnan–Guizhou
Plateau, Sichuan Basin and Chongqing); (iii) the
middle region of Yangtze River (Hubei, Hunan
and Jiangxi provinces); (iv) the lower region of
Yangtze River (Anhui, Jiangsu, Zhejiang Pro-
vinces, Shanghai City) and (v) the

Huanghe-Huaihe River plain (Henan, Shanxi).
Overall, the Yangtze River Basin is the main
growing area of oilseed rape in China, and OSR
is the only oil crop grown there during winter.

As is obvious from Table 1.2, in the year
2004 the total rapeseed production of China was
comparable to the EU. Due to yield improvement
based on the introduction of high-yielding hybrid
cultivars and an extension of the OSR cultivation
area, the production of the EU is now two times
higher than that of China, where at the same time
yield and acreage have significantly decreased.
This is obviously due to a lower competitiveness
of OSR in comparison with wheat, maize and
other crops in China.

However, it is important to mention that the
rapeseed industry does not influence the cereal
food supply for the Chinese people, because
rapeseed does not compete for land with major
summer food crops such as rice and maize, and
in this region, most areas suitable for winter OSR
are not suited for winter wheat because of quality
restrictions. At present, there is a limited poten-
tial of arable land to develop other summer oil
crops like soybean and peanut in China. But the
potential for OSR development is very large as
there are still 4 million ha of winter fallow
farmland in the Yangtze River Basin which can
be used. According to estimations, the rapeseed
production could be extended by 9 mil-
lion tons (t) per year if the necessary investments
and technological progresses would be put into
place.

Table 1.2 Annual rapeseed yield and total production in major countries or regions and in the world, 2004, 2009 and
2014 (FAOSTAT 2016)

Country or
region

2004 2009 2014 2014 versus
2004

Yield
t/ha

Prod.
Mio t

Yield
t/ha

Prod.
Mio t

Yield
t/ha

Prod.
Mio t

(%)a

Australia 1.12 1.54 1.12 1.92 1.41 3.83 126/249

Canada 1.58 7.67 1.95 12.89 1.93 15.56 122/203

China 1.81 13.18 1.88 13.66 1.77 11.60 98/88

EU 3.39 15.49 3.30 21.48 3.61 24.29 106/157

World 1.84 46.54 1.97 62.59 1.98 70.95 108/152
aYield in tons per hectare and total production 2014 versus 2004 (%)
Source http://faostat.fao.org
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1.6 Economy and Global Trade

1.6.1 The Global and Regional
Production of OSR

As indicated, rapeseed is one of the major sources
of vegetable oil in the world. Regarding oil pro-
duction, it ranks third after oil palm and soybean.
Rapeseed and soybean are theworld’smajor oil and
protein seed crops with different regional impor-
tance due to (i) the plants’ requirements regarding
soil quality and ambient temperature and (ii) the
specific national or local traditions regarding
human nutrition and feeding practices of farm ani-
mals. As indicated, the term “rapeseed” as a com-
modity represents different species of the
Brassicaceae: Its major, economically most
important representative is oilseed rape (B. napus),
grown widely in Australia, East Asia, Europe and
America (mainly North America). Other species
grown for seed oil production include turnip rape
(B. rapa) in higher northern latitudes (Canada,
Scandinavia) and brown mustard (B. juncea),
mainly on the Indian subcontinent.

The world’s total acreage of B. napus
OSR/canola along with related “rapeseed” bras-
sicas is about 35 million (mio) hectares. The total
and regional cultivation of rapeseed is as follows:
Australia 2.78 mio ha, Canada 8.15 mio ha,
China 7.17 mio ha, Europe 9.31 mio ha (aver-
ages of 3-years, 2012–2014); this corresponds to
75% of the world’s rapeseed cultivation area
(36.37 mio ha). According to the FAO, about
72.5 mio t of rapeseed have been harvested
globally in the year 2013, in comparison with a
mass of 276.4 mio t of soybeans (Table 1.3).
More than one-third of the total OSR has been

harvested in Europe, where the production was
more than duplicated in the last decade. The
increase in China has been comparatively small
(+26%). Whereas sunflowers play a major role in
(Eastern) Europe, they actually represent a minor
crop in China (Table 1.3). The current cultivation
of soybean in China, its country of origin, is also
relatively restricted and has even declined during
the last decade. Rapeseed is appreciated not only
as an important oil crop, but also as a high-quality
protein feed crop. In China, it is number 5 of the
main crops following rice, maize, wheat and
soybean. Besides soybean and rapeseed, ground-
nut is an important source of vegetable oil in China
but not in temperate regions such as Europe.

A great potential for extending OSR produc-
tion is seen in Eastern Europe, e.g. Poland,
Romania, Ukraine, Western Russia, depending
on growing conditions and the economic situa-
tion. The yield potential in other major rapeseed
growing regions of the world is much lower. This
is either due to the harsh environment and short
growing season of spring canola in Western
Canada, to the small-scale production of alter-
native rapeseed types (semi-winter types) as a
second crop (after rice) in Central China. The
possibility of enhancing the average yield level
under such production conditions seems to be
rather limited to favourable locations and opti-
mum cultivation practices based on new hybrids
with a genetically high yield potential. For
example, the rapeseed production has doubled in
Canada in the last decade, based on a strong
improvement of average yield (Table 1.2). The
increase of production in the EU and the whole
world was primarily due to an extension of oil-
seed rape (canola) cultivation area by about 50%.

Table 1.3 Comparison of annual production of major oilseeds in the world, in China and whole Europe, 2003, 2008
and 2013 (million tons)

Year Rapeseed Sunflower Soybean

World China Europe World China Europe World China Europe

2003 36.78 11.42 11.45 27.56 1.74 16.32 190.65 15.39 1.85

2008 57.93 12.10 23.36 36.33 1.79 21.95 231.27 15.54 2.74

2013a 72.53 14.40 25.59 44.75 2.38 31.89 276.41 12.50 5.94

Rel. (%)b 197 126 223 162 137 195 145 81 321

Source FAOSTAT (http://faostat3.fao.org)
aEstimations for 2013; b2013 versus 2003 (%)
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1.7 Food, Feed and Biofuel Uses
of Rapeseed

1.7.1 Rapeseed Oil Quality and Its
Improvement

The major useful compounds of rape seeds are oil
and protein. Whereas the average protein content
is approximately 23% (19–26%), the oil content
varies around 44% (38–49%) (Wittkop and Friedt
unpubl.). The seed oil of 00-rapeseed/canola is
widely used both for human nutrition and as an
important renewable resource for non-food pur-
poses (e.g. biodiesel). Almost all of the OSR
production in Europe is of 00-quality. A relatively
small amount of high erucic acid rapeseed
(HEAR, also called “traditional rapeseed”) is still
grown in Canada and Europe for industrial
end-users. Due to its favourable fatty acid com-
position, the oil extracted from current
00-rapeseed varieties is very suitable for the
production of biodiesel (rapeseed methyl ester,
RME). Its relatively high mono-unsaturated fatty
acid (oleic acid, 18:1) content together with
comparatively low contents of poly-unsaturated
fatty acids (linoleic acid, 18:2; linolenic acid,
18:3) are determinants of high RME quality.
High-oleic types (HOLL or HOLLI) with ele-
vated contents of C18:1 would be even better
suited. They are also very useful for frying pur-
poses (“hot kitchen”); see Table 1.4.

The achievable oil and methyl ester yield from
a given amount of seed depends primarily on its
oil content. Further progress in oil content and

yield can be expected from breeding in the
future. However, a large number of genes or
quantitative trait loci (QTL) are involved in seed
oil biosynthesis, and a strong environmental
modification of seed oil content has been
observed (Nesi et al. 2008). Rahman et al. (2013)
reported that the QTL associated with oil quality
was distributed among 17 of the 19 chromo-
somes of B. napus which on the one hand com-
plicates recombination breeding but on the other
hand allows recombinations between unlinked
loci. Further investigations are essential to obtain
deeper insight into this complex trait in order to
further improve oil content in high-yielding cul-
tivars. In this context, the identification and uti-
lization of genes contributing to oil content via
genetic analysis in OSR, e.g. comparative QTL
mapping in different genetic backgrounds, will
help to identify gene loci with a key function for
this complex trait by knowledge-based breeding.
For example, in a comparative study homoeolo-
gous genomic regions involved in oil content in
different genetic backgrounds could be identified
(Delourme et al. 2006), and novel alleles were
found in individual genotypes. Zhu et al. (2012)
have identified dozens of genes which were dif-
ferentially expressed in rapeseed lines differing
in a QTL influencing oil content. Among these
genes, six were differentially expressed regard-
less of temperature, indicating the major rele-
vance for oil content. Such work aims at the
marker-assisted combination of favourable alleles
at different genetic loci to increase seed oil con-
tent in OSR by breeding.

Table 1.4 Typical fatty acid compositions of selected genotypes of three major oilseed crops (Wittkop et al. 2009)

Type Fatty acid composition (% of total fatty acids)a

12:0 14:0 16:0 18:0 18:1 18:2 18:3 20:1 22:1 Rest

High erucic – – 3 1 11 12 9 8 52 4

Canola/00 – – 4 2 60 21 10 1 1 1

Low linolenic – – 4 2 61 28 3 1 – 1

Lauric 37 4 3 1 33 12 7 – – 3

High myristic – 18 23 2 34 15 4 – – 4

HOLLI 4 1 84 5 3 1 – 2
a12:0 lauric, 14:0 myristic, 16:0 palmitic, 18:0 stearic, 18:1 oleic, 18:2 linoleic, 18:2 linolenic, 20:1 eicosenic, 22:1
erucic acid
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1.7.2 Oil Consumption Versus Need
of a Growing Population

The consumption of vegetable oils continues to
grow globally and particularly in China with the
largest population of the world. Whereas
domestic vegetable oil consumption in 2001/02
was only 14.54 mio tons, it reached 28 mio tons
in 2011/12. On the other hand, domestic veg-
etable oil production is only about 11 mio tons
so that the self-sufficiency rate is 35.4%. Con-
sequently, China has become the largest importer
of edible oil and oil products in the world. OSR
has contributed most in domestic edible oil,
which is considered the most important oil crop
to secure the edible oil supply of China.
Although the total production of soybean is
much higher, due to its low oil content (20–
23%), the usage of soybean oil is only 30% since
the majority of home-grown soybeans is for
direct consumption. Peanut production is high,
but it is mainly for direct eating and is largely
exported, so that the annual consumption of
peanut oil is only about 2 Mio tons. Regarding
oil production, OSR ranks first and contributes
most to the self-sufficiency of oil in China. In
2012, China’s consumption of edible vegetable
oil was 28 mio tons, including imports (palm oil
and soybean oil) of 17 mio tons and domestic
oils of 11 mio tons (55% rapeseed oil). Consid-
ering the quality, consumption, yield and other
factors regarding edible oil supply, rapeseed oil
plays an important role in China. Therefore, the
development of rapeseed production is of great
significance to ensure the supply of edible oil and
to meet the consumers’ needs.

1.7.3 Protein-Rich By-Products
of Rapeseed Oil
Extraction as Animal Feed
or Human Food

As indicated above, rapeseed is also a valuable
source of vegetable protein. Today, rapeseed
extraction meal (REM) is widely used as a pro-
tein component in compound feeds for farm
animals. Due to the relatively high fibre content

of REM, it is particularly useful for ruminant
feeding, and sophisticated diets have been elab-
orated for feeding cattle (mainly cows) and
sheep. Based on the improvements of the
digestibility of REM, it can now even be used for
feeding monogastric animals such as pigs and
poultry (broilers, laying hens and turkeys). By
further improvement of OSR varieties aiming at
lower fibre (lignin) content and high protein with
better amino acid composition, larger quantities
of oilseed rape meal may be added to the com-
pound feeds to replace soybean meal in the
diets. Respective mutants with differential fibre
composition are available for future breeding
(e.g. Liu et al. 2012).

A recent study with canola cultivars released
in Australia between 1978 and 2012 and tested in
2008 and 2014 at different field sites has shown
that oil and protein concentrations have increased
in this period by 0.09% year−1 and 0.05% year−1

respectively (Potter et al. 2016). This demon-
strates how lengthy quality improvements can be
if the focus of breeding has to be on yield and
disease (blackleg) resistance (for more details on
quality, see, e.g. Friedt and Snowdon 2010,
Wittkop et al. 2009).

1.8 Major Requirements
for Modern Rapeseed Varieties

1.8.1 Technical Innovations
Changing Rapeseed
Production Schemes

With social changes, labour prices and other
aspects, China’s rapeseed planting area has
shrunk year by year. The main reason is the low
production potential and high production costs
(mainly high labour input). Meeting the demands
of rapeseed industry, one of the current rapeseed
breeding goals is to increase the yield per unit
area and improve traits necessary for mechanized
planting, such as herbicide tolerance. On the
farm level, the average rapeseed yield of 1.8 t/ha
in China is 20–50% lower than in advanced
European countries. The potential yield of new
varieties in regional trials in Canada is close to
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4.5 t/ha, while the yield in the Yangtze River
Basin is about 3.0 t/ha, indicating that there may
be space to improve rapeseed yield. Heterosis
utilization could be one of the most effective
approaches for yield enhancement. It depends on
two factors: (i) one is the pollination control
system. Based on Chinese breeders’ experience,
the use of the genic male sterile S45AB showed
much higher heterosis compared with pol cms
and gms 9012. Unfortunately, with this system a
100% male sterile population could not be gen-
erated (50:50 segregation in the mother lines).
Alternatively, Ogu-INRA cytoplasmic male
sterility could be a potential system for China.
(ii) Another major factor is the genetic distance
between the parents. To enlarge the genetic dif-
ference between parents, it might be a useful way
to create new sub-genomic materials based on
the germplasm from other Brassicaceae.

The process of rapeseed production in China
today is still basically the traditional manual
operation. The labour costs from planting to
harvest of rapeseed account for about 60% of
production costs. For the decrease of labour costs,
the current varieties should be transformed into
“mechanization” varieties. While Canada and
other countries have realized full mechanization,
the labour costs have been drastically reduced and
only amount to a few percent of total costs.

1.8.2 Improving the Efficiency of OSR
Production Enabling
Higher Yield Stability

Besides the mechanization of cultivation, the
improvement of disease, pest and stress resistance
of OSR varieties is a major general target, whereas
abiotic stress and insect pest resistances still pre-
sent great challenges and not much progress has
been made there. On the contrary, substantial
progress has been achieved regarding resistance to
diseases. For example, Indian colleagues have
recently evaluated different genotypes of B. jun-
cea, B. carinata, B. napus and B. rapa under

natural and artificial inoculation field conditions
for their reaction against white rust, Alternaria
blight and Sclerotinia rot diseases in several sea-
sons. Various lines exhibited a white rust intensity
consistently below 5%. Other brassica germplasm
showed resistance against Alternaria blight in
2 years of field testing, and 10 lines exhibited
consistently low Sclerotinia rot incidence (<5%)
in different years (Gaur et al. 2016).

Based on the current situation and in the light
of future development, the rapeseed breeding
goals in the near future may be summarized as
“highly efficient quality type” of OSR. The need
for double low quality in China as everywhere
else will lead to a change of the current fatty acid
composition favouring high oleic acid, low sat-
urate fatty acids and low linolenic acid. The oil
yield based on seed yield and oil content has to
be increased. To improve yield stability, resis-
tance to lodging, diseases, herbicides, pod shat-
tering, etc. will have to be improved. All of these
improvements are expected to make the whole
production process for the whole growing season
of rapeseed more efficient and economic.

In general, the efficiency of rapeseed produc-
tion and use needs to be improved all over the
world: (i) by new varieties with efficient root
systems using water and nutrients more effi-
ciently; (ii) efficient tolerance against all kinds of
stress limiting OSR yield (cold or heat, drought
or water-logging); (iii) efficient resistance against
OSR pathogens such as clubroot, phoma,
Sclerotinia; (iv) more efficient resistance against
pests such as cabbage flies, flower beetles, stem
or pod weevils; (v) more efficient seed yield due
to a better partitioning of phytosynthates between
the vegetative plant and the seed; (vi) more
efficient formation of valuable compounds such
as oil and protein versus dietary fibre. In order to
broaden the options for the use of REM as an
animal feed or human food, the nutritional value
of the meal deserves further improvement, i.e. by
reducing the antinutritional fibre (e.g. for poultry
feed, Khajali and Slominski 2012) and increasing
the content of valuable protein.
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1.9 Oilseed Rape Breeding
and Major Variety Types

1.9.1 Genetic Diversity as a Basis
for Breeding of Oilseed
Rape

It is well known and generally accepted that
genetic diversity within a species is principally
valuable and especially necessary for breeding
and crop improvement. It is also a prerequisite
for achieving high crop yield of hybrid cultivars
by exploiting heterosis. Genetic variance can be
created by crossing, sexual hybridization and
recombination of registered cultivars, adapted
genotypes, primitive landraces or even alien
exotic germplasm. In addition, entirely novel
variation can be created by interspecific or
intergeneric hybridization within the Brassi-
caceae. Since B. napus is a natural hybrid
between B. oleracea and B. rapa, completely
new rapeseed types can be created by crosses
between selected genotypes of the two parental
species. It has been demonstrated that the pro-
geny of such interspecific hybrids (“resynthetic
[RS] rapeseed”) gives rise to novel breeding
material, more or less distant to commercial OSR
cultivars. At the same time, different interspecific
families show obvious genetic distances and
form separate sub-clusters within the interspecific
progenies. Inbred lines derived from such wide
crosses can be used for test crosses and new
hybrids (F1) with a high yield potential (Friedt
et al. 2004; Gehringer et al. 2007; Seyis et al.
2003, 2006). Therefore, the use of RS material
for the development of new parents and F1
combinations can lead to new hybrid varieties
which out-yield even modern OP variety types
regarding both seed and oil production.

The development of efficient and
cost-effective new methods for plant molecular
analyses has opened new options for the char-
acterization and more efficient use of genetic
resources. In addition, the complete sequencing
of an oilseed rape genome (Chalhoub et al. 2014)
enables approaches of comparative genomics
greatly enhancing the exploitation and use of
exotic or alien germplasm. For example, Fu et al.

(2015) have aligned a genetic locus (QTL) for
silique length with Brassica reference genomes
and found homologous QTL on chromosomes
A09 and C08. The narrowed QTL region pro-
vides clues for breeding by marker-assisted
selection or possibly gene cloning.

1.9.2 Recent History of Canola
and 00-OSR Breeding

The traditional use of rapeseed oil for lamp fuel
was largely superseded by petroleum since the
end of the 19th century. Only the high quality of
rapeseed fat as a lubricant for industrial machin-
ery guaranteed continued production of the crop
throughout the 20th century. Oil from early
rapeseed varieties until the 1970s was character-
ized by a high content of bitter-tasting erucic acid
(cis 13-docosenoic acid, 22:1n-9, up to 50% of
fatty acids), which can lead to cardiac damage and
related health problems. Therefore, OSR pro-
duction in Europe only peaked significantly dur-
ing the wars in the twentieth century when
rapeseed oil was used especially for the produc-
tion of margarine. The poor reputation of rape-
seed oil as a foodstuff was overcome only by the
development of “0” and “00” rapeseed varieties
in the 1970s. The first major breakthrough came
with the initial “0-quality” cultivars with erucic
acid levels <2% in the seed lipids. Due to major
improvements in seed analysis techniques, fatty
acid mutants had been identified. A spontaneous
mutant of the German spring forage rape cv. Liho
led to the release of a first erucic acid-free variety
in Canada in the early 1970s. However, the value
of the crop was still limited by the presence of
high quantities of glucosinolates in the seed and
extraction meal (REM), which made REM
unsuitable as a feed for monogastric animals,
since the digestion of glucosinolates results in the
release of toxic by-products (isothiocyanates). In
1969, the Polish spring rape variety Bronowski
was discovered to contain low glucosinolates and
this provided the basis for international breeding
activities to introduce this complex trait (at least
three recessive genes involved) into the
high-yielding 0-elite material. The first 00-quality
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spring rapeseed variety, Tower, was released in
1974, and the advance of 00-oilseed rape (canola)
began. As mentioned above, modern rapeseed oil
is used for various purposes. Besides its use as a
food oil, it also provides a raw material for many
other products ranging from rapeseed methyl
ester (RME, biodiesel) to industrial lubricants and
hydraulic oils, tensides for detergent and soap
production and biodegradable plastics.

1.9.3 History of Rapeseed Breeding
in China

China has a long history of planting rapeseed
which started as early as in the Neolithic period.
Combining archaeology with 14C isotope analy-
sis of carbonized rapeseeds, they were thought to
be 6000–7000 years old and might derive from
early cultivars of B. rapa or B. juncea. These two
species were predominantly grown in China until
the 1950s. An improved type of B. napus was
introduced in China in the 1940s and was named
“Liberation rapeseed” for the commemoration of
the liberation in World War II. After the intro-
duction of Liberation rapeseed, it was improved
by breeders with regard to maturation, and some
cultivars were quickly accepted by agronomists
because of, e.g. high yield, better resistance to
plant diseases and better tolerance to winter cold.
The rapeseed improvement process can be
roughly divided into four stages: (1) in the first
stage during the 1950s and 1960s, breeding of B.
napus varieties began in many institutes set up
for rapeseed improvement. Major target was to
improve the local adaptability of B. napus,
including improvements of disease resistance and
maturity. (2) During the second stage in the
1970s, the major target was to breed B. napus
varieties with higher yield and earlier maturation
than B. rapa. (3) The 1980s and 1990s stand for
canola quality breeding in B. napus. In the first
time, the OP cultivar Zhongyou 821 and the
hybrid Qinyou No. 2 showed a good perfor-
mance in a large planting area in the Yangtze
River Basin where the mean yield was almost
doubled. In the 1990s, breeding rapeseed for
quality and heterosis was intensified. (4) The

fourth and current stage started in the 2000s,
when canola quality was combined with the
systematic utilization of heterosis. Because of
canola quality, the cultivation area of rapeseed
was greatly increased. The hybrid cultivar Huaza
No. 4 bred by Huazhong Agricultural University
became very popular in the Yangtze River. In
retrospect, rapeseed yield in China showed two
historical leap-forward steps: the first one was
due to the large-scale extension of high-yielding
and multi-resistant varieties like Zhongyou 821
in the 1970s and 1980s; the second occurred in
the 1990s due to the promotion of 00-hybrids,
such as Huaza No. 4, No. 6 and Zhongyou No. 2,
resulting in the rapid expansion of China’s
rapeseed production. Compared with the 1950–
60s, the planting area was extended in the 1990s
more than three times and the total production
was increased more than 10-fold. However,
rapeseed yield has more or less remained on the
same level since 2004 (Table 1.2).

1.9.4 Advantage of Hybrids Versus
Open-Pollinated Varieties

As a facultative outcrossing species, oilseed rape
crops can either represent open-pollinated
(OP) varieties or hybrids. In all major growing
areas including Europe, an increasing proportion
of the registered cultivars represents single-cross
or F1 hybrids versus OP line varieties. New vari-
eties registered recently and today are all hybrids.
In central Europe, WOSR generates the highest
seed and oil yields in comparison with other oil
crops; therefore, it is the most important oilseed in
this region. In Germany, average farm yields
currently vary around 4 t ha−1 (Statistisches
Bundesamt, www.destatis.de). A total of 88 tested
oilseed rape cultivars were recently listed by the
Plant Variety Office of Germany (Anonymus
2016); 83 of those are winter types, 5 spring types.
One of the WOSR cultivars is a low glucosinolate
but high erucic (0+) type, while all others repre-
sent 00 types (zero erucic acid, low seed glucosi-
nolates [equivalent to canola quality]). Since the
introduction of the first restored WOSR hybrid
variety in 1995 (Paulmann and Frauen 1997), the
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proportion of hybrids has grown steadily;
currently, 65 (74%) of the registeredOSRvarieties
in Germany are hybrids (cf. Fig. 1.2, https://www.
bundessortenamt.de/internet30/fileadmin/Files/
PDF/bsl_getreide_2016.pdf).

In terms of cultivation, there is a trend
towards an increased use of hybrids in all major
canola and oilseed rape growing areas world-
wide. For example, according to breeders’
information, about 80% of the rapeseed acreage
in Germany today represents hybrid crops
(Norddeutsche Pflanzenzucht Georg Lem-
bke KG, pers. comm.). Under real farm condi-
tions, hybrid varieties tend to generally out-yield
OP varieties; the yield advantage of hybrids has
been estimated at 8–16%, depending on the yield
level (Christen and Friedt 2012). The newest
generation of WOSR hybrids displays improved
yield performance and stability and also achieves
high and stable oil contents (cf. Anonymus,
2016). New hybrid varieties such as “Atora” and
“Bender” achieving the highest rank in seed yield
are the basis for enhanced farm yields and prof-
itable rapeseed oil production. Other major
advantages of hybrids versus lines are (i) their
faster and more vigorous development in fall
leading to a better crop establishment before
winter, (ii) their better nutrient (N) uptake ability
resulting in more economic application of fertil-
izers (e.g. N) and (iii) their generally better
winter survival and stronger growth in spring.

1.10 Potentials of Variety and Crop
Improvement

1.10.1 Improving
the Competitiveness
of Oilseed Rape

An evaluation of rapeseed yield and stability
from 1970 to 2009 in 12 countries representing a
wide range of environments and farming systems
was carried out by Rondanini et al. (2012). It was
shown that the global average yield was doubled
during this time (8 t–1.9 t/ha). In the same per-
iod, the rapeseed acreage has steadily increased
from about 12 mio ha to 31 mio ha in 2009. The

authors concluded that rapeseed yields have
increased steadily but yield stability has not.
Therefore, the further improvement of crop yield
stability is a goal of overriding importance. One
way to achieve this would be the improvement of
environmental adaptation by breeding for better
stress tolerance and nutrient efficiency. A more
efficient use of resources such as nutrients will be
essential for successful and environmentally
friendly OSR cultivation. With a focus on the
Yangtze River Basin in China, Li et al. (2015)
have shown how to optimize the current N rate
with a yield response model, which could
increase rapeseed yield with the efficient input of
N fertilizers under different indigenous soil
nitrogen levels. This study provides data to
support regional N fertilizer management sys-
tems for WOSR.

1.10.2 The Role of Cultivars
for Future Crop
Enhancement

Estimations on the future crop potential need to
be based on the current knowledge and available
germplasm, i.e. modern rapeseed varieties. There
is no doubt that the yield potential of rapeseed or
canola is clearly higher than the average farm
yield usually obtained today. Many field trials
and practical observations and experience of
breeders and farmers show that the seed yield
potential of modern WOSR cultivars is certainly
higher than 6 t/ha. While maximum yield usually
requires high (nitrogen) fertilization and plant
protection treatments, reasonable yields can still
be achieved at reduced N fertilization levels and
sub-optimal field conditions (i.e. soil quality).
Whereas the variety type, i.e. OP or hybrid, is
less important at marginal sites or low input
conditions (poor soil, sub-optimal climate),
maximal seed and oil yield under high yield
conditions (fertile soil, optimal temperature and
precipitation) tend to be rather achieved with
hybrids than with OP varieties. While emissions
due to N leaching or aerial loss under low input
conditions will be naturally low, such emissions
can be avoided under high input conditions by
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highly productive varieties which combine a
strong nutrient (N) uptake ability due to an effi-
cient root system and a pronounced N translo-
cation efficiency, i.e. a high N use efficiency
(NUE) as a whole. It has been shown that genetic
variation for the relevant components of NUE
exists. For example, the work of Stahl et al.
(2016) has revealed considerable variation for
NUE parameters, including positive effects of
early flowering and high leaf N concentration on
enhanced N utilization under low N input; for an
overview cf. Bouchet et al. (2016).

Based on this and other work, there is no
doubt that it is possible to develop new rapeseed
varieties with improved NUE. According to the
latter authors, the following major points have to
be considered: (i) the formation of rapeseed seed
yield is complex, with overlapping phases of N
uptake and remobilization during the crop cycle;
(ii) traits related to N uptake, such as root length
and the amount of N absorbed after flowering,
and traits related to N remobilization, such as
“stay green”, have been identified as possible
levers to improve NUE in rapeseed; (iii) a sub-
stantial body of studies on the genetic control of
NUE traits has already been published and
potential candidate genes identified; and (iv) ge-
netic diversity in rapeseed may be broadened by
exploiting interpopulation genetic variation and
the available gene pools of closely related B.
rapa and B. oleracea ecotypes and advanced
breeding strategies.

Regarding breeding method and variety type,
F1 hybrids have repeatedly been shown to be
higher yielding in replicated multi-environment
field experiments in comparison with OP vari-
eties under all N regimes studied, including zero
mineral N fertilization (e.g. Gehringer et al.
2007). Therefore, it is likely that not only the
nutrient (e.g. N) uptake but also the translocation
and metabolization efficiency of rapeseed can be
improved by breeding, making use of the exist-
ing broad germplasm. In a study by Ulas et al.
(2012), genotypic differences of N efficiency
have been attributed to root growth characteris-
tics. By comparing N-efficient cv. Apex with cv.
Capitol, these authors found a higher root length
density and more living fine roots in the former

variety. The authors concluded that genotypes
which particularly invest in root growth in the
vegetative stage may be more N efficient than
others. By using such genotypes for improving N
efficiency on the farm level, the sustainability of
rapeseed cultivation and use would be greatly
enhanced. Furthermore, OSR is known to have
beneficial effects as a breaking crop in
cereal-dominated rotations (see above). In an
extensive evaluation of more than 700 Austrian
cases, Vollmann (2001) demonstrated grain yield
advantages in winter wheat and winter barley
grown in rotation with OSR. Wheat and barley
planted after rapeseed yielded 615 kg/ha (wheat)
and 430 kg/ha (barley) more than after cereal
pre-crops (http://ipp.boku.ac.at/pz/oilseeds/
raps2001/). Results of various German studies
show even higher effects of rapeseed cultivation
on the grain yield of subsequent wheat crops
ranging from 0.7 to 2.0 t/ha (for details: www.
ufop.de/agrar). These findings basically agree
with other observations and farmers’ experience
and indicate that OSR is a necessary component
in farming systems largely dominated by cereals
as is often the case today.

1.11 Conclusions

These days, oilseed rape (B. napus) is a highly
interesting polyploid plant object for basic and
applied research, making advantage from its close
relationship to model plants such as A. thaliana
andB. rapa. After the genome of these two species
had been fully sequenced earlier, the sequence of
the B. napus genome is now available, too. This is
boosting gene discovery, the elucidation of
genetic networks and biochemical pathways
involved in major characteristics of rapeseed
including complex agronomic and quality traits
such as seed and oil yield and oil composition
(quality). In addition to its outstanding importance
as a vegetable oil source, OSR has been an
important feedstock for biofuel (rapeseed methyl
ester) production (particularly in Germany) and is
expected to be so in the future because of the
following reasons: (1) rapeseed is an important
dicotyledonous crop plant with nutrient
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requirements widely differing from monocots
(grasses); therefore, it is grown as a major alter-
native to cereals in many parts of the world, e.g.
Canada, China, Europe and Australia. (2) Oilseed
rape is characterized by a high oil content and
valuable oil quality (fatty acid pattern), which
allows its alternative use as a food, feed or fuel;
this gives the farmer the freedom of action to
produce either for the food markets or for indus-
trial production chains. (3) Besides seed oil as
valuablemajor compound, the rapeseed extraction
meal or cake are also rich in protein which deter-
mines their high nutritional value as a feed for farm
animals (cf. Wittkop et al. 2009). Selection can be
facilitated by NIRS technology (Wittkop et al.
2012), but indirect marker-assisted selection is
also applicable due to specific genetic loci or
genomic regions controlling tannin and fibre
contents (e.g. Lipsa et al. 2012; Liu et al.
2012; Stein et al. 2013). (4) B. napus comprises a
broad morpho-physiological diversity including
spring and winter growth types, oil as well as
forage types, open-pollinated and hybrid cultivars.
(5) Therefore, the rapeseed plant is expected to
have a high potential for further improvements;
novel germplasm can be developed by inter-
specific and intergeneric hybridization as a basis
for the creation of better germplasm, elite breeding
lines and hybrid cultivars. This potential of
enhancing seed and oil yield is occasionally
underestimated in respective studies on the energy
costs of production and balance. Taking this
potential into account will allow exploiting the
agronomical and industrial advantages of the
rapeseed plant.
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2Cytogenetics, a Science Linking
Genomics and Breeding:
The Brassica Model

Anne-Marie Chèvre, Annaliese S. Mason, Olivier Coriton,
Laurie Grandont, Eric Jenczewski and Martin A. Lysak

Abstract
Earlier, classical cytogenetics played a key role
in taxonomic studies through identification of
chromosome number and morphology. Simi-
larly, the first identifications of polyploid
species, and the analysis of relationships
between different species from interspecific
hybrids, were based on the observation of
chromosome pairing during metaphase I of
meiosis. Cytogenetics subsequently got a boost
with the development of mapping and of
next-generation sequencing technologies,
enabling the development of modernmolecular
cytogenetics. In this chapter, we present the
major impacts of molecular cytogenetics: shed-
ding new light on genome organization and

evolution as well as regulation of meiosis in the
economically important genusBrassica and the
tribe Brassicaceae. First, we present how com-
parative chromosome painting (CCP) using
pools of Arabidopsis thaliana BAC clones is
used to establish genome organization in
diploid and polyploid species in conjunction
with genotyping and sequencing data. This
method complements phylogenetic analyses in
establishment of the common ancestral genome
and in the description of the three differentially
fractionated Brassica ancestral subgenomes.
Secondly, intergenomic relationships can be
determined by BAC-fluorescent in situ
hybridization (BAC-FISH) and genomic
in situ hybridization (GISH); these techniques
allow identification of the different genomes
and chromosomes to quantify homologous and
non-homologous pairing in haploids and
hybrids, identifying structural rearrangements
within allopolyploid species and between
genomes in interspecific hybrids. Thirdly,
meiosis and meiotic recombination in Brassica
napus and its close relatives can be studied
using antibodies developed against Arabidop-
sis proteins. From all these data, we show how
molecular cytogenetics is essential for our
understanding of genetics and genomics in the
genus Brassica and how cytogenetics will
undoubtedly play a significant role in the times
to come.
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2.1 Introduction

Cytogenetics refers to the study of genetics at the
cellular level, and most particularly to chromo-
some observations at mitosis and/or meiosis.
Despite being an old method, it is still commonly
used in high-quality scientific studies. Cytoge-
netics can deduce chromosome number, genome
structure, and relationships between genomes in
natural or artificial interspecific hybrids. Data
generated by cytogenetics approaches have been
widely used in taxonomic studies and to explore
genetic diversity in genera, species, and popula-
tions and in breeding programs. The recent advent
of next-generation sequencing (NGS) technolo-
gies has given a fresh boost to cytogenetics,
allowing the development of molecular cytoge-
netics and providing new insights into bioinfor-
matically obtained questions and information
related to genome organization, evolution, and
regulation.

The Brassicaceae tribe is one of the 49 tribes in
the Brassicaceae family (Al-Shehbaz 2012). The
first cytogenetic analyses in this tribe described
220 species in 46 genera, with 37 species
belonging to the Brassica genus (Gomez-Campo
1980; Al-Shehbaz 2012 for review). These stud-
ies revealed chromosome numbers ranging from
n = 7 to 75 in this tribe, thus including species of
various ploidy levels. Within the Brassica genus,
which is the main focus of this chapter, estab-
lishment of the karyotypes of the different species
revealed that several chromosomes shared the
same morphology in different species, probably
due to their common origin (Prakash et al. 2009
for review). The genome structure of the diploid
Brassica species (with chromosome numbers
ranging from 7 to 12) was first analyzed from
karyotypes and meiotic behavior in metaphase I
of pollen mother cells. The comparison of
autosyndetic pairing (non-homologous chromo-
some pairing between different chromosomes of
the same genome) in haploids with the rate of
chromosome pairing in interspecific hybrids
allowed the first establishment of intra- and
intergenomic relationships. These cytogenetic
analyses revealed that each genome carried
duplications. From chromosome morphology and

chromosome pairing data, these studies postu-
lated that genomes of Brassicaceae tribe species
were derived from a common ancestor with six or
seven chromosomes, with subsequent duplication
(Mizushima 1980 for review).

The origin of the allopolyploid species was
first depicted in the famous U triangle figure (U
1935). Confirming results from Morinaga (1934),
U showed that Brassica napus (AACC,
2n = 38), B. juncea (AABB, 2n = 36), and B.
carinata (BBCC, 2n = 34) originated from nat-
ural interspecific hybridization events between B.
rapa (AA, 2n = 20), Brassica oleracea (CC,
2n = 18), and B. nigra (BB, 2n = 16). All three
allotetraploid species show relatively strict dis-
omic inheritance, indicating preferential pairing
between homologous chromosomes with the
formation of bivalents in metaphase I. However,
occasional multivalents were also observed,
suggesting that homeologous (non-homologous)
pairing between chromosomes of related gen-
omes can also generate exchanges between the
two genomes in each of the allotetraploids (Pra-
kash and Hinata 1980; Prakash et al. 2009 for
review). These data were confirmed by the
establishment of genetic maps with molecular
markers (Parkin 2011 for review), and allelic
segregation distortion revealed that homeologous
exchanges did indeed generate reciprocal (Lom-
bard and Delourme 2001; Osborn et al. 2003;
Piquemal et al. 2005) and non-reciprocal (Udall
et al. 2005) translocations in different B. napus
varieties. Comparison of the published B. rapa
(Wang et al. 2011) and B. oleracea (Liu et al.
2014; Parkin et al. 2014) genome sequences to
the B. napus “Darmor” reference sequence
revealed numerous small translocations and other
rearrangements between the A and C genomes in
the established allopolyploid B. napus genome
(Chalhoub et al. 2014) relative to the diploid
genomes, as already suggested by earlier work
(Cheung et al. 2009). Structural variations such
as translocations, deletions, duplications, and
inversions are not purely of academic interest.
Increasing evidence suggests that structural
variation may play an important role in genome
evolution (Chester et al. 2012; Edwards et al.
2013), gene expression regulation (Wang et al.
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2012), and even in crop phenotypes (Zou et al.
2011; Schiessl et al. 2014). These homeologous
rearrangements fundamentally result from
ancestrally shared homeology between chromo-
somes from different subgenomes and are medi-
ated by genetic control of chromosome pairing.

Variation for genetic control of chromosome
pairing was later described in B. napus. Two
main meiotic behaviors (high or low frequency
of chromosome pairing) were detected in AC
haploids of different B. napus varieties (Renard
and Dosba 1980; Attia and Röbbelen 1986;
Cifuentes et al. 2010). After the production of F1
hybrids from varieties with contrasting meiotic
behavior, meiotic analyses of large segregating
AC haploid populations combined with genetic
mapping allowed identification of QTL for
genetic control of homeologous recombination.
A major QTL, PrBn (for pairing regulator in B.
napus) was identified, plus minor QTL and epi-
static interactions (Jenczewski et al. 2003; Liu
et al. 2006). This control was subsequently
determined to mainly affect the frequency of
crossovers between homeologous chromosomes
(Nicolas et al. 2009; 2012).

Interspecific hybrids have frequently been
produced in order to introduce agronomic traits
from one species to another (Prakash et al. 2009
for review). Different strategies have been
developed in Brassica: trait introgression via
interspecific hybrids can be achieved by either
direct crossing between diploid species, crosses
between tetraploid species and parental diploid
species, or by crosses between tetraploid species
(Prakash et al. 2009 for review). Crosses between
diploids produce interspecific hybrids (allohap-
loids or digenomic haploids) that are generally
sterile (the few viable gametes produced are
generally unreduced); colchicine doubling is
classically used to produce new synthetic
allopolyploids from these lines. Crosses between
tetraploids and progenitor diploids generate
hybrids with a diploid genome plus a haploid

one; for example, B. napus crossed with B. rapa
produces AAC hybrids, with a majority of cells
containing 10 AA bivalents and 9 C univalents at
metaphase I (Leflon et al. 2006). These plants
can be fully fertile and also show boosted
homologous recombination in the A genome
(Leflon et al. 2010). Crosses between diploids
and tetraploids that do not share a genome are
also possible: Such trigenomic ABC hybrids can
be used either as bridge species, subsequently
backcrossed to introduce new variability in
crops, or can be induced by colchicine doubling
to generate allohexaploids, which may have
potential as a new crop species (Chen et al.
2011). Finally, crosses between pairs of allote-
traploid species can also be used with subsequent
backcrossing for allotetraploid crop improvement
and also increase the chance that homeologous
recombination will occur between divergent
genomes. Three genome hybrids with one gen-
ome at the diploid stage (e.g., AABC, BBAC,
and CCAB) generated by crosses between the
allotetraploids revealed more bivalents between
remaining haploid genomes than the corre-
sponding dihaploid (AC, BC, and AB) hybrids
(Nagpal et al. 1996; Mason et al. 2010).

All these data highlight the role of classical
cytogenetics in increasing our knowledge of
genome structure and evolution, as well as how
regulation of chromosome pairing between gen-
omes can be manipulated to introduce new
genetic variability into crops. However, in the last
two decades, the development of new molecular
cytogenetic techniques, including genomic in situ
hybridization (GISH), fluorescent in situ
hybridization (FISH), and immunolocalization of
crossover proteins has opened new avenues of
research. In this chapter, we will present the major
impacts of molecular cytogenetics: shedding new
light on the phylogenetic relationships between
Brassica species, genome organization and evo-
lution as well as regulation of meiosis in the
agronomically important genus Brassica.
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2.2 New Insights from Molecular
Cytogenetics in Genome
Organization and Evolution

Recently published genome assemblies of B.
napus (Chalhoub et al. 2014) and its parental
genomes (Wang et al. 2011; Liu et al. 2014)
along with the available paleogenomic hypothe-
ses (Lysak et al. 2006; Schranz et al. 2006;
Mandáková and Lysak 2008) have permitted
reconstruction of the origin and later evolution of
Brassica genomes.

Even the first generations of Brassica
researchers, working only with classical cytoge-
netics techniques, realized that Brassica species
with diploid-like chromosome numbers (n = 7–
12) were probably “balanced secondary poly-
ploids,” characterized by intra-genomic chromo-
somal homeologies (e.g., Catcheside 1934;
Röbbelen 1960). However, it took almost
40 years until a genome triplication theory
gained more solid ground due to results from
comparative genetic mapping (Lagercrantz and
Lydiate 1996; Lagercrantz 1998), and the
ancestral hexaploid nature of the diploid Bras-
sica and Brassicaceae genomes was eventually
confirmed by cross-species (Arabidopsis thali-
ana, B. napus) restriction fragment length poly-
morphism (RFLP) mapping (Parkin et al. 2005)
and, of course, comparative cytogenetic analysis
(Lysak et al. 2005, 2007; Ziolkowski et al. 2006).
Pools of chromosome-specific BACs from A.
thaliana (Arabidopsis henceforth) were applied
to paint large homeologous chromosome regions
on pachytene chromosomes in Brassica and
Brassicaceae species (Lysak et al. 2005, 2007;
Ziolkowski et al. 2006). The technique has
become known as comparative chromosome
painting (CCP, Lysak et al. 2006). Howell et al.
(2005) used Arabidopsis BACs as individual
in situ probes to analyze a region on B. oleracea
chromosome O6 which, from genetic mapping,
was thought to be composed of two homeolo-
gous copies of a *5 Mb region on the bottom
arm of A. thaliana chromosome At1. Eleven
Arabidopsis and three B. oleracea BAC clones
were applied separately to pachytene spreads
with a B. oleracea chromosome O6 BAC as a

marker. The two copies were shown to be adja-
cent with the proximal one inverted relative to
the homeologous region in Arabidopsis. How-
ever, this approach was designed specifically to
investigate the Brassica region, and because only
the signals on chromosome O6 could be
unequivocally identified, signals seen elsewhere
were not analyzed and the presence of further
copies of the Arabidopsis region was not inves-
tigated (E. Howell, pers. comm.). Lysak et al.
(2005) analyzed a *8.7 Mb BAC contig from
Arabidopsis chromosome At4 (genomic block U
in Schranz et al. 2006) by CCP in 21 crucifer
species traditionally classified as members of the
tribe Brassicaceae or being closely related.
Despite the contrasting chromosome numbers
(2n = 14–38), the analyzed segment was found
as three copies (in 13 species) or as six copies in
four species of Brassicaceae (including the six
Brassica species of U’s triangle). The homeolo-
gous chromosome segments resembled the Ara-
bidopsis-like structure or were modified by
paracentric inversions and translocations. To
confirm the initial findings, CCP with BAC
contigs covering the majority of the longer arm
of Arabidopsis chromosome At3 (block F in
Schranz et al. 2006) was carried out in ten spe-
cies traditionally treated as members of the
Brassicaceae. Three homeologous copies of the
contig were identified per haploid chromosome
complement in Brassicaceae species with
2n = 14, 18, 20, 32, and 36. In high polyploid
species (n � 30; n = 30, 34, and 60), six or 12
copies of the analyzed block have been revealed.
Congruent data have been published by Ziolk-
owski et al. (2006). These authors analyzed BAC
contigs from Arabidopsis chromosomes At1,
At2, and At3 (*8.3 Mb in total) in B. oleracea.
Except for a short contig from At1, all Ara-
bidopsis probes were found to be triplicated in
the karyotype of B. oleracea (n = 9). The largest
analyzed segment (*5.4 Mb) from the bottom
arm of At3 was found to occur in three home-
ologous copies on three different B. oleracea
chromosomes (O4, O6, and O8).

All the studies reviewed here suggested that
single-copy Arabidopsis chromosome segments
have usually three or six homeologous
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counterparts within Brassicaceae and Brassica
genomes. The presence of three copies in
“diploid” species with n = 7–12 and of six or
twelve copies in neopolyploid Brassicaceae spe-
cies was most parsimoniously explained by
descent from a mesohexaploid ancestor. The
cytogenetic comparative studies and “the tripli-
cation theory” gained further support from
comparative genetic mapping. Parkin et al.
(2005) mapped over 1000 B. napus RFLP
markers to Arabidopsis to estimate the level of
genome colinearity shared by the two species. At
least, 21 so-called conserved genomic units
(analogous to genomic blocks sensu Schranz
et al. 2006) were identified in the Arabidopsis
genome, making up almost 90% of the B. napus
genetic map. Conserved segments were present
between four and seven times within the B.
napus genome, with 86% of conserved units
found in at least six copies. Again, these findings
strongly supported the idea that “diploid” Bras-
sica species are descendants of a hexaploid
ancestor. In agreement with cytogenetic data,
Parkin et al. also showed that “diploid” Brassica
genomes underwent chromosome reshuffling
following the Arabidopsis–Brassica split. Some
rearrangements were shared by the A and C
genomes of B. napus and, thus, most likely
predated the divergence of B. rapa and B. oler-
acea. The authors conclude that “genome tripli-
cation followed by a small number of insertions/
deletions/translocations would provide the sim-
plest explanation for the present structure of the
Brassica diploid genome” (Parkin et al. 2005).
Indeed, the triplicated nature of Brassica gen-
omes has been unambiguously confirmed by
whole-genome and transcriptome sequencing in
B. oleracea, B. rapa, B. juncea, and B. napus
(Chalhoub et al. 2014; Liu et al. 2014; Paritosh
et al. 2014; Parkin et al. 2014; Wang et al. 2011),
and by reconstructing the origin and evolution of
an ancestral mesohexaploid genome (Cheng et al.
2013, 2014). Moreover, the recently constructed
sequence-based genome maps are to a larger
extent congruent with pioneering cytogenetic
analyses, as shown for the localization of block
U in the B. nigra genome (Fig. 2.1).

For phylogenetic studies, Mandáková and
Lysak (2008) showed that genomes in several
tribes, including the Brassicaceae and falling into
the so-called extended lineage II (Franzke et al.
2011), have descended from a common ancestral
genome with seven linkage groups—the
Proto-Calepineae Karyotype (PCK). The PCK
genome is a younger derivative of the older
Ancestral Crucifer Karyotype (ACK) with eight
chromosomes, differentiated from it by a
translocation-based chromosome fusion “that
reduced the number of chromosomes from n = 8
to n = 7”. In a younger clade of the extended
lineage II, the structure of PCK was altered by a
whole-arm reciprocal translocation to form the
tPCK ancestral genome (t standing for translo-
cation). When Mandáková and Lysak (2008)
compared the A subgenome structure within the
B. napus genome (Parkin et al. 2005) with the
PCK (tPCK), two PCK-specific rearrangements
were identified. Later on, whole-genome
sequencing of B. rapa identified three differen-
tially fractioned subgenomes, subsequently
named MF1, MF2, and LF (Wang et al. 2011),
which offered a new possibility to substantiate
the hypothesis that the PCK is the ancestral
genome of the genus Brassica. Cheng et al.
(2013) showed that all three B. rapa subgenomes
contain associations of genomic blocks
(V/K/L/Wa/Q/X and O/P/W/R) diagnostic for
both PCK and tPCK; moreover, associations D/V
and M/E pointed to the younger tPCK genome.
The authors thus concluded that the quasi-diploid
genome of B. rapa and most likely genomes of
all other Brassica species originated through
re-diploidization of the hexaploid ancestor
merging together three very similar diploid gen-
omes, structurally resembling the seven chro-
mosomes of tPCK. Considering the most
parsimonious scenario for the origin of the
Brassica mesohexaploid genome, three diploid
tPCK-like genomes each with seven chromo-
somes were merged through hybridization/
polyploidization to form a hexaploid genome
with 21 chromosome pairs (2n = 42). Conse-
quently, the 24 ancestral genomic blocks identi-
fied by Schranz et al. (2006) and comprising each
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of the three hybridizing genomes were multiplied
to 72 blocks.

How was this hexaploid Brassica ancestor
actually formed? Similar to the allohexaploid
bread wheat (AABBDD, Marcussen et al. 2014),
the origin of the Brassica hexaploid was probably
via a two-step process of tetraploidization first,
later followed by hybridization between this tet-
raploid and another diploid ancestor (Ziolkowski
et al. 2006; Wang et al. 2011; Tang et al. 2012).
This scenario is supported by the differential
fractionation of the three (MF1, MF2, and LF)
subgenomes in B. rapa (Wang et al. 2011; Tang
et al. 2012; Cheng et al. 2013, 2014) and was also
indicated by earlier cytogenetic studies (Lysak
et al. 2005, 2007; Ziolkowski et al. 2006). The
first to occur was an auto- or allotetraploid
(XXXX or XXX1X1, n = 14) genome formed
through a hybridization between two tPCK-like

genomes (XX or X1X1, n = 7), followed by
hybridization with a third tPCK-like genome (ZZ,
n = 7). The second hybridization event was
mediated either by the union of unreduced
gametes or polyploidization of the primary tri-
ploid (XXZ or XX1Z, 2n = 21) to form the allo-
hexaploid genome (XXXXZZ or XXX1X1ZZ,
n = 21). This scenario is plausible considering
the frequency with which intraspecific autote-
traploid “chromosomal races” (sensu Müntzing
1936) and tetraploid species (n = 14) apparently
originate(d) via autopolyploidy in tribes
descending from PCK- to tPCK-like ancestral
genome(s) (Mandáková and Lysak 2008; Man-
dáková et al. 2015). In the autotetraploid Gold-
bachia laevigata (n = 14, 2n = 28), a genome
derived from the PCK ancestor, the two dupli-
cated chromosome sets are structurally identical
apart from three chromosomes differentiated from

Fig. 2.1 Cross-specific localization of genomic block U
on pachytene chromosomes of Brassica nigra and its
position on chromosomes of B. nigra (B2, B7, and B8) and
B. rapa (A1–A3, A5–A10). Block U was localized based
on in situ hybridization of A. thaliana BAC contigs
(labeled by yellow, red, and green fluorochrome, respec-
tively) homeologous to this block in B. nigra (adopted
from Lysak et al. 2005). The genomic block arrangement
of three B genome chromosomes in B. juncea was based

on single nucleotide polymorphism/intron polymorphism
markers (adopted from Paritosh et al. 2014). Gene blocks
on the B genome linkage groups (LGs) that show
homeology to corresponding blocks on the A genome
LGs are shown by the connecting lines. Genomic blocks
assigned to the subgenomes LF (red), MF1 (green), and
MF2 (blue) are color coded according to Cheng et al.
(2013). Blocks showing variations in their fragmentation
pattern in the B genome are shown in bold with an asterisk
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their homeologous partners by three pericentric
inversions (Mandáková and Lysak 2008). These
intra-genomic rearrangements illustrate how
re-diploidization of the Brassica autotetraploid
may have proceeded, to be followed by subse-
quent hybridization with another tPCK-like
diploid genome.

2.3 Molecular Cytogenetics
Provides New Insights
into Intergenomic Relationships

A range of different molecular cytogenetics
techniques exists to distinguish between gen-
omes and individual chromosomes and to iden-
tify specific chromosome structural features.
These molecular cytogenetic approaches can
allow for quantification of homologous and
non-homologous chromosome pairing in inter-
specific hybrids, investigation of genome struc-
tural variation such as duplications, deletions,
and inversions, and can be used to characterize
genomic introgressions and chromosome addi-
tion lines for crop improvement.

2.3.1 Using rDNA, GISH,
and BAC-FISH Techniques
to Distinguish Between
Genomes and Individual
Chromosomes

Initial molecular cytogenetic experiments on
chromosome structure and identification were
performed on ribosomal DNA loci, which are an
effective cytogenetic marker for Brassica chro-
mosomes but are difficult to map and organize
after sequencing due to the large number of
repeats at each locus. The rDNA units are com-
posed of 500 to more than 40 000 genes copies
per genome, arranged in tandem repeats on sev-
eral loci (Long and Dawid 1980; Rogers and
Bendich 1987). Recently, the sequence compo-
sition and gene content of the short arm of rye
(Secale cereale) chromosome 1 (1RS) have been
published: The short arm of rye 1R contains
genes coding for 45S rRNA. The number of the

45S rDNA genes was estimated to be about
2000, amounting to about 3% of 1RS DNA. The
5S rDNA locus contained about 5000 copies of
the 5S rDNA gene, constituting about 0.4% of
1RS DNA (Fluch et al. 2012). Shotgun 454
pyrosequencing of DNA was also obtained from
flow-sorted 1RS. This novel approach permitted
a detailed description of the gene space and the
repetitive portion of this important chromosome
arm. However, although NGS technologies offer
powerful tools to generate suitable sequence
reads, detection of different copies expected in
these genomes is still challenging. FISH experi-
ments with 45S and 5S rDNA probes enabled far
more reliable identification of individual chro-
mosomes (Maluszynska and Heslop-Harrison
1993; Snowdon et al. 1997; Fukui et al. 1998).

Combined FISH with 5S and 45S rDNA
probes enables the discrimination of a number of
chromosomes of diploid and tetraploid Brassica
species of the “U triangle,” allowing otherwise
indistinguishable chromosomes to be identified.
Twelve out of 20 chromosomes can be identified
in diploid B. rapa (A genome) using a 45S rDNA
probe. The strong FISH signal located on the A3
chromosomes likely reflects a large tandem
repeat array of 45S rDNA sequences. The A3
locus has been shown to be the only one that
carries transcriptionally active genes of the A
genome nucleolar-organizing regions (NORs)
(Hasterok and Maluszynska 2000). The second
gene-rich locus is located on chromosome A1,
proximal to the centromere. The remaining sites
are located on cytogenetically undistinguishable
A5, A6, and A9 chromosomes, collectively
grouped as Brassica chromosomal type VIII
(Hasterok et al. 2006). The 5S probe hybridizes
to two major sites on the A10 and A1 chromo-
somes and to a minor site on chromosome A3
adjacent to the NOR. Based on the signal inten-
sity, the small A10 metacentric chromosome
contains the largest number of 5S genes. B.
oleracea (C genome) has two pairs of chromo-
somes (C7 and C8) containing 45S loci. The
active site is located on chromosome C8
according to Howell et al. (2002); it shows more
decondensation, while loci on C7 are fully con-
densed. The 5S probe hybridizes to a unique
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locus on chromosome C4. In natural B. napus
allotetraploids, twelve 45S rDNA signals are
observed. Four rDNA sites occur on C genome
chromosomes (stained by GISH-like BAC-FISH
specific for the C genome) implying that the C
and A genomes carry four and eight sites,
respectively. The decondensed signals are found
on morphologically distinct A3 chromosomes
(NORs), which are actively expressed (Chen and
Pikaard 1997; Książczyk et al. 2011), while both
C8 NORs are always condensed. Eight 5S rDNA
sites are visible, with three loci in the A genome
and one in the C genome (Fig. 2.2). The origin of
the latter is evidenced by staining of chromo-
some C4 by GISH-like, with dispersed signals
along the chromosome, and by the 5S probe
which provides a highly condensed signal close
to the centromere.

The first step to tie together cytogenetics and
molecular genetics was to reconcile chromosome
number and linkage group nomenclature. RFLP
probes used for genetic map establishment were
used either directly or to identify the corre-
sponding BAC to design the different chromo-
somes; for example, the nomenclature of the

different B. oleracea chromosomes was redefined
by Howell et al. (2002), allowing the nine link-
age groups of the B. oleracea genetic map to be
assigned to the nine chromosomes of the kary-
otype derived from mitotic metaphase spreads of
B. oleracea using BAC-FISH.

Use of GISH labeling of DNA from one
parent can identify both genomes in interspecific
hybrid or allopolyploid Brassica plants. This
method is efficient for distinguishing chromo-
somes from the B genome (B. nigra) from A or C
chromosomes, but the A and C genomes are too
similar to be differentiated using GISH. Two
strategies were developed to overcome this dif-
ficulty: the use of either rDNA as a blocking
agent at the same time than B. oleracea DNA
labeled (Howell et al. 2008) or a GISH-like
method using B. oleracea BAC, BoB014O06
which selectively hybridizes to all C genome
chromosomes in B. napus (Leflon et al. 2006;
Nicolas et al. 2007) (Fig. 2.3).

Recently, a new technique for BAC-FISH
analysis has been developed to allow identifica-
tion of each chromosome in B. napus (Xiong and
Pires 2011). This technique relies on a double

Fig. 2.2 FISH analyses of
somatic metaphase
chromosomes using 45S
rDNA (green) and 5S rDNA
(red) on B. rapa (a), on B.
oleracea (b), and on B. napus
(c). Bar = 5 µm
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hybridization of the same slide, using a different
set of three to four probes each time (45S, 5S,
centBr1, centBr2, two BACs with multiple
hybridization signals and a BAC that contained a
C genome repeat to label the C genome chro-
mosomes), and so is technically difficult. How-
ever, it was used successfully to identify

chromosome rearrangements, duplications, and
deletions in advanced resynthesized B. napus
lines, showing selection for total number of
homeologs (e.g., four copies of either A1 or C1,
such as A1/C1/C1/C1 or A1/A1/A1/A1) in a
“dosage balance” effect (Fig. 2.4) (Xiong et al.
2011; Grandont et al. 2014).

Fig. 2.3 FISH was carried
out using BACs BoB014O06
probe (red) and 54B2 (green).
FISH analyses of somatic
metaphase chromosomes of
B. rapa (a), B. oleracea (b),
and B. napus (c).
Chromosomes were
counterstained with DAPI
(blue). Bar = 5 µm

Fig. 2.4 FISH was carried
out using BAC KBrB055A02
probe (A1/C1) (red) and 45S
rDNA (green). FISH analyses
of somatic metaphase
chromosomes of B. rapa (a),
B. oleracea (b), B. napus
(DN) (c), and resynthesized B.
napus line (d). Chromosomes
were counterstained with
DAPI (blue). Bar = 5 µm
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2.3.2 Quantifying Homologous
and Non-homologous
Pairing Between
Genomes in Haploids
and Hybrids

Genomic sequence similarity is perhaps the
primary factor in determining whether chro-
mosomes will pair and recombine during
meiosis I (Bozza and Pawlowski 2008),
although genetic factors certainly play a role
(Jenczewski and Alix 2004). In allopolyploid B.
napus, mapping and sequencing data have
revealed that the constitutive A and C genomes
show highly conserved homeologous genomic
regions along whole chromosomes, chromo-
some arms, and smaller genomic regions
(Chalhoub et al. 2014; Parkin et al. 1995, 2003).
Similar homeologous regions have been infer-
red between the less closely related B genome
and the A and C genomes (Lagercrantz and
Lydiate 1996; Navabi et al. 2013). This
sequence homeology can lead to pairing and
recombination between chromosomes belong-
ing to related species during meiosis.
Using FISH and GISH techniques as described
above, the relative frequency of autosyndesis
(pairing between chromosomes from the same
genome) and of allosyndesis (pairing between
the different genomes) can be determined in
metaphase I of meiosis.

In haploid AC plants with one copy of each
genome, it is possible to determine frequencies of
both allosyndesis (AC) and autosyndesis (AA
and CC). In these plants, autosyndetic bivalents
are always observed to represent close to 20% of
bivalents in metaphase I of meiosis; this result
suggests that rearrangements between paralogous
regions can occur (Nicolas et al. 2007, 2009).
Similar analyses using genome labeling FISH
and GISH in hybrids between B. napus, B. car-
inata, and B. juncea (genome compositions
AABC, BBAC, and CCAB) also confirmed this

result, as well as showing autosyndesis in the
haploid B genome and AB, BC, and AC
allosyndesis at metaphase I (Mason et al. 2010)
(Fig. 2.5). Complementary analyses using BACs
specific to particular homeologous chromosome
pairs in B. napus haploids revealed that the rate
of homeologous pairing depends on the pair of
homeologs concerned (A1/C1, A3/C3, A10/C9,
or A7/C6) and on the B. napus variety (Grandont
et al. 2014). In AC hybrids produced from
crosses between B. rapa and B. oleracea, the
frequency of homeologous pairing is even higher
than in B. napus haploids (Cifuentes et al. 2010;
Szadkowski et al. 2011). This high rate of
homeologous exchange was also observed in
synthetic B. napus obtained by crosses between
B. rapa and B. oleracea. GISH-like methods
showed that A and C chromosomes frequently
paired during the first meiosis in resynthesized
AACC S0 plants, suggesting that the first meiosis
acts as a genome blender (Szadkowski et al.
2010). These results were also confirmed by
analyzing the dynamics of rDNA loci rear-
rangements in advanced generations of synthetic
B. napus (Książczyk et al. 2011). However,
when one genome is diploid and the other is
haploid, such as in AAC hybrids, GISH-like
methods show that the nine C chromosomes
generally remain as univalents, with only low
frequencies of homeologous pairing observed
between the A and C genomes (Leflon et al.
2006). On the contrary, homeologous pairing is
promoted between two haploid genomes when a
third genome is at the diploid stage in the same
plant: These data were confirmed by GISH and
GISH-like analysis in AABC, BBAC, and
CCBA hybrids by Mason et al. (2010). All of
these molecular cytogenetic studies not only
contribute to our understanding of meiosis and
genomic relationships, but provide useful infor-
mation for breeders targeting genomic intro-
gressions or promoting non-homologous
chromosome exchange for crop improvement.
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2.3.3 Identifying Structural Variation
and Homeologous
Exchanges Between
Genomes

It is now clearly established that homeologous
pairing can generate different structural rear-
rangements in natural allotetraploid species
(Schubert and Lysak 2011) and that these rear-
rangements are difficult to detect only by map-
ping and sequencing strategies. Specifically,
identification of reciprocal translocations and
inversions between genotypes is extremely
challenging using short-read sequencing tech-
nologies (Talkowski et al. 2011). This hinges on
the fact that mapping of sequence reads to a
reference genome assembly is the preferred
method of comparing between genotypes or
cultivars within a species. However, with this
approach sequence inversions and reciprocal

translocations will be almost invisible: Sequen-
ces from the target genotype will still map to the
reference genome, but in incorrect locations
determined by the reference genome rather than
by the genome of the target genotype. Genetic
mapping can assist with this by analysis of
marker distortion, but requires the availability of
linkage mapping populations for every genotype
of interest. Despite the amount of work and
inference involved, this method has been efficient
in detecting translocations in several B. napus
varieties (Lombard and Delourme 2001; Osborn
et al. 2003; Piquemal et al. 2005). Similarly in
hybrids carrying A, B, and C genomes, structural
rearrangements between genomes are large
enough to be detected by GISH using B. nigra
labeled DNA to identify the B genome and GISH
using the B. oleracea BAC BoB014O06 hybri-
dized specifically to all C genome chromosomes
(Howell et al. 2002). In near-allohexaploid lines

Fig. 2.5 a–c FISH analysis of metaphase I PMCs: FISH
was carried out using BAC BoB014O06 which identifies
all the C chromosomes (green). Nine C bivalent chromo-
somes and ten unmarked A bivalents (in blue DAPI) on B.
napus (a) and nine C univalent chromosomes on AAC
hybrid (b). Detection of autosyndesis (AA pairing)/
allosyndesis (AC pairing) at metaphase I using BAC
BoB014O06 (green) and 54B2 specific of 3 A

chromosomes (red) on pollen mother cells at MI from
haploid Darmor-bzh (c); d FISH using genome labels for
chromosomes in second-generation progeny derived from
a near-allohexaploid Brassica (2n = AABBCC) plant
[(B. napus � B. carinata) � B. juncea]: A genome
chromosomes are blue (DAPI, background stain), B
genome chromosomes are labeled red, and C genome
chromosomes are labeled green. Bar = 5 lm
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containing the A, B, and C genomes, this com-
bined labeling technique effectively identified
AC, AB, and BC recombinant chromosomes
(Mason et al. 2014). It is important to also
mention that this molecular cytogenetics tech-
nique is the best and perhaps only method
available to detect rearrangements at the
heterozygous stage (Fig. 2.4).

Loss of genomic regions resulting from
non-reciprocal translocations (duplication/
deletion events) can be detected in next-
generation sequencing by lack of sequences from
the target genotype mapping to the reference
genome over the deletion region. However, this
approach requires high sequence coverage to
accurately identify copy number variants: Enough
sequencing depth must be generated that absence
of mapped reads (or presence of twice as many
mapped reads in the case of duplications) in a
chromosomal region can be definitively identified
as a deletion (or duplication) event, rather than just
natural variation in sequence coverage (Alkan
et al. 2011). Both SNP array data and fluorescently
labeled microsatellite marker data have also been
used to assess duplication/deletion events in
Brassica hybrids, although detection of duplica-
tions using relative allele fluorescence is chal-
lenging (Mason et al. 2011, 2015). Translocations
can be directly physically detected at the
homozygous and heterozygous stages by com-
bining GISH and BAC-FISH, if the genomic
regions are large and if a BAC is available specific
to the translocated regions. Inversions, which are
the most challenging of all to identify using
sequencing data, can be readily confirmed by the
use of several chromosome-specific BAC probes
to hybridize to the chromosome of interest, as was
done to integrate genetic and physical maps in B.
oleracea (Howell et al. 2002). In future, tech-
nologies currently under development (such as
optical mapping) may allow easier identification
of structural rearrangements such as
non-reciprocal translocations and inversions.
Currently, the most direct and unambiguous
method to assess these variants is still molecular
cytogenetics.

2.3.4 Characterizing Chromosome
Addition Lines
and Genomic
Introgressions for Crop
Improvement

So-called chromosome addition lines provide a
valuable resource for breeding and genetics
analyses. These lines consist of a core genome,
usually diploid, with the addition of a single
chromosome from another genome, present in
either one copy (monosomic addition line) or two
copies (disomic addition line). The phenotypic
characterization of these chromosome addition
lines can allow localization of the trait of interest
to particular chromosomes, as has been previ-
ously demonstrated for the yellow-seededness
trait in Brassica AA + C addition lines by Hen-
een et al. (2012). However, the generation of
these lines can be technically challenging. To
produce lines with, for example, a complete
diploid A genome with single additional C gen-
ome chromosomes in Brassica, usually a hybrid
with 2n = AAC, will first be produced from
crosses between B. napus (or resynthesized B.
napus from the cross B. rapa � B. oleracea).
This hybrid will then be backcrossed to B. rapa
in order to eliminate all but one C genome
chromosome. However, this approach offers
plentiful opportunities for non-homologous
recombination to occur, as well as being techni-
cally challenging. The use of FISH and GISH
techniques to identify which chromosomes are
present and in how many copies and to check for
large-scale rearrangements such as translocations
between the diploid genome and the addition
chromosome/s is invaluable. Several studies have
reported such analyses (e.g., Snowdon et al.
1997; Chèvre et al. 2007; Heneen et al. 2012;
Mason et al. 2014), and BACs specific to dif-
ferent chromosomes allowed their identification
in metaphase I (e.g., Suay et al. 2014).

The movement of traits from wild relatives or
related species into crops first requires the pro-
duction of a hybrid between the wild relative and
the crop species. This hybrid must then allow
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recombination between chromosomes from the
crop genome and the donor species to occur to
produce recombinant chromosomes. These
recombinant chromosomes must then be suc-
cessfully transferred in a backcross to crop to
become an integral, stable part of the crop gen-
ome to establish the genomic transfer of the trait
loci. Depending on the degree of genomic
divergence between genomes (as well as genetic
factors), a greater or fewer number of recombi-
nation events may occur in the hybrid. Currently,
only cytogenetic analyses allow assessment of
the chromosome number and genomic structure
of subsequent introgressed plants. If only very
few recombination events occur, then subsequent
backcrossing may fail to recover any introgres-
sion events in the B. napus background. In this
case, whole chromosomes may be retained if
selection for the phenotype of interest is carried
out, but these are generally less desirable as
additional chromosomes or chromosome pairs
from alien genomes can be frequently lost or
selected against (Heneen et al. 2012). If a large
number of recombination events take place, then
many recombinant chromosomes may be trans-
mitted in backcross generations. This can also
cause problems, as many of these recombinants
may carry undesirable allelic variants or have a
negative effect on crop phenotype.

The larger the population size, the greater the
chance of finding an individual with a single
recombinant chromosome carrying desirable
genomic introgressions for the phenotypic locus
or loci of interest. However, the screening
method is also critical: If individual lines of
interest can be identified early and accurately,
chances of success and cost-effectiveness and
efficiency are greatly increased. For most species
crossed to Brassica crop genomes, GISH is an
efficient technique to determine the number and
location of independent introgression events, as
well as the size of the introgression in some cases
(Snowdon et al. 1997; Fredua-Agyeman et al.
2014). In future, the development of BAC-FISH
probes specific to introgression regions may offer
a solution to detect smaller introgressions.

2.4 New Insights into Meiosis

Cytology and cytogenetics are central to all
meiotic studies. Meiosis consists of two rounds
of cell division during which chromosome
number is halved (from diploid to haploid) and
gametes are generated. In most organisms,
accurate separation of homologous chromosomes
during the first division requires that they first be
connected to one another by crossovers (COs),
which are one of the products of meiotic
recombination. Meiotic COs are the reciprocal
exchange of genetic material between chromo-
somes; they are formed during prophase I
between all pairs of homologous chromosomes
and start to become visible as chiasmata from
diakinesis (they are more clearly resolved at
metaphase I). Non-reciprocal recombination
events, the so-called non-crossovers (NCOs), can
also be recovered genetically but are not amen-
able to cytological analysis.

Despite its small chromosomes, A. thaliana
has become a powerful model system for the
analysis of meiosis and characterization of mei-
otic mutants (Mercier et al. 2015 for review).
This has paved the way to meiotic studies in
Brassica. Most notably, the high degree of pri-
mary sequence similarity between A. thaliana
and B. napus has recently made possible the use
of the antibodies developed against Arabidopsis
proteins to study meiosis and meiotic recombi-
nation in B. napus and its close relatives. The
first of these studies aimed to decipher the mei-
otic behavior of Brassica allotetraploid (AACC)
and allotriploid (AAC) hybrids (Leflon et al.
2006). Polyclonal Arabidopsis antibodies that
recognize the meiotic proteins ASY1, which
associates with chromosome axis, and ZYP1,
which is involved in the synaptonemal complex
(SC) formation, were successfully used to
demonstrate that some chromosomes were com-
pletely synapsed at pachytene (intimately asso-
ciated by a fully formed SC along their length)
while other remained unsynapsed even at a latter
meiotic stage (i.e., diplotene). These unsynapsed
chromosomes likely correspond to the C genome
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chromosomes that remained as univalents
(chromosomes that failed to form COs) at
metaphase I, while the synapsed bivalents most
probably correspond to pairs of homologous A
chromosomes between which COs are formed.
Actually, COs get a boost in the AAC hybrids
compared to AA diploids (Leflon et al. 2010).
Immunolocalization of Arabidopsis MLH 1
antibodies, which specifically mark the main
fraction of COs (also called class I CO or CO I;
Chelysheva et al. 2010), indicated that these
crossovers undergo a 1.7-fold increase during
male meiosis in the AAC hybrids compared to
diploid controls. An even higher increase was
detected in female meiosis by comparing genetic
map distances (Leflon et al. 2010), suggesting
either a sex-specific effect or a greater boost of
the otherwise minority type of COs (which are
not marked by MLH1). Although this has yet to
be resolved, this study confirms the importance
of combining both genetic and cytological
approaches to study such an intricate biological
process as meiotic recombination.

Finally, a wider range of cytological and
cytogenetical tools was recently used to investi-
gate the formation, progression, and completion
of several key hallmarks of meiosis in B. napus
allotetraploids (AACC) and allohaploids (AC, 19
chromosomes) (Grandont et al. 2014). This study
has provided a thorough comparative description
and analysis of sister chromatid cohesion, chro-
mosome axes, the synaptonemal complex, and
meiotic recombination in two representative B.
napus accessions (Cifuentes et al. 2010). Anal-
yses of surface-spread prophase I nuclei with
electron microscopy have demonstrated a pre-
cocious and efficient sorting of homologous
versus homeologous chromosomes during early
prophase I in the two B. napus varieties that
otherwise show a genotypic difference in the
progression of homologous recombination. Most
notably, the spatial-temporal localization of
HEI10, an essential protein that can be used to
follow the progressive channeling of recombi-
nation intermediates into the class I CO pathway
(see Chelysheva et al. 2012 for details), was

shown to vary from one genotype to another and
to correlate with the two main meiotic behavior
described at the haploid stage (see introduction).
Moreover, the detailed comparison of meiosis in
allohaploid and allotetraploid plants showed that
the mechanism(s) promoting efficient chromo-
some sorting in allotetraploids is adjusted to
promote crossover formation between homeologs
in allohaploids. This suggests that, in contrast to
other polyploid species, the threshold for com-
mitting a pair of chromosomes to form a CO is
not fixed once and for all in B. napus, but
depends on the operating chromosomes (Gran-
dont et al. 2014). This probably remains an
error-prone process, and a few COs can be
expected to occasionally form between home-
ologs and generate homeologous exchanges in
the allotetraploid plants (see Sect. 2.3.3). FISH
analyses were also carried out to characterize CO
formation between individual chromosomes
during meiosis in allohaploid B. napus; these
analyses indicated that both chromosome- and
genotype-specific effects change the odds of
forming a CO between a given pair of homeol-
ogous regions in these plants.

Interestingly, the cytological survey of meio-
sis in B. napus has tentatively pointed toward
some of the genomic features of the B. napus
genome. First, observation of genotype-specific
bivalents in the allohaploids has led to the
assumption that several chromosome(s) may
carry the products of homeologous exchanges
(HEs) (Grandont et al. 2014); the presence of
numerous HEs was confirmed when assembling
the B. napus genome sequence (see Sect. 2.3.3;
Chalhoub et al. 2014). Likewise, the limited
extent to which synaptic multivalents persisted to
pachytene in B. napus allotetraploids has led to
suppose that most interhomeolog recombination
intermediates abort early and are redirected into
intersister or non-crossover pathways (Grandont
et al. 2014). Evidence for very short
non-reciprocal exchanges between homeologous
sequences, which possibly originated from mei-
otic non-crossovers, was recently obtained by
Chalhoub et al. (2014). More work is needed to
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confirm that all these HEs, whether they are large
or small, have originated during or affect the
meiotic behavior of B. napus.

2.5 Conclusions

Although cytogenetics as a technique signifi-
cantly predates molecular genetics, let alone
genome sequencing, this methodology and sub-
sequent advances to molecular cytogenetic tech-
niques provide extremely valuable information
on physical organization of genomes that com-
plements both mapping and sequencing data.
Cytogenetics can provide new information on the
genomic structure of ancient and recent poly-
ploid species and shed light on evolutionary
processes of genomic rearrangements, genome
regulation, and genome structure variation.
Cytogenetics can also be used to detect home-
ologous exchanges between constitutive gen-
omes in interspecific hybrids or addition lines
and to track chromosome introgressions from
one genome to another. Comparative cytogenet-
ics can be used for phylogenetic and taxonomic
analysis, complementary to sequencing-based
approaches, and can show evolutionary changes
in functional features such as rDNA loci. Cyto-
genetics is of course essential for our basic
understanding of meiosis, and progressively
more sensitive molecular biology techniques are
allowing visualization of this important biologi-
cal process in Brassica. Use of interspecific
hybridization coupled with cytogenetic analysis
allows a deep insight into the occurrence and
control of homologous and non-homologous
chromosome pairing. Cytogenetics techniques
are also currently the primary means of validat-
ing chromosome rearrangements such as dupli-
cations, deletions, and inversions, acting in a
complementary fashion to confirm the
sequence-based analysis. From the past to the
future, cytogenetics has contributed a great deal
to our understanding of genetics and genomics in
the Brassica genus, and undoubtedly, cytoge-
netics will play a significant role in the times to
come.
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3Genes and Quantitative Trait Loci
Mapping for Major Agronomic Traits
in Brassica napus L.
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Abstract
The advent of high-throughput genomic tech-
nologies and the availability of a reference
genome sequence of Brassica napus and its
diploid parental species, B. rapa and B.
oleracea, open new insights into the genomic
localization of agronomic trait-associated
quantitative trait loci (QTL), the identification
of underlying genes and their sequence vari-
ation. Over the last 20 years, many genetic
maps of B. napus have been built, progres-
sively integrating various types of markers.
Large single-nucleotide polymorphism
(SNP) arrays allowed the construction and
integration of high density maps and their
anchorage to the B. napus sequence. Increas-
ingly, precise genetic analyses of agronomic
traits could thus be carried out, either through
linkage analysis or through genome-wide
association mapping. Comparative genomics
allowed the genomic localization of the genes
and QTL controlling agronomic traits, as well
as an assessment of the impact that the high
level of duplications present in this polyploid
species has on the genetic architecture of the

traits and on the structural and functional
diversity of the genes involved. This chapter
reviews the evolution of B. napus genetic and
genomic resources and their use in gene and
QTL mapping for several major traits and then
shows how the availability of the B. napus
genome sequence allows more accurate inves-
tigation of the genomic regions and underly-
ing genes involved.

3.1 Introduction

The demand for vegetable oils and proteins is
projected to increase by more than 40% by 2030,
as a result of an increasing world population and
rising living standards. Therefore, high yield and
high seed quality are major goals for crop pro-
duction. At the same time, there is a need to
ensure seed yield and quality under fluctuating
environments with various biotic and abiotic
stresses, and a need to reduce the environmental
impacts of agriculture by lowering chemical
inputs (fertilizers, pesticides, herbicides). Many
genetic studies of various agronomic traits,
including developmental traits, seed quality, oil
yield, yield components, nutrient use efficiency,
and disease resistance, have been performed.
Linkage analyses (LAs) with denser and denser
genetic maps or genome-wide association studies
(GWASs) were carried out to decipher the
genetic determinism of these traits and optimize
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the mining and use of new genetic diversity.
Most of the traits of interest are complex, quan-
titative, and often influenced by environment
(E) and genotype (G) x environment (GxE) in-
teractions, requiring the use of various genetic
backgrounds and multiple environments to
strengthen the results of the genetic analyses. The
comparison and integration of the results of these
studies now benefit from the advent of
high-throughput genomic technologies and the
availability of reference genome sequences,
which allow comparative mapping. In this
review, we outline the evolution of Brassica
napus genetic and genomic resources, along with
their use for gene and quantitative trait loci
(QTL) mapping for several major traits. We also
show how the availability of the B. napus gen-
ome sequence allows more accurate investigation
of the genomic regions and underlying genes
involved.

3.2 Linkage Maps

3.2.1 Development of Genetic Maps

Genetic linkage maps are highly valuable tools
for the identification of genomic regions carrying
major genes and QTL controlling agronomic
traits. Dense genetic maps allow finer compara-
tive genome analyses with sequenced related
genomes and faster map-based cloning of major
genes and QTL. In recent years, the establish-
ment of genetic maps has benefited from the
development of new types of molecular markers
which take advantage of automated sequencing
and genotyping technologies. Over the last
20 years, many B. napus genetic maps have been
built, progressively integrating various types of
markers (Gali and Sharpe 2011). The first
marker-based genetic maps were built with
restriction fragment length polymorphisms
(RFLPs) (Landry et al. 1991; Ferreira et al. 1994;
Parkin et al. 1995, 2005; Toroser et al. 1995;
Sharpe et al. 1995; Uzunova et al. 1995), random
amplified polymorphic DNAs (RAPDs) (Foisset
et al. 1996), amplified fragment length poly-
morphisms (AFLPs) (Lombard and Delourme

2001; Badani et al. 2006; Liu et al. 2006a;
Basunanda et al. 2007), simple sequence repeats
(SSRs) (Lowe et al. 2004; Piquemal et al. 2005;
Qiu et al. 2006; Long et al. 2007; Radoev et al.
2008; Suwabe et al. 2008; Wang et al. 2011a).
More recently, dense genetic maps included
sequence-related amplified polymorphism
(SRAP) (Sun et al. 2007), diversity arrays tech-
nology (DArT) (Raman et al. 2013), and
single-nucleotide polymorphisms (SNPs). As
reviewed by Kaur et al. (2012), SNP discovery is
challenging in allopolyploid species such as B.
napus. SNPs may arise both between allelic
(homologous) sequences within each diploid
genome and between homoeologous sequences
between diploid genomes, but also from poly-
morphisms between paralogous duplicated
sequences. SNP discovery has been based on
sequence analysis of B. napus expressed
sequence tags (ESTs) (Durstewitz et al. 2010; Hu
et al. 2012b) or on second-generation
high-throughput sequencing (Trick et al. 2009;
Bancroft et al. 2011; Bus et al 2012; Clarke et al.
2013; Huang et al. 2013). Different infinium
arrays were developed and further used to build
genetic maps. An 8K array including 7322 SNP
markers was used to build an integrated genetic
map comprising 5764 SNP and 1603 PCR
markers from four doubled haploid segregating
populations (Delourme et al. 2013). A 6K array
(Dalton-Morgan et al. 2014) allowed 631 and
1667 SNPs to be incorporated into two genetic
maps built by Raman et al. (2014a) and Cai et al.
(2014), respectively. Another 6K B. napus Illu-
mina infinium array was developed from various
next-generation sequencing (NGS) data (http://
aafc-aac.usask.ca/ASSYST/. A genetic map with
14,675 SNPs corresponding to 895 genetic bins
(marker pairs with zero recombination were
assigned to the same genetic bin) was con-
structed using a modified double-digested
restriction-site associated DNA (ddRAD)
sequencing technique (Chen et al. 2013). In
2012, an international Brassica SNP consortium
produced a 60K SNP infinium genotyping array
containing 52,157 SNPs for B. napus, in coop-
eration with Illumina Inc., San Diego, CA, USA
(Snowdon and Iniguez-Luy 2012; Edwards et al.
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2013), and maps comprising ca. 9K or 11K SNPs
were built (Liu et al. 2013; Zhang et al. 2014).
Bancroft et al. (2011, 2015) developed genetic
maps comprising 21,323 SNPs (arranged in 887
bins) derived from transcriptome sequence anal-
yses, which were then used to infer the order of
unigenes and to position the probe flanking
sequences from the Brassica research commu-
nity’s 60K SNP infinium array, thus integrating
these two genotyping resources.

3.2.2 Map Integration

Few studies reported the integration of genetic
maps developed from different B. napus segre-
gating populations. Lombard and Delourme
(2001) derived a consensus map from three
crosses, and a translocation between A7 and C6
linkage groups was identified in a cross derived
from two spring oilseed rape lines. The integra-
tion of genetic maps derived from crosses
between oilseed rape lines and from crosses
between resynthesized and natural B. napus
parents showed that marker orders were posi-
tively correlated between the individual maps,
allowing confidence for the subsequent use of
bridge markers for the map integration (Wang
et al. 2011a). Another B. napus consensus map
consisting of a 1,359 DArT and non-DArT
markers was built from six populations origi-
nating from Australia, Canada, China, and Eur-
ope (Raman et al. 2013). However, for some
linkage groups (LGs), the number of shared
markers was very low between populations. In
these cases, it was difficult to judge the overall
consistency of marker order among maps.
A major advantage of genetic maps based on
genome-wide SNP screening arrays is the fre-
quent occurrence of consensus markers for inte-
gration and alignment of maps and then of QTL,
both with each other and also with reference
genome sequences. The integration of four indi-
vidual maps—DYDH (‘Darmor-bzh’ � ‘Yudal’
DH), TNDH (‘Tapidor’ � ‘Ningyou7’ DH),
AADH (‘Aviso’ � ‘Aburamasari’ DH), and
AMDH (‘Aviso’ � ‘Montego’ DH)—showed a
very good collinearity overall between all the

maps, with the exception of three inversions that
were observed at the bottom of A2 on the TNDH
map, at the top of C8 on the AADH map, and at
the bottom of C8 on the AMDH map (Delourme
et al. 2013). More recently, the combination of
the 8 K and 60K arrays with a 20K array and
RADseq-SNPs obtained in the course of the B.
napus genome sequencing project allowed the
construction of an integrated genetic map com-
prising 41,001 markers mapped into 7287
genetic bins, which was used for the B. napus
genome anchoring (Chalhoub et al. 2014).

3.2.3 Comparative Mapping

The construction of genetic maps of diploid and
amphidiploid Brassica species, and their com-
parison and alignment to the Arabidopsis gen-
ome sequence, has provided insights into
Brassica genome organization and evolution
following the different rounds of polyploidization
and diploidization that have occurred in the his-
tory of these species. These comparative map-
ping studies revealed the complex organization
of the Brassica genomes resulting from extensive
duplications and rearrangements. The collinearity
observed between A. thaliana and B. napus led to
the description of a genomic block system
determined by Parkin et al. (1995), who
demonstrated that the structure of the Brassica A
and C genomes could be described with
approximately 21 conserved blocks. A frame-
work consisting of 24 genomic blocks (A-X) was
then built within the ancestral karyotype
(Schranz et al. 2006; Parkin 2011). The com-
parisons were refined using dense genetic maps
with SSRs (Wang et al. 2011a) and SNPs
(Bancroft et al. 2011; Cai et al. 2014). However,
divergence of gene content and relative positions
as well as discontinuous collinearity between
Arabidopsis and Brassicas have been reported
(Parkin et al. 2005; Town et al. 2006; Trick et al.
2009), which can make the transfer of informa-
tion from Arabidopsis to Brassica species diffi-
cult (e.g., for the identification of candidate
genes). This difficulty can now be circumvented
through the availability of the sequences of
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B. napus and its diploid parental species gen-
omes (Wang et al. 2011c; Chalhoub et al. 2014;
Liu et al. 2014; Parkin et al. 2014).

3.3 Linkage Disequilibrium
Assessment

By integrating genetic map data with genotyping
data generated from collections of
accessions/varieties, the linkage disequilibrium
(LD) pattern can be investigated along the gen-
ome of a given species. The success of GWAS in
locating genes responsible for complex traits
depends on the extent of LD, the number and the
distribution of markers, as well as on the col-
lection structure. Since the extent of LD may
vary depending on the history of the collections,
it should be investigated prior to GWAS design.
The first published studies relied on either a low
number of lines or a low number of markers
(Ecke et al. 2010; Bus et al. 2011; Xiao et al.
2012), preventing precise estimation of LD. The
availability of SNPs thereafter enabled an
increasing number of markers and thus the reli-
ability of LD measures. Harper et al. (2012)
carried out associative transcriptomics on 53 B.
napus lines using >60K SNPs. Delourme et al.
(2013), Fopa Fomeju et al. (2014), and Li et al.
(2014a) assessed the LD on panels consisting of
313, 116, and 472 lines corresponding to differ-
ent germplasms genotyped with 4329, 3228, and
26,841 SNPs. In all these studies, the average LD
extent ranged from 0.5 to 1.2 or 2 cM, with some
variation between collections and between and
within linkage groups. For example, the LD
extent in winter oilseed rape is higher on LGs
A2, A6, A8, C5, and C6 (Delourme et al. 2013;
Fopa Fomeju et al. 2014). With the availability of
the B. napus genome sequence, the extent of LD
can be related to physical distances. Hatzig et al.
(2015) showed, in a collection of 218 lines from
diverse origins genotyped with 22,169 SNPs,
that LD (as measured by r2 values between each
pair of marker) declined to 0.1 for markers dis-
tant from 480 kbp (A1) to 1283 kpb (A9).
Stronger LD patterns were observed on C3, C8
and particularly on C1 and C4, with r2 values

above 0.1 for up to 6651 and 4048 kbp, respec-
tively. Overall, the number of available SNPs is
large enough to perform genome-wide associa-
tion studies, but depending on the panels and the
genomic regions the accuracy might not be suf-
ficient, at least at the regional genomic level.
Therefore, regional association mapping after
development of new SNPs in a given genomic
region might allow further refinement of the
genetic mapping of trait-associated markers and
identification of candidate genes (Snowdon et al.
2010; Li et al. 2014c; Shi et al. 2015).

3.4 Gene and QTL Mapping
for Different Agronomic Traits

Most gene and QTL mapping efforts in B. napus
are focused on agronomic traits, with the
exception of some miscellaneous studies on other
traits, such as homoeologous chromosome pair-
ing (Liu et al. 2006a) or paternal inheritance of a
mitochondrial plasmid (Oshima and Handa
2012). We review here the main results on
agronomic traits focusing on seed oil content,
seed quality, flowering time, yield and yield
components under different abiotic environ-
ments, and disease or pest resistance (Table 3.1).
Other studies report mapping of genes involved
in preharvest sprouting (Feng et al. 2009), pod
shattering (Hu et al. 2012a; Wen et al. 2012;
Raman et al. 2014b; Liu et al. 2016a), and seed
dormancy (Schatzki et al. 2013). In addition,
many studies report the mapping or cloning of
male sterility and male fertility restoration genes,
but these will not be presented here.

3.4.1 Seed Oil Content

QTLs for seed oil content were identified mainly
by linkage analyses using doubled haploid
(DH) populations (Ecke et al. 1995; Zhao et al.
2006a, 2012a; Delourme et al. 2006b; Qiu et al.
2006; Wu et al. 2006; Cao et al. 2010; Chen et al.
2010; Würschum et al. 2012; Sun et al. 2012;
Wang et al. 2013a; Bouchet et al. 2014; Javed et al.
2014; Jiang et al. 2014; Teh and Möllers 2016;

44 R. Delourme et al.



Ta
b
le

3.
1

G
en
e
an
d
Q
T
L
m
ap
pi
ng

fo
r
di
ff
er
en
t
ag
ro
no

m
ic

tr
ai
ts
in

B
ra
ss
ic
a
na

pu
s,
ra
pe
se
ed

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Se
ed

qu
al
ity

tr
ai
ts

O
il
co
nt
en
t,
er
uc
ic

ac
id

co
nt
en
t

M
an
sh
ol
t’
s
H
am

bu
rg
er

R
ap
s
�

Sa
m
ou
ra
i,

15
1
D
H
,
1
en
vi
ro
nm

en
t
(fi
el
d)

20
5—

R
FL

P
(1
44
1
cM

)
L
A

E
ck
e
et

al
.
(1
99
5)

G
lu
co
si
no
la
te

co
nt
en
t

M
aj
or

�
St
el
la
r,
10
5
D
H
,
1
en
vi
ro
nm

en
t

(fi
el
d)

13
5—

R
FL

P
(1
34
3
cM

)
L
A

T
or
os
er

et
al
.
(1
99
5)

G
lu
co
si
no
la
te

co
nt
en
t

M
an
sh
ol
t’
s
H
am

bu
rg
er

R
ap
s
�

Sa
m
ou
ra
i,

15
1
D
H
,
1
en
vi
ro
nm

en
t
(fi
el
d)

20
5—

R
FL

P
(1
44
1
cM

)
L
A

U
zu
no
va

et
al
.(
19
95
)

O
il
co
nt
en
t

4
B
C

po
pu
la
tio

ns
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

27
6—

R
FL

P
L
A

B
ut
ru
ill
e
et

al
.
(1
99
9)

O
il
co
nt
en
t

V
ic
to
r
�

T
ap
id
or
,
22

su
bs
tit
ut
io
n
lin

es
,

9
en
vi
ro
nm

en
ts
(fi
el
d)

15
8—

R
FL

P
(1
20
4
cM

)
L
A

B
ur
ns

et
al
.
(2
00
3)

G
lu
co
si
no
la
te

co
nt
en
t

V
ic
to
r
�

T
ap
id
or
,
19
5
B
1,

1
en
vi
ro
nm

en
t

(g
re
en
ho
us
e)

T
ap
id
or

�
B
ie
nv
en
u,

60
B
C
1,

1
en
vi
ro
nm

en
t
(g
re
en
ho
us
e)

15
8—

(1
20
4
cM

)
L
A

H
ow

el
l
et

al
.
(2
00
3)

G
lu
co
si
no
la
te

co
nt
en
t,

al
ip
ha
tic
,
in
do
lic
,

an
d
ar
om

at
ic

gl
uc
os
in
ol
at
e

co
nt
en
t

H
52
00

�
N
in
gR

S-
1,

12
8
F2

:3
,
1

en
vi
ro
nm

en
t
(fi
el
d)

10
7—

R
FL

P,
A
FL

P
(1
62
0
cM

)
L
A

Z
ha
o
an
d
M
en
g

(2
00
3)

T
oc
op
he
ro
l
co
nt
en
t

M
an
sh
ol
t’
s
H
am

bu
rg
er

R
ap
s
�

Sa
m
ou
ra
i,

14
4D

H
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

20
5—

R
FL

P
(1
44
1
cM

)
L
A

M
ar
w
ed
e
et
al
.(
20
05
)

Se
ed

co
lo
r,
ac
id

de
te
rg
en
t

fi
be
r

25
62
9-
3
�

K
26
-9
6,

10
5
D
H

E
xp
re
ss

61
7
�

10
12
/9
8,

17
9
F2

E
xp
re
ss

61
7
�

10
12
/9
8,

16
6
D
H

19
3—

A
FL

P,
SS

R
(9
23

cM
)

26
3—

A
FL

P,
SS

R
(1
18
6
cM

)
34
7—

A
FL

P,
SS

R
(1
72
1
cM

)

L
A

B
ad
an
i
et

al
.
(2
00
6)

O
il
co
nt
en
t,
fl
ow

er
in
g
tim

e
D
ar
m
or
-b
zh

�
Y
ud
al
,
44
5
D
H
,
2

en
vi
ro
nm

en
ts

(fi
el
d)

30
5—

SS
R

(2
69
0
cM

)
L
A

D
el
ou
rm

e
et

al
.

(2
00
6b

)

Se
ed

co
lo
r

Y
ou
ya
n
2
�

G
H
06
,1

32
F2

,1
en
vi
ro
nm

en
t

16
4—

A
FL

P,
SS

R
,
R
A
PD

,
SC

A
R

(2
55
0
cM

)
L
A

L
iu

et
al
.
(2
00
6b

)

O
il
co
nt
en
t,
er
uc
ic

ac
id

co
nt
en
t

T
ap
id
or

�
N
in
gy
ou
7,

18
8
D
H
,
4

en
vi
ro
nm

en
ts

(fi
el
d)

27
7—

A
FL

P,
R
FL

P,
SS

R
,
ST

S
(1
68
5
cM

)
L
A

Q
iu

et
al
.
(2
00
6)

G
lu
co
si
no
la
te

co
nt
en
t

M
F2

16
�

P1
80
4,

15
0
D
H

R
V
12
8
�

P1
80
4,

15
0
D
H
,
4

en
vi
ro
nm

en
ts

(fi
el
d)

21
8—

R
FL

P
(1
39
8
cM

)
25
0—

R
FL

P
(1
45
3
cM

)
L
A

Q
ui
ja
da

et
al
.
(2
00
6)

O
il
co
nt
en
t,
pr
ot
ei
n
co
nt
en
t

So
llu

x
�

G
ao
yo
u,

28
2
D
H
,
4

en
vi
ro
nm

en
ts

(fi
el
d)

12
5—

SS
R

(1
19
6
cM

)
L
A

Z
ha
o
et

al
.
(2
00
6a
)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 45



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

E
ru
ci
c
ac
id

co
nt
en
t,

gl
uc
os
in
ol
at
e
co
nt
en
t

E
xp
re
ss

�
V
8,

26
2
D
H
,
2
en
vi
ro
nm

en
ts

47
6—

A
FL

P,
SS

R
(1
67
3
cM

)
L
A

B
as
an
un
da

et
al
.

(2
00
7)

Se
ed

co
lo
r

G
H

06
�

Z
ho
ng
yo
u
82
1,

18
5
R
IL
s,

4
en
vi
ro
nm

en
ts
(fi
el
d)

G
H

06
�

Y
ou
ya
n
2,

18
3
R
IL
s,
4

en
vi
ro
nm

en
ts

(fi
el
d)

42
0—

SS
R
,
R
A
PD

,
SR

A
P
(1
74
4
cM

)
26
5—

SS
R
,
SR

A
P
(1
13
5
cM

)
L
A

Fu
et

al
.
(2
00
7a
)

H
us
k
pr
op
or
tio

n,
lig

ni
n

co
nt
en
t

G
H
06

�
Z
ho
ng
yo
u,

82
1
R
IL
s
(fi
el
d)

50
9—

SS
R
,
R
A
PD

,
SR

A
P
(1
92
3
cM

)
L
A

Fu
et

al
.
(2
00
7b

)

O
il
co
nt
en
t,
hu
ll
co
nt
en
t

G
H

06
�

P
14
7,

18
8
R
IL
s,
1

en
vi
ro
nm

en
t
(fi
el
d)

30
0—

A
FL

P,
SR

A
P,

SS
R
,
T
R
A
P

(1
24
8.
5
cM

)
L
A

Ji
n
et

al
.
(2
00
7)

Ph
yt
os
te
ro
l
co
nt
en
t,
si
na
pa
te

es
te
r
co
nt
en
t

M
an
sh
ol
t’
s
H
am

bu
rg
er

R
ap
s
�

Sa
m
ou
ra
i,

14
8
D
H
,
4
en
vi
ro
nm

en
ts

(fi
el
d)

18
5—

R
FL

P,
A
FL

P
(1
73
9
cM

)
L
A

A
m
ar

et
al
.
(2
00
8)

G
lu
co
si
no
la
te

co
nt
en
t

94
A
N
D

46
ac
ce
ss
io
ns

1
en
vi
ro
nm

en
t

34
8—

SS
R

G
W
A
S

H
as
an

et
al
.
(2
00
8)

O
il
co
nt
en
t,
hu
ll
co
nt
en
t,

se
ed

co
lo
r

G
H
06

�
P1

74
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

45
1—

A
FL

P,
T
R
A
P,

SR
A
P,

SS
R

(1
58
9
cM

)
L
A

Y
an

et
al
.
(2
00
9)

O
il
co
nt
en
t

H
ig
h
�

lo
w

oi
l
co
nt
en
t
lin

es
,
15
0
D
H
,

3
en
vi
ro
nm

en
ts
(fi
el
d)

38
7—

SR
A
P,

SS
R
(1
86
8
cM

)
L
A

C
he
n
et

al
.
(2
01
0)

St
ar
t
of

fl
ow

er
in
g,

du
ra
tio

n
an
d
en
d
of

fl
ow

er
in
g,

m
at
ur
ity

,
pl
an
t
he
ig
ht
,
le
ng
th

of
m
ai
n

ra
ce
m
e,

po
ds

pe
r
m
ai
n

ra
ce
m
e,

po
d
de
ns
ity

,
oi
l,
pr
ot
ei
n,

gl
uc
os
in
ol
at
e,

su
lf
ur
,
ol
ei
c

ac
id
,

an
d
lin

ol
en
ic

ac
id

co
nt
en
ts

84
W
O
SR

ac
ce
ss
io
ns
,
7
en
vi
ro
nm

en
ts

(fi
el
d)

68
4—

A
FL

P
G
W
A
S

H
on
sd
or
f
et
al
.(
20
10
)

Se
ed

co
lo
r,
ac
id

de
te
rg
en
t

fi
be
r,
ac
id

de
te
rg
en
t
lig

ni
n,

ne
ut
ra
l
de
te
rg
en
t
fi
be
r,

po
ly
m
er
ic

pr
oa
nt
ho
cy
an
id
in
s

49
W
O
SR

ac
ce
ss
io
ns
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

11
4—

SS
R

R
eg
io
na
l
as
so
ci
at
io
n

m
ap
pi
ng

Sn
ow

do
n
et
al
.(
20
10
)

O
il
co
nt
en
t

69
cu
lti
va
rs
,
10
3
ne
w
-t
yp
e
B
.
na
pu
s,

2
en
vi
ro
nm

en
ts
(fi
el
d)

11
6—

SS
R

G
W
A
S

Z
ou

et
al
.
(2
01
0)

(c
on

tin
ue
d)

46 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Ph
en
ol
ic
ac
id
s,
m
on
om

er
an
d

ol
ig
om

er
s
PA

s,
po
ly
m
er
s

PA
s
an
d
ot
he
r
pi
gm

en
te
d

co
m
pl
ex
,
si
na
po
yl

gl
uc
os
e

co
nt
en
t,
si
na
pi
ne

co
nt
en
t

49
W
O
SR

ac
ce
ss
io
ns

13
8—

SS
R

G
W
A
S

R
ez
ae
iz
ad

et
al
.

(2
01
1)

Fl
ow

er
in
g
tim

e,
se
ed

yi
el
d,

pl
an
t
he
ig
ht
,
pr
ot
ei
n,

oi
l,

an
d
gl
uc
os
in
ol
at
e
co
nt
en
ts

N
in
e
cr
os
se
s
fr
om

te
n
pa
re
nt
s,
39
1
D
H
,

4
en
vi
ro
nm

en
ts
(fi
el
d)

25
3—

SN
P

L
A

W
ür
sc
hu
m

et
al
.

(2
01
2)

Se
ed

co
lo
r

Q
ua
nt
um

�
N
o.

21
27
-1
7,

24
7
D
H
,
3

en
vi
ro
nm

en
ts

(fi
el
d)

21
27
-1
7
�

94
-5
70
,
11
8
F2

:3
,
3

en
vi
ro
nm

en
ts

(fi
el
d)

39
7—

SS
R
,
SR

A
P
(1
74
7
cM

)
14
3—

SS
R
,
A
FL

P
(1
20
8
cM

)
L
A

Z
ha
ng

et
al
.
(2
01
1a
)

Se
ed

co
lo
r,
to
ta
l,

ol
ig
om

er
ic

an
d
po
ly
m
er
ic

pr
oa
nt
ho
cy
an
id
in
s

E
xp
re
ss

61
7
�

10
12
/9
8,

16
6
D
H
,
3

en
vi
ro
nm

en
ts

19
1—

A
FL

P,
SS

R
(1
17
1
cM

)
L
A

L
ip
sa

et
al
.
(2
01
2)

T
oc
op
he
ro
l
co
nt
en
t

T
N
D
H
:
T
ap
id
or

�
N
in
gy
ou
7,

20
2
D
H
,

40
4
re
co
ns
tr
uc
te
d
F2

,
14
2
ac
ce
ss
io
ns
,

3
en
vi
ro
nm

en
ts
(fi
el
d)

62
1—

SS
R
,
R
FL

P,
SN

P,
M
S-
A
FL

P,
ST

S
(2
06
0
cM

)
32
7
lo
ci

L
A

G
W
A
S

W
an
g
et

al
.
(2
01
2)

O
il
co
nt
en
t

So
llu

x
�

G
ao
yo
u,

11
en
vi
ro
nm

en
ts

(fi
el
d)

48
1—

C
A
PS

,
SS

R
,
SC

A
R
,
ST

S,
SR

A
P

(1
94
9
cM

)
L
A

Z
ha
o
et

al
.
(2
01
2a
)

O
il
co
nt
en
t

K
en
C
-8

�
N
53
-2
,
34
8
D
H
,

8
en
vi
ro
nm

en
ts
(fi
el
d)

40
3—

SS
R
,
SR

A
P,

ST
S,

IF
L
P

(1
78
4
cM

)
L
A

W
an
g
et

al
.
( 2
01
3a
)

A
ci
d
de
te
rg
en
t
lig

ni
n,

se
ed

co
lo
r,
ce
llu

lo
se
,

an
d
he
m
ic
el
lu
lo
se

co
nt
en
ts

G
H
06

�
P1

74
,
17
2
R
IL
,

4
en
vi
ro
nm

en
ts
(fi
el
d)

91
64

—
SN

P
(1
83
3
cM

)
L
A

L
iu

et
al
.
(2
01
3)

O
il
co
nt
en
t

T
N
D
H
:
T
ap
id
or

�
N
in
gy
ou
7,

20
2
D
H
,

40
4
re
co
ns
tr
uc
te
d
F2

,
12

en
vi
ro
nm

en
ts

(fi
el
d)

78
6—

R
FL

P,
SS

R
,
ST

S,
IG

F,
A
FL

P
(2
11
7
cM

)
L
A

Ji
an
g
et

al
.
(2
01
4)

C
ru
ci
fe
ri
n
an
d
na
pi
n
co
nt
en
ts

cr
uc
if
er
in
/n
ap
in

ra
tio

,
pr
ot
ei
n,

oi
l,
an
d

gl
uc
os
in
ol
at
e
co
nt
en
ts

E
xp
re
ss

�
R
53
,
22
9
D
H
,
2
en
vi
ro
nm

en
ts

22
9—

SS
R
,
A
FL

P
(2
28
3
cM

)
L
A

Sc
ha
tz
ki

et
al
.
(2
01
4)

G
lu
co
si
no
la
te

co
nt
en
t

10
1
ac
ce
ss
io
ns

14
4,
13
1—

SN
P

10
0,
53
4—

G
E
M

A
ss
oc
ia
tiv

e
tr
an
sc
ri
pt
om

ic
s

L
u
et

al
.
(2
01
4)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 47



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

T
ho
us
an
d
se
ed

w
ei
gh
t,
oi
l,

se
ed

gl
uc
os
in
ol
at
e,

an
d
se
ed

er
uc
ic

ac
id

co
nt
en
ts

47
2
ac
ce
ss
io
ns

(s
pr
in
g,

w
in
te
r,

se
m
i-
w
in
te
r)
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

26
,8
41

—
SN

P
G
W
A
S

L
i
et

al
.
(2
01
4a
)

Se
ed

co
lo
r,
oi
l
co
nt
en
t

21
7
ac
ce
ss
io
ns

38
9—

SS
R

G
W
A
S

Q
u
et

al
.
(2
01
5)

Se
ed

gl
uc
os
in
ol
at
es

co
nt
en
t

E
xp
re
ss

�
SW

U
07
,
26
1
D
H
,
2

en
vi
ro
nm

en
ts
,

5
an
d
2
ye
ar
s,
re
sp
ec
tiv

el
y

31
6—

SS
R

(1
19
8
cM

)
L
A

Fu
et

al
.
(2
01
5)

O
il,

pr
ot
ei
n,

se
ed

lin
ol
en
ic

ac
id
,
se
ed

gl
uc
os
in
ol
at
es
,

se
ed

he
m
ic
el
lu
lo
se
,
an
d
se
ed

ce
llu

lo
se

co
nt
en
ts

W
O
SR

di
ve
rs
ity

se
t,
89

in
di
vi
du
al
s,

4
en
vi
ro
nm

en
ts
(fi
el
d)

56
06

—
SN

P
G
W
A
S
an
d
Q
T
L
an
al
ys
is

(r
eg
io
na
l
as
so
ci
at
io
n

m
ap
pi
ng
)

G
aj
ar
do

et
al
.
(2
01
5)

G
lu
co
si
no
la
te

co
nt
en
t

E
ru
ci
c
ac
id

co
nt
en
t

T
N
D
H
:
T
ap
id
or

�
N
in
gy
ou
7

D
H
s
�

T
ap
id
or
,
B
C
1

D
H
s
�

N
in
gy
ou
7,

B
C
2,

2
en
vi
ro
nm

en
ts

(fi
el
d)

78
6—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

(2
11
7
cM

)
L
A

X
u
et

al
.
(2
01
5b

)

A
m
in
o
ac
id
:
ly
si
ne
,

th
re
on
in
e,

m
et
hi
on
in
e

T
N
D
H
:
T
ap
id
or

�
N
in
gy
ou
7

D
H
s
�

T
ap
id
or
,
B
C
1

D
H
s
�

N
in
gy
ou
7,

B
C
2,

2
en
vi
ro
nm

en
ts

(fi
el
d)

78
6—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

(2
11
7
cM

)
L
A

X
u
et

al
.
(2
01
5a
)

Fa
tty

ac
id

co
m
po
si
tio

n
T
ap
id
or

�
N
in
gy
ou
7,

20
2
D
H
,

6
en
vi
ro
nm

en
ts
(fi
el
d)

93
2—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

,
ge
ne
s

L
A

W
an
g
et

al
.
(2
01
5c
)

O
il,

pr
ot
ei
n,

gl
uc
os
in
ol
at
e,

su
lf
ur
,
ol
ei
c
ac
id
,
lin

ol
en
ic

ac
id
,

er
uc
ic

ac
id
,
ne
ut
ra
l
de
te
rg
en
t

fi
be
r,
ac
id

de
te
rg
en
t
fi
be
r,

ac
id

de
te
rg
en
t
lig

ni
n,

an
d

ce
llu

lo
se

co
nt
en
ts

40
5
O
SR

ac
ce
ss
io
ns

6
K

SN
P
ar
ra
y

G
W
A
S

K
ör
be
r
et

al
.
(2
01
6)

Ph
yt
os
te
ro
l
co
nt
en
t,
fa
tty

ac
id

co
m
po
si
tio

n,
se
ed

oi
l
co
nt
en
t,
pr
ot
ei
n

co
nt
en
t
of

th
e
de
fa
tte
d
m
ea
l

Sa
ns
ib
ar

�
O
as
e,

22
6
D
H
,

6
en
vi
ro
nm

en
ts
(fi
el
d)

16
38

—
A
FL

P,
SS

R
,S

N
P,

D
A
rT
,K

A
SP

,
ca
nd
id
at
e
ge
ne
-b
as
ed

m
ar
ke
rs

(2
35
0
cM

)

L
A

T
eh

an
d
M
öl
le
rs

(2
01
6)

(c
on

tin
ue
d)

48 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

O
il
co
nt
en
t

6F
31
3
�

51
07
0
(G

1)
an
d
61
61
6
�

51
07
0

(G
2)

F 2
po
pu
la
tio

ns
,
10
5
lin

es
pe
r

po
pu
la
tio

n,
3
en
vi
ro
nm

en
ts
(fi
el
d)
;
22
7
O
SR

ac
ce
ss
io
ns
,

2
en
vi
ro
nm

en
ts
(fi
el
d)

G
1:

97
11

SN
P
(1
98
7
cM

)
G
2:

98
54

SN
P
(1
83
6
cM

)
L
A

Su
n
et

al
.
(2
01
6)

34
29
2
SN

P
G
W
A
S

N
on
es
se
nt
ia
l
am

in
o
ac
id
s

(a
rg
in
in
e,

hi
st
id
in
e,

gl
ut
am

ic
ac
id
,
gl
yc
in
e,

pr
ol
in
e,

al
an
in
e,

as
pa
rt
ic

ac
id
)

T
w
o
ba
ck
cr
os
s
po
pu
la
tio

ns
B
C
1F

1:
T
N
D
H

� T
ap
id
or
;
T
N

D
H

�
N
in
gy
ou
7

78
6—

R
FL

P,
A
FL

P,
M
S-
A
FL

P,
SS

R
,

SN
P,

ST
S,

SS
C
P,

C
A
PS

(2
11
7
cM

)
L
A

W
en

et
al
.
(2
01
6)

Se
ed

oi
l
an
d
se
ed

pr
ot
ei
n

co
nt
en
t

K
en
C
-8

�
N
53
-2
,
30
0
D
H
,
12

en
vi
ro
nm

en
ts

(fi
el
d)

32
07

—
SS

R
,
ST

S,
SR

A
P,

SN
P

L
A

C
ha
o
et

al
.
(2
01
7)

Se
ed

oi
l
co
nt
en
t,
si
liq

ue
le
ng
th
,
se
ed
s

pe
r
si
liq

ue
,
se
e
w
ei
gh
t

M
20
1
�

35
2,

19
2
R
IL
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

15
26

—
dd
R
A
D
,
IN

D
E
L
,
SS

R
(1
61
0
cM

)
L
A

C
he
n
et

al
.
(2
01
7)

E
ru
ci
c
ac
id

co
nt
en
t,

gl
uc
os
in
ol
at
e
co
nt
en
t,

se
ed

oi
l
co
nt
en
t

18
9
O
SR

ac
ce
ss
io
ns
,
4
gr
ow

in
g
se
as
on
s

(fi
el
d)

3.
82

m
ill
io
n
m
ar
ke
rs
—

SN
P,

IN
D
E
L

G
W
A
S

W
an
g
et

al
.
(2
01
7c
)

E
ru
ci
c
ac
id

an
d
to
co
ph
er
ol

co
nt
en
t

38
3
ac
ce
ss
io
ns

35
5,
53
6
m
ar
ke
rs
—

SN
P,

tr
an
sc
ri
pt

ab
un
da
nc
e

A
ss
oc
ia
tiv

e
tr
an
sc
ri
pt
om

ic
s

H
av
lic
ko
va

et
al
.

(2
01
8)

Fl
ow

er
in
g
tim

e
Fl
ow

er
in
g
tim

e,
re
sp
on
se

to
ve
rn
al
iz
at
io
n

M
aj
or

�
St
el
la
r,
10
4
D
H
,
3
en
vi
ro
nm

en
ts

13
2—

R
FL

P
(1
11
6
cM

)
L
A

Fe
rr
ei
ra

et
al
.
(1
99
5)

Fl
ow

er
in
g
tim

e
M
aj
or

�
St
el
la
r,
89

D
H
,
3
en
vi
ro
nm

en
ts

48
0—

R
FL

P
L
A

O
sb
or
n
et

al
.
(1
99
7)

Fl
ow

er
in
g
tim

e,
bo
lti
ng

tim
e,

bu
dd
in
g
tim

e
T
ap
id
or

�
N
in
gy
ou
7,

20
2
D
H
,
40
4
F2

,
11

en
vi
ro
nm

en
ts
(fi
el
d)

62
1—

SS
R
,
R
FL

P,
SN

P,
M
S-
A
FL

P,
ST

S
(2
06
0
cM

)
L
A

L
on
g
et

al
.
(2
00
7)

Fl
ow

er
in
g
tim

e,
pl
an
t
he
ig
ht

20
91

�
99
C
D
A
M

(d
w
ar
f)
,
14
5
F2

:3
,

2
en
vi
ro
nm

en
ts
(fi
el
d)

24
1—

A
FL

P,
SS

R
(2
09
5
cM

)
L
A

M
ei

et
al
.
(2
00
9)

Fl
ow

er
in
g
tim

e,
re
sp
on
se

to
ve
rn
al
iz
at
io
n

Sk
ip
to
n
�

A
g-
sp
ec
tr
um

,
18
6
D
H
,

4
en
vi
ro
nm

en
ts
(fi
el
d,

gr
ee
nh
ou
se
)

67
4—

D
A
rT
,
SS

R
s,
SR

A
P,

SC
A
R
s

(4
29
0
cM

)
L
A

R
am

an
et

al
.
(2
01
3)

Fl
ow

er
in
g
tim

e
Sp

ri
ng

la
te

flo
w
er
in
g
�

ea
rl
y
fl
ow

er
in
g,

20
7
D
H
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

25
6—

SS
R
,
A
FL

P,
SR

A
P
(2
37
4
cM

)
L
A

L
uo

et
al
.
(2
01
4)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 49



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Fl
ow

er
in
g
tim

e,
th
er
m
al

tim
e

to
fl
ow

er
in
g,

le
af

no
de
s
to

fl
ow

er
in
g

L
yn
x-
03
7D

H
�

M
on
ty
-0
28
,
13
1
D
H
,

2
en
vi
ro
nm

en
ts

32
9—

SS
R
,
D
A
rT

(2
28
8
cM

)
L
A

N
el
so
n
et

al
.
(2
01
4)

Fl
ow

er
in
g
tim

e
52
3
O
SR

ac
ce
ss
io
ns

an
d
lin

es
,
8

en
vi
ro
nm

en
ts

26
,0
24

—
SN

Ps
G
W
A
S

X
u
et

al
.
(2
01
6)

Se
ed

yi
el
d
an
d

ae
ri
al

ar
ch
ite
ct
ur
e
tr
ai
ts

Se
ed

yi
el
d,

fl
ow

er
in
g
tim

e,
pl
an
t
he
ig
ht
,

th
ou
sa
nd

se
ed

w
ei
gh
t

4
B
C

po
pu
la
tio

ns
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

27
6—

R
FL

P
L
A

B
ut
ru
ill
e
et

al
.
(1
99
9)

Se
ed

yi
el
d,

fl
ow

er
in
g
tim

e,
pl
an
t
he
ig
ht
,
lo
dg
in
g,

th
ou
sa
nd

se
ed

w
ei
gh
t

M
F2

16
�

P1
80
4,

15
0
D
H

R
V
12
8
�

P1
80
4,
15
0
D
H
,
4
en
vi
ro
nm

en
ts

(fi
el
d)

21
8—

R
FL

P
(1
39
8
cM

)
25
0—

R
FL

P
(1
45
3
cM

)
L
A

Q
ui
ja
da

et
al
.
(2
00
6)

Se
ed

yi
el
d,

fl
ow

er
in
g
tim

e,
pl
an
t
he
ig
ht
,

th
ou
sa
nd

se
ed

w
ei
gh
t

M
F2

16
�

P1
80
4,

15
0
D
H

R
V
12
8
�

P1
80
4,

15
0
D
H
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

21
8—

R
FL

P
(1
39
8
cM

20
5—

R
FL

P
(1
35
3
cM

)
L
A

U
da
ll
et

al
.
(2
00
6)

Pl
an
th

ei
gh
t,
he
ig
ht

of
lo
w
es
t

pr
im

ar
y
br
an
ch
,

nu
m
be
r
of

pr
im

ar
y
si
liq

ue
,

le
ng
th

of
m
ai
n
in
fl
or
es
ce
nc
e,

nu
m
be
r
of

pr
im

ar
y
br
an
ch
es
,

si
liq

ue
de
ns
ity

Q
ua
nt
um

�
N
o.

21
27
-1
7,

25
8
D
H
,

im
m
or
ta
liz
ed

F2
,
25
8
cr
os
se
s,

3
en
vi
ro
nm

en
ts
(fi
el
d)

39
7—

SS
R
,
SR

A
P
(1
74
7
cM

)
L
A

C
he
n
et

al
.
(2
00
7)

Se
ed

yi
el
d,

th
ou
sa
nd

se
ed

w
ei
gh
t,
nu
m
be
r

of
se
ed
s
pe
r
po
d,

nu
m
be
r
of

po
ds

pe
r
un
it
ar
ea

E
xp
re
ss

61
7
�

R
53
,
25
0
D
H

an
d
25
0
te
st
cr
os
s,
4
en
vi
ro
nm

en
ts

(fi
el
d)

37
7—

A
FL

P,
SS

R
(2
04
5
cM

)
L
A

R
ad
oe
v
et

al
.
(2
00
8)

Fl
ow

er
in
g
tim

e,
m
at
ur
ity

tim
e,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
po
d
nu
m
be
r,

nu
m
be
r
of

se
ed
s

pe
r
po
d,

th
ou
sa
nd

se
ed

w
ei
gh
t,
bi
om

as
s
yi
el
d

pe
r
pl
an
t,
se
ed

yi
el
d
pe
r
pl
an
t

T
ap
id
or

�
N
in
gy
ou
7,

20
2
D
H
,

re
co
ns
tr
uc
te
d
F2

(R
C
-F
2)

be
tw
ee
n
3

an
d
10

en
vi
ro
nm

en
ts

(fi
el
d)

78
6—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

(2
11
7
cM

)
L
A

Sh
i
et

al
.
(2
00
9)

(c
on

tin
ue
d)

50 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Pl
an
t
he
ig
ht
,
sh
oo
t
fr
es
h

w
ei
gh
t,
nu
m
be
r

of
po
ds

pe
r
un
it
ar
ea
,

th
ou
sa
nd

se
ed

w
ei
gh
t,

se
ed

yi
el
d

E
xp
re
ss

61
7
�

V
8

E
xp
re
ss

61
7
�

R
53

25
0
D
H

an
d
25
0
te
st
cr
os
s,

4
en
vi
ro
nm

en
ts
(g
re
en
ho
us
e)

47
6—

A
FL

P,
SS

R
(1
67
3
cM

)
37
7—

A
FL

P,
SS

R
(2
04
5
cM

)
L
A

B
as
un
an
da

et
al
.

(2
01
0)

Se
ed

yi
el
d,

fl
ow

er
in
g
tim

e
H
ig
h
�

lo
w

oi
l
co
nt
en
t
lin

es
,

15
0
D
H
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

38
7—

SR
A
P,

SS
R
(1
86
8
cM

)
L
A

C
he
n
et

al
.
(2
01
0)

T
ho
us
an
d
se
ed

w
ei
gh
t

SW
H
ic
ko
ry

�
JA

17
7,

23
8
D
H
,

2
en
vi
ro
nm

en
ts
(fi
el
d)

32
7—

SS
R

(2
01
1
cM

)
L
A

Fa
n
et

al
.
(2
01
0)

Po
d
le
ng
th
,
nu
m
be
r
of

se
ed
s

pe
r
po
d,

th
ou
sa
nd

se
ed

w
ei
gh
t

H
Z
39
6
�

Y
10
6,

14
0
D
H
,

6
en
vi
ro
nm

en
ts
(fi
el
d)

34
5—

SS
R
,
A
FL

P
(1
75
9
cM

)
L
A

Z
ha
ng

et
al
.
(2
01
1b

)

Po
d
le
ng
th
,
th
ou
sa
nd

se
ed

w
ei
gh
t

S1
�

S2
,
18
6
R
IL
s,
2
en
vi
ro
nm

en
ts
(fi
el
d)

N
o2
12
7
�

S1
,
19
2
R
IL
s,
1

en
vi
ro
nm

en
t
(fi
el
d)

28
9—

SS
R

(1
38
1
cM

)
L
A

Y
an
g
et

al
.
(2
01
2)

Pl
an
t
he
ig
ht
,
fi
rs
t
br
an
ch

he
ig
ht
,
in
fl
or
es
ce
nc
e

le
ng
th
,
po
d
le
ng
th
,
nu
m
be
r

of
se
ed
s
pe
r
po
d,

th
ou
sa
nd

se
ed

w
ei
gh
t

19
2
ac
ce
ss
io
ns
,
3
en
vi
ro
nm

en
ts

(fi
el
d)

11
91

—
SS

R
,
A
FL

P
G
W
A
S

C
ai

et
al
.
(2
01
4)

Po
d
le
ng
th
,
th
ou
sa
nd

se
ed

w
ei
gh
t

Z
ho
ng
sh
ua
ng
11

�
N
o.

73
29
0,

18
4
F2

,
F2

:3
an
d
F2

:4
in
di
vi
du
al
s/
lin

es
,

5
en
vi
ro
nm

en
ts
,
57
6
ac
ce
ss
io
ns
,

1
en
vi
ro
nm

en
t

52
9—

SS
R
,
ST

S,
SN

P
(1
93
4
cM

)
L
A

R
eg
io
na
l
as
so
ci
at
io
n

m
ap
pi
ng

L
i
et

al
.
(2
01
4c
)

Si
liq

ue
le
ng
th
,
si
liq

ue
nu
m
be
r,
th
ou
sa
nd

se
ed

w
ei
gh
t

80
08

9
�

49
42
C
-5
,
18
1
D
H
,

4
en
vi
ro
nm

en
ts
(fi
el
d)

38
5—

IP
s,
SS

R
s,
A
FL

P
(1
97
9
cM

)
L
A

Q
i
et

al
.
(2
01
4)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 51



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

N
et

ph
ot
os
yn
th
es
is
ra
te
,

tr
an
sp
ir
at
io
n
ra
te
,

st
om

at
al

co
nd
uc
ta
nc
e,

in
te
rn
al

C
O
2
co
nc
en
tr
at
io
n

G
H
06

�
P1

74
,
17
2
R
IL
s,

1
en
vi
ro
nm

en
t
(fi
el
d)

91
64

—
SN

P
(1
83
3
cM

)
L
A

Y
an

et
al
.
(2
01
5)

Se
ed

yi
el
d,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
bi
om

as
s

yi
el
d
pe
r
pl
an
t,
ha
rv
es
t
in
de
x

15
5
ac
ce
ss
io
ns
,
4
en
vi
ro
nm

en
ts

(fi
el
d)

35
,7
91

—
SN

P
G
W
A
S

L
uo

et
al
.
(2
01
5)

Pe
ta
lo
us

de
gr
ee

(m
ea
n

nu
m
be
r
of

pe
ta
ls
pe
r
fl
ow

er
)

A
PL

01
�

H
ol
ly
,
18
9
F9

R
IL
,

5
en
vi
ro
nm

en
ts
(fi
el
d)

17
,4
14

—
SN

P,
81

SS
R

(2
02
7.
53

cM
)

L
A

W
an
g
et

al
.
(2
01
5a
)

Pl
an
t
he
ig
ht

K
N
:
K
en
C
-8
xN

53
-2
,
34
8
D
H
,

6
en
vi
ro
nm

en
ts
(fi
el
d)

27
5
SS

R
s,
11
7
SR

A
Ps
,1

0
ST

Ss
,1

IF
L
P

(1
78
3.
9
cM

)
L
A

W
an
g
et

al
.
(2
01
5b

)

Pl
an
t
he
ig
ht
,
nu
m
be
r
of

pr
im

ar
y
br
an
ch
es

47
2
ac
ce
ss
io
ns
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

26
,8
41

—
SN

P
G
W
A
S

L
i
et

al
.
(2
01
6a
)

Fl
ow

er
in
g
tim

e
an
d
se
ed

yi
el
d

D
H
,
2
en
vi
ro
nm

en
ts

77
16

D
A
rT
se
q

L
A

R
am

an
et

al
.
(2
01
6a
)

Se
ed

yi
el
d

K
N
:
K
en
C
-8
xN

53
-2
,
34
8
D
H
,

8
en
vi
ro
nm

en
ts
(fi
el
d)

27
5
SS

R
s,
11
7
SR

A
Ps
,1

0
ST

Ss
,1

IF
L
P

(1
78
3.
9
cM

)
L
A

Z
ha
o
et

al
.
(2
01
6b

)

B
ra
nc
h
an
gl
e

14
3
O
SR

ac
ce
ss
io
ns
,

3
en
vi
ro
nm

en
ts
(fi
el
d)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

G
W
A
S

L
iu

et
al
.
(2
01
6b

)

M
ai
n
in
fl
or
es
ce
nc
e
le
ng
th

pr
op
or
tio

n,
br
an
ch

he
ig
ht

pr
op
or
tio

n,
br
an
ch

se
gm

en
t
pr
op
or
tio

n,
br
an
ch

av
er
ag
e
le
ng
th
,
to
ta
l

nu
m
be
r
of

pl
an
t

si
liq

ue
s,
pl
an
t
yi
el
d,

m
ai
n

in
fl
or
es
ce
nc
e
yi
el
d,

pl
an
t
se
ed

nu
m
be
r,
th
ou
sa
nd

se
ed

w
ei
gh
t,

si
liq

ue
se
ed

nu
m
be
r,
m
ai
n

in
fl
or
es
ce
nc
e

se
ed

nu
m
be
r

H
ua
sh
ua
ng

�
J7
00
5,

25
4
D
H
,
4
en
vi
ro
nm

en
ts

(fi
el
d)

SS
R

an
d
6K

SN
P
in
fi
ni
um

H
D

ar
ra
y

L
A

C
ai

et
al
.
(2
01
6)

(c
on

tin
ue
d)

52 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

E
m
er
ge
nc
e,

de
ve
lo
pm

en
t

af
te
r
em

er
ge
nc
e,

st
em

el
on
ga
tio

n
af
te
r
w
in
te
r,

w
in
te
r
ha
rd
in
es
s,

ph
om

a
le
av
es
,
fl
ow

er
in
g,

se
ed

yi
el
d,

se
ed

qu
al
ity

es
tim

at
ed

by
N
IR
S

Se
t1
:
21
7
in
br
ed

lin
es
,
1
en
vi
ro
nm

en
t

Se
t2
:
18
8
in
br
ed

lin
es
,
1
en
vi
ro
nm

en
t

6K
SN

P
ar
ra
y

G
W
A
S

K
ör
be
r
et

al
.
(2
01
6)

Se
ed

nu
m
be
r
pe
r
po
d

Z
ho
ng
sh
ua
ng
11

�
73
29
0,

18
4
R
IL
s,

4
en
vi
ro
nm

en
ts

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

Y
an
g
et

al
.
(2
01
6)

Se
ed

yi
el
d
an
d
se
ed

yi
el
d

ge
ne
ra
l
co
m
bi
ni
ng

ab
ili
ty

17
5
in
br
ed

lin
es

an
d
52
5
hy
br
id
s

(N
C

de
si
gn

II
)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

B
re
ed
in
g
si
gn
at
ur
e

Z
ha
o
et

al
.
(2
01
6a
)

Po
d
sh
at
te
r
re
si
st
an
ce

in
de
x

14
3
ac
ce
ss
io
ns

(3
en
vi
ro
nm

en
ts
)

R
1x
R
2:

96
D
H

lin
es

(2
en
vi
ro
nm

en
ts
)

12
4
im

m
or
ta
liz
ed

F2
(1

en
vi
ro
nm

en
t)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

an
d
G
W
A
S

L
iu

et
al
.
(2
01
6a
)

Pl
an
t
he
ig
ht
,
br
an
ch
in
g

he
ig
ht
,
m
ai
n
ra
ce
m
e
le
ng
th
,

an
d
av
er
ag
e
br
an
ch
in
g

in
te
rv
al

B
nd
w
f/
dc
l1
x
‘Z
S1

1’
B
C
1,

1
en
vi
ro
nm

en
t

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

W
an
g
et

al
.
(2
01
6a
)

B
ra
nc
h
an
gl
e

Pu
rl
er

x
H
uy
ou
19
,
27
7
F2

2
po
ol
s
of

30
F2

Q
T
L
se
q

B
ul
ke
d
se
gr
eg
an
t
an
al
ys
is

W
an
g
et

al
.
(2
01
6b

)

Si
liq

ue
nu
m
be
r,
se
ed

nu
m
be
r

pe
r
si
liq

ue
,
si
liq

ue
le
ng
th
,
si
liq

ue
br
ea
dt
h,

si
liq

ue
th
ic
kn
es
s,
se
ed

de
ns
ity

,
an
d
si
liq

ue
vo
lu
m
e

K
N
:
K
en
C
-8
xN

53
-2
,
34
8
D
H
,

4
en
vi
ro
nm

en
ts
(fi
el
d)

40
3—

SS
R
s,
SR

A
Ps
,
ST

Ss
,
IF
L
P

(1
78
3.
9
cM

)
L
A

W
an
g
et

al
.
(2
01
6c
)

D
ay
s
to

fl
ow

er
an
d
se
ed

yi
el
d

H
i-
Q

an
d
R
IL
-1
44
,
11
0
D
H
,

9
en
vi
ro
nm

en
ts
(fi
el
d)

79
—

SS
R
,
93

A
FL

P
(1
26
2.
1
cM

)
L
A

R
ah
m
an

et
al
.
(2
01
7)

L
am

in
a
le
ng
th
,l
am

in
a
w
id
th
,

pe
tio

le
le
ng
th
,
le
af

to
ta
l
le
ng
th
,
lo
be

nu
m
be
r,

an
d
th
e
la
m
in
a
si
ze

ra
tio

G
H
06

�
P1

74
,
17
2
F1

1
R
IL
,

1
en
vi
ro
nm

en
t
(fi
el
d)

2
po
ol
s
of

5
ex
tr
em

es
R
IL

27
95

SN
P
(1
83
2.
9
cM

)
R
N
A
se
q

L
A

Ji
an

et
al
.
(2
01
7)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 53



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Po
d
nu
m
be
r

Z
ho
ng
sh
ua
ng
11

�
73
29
0,

18
4
R
IL
s,
2
pa
re
nt
s

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y;

R
N
A
se
q

L
A

Y
e
et

al
.
(2
01
7)

Se
ed

yi
el
d

T
N
R
C
-F
:
im

m
or
ta
liz
ed

F2
po
pu
la
tio

n
fr
om

T
N
D
H
,
31
8
hy
br
id
s
an
d
18
0

pa
re
nt
al

lin
es
,
3
en
vi
ro
nm

en
ts

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

G
W
A
S,

ge
no
m
ic

pr
ed
ic
tio

n
L
iu

et
al
.
(2
01
7)

Se
ed

yi
el
d
an
d
yi
el
d

co
m
po
ne
nt

tr
ai
ts
,
fl
ow

er
in
g

tim
e,

gl
uc
os
in
ol
at
e
pr
es
en
ce

in
di
ff
er
en
t
tis
su
es
,
se
ed

er
uc
ic

ac
id

an
d
oi
l
co
nt
en
t,

re
si
st
an
ce

to
Le
pt
os
ph
ae
ri
a

m
ac
ul
an
s,

re
si
st
an
ce

to
Sc
le
ro
tin

ia
sc
le
ro
tio

ru
m
,
an
d
vi
ta
m
in

E
co
nt
en
t

T
N
D
H
:
18
2
D
H
,
19

en
vi
ro
nm

en
ts

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

an
d
m
et
a-
an
al
ys
is

L
uo

et
al
.
(2
01
7)

Se
ed
s
pe
r
si
liq

ue
,
se
ed

w
ei
gh
t,
si
liq

ue
le
ng
th

11
67

�
H
Z
39
6:

16
7
D
H

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y
(2
20
9.
1
cM

)
L
A

Y
an
g
et

al
.
(2
01
7)

B
ra
nc
h
nu
m
be
r

32
7
O
SR

ac
ce
ss
io
ns

SW
U
07

�
ex
pr
es
s,
26
1D

H
R
C
-F
2:

23
3
im

m
or
ta
liz
ed

F2
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

G
W
A
S

L
A

H
e
et

al
.
(2
01
7)

B
ra
nc
h
an
gl
e

Y
68
9
�

Z
ho
ng
yo
u
82
1,

20
8
D
H
,

6
en
vi
ro
nm

en
ts

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y
(2
24
2.
1
cM

)
L
A

Sh
en

et
al
.
(2
01
8)

(c
on

tin
ue
d)

54 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

A
bi
ot
ic

st
re
ss
/n
ut
ri
en
t

co
ns
tr
ai
nt

an
d

ro
ot

ar
ch
ite
ct
ur
e

tr
ai
ts

M
at
ur
ity

da
te
,
bo
lti
ng

da
te
,

bo
ro
n
ef
fi
ci
en
cy

co
ef
fi
ci
en
t

Q
in
gy
ou

10
�

B
ak
ow

,
12
8
F2

,
2
en
vi
ro
nm

en
ts
(2

bo
ro
n
tr
ea
tm

en
ts
,
fi
el
d)

12
0—

R
FL

P,
A
FL

P
(1
83
3
cM

)
L
A

X
u
et

al
.
(2
00
1)

W
in
te
r
su
rv
iv
al
,
fl
ow

er
in
g

tim
e

M
aj
or

�
St
el
la
r,
90

D
H
,
7
en
vi
ro
nm

en
ts

(fi
el
d)

+i
n
vi
tr
o

48
0
(2
00
7
cM

)
L
A

K
ol
e
et

al
.
(2
00
2)

Po
d
le
ng
th
,
nu
m
be
r
of

se
ed
s

pe
r
po
d,

th
ou
sa
nd

se
ed

w
ei
gh
t

M
an
sh
ol
t’
s
H
am

bu
rg
er

R
ap
s
�

Sa
m
ou
ra
ï,

14
2
D
H
,
8
en
vi
ro
nm

en
ts

(2
N

tr
ea
tm

en
ts
,

fi
el
d)

18
5—

R
FL

P
(1
73
9
cM

)
L
A

G
ül

et
al
.
(2
00
3)

N
um

be
r
of

le
av
es

pe
r
pl
an
ta
t

ro
se
tte

st
ag
e,

cr
ow

n
w
et
/d
ry

w
ei
gh
t,
cr
ow

n
w
at
er

co
nt
en
t

W
in
te
r
co
ld

re
si
st
an
t
�

sp
ri
ng

su
sc
ep
tib

le
to

lo
w

te
m
pe
ra
tu
re
,
20
0
F2

:3
,

1
en
vi
ro
nm

en
t
(fi
el
d)

42
—

R
A
PD

(8
70

cM
)

L
A

A
sg
ha
ri
et

al
.
(2
00
7)

Fr
ee
zi
ng

to
le
ra
nc
e

SL
M
O
46

�
qu
an
tu
m
,
19
9
F3

,
1
en
vi
ro
nm

en
t
(fi
el
d)

70
—

R
A
PD

,
SS

R
(1
19
9
cM

)
L
A

A
sg
ha
ri
et

al
.
20
08

Se
ed

m
in
er
al

co
nc
en
tr
at
io
n

B
10
4-
2
�

E
yo
u
C
ha
ng
jia
,
12
4
R
IL
s,

4
en
vi
ro
nm

en
ts
(2

ph
os
ph
or
us

tr
ea
tm

en
ts
,
fi
el
d)

55
3—

SS
R
,
A
FL

P,
SR

A
P
(1
59
3
cM

)
L
A

D
in
g
et

al
.
(2
01
0)

Se
ed

yi
el
d,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
po
d
nu
m
be
r,

se
ed

nu
m
be
r,
th
ou
sa
nd

se
ed

w
ei
gh
t

B
10
4-
2
�

E
yo
u
C
ha
ng
jia
,
12
4
R
IL
s,

4
en
vi
ro
nm

en
ts
(2

ph
os
ph
or
us

tr
ea
tm

en
ts
,
fi
el
d)

84
0—

SS
R
,
A
FL

P,
SR

A
P,

ge
ne
-b
as
ed

(1
91
4
cM

)
L
A

D
in
g
et

al
.
(2
01
2)

Fl
ow

er
in
g
tim

e,
se
ed

yi
el
d,

ha
rv
es
t
in
de
x,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
nu
m
be
r
of

se
ed
s
pe
r
po
d,

se
ed

ni
tr
og
en

co
nt
en
t,
N
U
pE

,N
U
tE
,N

U
E
,

ni
tr
og
en

ha
rv
es
t
in
de
x,

to
ta
l

ab
ov
e
gr
ou
nd

bi
om

as
s,
se
ed

nu
m
be
r/
m
²,
st
em

ni
tr
og
en

co
nt
en
t,
ch
lo
ro
ph
yl
l
in

br
ac
ts
,
ch
lo
ro
ph
yl
l
in

le
av
es

T
ap
id
or

�
N
in
gy
ou
7,

17
4/
94

D
H
,

2
en
vi
ro
nm

en
ts
(2

ni
tr
og
en

tr
ea
tm

en
ts
,

fi
el
d)

78
6—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

(2
11
7
cM

)
L
A

M
ir
o
(2
01
0)

D
ry

w
ei
gh
t,
ro
ot

le
ng
th
,
ro
ot

su
rf
ac
e
ar
ea
,
ro
ot

vo
lu
m
e,

pl
an
t
ph
os
ph
or
us

up
ta
ke

E
yo
u
C
ha
ng
jia

�
B
10
4-
2,

12
4
R
IL
s,

6
en
vi
ro
nm

en
ts
(2

ph
os
ph
or
ou
s
tr
ea
tm

en
ts
,

fi
el
d)

55
3—

SS
R
,
A
FL

P,
SR

A
P,

FM
(1
59
3
cM

)
L
A

Y
an
g
et

al
.
(2
01
0)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 55



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

M
in
er
al

co
nc
en
tr
at
io
ns

T
ap
id
or

�
N
in
gy
ou
7,

16
2
D
H
,
2

en
vi
ro
nm

en
ts

(2
bo
ro
n
tr
ea
tm

en
ts
,
co
nt
ro
lle
d
co
nd
iti
on
s)

62
1—

R
FL

P,
SS

R
,
SN

P,
A
FL

P
(2
06
0
cM

)
L
A

L
iu

et
al
.
(2
00
9)

Pr
im

ar
y
ro
ot

le
ng
th
,

sh
oo
t/r
oo
t
dr
y
w
ei
gh
t
an
d

ra
tio

,
sh
oo
t/r
oo
t
bo
ro
n

ac
cu
m
ul
at
io
n
an
d
ra
tio

T
ap
id
or

�
N
in
gy
ou
7,

18
1
D
H
,
2

en
vi
ro
nm

en
ts

(2
bo
ro
n
tr
ea
tm

en
ts
,
co
nt
ro
lle
d
co
nd
iti
on
s)

62
1—

R
FL

P,
SS

R
,
SN

P,
A
FL

P
(2
06
0
cM

)
L
A

Sh
i
et

al
.
(2
01
2)

Se
ed

yi
el
d,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
po
d

nu
m
be
r,
se
ed

nu
m
be
r,
se
ed

w
ei
gh
t

T
ap
id
or

�
N
in
gy
ou
7,

18
1
D
H
,
2

en
vi
ro
nm

en
ts

(2
bo
ro
n
tr
ea
tm

en
ts
,
fi
el
d)

Q
Y
10

�
B
ak
ow

,
20
0
D
H
,
3
en
vi
ro
nm

en
ts

(2
bo
ro
n
tr
ea
tm

en
ts
,
fi
el
d)

62
1—

R
FL

P,
SS

R
,
SN

P,
A
FL

P
(2
06
0
cM

)
48
6—

SS
R

(1
87
4
cM

)

L
A

Z
ha
o
et

al
.
(2
01
2b

)

Se
ed

m
in
er
al

co
nc
en
tr
at
io
n

B
10
4-
2
�

E
yo
u
C
ha
ng
jia
,
12
4
R
IL
s,

4
en
vi
ro
nm

en
ts
(2

ph
os
ph
or
us

tr
ea
tm

en
ts
,

fi
el
d)

84
0—

SS
R
,
A
FL

P,
SR

A
P,

ge
ne
-b
as
ed

(1
91
4
cM

)
L
A

D
in
g
et

al
.
(2
01
3)

Se
ed

yi
el
d,

pl
an
t
he
ig
ht
,

nu
m
be
r
of

pr
im

ar
y

br
an
ch
es
,
he
ig
ht

to
th
e
fi
rs
t

pr
im

ar
y
br
an
ch
,
re
la
tiv

e
fi
rs
t
pr
im

ar
y
br
an
ch

he
ig
ht
,

po
d
nu
m
be
r
pe
r
pl
an
t,
se
ed

nu
m
be
r
pe
r
po
d,

th
ou
sa
nd

se
ed

w
ei
gh
t

T
ap
id
or

�
N
in
gy
ou
7,

18
8
D
H
,
6

en
vi
ro
nm

en
ts

(2
ph
os
ph
or
us

tr
ea
tm

en
ts
,
fi
el
d)

79
8—

A
FL

P,
R
FL

P,
SN

P,
SS

R
,
ST

S,
SS

C
P,

C
A
PS

(2
05
0
cM

)
L
A

Sh
i
et

al
.
(2
01
3a
)

Fl
ow

er
in
g
tim

e,
se
ed

yi
el
d,

se
ed

nu
m
be
r/
m
²,
th
ou
sa
nd

se
ed

w
ei
gh
t,
oi
l
co
nt
en
t,

pr
ot
ei
n
co
nt
en
t,
oi
l
yi
el
d,

pr
ot
ei
n
yi
el
d

A
vi
so

�
M
on
te
go
,1
15

D
H
,6

en
vi
ro
nm

en
ts

(2
ni
tr
og
en

tr
ea
tm

en
ts
,
fi
el
d)

23
01

—
SN

P
(1
94
7
cM

)
L
A

B
ou
ch
et

et
al
.
(2
01
4)

Sh
oo
t
m
in
er
al

co
nc
en
tr
at
io
n

50
9
ac
ce
ss
io
ns
,
1
en
vi
ro
nm

en
t

39
10

—
SN

P
G
W
A
S

B
us

et
al
.
(2
01
4)

(c
on

tin
ue
d)

(c
on

tin
ue
d)

56 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Se
ed

yi
el
d,

pl
an
t
he
ig
ht
,

br
an
ch

nu
m
be
r,
po
d
nu
m
be
r,

se
ed

nu
m
be
r,
bo
ro
n

ef
fi
ci
en
cy

co
ef
fi
ci
en
t,

ph
os
ph
or
ou
s

ef
fi
ci
en
cy

co
ef
fi
ci
en
t,

th
ou
sa
nd

se
ed

w
ei
gh
t

Q
Y
10

�
B
ak
ow

,
20
0
D
H
,
6
en
vi
ro
nm

en
ts

(2
bo
ro
n
tr
ea
tm

en
ts
,
fi
el
d)

B
10
4-
2
�

E
yo
u
C
ha
ng
jia
,1
24

R
IL
s,

4
en
vi
ro
nm

en
ts
(2

ph
os
ph
or
ou
s
tr
ea
tm

en
ts
,

fi
el
d)

48
6—

SS
R
,
A
FL

P,
SR

A
P,

ge
ne
-b
as
ed

(1
87
4
cM

)
84
0—

SS
R
,
A
FL

P,
SR

A
P,

ge
ne
-b
as
ed

(1
91
4
cM

)

L
A

D
in
g
et

al
.
(2
01
4)

B
or
on

ef
fi
ci
en
cy

co
ef
fi
ci
en
t,

in
cr
em

en
t
of

pr
im

ar
y
ro
ot

le
ng
th
,s
ho
ot

dr
y
w
ei
gh
t,
ro
ot

dr
y
w
ei
gh
t,
sh
oo
t
bo
ro
n

ac
cu
m
ul
at
io
n,

ro
ot

bo
ro
n

ac
cu
m
ul
at
io
n

Q
in
gy
ou

10
�

W
es
ta
r
10
,
70

D
H
,

3
en
vi
ro
nm

en
ts
(2

bo
ro
n
tr
ea
tm

en
ts
,

co
nt
ro
lle
d
co
nd
iti
on
s)

11
,0
80

—
SN

P
(2
13
9
cM

)
L
A

Z
ha
ng

et
al
.
(2
01
4)

Pl
an
t
he
ig
ht
,
ro
ot

le
ng
th
,

ro
ot
/s
ho
ot

dr
y
w
ei
gh
t,

to
ta
l
dr
y
w
ei
gh
t

6-
10
35

�
6-
11
69
,
15
0
D
H
,

3
en
vi
ro
nm

en
ts
(c
on
tr
ol
le
d
co
nd
iti
on
s)

34
0—

A
FL

P,
SS

R
(1
48
9
cM

)
L
A

L
i
et

al
.
(2
01
4b

)

Fl
ow

er
in
g
tim

e,
se
ed

yi
el
d,

ro
ot

pu
lli
ng

fo
rc
e

W
ic
hi
ta

�
IM

C
10
6R

R
,
22
5
D
H
,

2
en
vi
ro
nm

en
ts
(fi
el
d)

11
79

—
SN

P
(2
04
1
cM

)
L
A

Fl
et
ch
er

et
al
.
(2
01
5)

Sh
oo
t
dr
y
w
ei
gh
t,
io
n

ac
cu
m
ul
at
io
n

85
ac
ce
ss
io
ns
,
2
en
vi
ro
nm

en
ts

(c
on
tr
ol
le
d
co
nd
iti
on
s)

51
,1
09

—
SN

P
G
W
A
S

Y
on
g
et

al
.
(2
01
5)

D
ay
s
to

fl
ow

er
,
ro
ot

pu
lli
ng

fo
rc
e

M
C
10
6R

R
�

W
ic
hi
ta
,
22
5
D
H
,

2
en
vi
ro
nm

en
ts
(fi
el
d:

dr
y
vs

w
et
)

SN
P
ob
ta
in
ed

by
re
se
qu
en
ci
ng

L
A

Fl
et
ch
er

et
al
.
(2
01
6)

Pl
an
t
he
ig
ht
,
st
ra
w

yi
el
d,

ha
rv
es
t
in
de
x,

se
ed

yi
el
d

un
de
r
hi
gh

N
an
d
no

N
fe
rt
ili
za
tio

n

A
le
si
-b
zh

�
H
30

24
2
D
H

�
m
al
e

st
er
ile

te
st
er
,
8
en
vi
ro
nm

en
ts

(2
N

le
ve
ls
)
fi
el
d

47
1—

SN
Ps
,
SS

R
s
(1
30
1
cM

)
L
A

M
ie
rs
ch

et
al
.
(2
01
6)

Pr
im

ar
y
ro
ot

le
ng
th
,
to
ta
l

la
te
ra
l
ro
ot

le
ng
th
,
la
te
ra
l

ro
ot

nu
m
be
r,
to
ta
l
ro
ot

le
ng
th
,
m
ea
n
la
te
ra
l
ro
ot

le
ng
th
,
la
te
ra
l
ro
ot

de
ns
ity

T
ap
id
or

�
N
in
gy
ou
,
20
2
D
H

L
ow

an
d
no
rm

al
ph
os
ph
at
e

co
nd
iti
on
s/
hy
dr
op
on
ic

sy
st
em

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

Z
ha
ng

et
al
.
(2
01
6)

(c
on

tin
ue
d)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 57



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

D
ay
s
to

fl
ow

er
in
g,

se
ed

yi
el
d,

th
ou
sa
nd

se
ed

w
ei
gh
t,

se
ed

nu
m
be
r/
m
²,
se
ed

oi
l

co
nt
en
t,
se
ed

pr
ot
ei
n
co
nt
en
t,

se
ed

oi
l
co
nt
en
t/s
ee
d
pr
ot
ei
n

co
nt
en
t
ra
tio

69
W
O
SR

lin
es

92
W
O
SR

lin
es

A
vi
so

�
M
on
te
go
,1
12

D
H

T
en
or

�
ex
pr
es
s,
75

D
H
,

14
en
vi
ro
nm

en
ts
(fi
el
d)

w
ith

lo
w

an
d
hi
gh

N
co
nd
iti
on
s

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

an
d
G
W
A
S

B
ou
ch
et

et
al
.
(2
01
6)

B
or
on

ef
fi
ci
en
cy

co
ef
fi
ci
en
t,

ro
ot

fr
es
h
w
ei
gh
t,

ro
ot

el
on
ga
tio

n
le
ng
th

Q
10

�
W
10
,
19
0
D
H

H
yd
ro
po
ni
c
cu
ltu

re
sy
st
em

H
ig
h
an
d
lo
w

bo
ro
n
co
nd
iti
on
s

W
ho
le

ge
no
m
e
se
qu
en
ci
ng

an
d
Q
T
L
se
q

B
ul
ke
d
se
gr
eg
an
t
an
al
ys
is

H
ua

et
al
.
(2
01
6)

R
oo
tv

ig
or
,d

ay
s
to

fl
ow

er
in
g

F2
po
pu
la
tio

n
30
90

SN
P
fr
om

ge
no
ty
pi
ng

by
se
qu
en
ci
ng

L
A

A
ri
fU

zZ
am

an
et

al
.

(2
01
7)

Sa
lt
to
le
ra
nc
e
in
de
x,

sh
oo
t

le
ng
th
,
ta
pr
oo
t
le
ng
th
,

an
d
sh
oo
t
fr
es
h
w
ei
gh
t

36
8
O
SR

ac
ce
ss
io
ns

H
yd
ro
po
ni
c
co
nd
iti
on
s
(w

ith
N
aC

l
an
d

w
ith

ou
t
N
aC

l)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

G
W
A
S

W
an

et
al
.
(2
01
7)

R
oo
t
le
ng
th
,
le
af

fr
es
h

w
ei
gh
t,
le
af

dr
y
w
ei
gh
t,
ro
ot

dr
y

w
ei
gh
t,
el
ec
tr
ic
al

co
nd
uc
tiv

ity
,
su
pe
ro
xi
de

di
sm

ut
as
e,

so
lu
bl
e
pr
ot
ei
n,

ch
lo
ro
ph
yl
l

co
nt
en
t,
sa
lt
to
le
ra
nc
e
ra
tin

g,
an
d
se
ed
lin

g
he
ig
ht

22
05

�
14
23
,
19
6
F2

:3
po
pu
la
tio

n,
3
en
vi
ro
nm

en
ts
:
hy
dr
op
on
ic

co
nd
iti
on
s

(w
ith

sa
lt)

A
FL

P
+
SS

R
L
A

L
an
g
et

al
.
(2
01
7)

Sh
oo
t
dr
y
w
ei
gh
t,
ro
ot

dr
y

w
ei
gh
t,
pr
im

ar
y
ro
ot

le
ng
th
,

la
te
ra
l
ro
ot

nu
m
be
r,
m
ea
n

la
te
ra
l
ro
ot
,
la
te
ra
l
ro
ot

le
ng
th
,

(t
ot
al

ro
ot

le
ng
th
,
la
te
ra
l
ro
ot

de
ns
ity

)

40
5
O
SR

ac
ce
ss
io
ns

L
ow

an
d
hi
gh

P
hy
dr
op
on
ic

co
nd
iti
on
s

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

G
W
A
S

W
an
g
et

al
.
(2
01
7a
)

(c
on

tin
ue
d)

58 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

Pr
im

ar
y
ro
ot

le
ng
th
,
to
ta
l

ro
ot

le
ng
th
,
to
ta
l
ro
ot

nu
m
be
r,

ro
ot

dr
y
w
ei
gh
t,
to
ta
l
dr
y

w
ei
gh
t,
ro
ot

ni
tr
og
en

co
nt
en
t,

sh
oo
t
ni
tr
og
en

co
nt
en
t,
N

up
ta
ke

of
ro
ot
,
N

up
ta
ke

of
sh
oo
t,
to
ta
l
N

up
ta
ke
,
N

ut
ili
za
tio

n
ef
fi
ci
en
cy

Z
ho
ng
sh
ua
ng
11

�
73
29
0,

18
4
lin

es
H
yd
ro
po
ni
c
co
nd
iti
on
s
(h
ig
h
N

an
d
lo
w

N
)

Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y
(2
10
7
cM

)
L
A

W
an
g
et

al
.
(2
01
7b

)

M
an
ga
ne
se

to
le
ra
nc
e

Fr
es
h
sh
oo
t
bi
om

as
s,
le
af

su
rf
ac
e,

co
ty
le
do
n

le
af

ch
lo
ro
si
s

D
ar
m
or
-b
zh

�
Y
ud
al
,
19
1
D
H

H
yd
ro
po
ni
c
co
nd
iti
on
s

9
M

ve
rs
us

13
4
of

M
nC

l 2
,
4H

2O

78
05

—
D
A
rT
se
q

L
A

R
am

an
et

al
.
(2
01
7)

D
is
ea
se
/p
es
t

re
si
st
an
ce

tr
ai
ts

St
em

ca
nk
er

C
re
so
r
�

W
es
ta
r,
98

D
H
,
4
en
vi
ro
nm

en
ts

(fi
el
d)

17
5—

R
FL

P
L
A

D
io
n
et

al
.
(1
99
5)

St
em

ca
nk
er

D
ar
m
or
-b
zh

�
Y
ud
al
,
15
2
D
H
,
2

en
vi
ro
nm

en
ts

(fi
el
d)

28
8—

R
FL

P,
R
A
PD

(1
95
4
cM

)
L
A

Pi
le
t
et

al
.
(1
99
8a
)

St
em

ca
nk
er

D
ar
m
or

�
Sa
m
ou
ra
i,
13
4
D
H
,
18
5
F2

:3
,

2
en
vi
ro
nm

en
ts
(fi
el
d)

D
H
:
25
7—

R
FL

P,
R
A
PD

(1
97
5
cM

)
F2

/3
:
85

—
R
FL

P,
R
A
PD

(6
09

cM
)

L
A

Pi
le
t
et

al
.
(2
00
1)

St
em

ca
nk
er

C
ai
m
an
3
�

W
es
ta
r1
0,

91
D
H

C
an
be
rr
ra
4
�

W
es
ta
r1
0,

76
D
H

Sa
pp
hi
re
5
�

W
es
ta
r1
0,

13
3
D
H

R
ai
nb
ow

4
�

Sa
pp
hi
re
5,

91
D
H
,

2
en
vi
ro
nm

en
ts

43
6—

SS
R
,
A
FL

P
(1
61
1
cM

)
46
8—

SS
R
,
A
FL

P,
SN

P
(1
80
1
cM

)
40
4—

SS
R
,
A
FL

P,
SN

P
(1
71
8
cM

)
21
9—

SS
R
,
A
FL

P,
SN

P
(1
17
3
cM

)

L
A

K
au
r
et

al
.
(2
00
9)

St
em

ca
nk
er

12
8
W
O
SR

ac
ce
ss
io
ns
,

1
en
vi
ro
nm

en
t
(fi
el
d)

71
—

SS
R
,
SC

A
R

G
W
A
S

Je
st
in

et
al
.
(2
01
1)

St
em

ca
nk
er

D
ar
m
or
-b
zh

x
Y
ud
al
,
27
9
D
H
,

1
en
vi
ro
nm

en
t
(fi
el
d)

54
9—

SS
R

(3
29
3
cM

)
L
A

Je
st
in

et
al
.
(2
01
2)

St
em

ca
nk
er

Sk
ip
to
n
�

A
G
-s
pe
ct
ru
m
,
17
7
D
H
,

3
en
vi
ro
nm

en
ts
(g
re
en
ho
us
e,

fi
el
d)

25
6—

SS
R

(2
67
2
cM

)
L
A

R
am

an
et

al
.
(2
01
2)

St
em

ca
nk
er

Sk
ip
to
n
�

A
G
-s
pe
ct
ru
m
,
17
7
D
H
,

3
en
vi
ro
nm

en
ts
(g
re
en
ho
us
e)

84
1—

SN
P,

D
A
rT
,
SS

R
,
SR

A
P,

ge
ne
-b
as
ed

(2
51
5
cM

)
L
A

R
am

an
et

al
.
(2
01
4a
)

(c
on

tin
ue
d)

3 Genes and Quantitative Trait Loci Mapping … 59



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

St
em

ca
nk
er

11
6
W
O
SR

ac
ce
ss
io
ns
,
2
en
vi
ro
nm

en
ts

(fi
el
d)

32
28

—
SN

P
G
W
A
S

Fo
pa
-F
om

ej
u
et

al
.

(2
01
4)

St
em

ca
nk
er

A
vi
so

x
B
ri
st
ol
,
11
5
F2

:3
C
an
be
rr
a
�

B
ri
st
ol
,
11
8
F2

:3
D
ar
m
or

�
B
ri
st
ol
,
91

F2
:3

G
ri
zz
ly

�
B
ri
st
ol
,
11
7
F2

:3
,
3

en
vi
ro
nm

en
ts

(fi
el
d)

15
4—

SS
R

(1
11
9
cM

)
14
3—

SS
R

(1
11
5
cM

)
19
0—

SS
R

(1
42
1
cM

)
19
9—

SS
R

(1
62
7
cM

)

L
A

Je
st
in

et
al
.
(2
01
5)

St
em

ca
nk
er

T
op
as

�
A
G
-C
as
tle
,
24
2
D
H

T
op
as

�
A
V
-S
ap
ph
ir
e,

10
9
D
H
,
2

en
vi
ro
nm

en
ts

(fi
el
d)

50
3—

SS
R
,
D
A
rT

(2
18
2.
3
cM

)
21
2—

SS
R

(1
71
4.
97

cM
)

L
A

L
ar
ka
n
et

al
.
(2
01
6)

St
em

ca
nk
er

17
9
O
SR

ac
ce
ss
io
ns

18
,8
04

—
SN

P
G
W
A
S

R
am

an
et

al
.
(2
01
6b

)

L
ig
ht

le
af

sp
ot

D
ar
m
or
-b
zh

�
Y
ud
al
,
15
2
D
H
,
2

en
vi
ro
nm

en
ts

(fi
el
d)

28
8—

R
FL

P,
R
A
PD

(1
95
4
cM

)
L
A

Pi
le
t
et

al
.
(1
99
8b

)

C
lu
br
oo
t

D
ar
m
or
-b
zh

�
Y
ud
al
,
11
0
D
H
,
2
is
ol
at
es

(g
re
en
ho
us
e)

38
8—

R
FL

P,
R
A
PD

(2
00
0
cM

)
L
A

M
an
za
na
re
s-
D
au
le
ux

et
al
.
(2
00
0)

C
lu
br
oo
t

D
ar
m
or
-b
zh

�
Y
ud
al
,
15
2
D
H
,
3
is
ol
at
es

(g
re
en
ho
us
e)

St
el
la
r
�

D
ra
kk
ar
,
94

D
H
,
3
is
ol
at
es

(g
re
en
ho
us
e)

38
8 —

R
FL

P,
R
A
PD

(2
00
0
cM

)
34
0—

R
A
PD

(1
90
0
cM

)
L
A

M
an
za
na
re
s-
D
au
le
ux

et
al
.
(2
00
3)

C
lu
br
oo
t

26
3/
11

�
ex
pr
es
s,
15
1
D
H
,
7
is
ol
at
es

(g
re
en
ho
us
e)

39
4—

A
FL

P,
SS

R
(1
57
0
cM

)
L
A

W
er
ne
r
et

al
.
(2
00
8)

C
lu
br
oo
t

47
2
ac
ce
ss
io
ns
,
2
en
vi
ro
nm

en
ts

(fi
el
d,

gr
ee
nh
ou
se
)

26
,8
41

—
SN

P
G
W
A
S

L
i
et

al
.
(2
01
6b

)

C
lu
br
oo
t

D
ar
m
or
-b
zh

�
Y
ud
al
,
35
6
D
H
,
92

O
SR

ac
ce
ss
io
ns
,
2
is
ol
at
es

�
2
N

le
ve
ls

(g
re
en
ho
us
e)

35
92

SN
P—

(2
12
8.
2
cM

)
Il
lu
m
in
a
B
ra
ss
ic
a
60
K

in
fi
ni
um

®
SN

P
ar
ra
y

L
A

G
W
A
S

L
ap
er
ch
e
et
al
.(
20
17
)

Sc
le
ro
tin

ia
st
em

ro
t

H
52
00

�
N
in
gR

S-
1,

12
8
F2

:3
,
1

en
vi
ro
nm

en
t
(fi
el
d)

10
7—

R
FL

P,
A
FL

P
(1
62
0
cM

)
L
A

Z
ha
o
an
d
M
en
g

(2
00
3)

Sc
le
ro
tin

ia
st
em

ro
t

24
3—

R
FL

P
(1
46
0
cM

)
L
A

Z
ha
o
et

al
.
(2
00
6b

)

(c
on

tin
ue
d)

60 R. Delourme et al.



Ta
b
le

3.
1

(c
on

tin
ue
d)

T
ra
it
ca
te
go
ry

D
et
ai
l
of

th
e
tr
ai
ts

st
ud
ie
d

M
ap
pi
ng

po
pu
la
tio

n,
si
ze
,
nu
m
be
r

of
en
vi
ro
nm

en
t(
s)

st
ud
ie
d

M
ap
s

N
um

be
r
an
d
ty
pe

of
m
ar
ke
rs

L
en
gt
h
of

th
e
ge
ne
tic

m
ap
s

M
et
ho
d
(l
in
ka
ge

or
as
so
ci
at
io
n
m
ap
pi
ng
)

R
ef
er
en
ce
s

R
V
28
9
�

P1
80
4,

15
2D

H
,
3
en
vi
ro
nm

en
ts

(g
re
en
ho
us
e)

St
el
la
r
�

M
aj
or
,
10
4
D
H
,
1
en
vi
ro
nm

en
t

(g
re
en
ho
us
e)

13
2—

R
FL

P
(1
01
6
cM

)

Sc
le
ro
tin

ia
st
em

ro
t

D
H
82
1
�

D
H
B
ao
60
4,

72
D
H
,
4
ye
ar
s

(fi
el
d)
,
3
in
oc
ul
at
io
n
m
et
ho
ds

25
1—

SS
R
,
R
A
PD

,
SR

A
P
(1
74
6
cM

)
L
A

Y
in

et
al
.
(2
01
0)

Sc
le
ro
tin

ia
st
em

ro
t

H
ua
sh
ua
ng
5
�

J7
00
5,

19
0
D
H
,
3
ye
ar
s

27
2—

SS
R

(1
57
9
cM

)
L
A

W
u
et

al
.
(2
01
3)

Sc
le
ro
tin

ia
st
em

,
fl
ow

er
in
g

tim
e

E
xp
re
ss

�
SW

U
07
,
16
1
D
H
,
2

en
vi
ro
nm

en
ts

(fi
el
d,

gr
ee
nh
ou
se
)

32
2—

SS
R

(1
17
5
cM

)
L
A

W
ei

et
al
.
(2
01
4)

Sc
le
ro
tin

ia
st
em

ro
t

15
2
SO

SR
ac
ce
ss
io
ns
,
1
en
vi
ro
nm

en
t

(p
la
st
ic

gr
ee
nh
ou
se
)

69
0—

SS
R

G
W
A
S

G
ya
w
al
i
et

al
.
(2
01
6)

Sc
le
ro
tin

ia
st
em

ro
t

34
7
O
SR

ac
ce
ss
io
ns
,2

en
vi
ro
nm

en
ts
(fi
el
d)

30
,9
32

—
SN

P
G
W
A
S

W
ei

et
al
.
(2
01
6)

Sc
le
ro
tin

ia
st
em

ro
t

44
8
O
SR

ac
ce
ss
io
ns
,2

en
vi
ro
nm

en
ts
(fi
el
d)

25
,5
73

—
SN

P
G
W
A
S

W
u
et

al
.
(2
01
6)

V
er
tic
ill
iu
m

30
7-
40
6-
1
�

30
7-
23
0-
2,

16
3
D
H
,
4

en
vi
ro
nm

en
ts

(g
re
en
ho
us
e)

30
4—

R
FL

P,
A
FL

P,
SS

R
(1
79
3
cM

)
L
A

R
yg
ul
la

et
al
.
(2
00
8)

V
er
tic
ill
iu
m

E
xp
re
ss
61
7
�

R
53
,2

14
D
H
,
en
vi
ro
nm

en
ts

(g
re
en
ho
us
e)

20
1—

SS
R

L
A

O
be
rm

ei
er

et
al
.

(2
01
3)

D
ia
m
on
db
ac
k
m
ot
h:

nu
m
be
r

of
eg
gs
,

la
rv
ae

pe
r
le
af
,
in
te
ns
ity

of
da
m
ag
e

SL
M
O
46

�
qu
an
tu
m
,
18
0,

F2
:4
,
1

en
vi
ro
nm

en
t
(fi
el
d)

70
—

SS
R
,
R
A
PD

(1
19
9
cM

)
L
A

A
sg
ha
ri
et

al
.
(2
00
9)

3 Genes and Quantitative Trait Loci Mapping … 61



Chao et al. 2017). Three of the DH populations
were used as references for subsequent QTL
analyses, i.e., the Darmor-bzh � Yudal (DY,
Delourme et al. 2006b), Tapidor � Ningyou7
(TN, Qiu et al. 2006), and Sollux � Gaoyou
(SG, Zhao et al. 2005) biparental crosses. Other
types of mapping populations were also useful to
reveal LA-QTLs for oil content including inbred

backcross lines (Butruille et al. 1999), substitu-
tion lines (Burns et al. 2003), F2 populations
(Sun et al. 2016), or recombinant inbred lines
(Jin et al. 2007, Yan et al. 2009; Chen et al. 2017).
Independent studies each reported from tens of
genomic regions involved in the genetic control of
oil content spanning all the rapeseed linkage
groups. However, these huge numbers of loci

Fig. 3.1 Homoeologous relationships between genes
underlying oil-related QTL on the A2 and/or C2 linkage
groups of the B. napus genome. The QTL for seed oil
content arising from six independent studies published
from 2006 and 2014 that mapped on the A2 and/or C2
chromosomes is reported on each chromosome (in Mbp).

Each pair of homoeologous genes is represented by a line
with the following code: in red, the two homoeologous
genes are located in oil QTL both on A2 and C2; in blue,
only one homoeologous gene is located in a oil QTL
either on A2 or C2; in gray, the homoeologous genes do
not match with any oil QTL on A2 or C2
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were shown to be considerably lowered when the
stability of the QTLs over at least two environ-
ments in the same study was taken into account
(Zhao et al. 2012a; Wang et al. 2013a). Variations
in oil content were controlled mainly by additive
effects, with the estimated phenotypic variation
ranging from 1 to 20%, and to a lesser extent by
epistatic interaction (Delourme et al. 2006b; Qiu
et al. 2006; Zhao et al. 2006a; Jiang et al. 2014).
More recently, several studies reported the iden-
tification of associations between markers and oil
content by linkage disequilibrium analyses
(LDAs) in large populations (Honsdorf et al. 2010;
Zou et al. 2010; Li et al. 2014a; Gajardo et al.
2015; Qu et al. 2015; Körber et al. 2016; Sun et al.
2016; Wang et al. 2017d). The number of
LDA-QTLs varied from 1 to 54 depending on the
populations and the models used to eventually
correct the effects of population structure and
kinship. Substantial overlaps between LA and
LDA-QTLs were demonstrated (Zou et al. 2010;
Sun et al. 2016).

The large body of QTL information arising
from individual studies prompted researchers to
unravel the effects of the QTL � G and QTL
E interactions on the QTL stability. However,
due to the variety of populations and markers
used in the different studies, only limited com-
parisons were possible up to now. By comparing
LA-QTLs for seed oil content obtained in the
DY, RSNL, TN, SG, and TV populations,
Delourme et al. (2006b) suggested that the loci
on A1, A3, A8, and C3 were common to at least
two mapping populations, with co-localizations
with the BnFAE1 genes on A8 and C3. On the
other hand, some other loci appeared to be
population specific. More recently, QTL
meta-analyses were conducted using several data
sets and the resulting consensus loci
(meta-QTLs) were aligned onto a consensus
map (Wang et al. 2013b) or projected onto a
selected map (Jiang et al. 2014). Wang et al.
(2013b) identified 47 oil-related meta-QTLs
with hotspots on the A1, A3, A6, A7, and C2
linkage groups, and Jiang et al. (2014) reported
46 distinct loci in the control of oil content, with
critical genomic regions on the A1, A3, A8, C2,
and C3 linkage groups. Based on these data,

consensus genomic regions are likely to be tar-
geted zones for fine mapping. For instance, the
oil A1 locus is of particular interest since the
favorable allele is lacking in most of the Chinese
varieties. By designing near-isogenic lines and
using the collinearity between the Brassica and
Arabidopsis genomes in this particular key
region, the confidence interval of the QTL was
significantly reduced to 1.4 Mb (Chen et al.
2013), which theoretically included around 300
genes.

3.4.2 Seed Quality

For many years, oilseed rape breeding activities
have been largely focused on improvement of its
nutritional value mainly, driven by human and
animal nutrition needs as well as by non-food
uses. This included modification of fatty acid
(FA) balance in the oil and improvement of meal
value (Nesi et al. 2008). Low erucic acid content
in the oil was obtained through mutation at two
additive loci (EA and EC) that were mapped to
A8 and C3 (Ecke et al. 1995; Jourdren et al.
1996b; Basunanda et al. 2007). They correspond
to BnFAE1.1 and BnFAE1.2, two homoeologous
copies of the Arabidopsis fatty acid elongase
gene (Barret et al. 1998; Fourmann et al. 1998;
Wu et al. 2008). These two loci were recently
identified through genome-wide association
mapping (Li et al. 2014b) and through associa-
tive transcriptomics (Harper et al. 2012;
Havlickova et al. 2018). Reduced level of
polyunsaturated FA (especially linolenic acid,
C18:3) and increased content of monounsatu-
rated FA (oleic acid, C18:1) provide higher oil
stability, and the resulting product can be used
for salad dressings as well as for food and
non-food (biofuel) uses that require high tem-
peratures. Genetic analyses revealed that,
depending on the mutants, one locus on A5
(Schierholt et al. 2001) or two major loci on A5
and C5 (Falentin et al. 2007), corresponding to
FAD2 (fatty acid desaturase) genes, controlled
C18:1 content, and two loci on A4 and C4 cor-
responding to FAD3 genes controlled C18:3
content (Jourdren et al. 1996a; Barret et al. 1999;
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Hu et al. 2006). Using a population derived from
a cross with a synthetic B. napus line, Smooker
et al (2011) identified 34 QTL for fatty acid
content of seed oil, of which 13 loci showed
novel alleles inherited from the progenitors of the
resynthesized B. napus, which may prove useful
for modulating the content or extent of desatu-
ration of polyunsaturated fatty acids. Only one
QTL coincided with the position of an ortholog
of FAD2. In silico mapping assays of candidate
genes encoding enzymes or regulatory factors
involved in fatty acid synthesis in Arabidopsis
with QTL for fatty acid content in B. napus have
been reported (Wang et al. 2015c; Raboanatahiry
et al. 2017). New potential genes emerged which
need experimental approach for functional
validation.

Breeding efforts aiming at increasing the
quality of oilseed rape meal included increasing
essential amino acid content and reducing the
amount of antinutritional factors such as glu-
cosinolates, sinapate esters, phytic acid, tannins,
and crude fiber (Nesi et al. 2008; Wittkop et al.
2009). Four QTLs located on chromosomes A9,
C2, C7, and C9 have been recurrently mapped
for total seed glucosinolates (GSL) in different
studies of B. napus (Toroser et al. 1995, Uzunova
et al. 1995; Howell et al. 2003; Zhao and Meng
2003; Quijada et al. 2006; Basunanda et al. 2007;
Würschum et al. 2012). QTL involved in the
control of individual glucosinolates content
(Zhao and Meng 2003) has also been identified.
A total of 11 peak SNPs significantly associated
with GS content were detected on B. napus
chromosomes A08, A09, C03, and C09, respec-
tively (Qu et al. 2015). Feng et al. (2012) con-
structed an advanced metabolic network and
associated epistatic interactions responsible for
the GSL composition in both leaves and seeds of
B. napus, through the measurement of total and
individual glucosinolates in seeds and leaves
within a DH mapping population. Nonetheless,
all of the above studies utilized crosses involving
at least one parent with high seed GSL content.
Reliable detection of minor QTL that segregates
between different low-GSL materials was,
therefore, masked by the strong effects of a few
major QTLs. Other minor effect QTL for total

seed glucosinolates was identified through asso-
ciation mapping (Gajardo et al. 2015; Xu et al.
2015b) or through linkage analyses performed in
crosses between two low-GSL oilseed rape lines
(Fu et al. 2015).

For sinapate ester content, four QTLs were
detected and the QTL with the strongest additive
effects was mapped on linkage groups A8 and C3,
within the confidence intervals of the two erucic
acid genes as well as two main QTLs controlling
total phytosterol content. This might result from a
pleiotropic effect of the two erucic acid genes on
phytosterol and sinapate ester content, with alle-
les for low erucic acid content increasing phy-
tosterol and sinapate ester content as suggested by
Amar et al. (2008) or from closely linked genes.
Yellow-seeded (YS) oilseed rape lines are con-
sidered advantageous for the meal quality due to a
thinner seed coat and higher protein content. YS
materials that are deprived of condensed tannins
have been developed through interspecific intro-
gression of yellow seed coat color genes from
related species (B. rapa, B. carinata, B. juncea) or
through EMS-mutagenized oilseed rape popula-
tions (Nesi et al. 2008). Numerous genetic map-
ping studies of seed color loci or seed
color-related trait loci (proanthocyanidin, fiber,
and lignin content) have been reported in B.
napus. These used different biparental popula-
tions, or more recently, association mapping, and
detected major loci on A8, A9, C1, C4, C5, or C8
(Badani et al. 2006; Fu et al. 2007b; Yan et al.
2009; Snowdon et al. 2010; Zhang et al. 2011a,
Lipsa et al. 2012; Liu et al. 2013; Gajardo et al.
2015). Liu et al. (2013) also mapped QTL for
cellulose and hemicellulose content, which did
not co-localize with seed color QTL in the studied
population.

3.4.3 Flowering Time

Oilseed rape includes both spring types with little
or no requirement for vernalization in order to
flower and winter types that do require a vernal-
ization period to flower. Therefore, understanding
of the genetic control of flowering time and ver-
nalization response in B. napus is important for
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plant breeders, in order to optimize crop perfor-
mance in specific environments. QTL studies
were performed in crosses within winter or spring
varieties, but also often in crosses between winter
and spring varieties. The first studies, conducted
in a limited number of environments, detected
from four to nine regions involved in flowering
time (Ferreira et al. 1995; Osborn et al. 1997;
Butruille et al. 1999). In these studies, two main
regions on A2 and A10 and a third one on A3
were detected for the vernalization response.
Subsequent studies performed on diverse sets of
materials and using more complete genetic maps
or GWAS revealed many regions involved in
flowering time (Delourme et al. 2006a; Long et al.
2007; Raman et al. 2013; Luo et al. 2014; Nelson
et al. 2014; Bouchet et al. 2014; Xu et al. 2016).
Long et al. (2007) detected 36 major QTL in a
study performed on a cross between a winter type
and a semi-spring type evaluated in 11 environ-
ments; 31 of these QTLs were found in at least
two environments, of which a major locus on A10
was only detected in spring environments and
was associated with vernalization requirement.
Raman et al. (2013) identified at least 20 QTLs
for flowering time in a cross between two
semi-spring oilseed rape varieties, of which the
majority overlapped with QTL previously iden-
tified on chromosomes A2, A3, C2, C6, and C8
(Long et al. 2007) and with a circadian period
QTL on chromosomes A2, A3, and A7 (Lou et al.
2011). Except for two regions on A2 and A10 that
clearly carry vernalization-associated QTL, as
well as another likely region on A3, the other
regions are involved in earliness of flowering and
were more or less consistently detected depend-
ing on the genetic backgrounds and the environ-
mental conditions.

3.4.4 Yield and Yield-Related Traits
Under Abiotic Stress
and/or Nutritional
Constraints

Grain yield is a very complex trait in oilseed rape
compared with other crops. This complexity is
related mainly to the potential of oilseed rape for

growth and branching after flowering, which
enables the crop to use one yield component to
compensate for limitations in another one. As a
consequence, a given final yield may result from
different combinations of yield components
(number of plants per m2, branch number,
number of pods per plant, number of seeds per
pod, seed weight, etc.) and many studies reported
QTL for seed yield and yield components
(Table 3.1). For instance, Shi et al. (2009)
reported 870 QTL (85 for seed yield and 785 for
eight yield-associated traits) on a single genetic
map of B. napus in two related populations
grown in 10 natural environments. Thanks to the
use of common genomic resources such as the
Illumina Brassica 60K SNP array, comparison
and meta-analyses of QTL were developed (Luo
et al. 2017; Zhao et al. 2016b; Shi et al. 2009).
For instance, a trait-by-trait meta-analysis
revealed 401 consensus QTLs, of which 82.5%
were clustered and integrated into 111 pleiotropic
unique QTLs and 47 of which were relevant for
seed yield. A high percentage (85%) of QTL for
seed yield co-localized with QTL for other
yield-associated traits. This indicates that, in
addition to pleiotropy, the effect of the QTL for
seed yield could be a synthetic effect of several
underlying tightly linked QTLs of different
yield-associated traits. Some QTL were consis-
tently identified in different studies (Shi et al.
2009; Ding et al. 2012; Cai et al. 2014; Bouchet
et al. 2016), of which a region on A5 was shown
to carry QTL for many yield-related traits.
Recently, aerial architecture was densely char-
acterized, as a main determinant of yield com-
pensation. Major QTLs were detected for branch
angle (Shen et al. 2018; Wang et al. 2016b; Liu
et al. 2016a), branch number (He et al. 2017; Li
et al. 2016a; Luo et al. 2015), leaf morphology
(Jian et al. 2017), plant architecture factors (Cai
et al. 2016), dwarf architecture (Wang et al.
2016c), or apetalous phenotype (Wang et al.
2015a). These QTLs co-localized with seed yield
and seed yield components QTL (Cai et al. 2016)
or involved in genotype by environment inter-
actions (Shen et al. 2018), thus indicating a
putative role in the compensation phenomena.
A large number of studies revealed QTL for
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silique-related traits, (seeds per siliques, seed
weight, silique length, silique number; Yang
et al. 2017; Ye et al. 2017; Yang et al. 2016;
Wang et al. 2016a; Shi et al. 2009; Yang et al.
2012; Cai et al. 2014; Li et al. 2014c; Qi et al.
2014), thus highlighting the processes that occur
at the end of crop cycle. Seed number, plant
density, earliness, biomass dynamics are less
documented.

Developmental traits (flowering time, seed
filling duration) and environmental conditions
(climatic conditions, water, and fertilizer avail-
ability) impacted the yield components. Abiotic
constraints or stresses can be summarized in two
categories: (1) nutrition limitations that are more
likely to occur under sustainable production
systems including low-input practices (low
nitrogen (N), phosphorus (P), boron (B), or sul-
fur (S) input) and (ii) abiotic stresses that are
direct or indirect consequences of global warm-
ing (drought, temperature, and salt stress, for
instance). Most studies have focused on yield
stability under limited conditions or on the
genetic control of plant mechanisms involved in
the response to the abiotic constraints such as
nutrient use efficiency or root morphology.

Up to now, genetic studies were mainly con-
ducted for nitrogen, phosphorus, and boron and
were carried out by comparing QTL detected
under either low or high nutrient conditions, or
by detecting QTL for efficiency traits defined as
yield or the biomass ratio between low and high
conditions. Most studies reported for yield under
abiotic constraints were performed through
linkage analyses (Table 3.1). GWAS were car-
ried out for oilseed rape response to N and
phosphorus constraints (Bus et al. 2014; Bouchet
et al. 2016; Wang et al. 2017b). Few QTL studies
under different N nutrition levels have been
performed so far and have revealed either few
(Gül et al. 2003; Bouchet et al. 2014; Bouchet
et al. 2016; Wang et al. 2017b; Miersch et al.
2016) or many (Miro 2010) genotype � N or few
QTL � N nutrition level interactions. QTL � P
or B regime interactions as well as epistatic QTL
were identified in many studies (Ding et al. 2012,
2013, 2014; Shi et al. 2013a; Zhao et al. 2010,
2012b). Common yield or yield-related trait QTL

in different genetic backgrounds was identified
either under low P or under low B conditions, but
only a few main effect QTLs can be detected
both under low P or low B environments for the
same traits. Thus, different genetic mechanisms
for B and P efficiency may be involved in these
processes (Shi et al. 2013a; Ding et al. 2014;
Wang et al. 2017b). Whole genome sequencing
approaches and use of the high density 60K SNP
array permitted the identification of candidate
genes, for instance, on chromosome C2 for boron
efficiency (Hua et al. 2016), on A3 for phos-
phorus efficiency (Wang et al. 2017b) as well as
the identification of genomic regions suitable for
marker-assisted purposes for nitrogen use effi-
ciency (Wang et al. 2017b), such as the dwarfing
gene bzh on chromosome A06 (Miersch et al.
2016). Genetic study of the tolerance of oilseed
rape to abiotic stresses has been limited to a few
abiotic stresses such as drought (Li et al. 2014b;
Fletcher et al. 2016), freezing (Asghari et al.
2007, 2008; Kole et al. 2002) and recently salt
(Lang et al. 2017; Wan et al. 2017) and man-
ganese (Raman et al. 2017) tolerance. To our
knowledge, no QTL was identified in response to
high temperature, CO2 concentration. Most
studies relied on field-based phenotyping. For
most stresses, the efficiency coefficient (Ding
et al. 2014) or index (Yong et al. 2015; Li and
Sillanpää 2015) is defined as the ratio between a
global trait (usually yield or total biomass) esti-
mated under stressed conditions and the same
trait estimated under non-limiting conditions.
This definition has been used in studies on salt
tolerance (Yong et al. 2015) and drought toler-
ance (Li et al. 2014b).

To further elucidate plant responses to abiotic
stresses, some authors have identified more
‘functional’ traits involved in the plant response
and compared the QTL detected for these func-
tional traits to the QTL detected for yield-related
traits and indices. The capacity of the plant to
absorb nutrients from the soil, and therefore the
nutrient uptake efficiency, is a key process for
improving nutrient use efficiency. Therefore,
particular attention has been paid to the roots and
the identification of QTL for root architecture
traits (Shi et al. 2012, 2013b; Yang et al. 2010;
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Wang et al. 2017a; ArifUzZaman et al. 2017).
For instance, Yang et al. (2010) and Shi et al.
(2012) detected clusters of QTLs for root length,
lateral root number, root surface area, root bio-
mass, and root volume specific to low phospho-
rous conditions. The co-localization of QTL for
flowering time and root pulling force on A10 and
C2 was assessed by Fletcher et al. (2015), in a
study that suggested pleiotropic effects on the
genetic control of root traits in B. napus. Fletcher
et al. (2015) considered flowering time and the
root morphology as traits involved in drought
tolerance. Yong et al. (2015) completed their
study of salt tolerance using an ion homeostasis
approach in order to obtain clues as to the
physiological processes involved in the plant
response to salt. Finally, Asghari et al. (2007,
2008) completed their analysis of winter survival
using a characterization of LT50, the temperature
at which 50% of the plants died.

Recently, hybrid varieties have been greatly
increasing as a proportion of the total oilseed
rape cropping area. Hybrids are mainly grown for
their yield stability and adaptability across envi-
ronments relative to inbred lines. This indicates a
major role of heterosis for yield stability across
pedo-climatic conditions and cultural practices,
resulting generally in various nutrient constraints
and abiotic stresses. Different studies have been
carried out to decipher the genetic architecture of
oilseed rape heterosis (Shen et al. 2006; Radoev
et al. 2008; Basunanda et al. 2010; Liu et al.
2017), identifying a strong contribution of epi-
static interactions to heterosis. The use of
immortalized F2 populations greatly helped
developing QTL analyses on dominance effects
(Liu et al. 2017; Shi et al. 2009; He et al. 2017;
Liu et al. 2016a). These studies, however,
focused mainly on non-limiting environmental
conditions or studied heterosis using adjusted
means across different environments. In contrast,
Shi et al. (2011) compared the heterosis genetic
components in different environments and iden-
tified a great impact of the environment on the
genes and QTL underlying the heterosis mea-
sured by yield-related traits. A specific study was

dedicated to general combining ability (Zhao
et al. 2016a) and identified that the subgenome C
was more involved in GCA control than the
subgenome A and gave perspective to breed for
GCA by marker-assisted selection. Moreover,
these researchers showed that the mode of
inheritance of heterotic QTL could change
according to the environment. These results have
opened new ways to consider QTL � E inter-
actions and yield stability analyses across various
abiotic conditions.

3.4.5 Disease and Pest Resistance

During its life cycle, oilseed rape may be chal-
lenged by aerial and root pathogens causing
numerous diseases, as well as by insects and
other pests. International efforts have been
undertaken to describe the genetic architecture of
disease resistance, but these have been focused
only on a small number of plant aggressors
(Table 3.1).

Both qualitative and quantitative resistances
have been identified for clubroot, caused by the
obligate protist Plasmodiophora brassicae
Woron. The qualitative resistance of the five B.
napus hosts included in the European Clubroot
Differential set (Buczacki et al. 1975), and of
several swede genotypes (Crute et al. 1980;
Gustafsson and Fält 1986), has been studied.
However, the genetic factors involved in these
host genotypes remain unknown. Mapping of
resistance genes revealed one major locus and
two recessive genes in the clubroot-resistant
oilseed rape variety ‘Mendel’ (Diederichsen
et al. 2006; Fredua-Agyeman and Rahman 2016)
and one major gene in swedes (Hasan and Rah-
man 2016). The genetic determinism of partial
quantitative resistance to clubroot in B. napus
was studied in DH populations (Manzanares-
Dauleux et al. 2000, 2003; Werner et al. 2008).
At least, 22 QTLs (broad-spectrum and
isolate-specific) distributed on 9 chromosomes
have been identified as involved in resistance
against 11 isolates of the clubroot pathogen.
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Manzanares-Dauleux et al. (2000, 2003) found
that either major QTL (Pb-Bn1, Pb-Bn2, and Pb-
Bn3) or QTL with moderate effects was detected
in the same genomic regions on A3, C9, and A5,
respectively, depending on the isolates used.
While the same QTL was detected under high
and low nitrogen levels, their effects were altered
and this modulation was isolate-specific
(Laperche et al. 2017). GWAS performed on a
panel of 472 accessions revealed nine genomics
regions involved in clubroot resistance in the
field or in controlled conditions, of which some
were common to previously identified regions
(Li et al. 2016b).

For phoma stem canker (blackleg) caused by
Leptosphaeria maculans, both qualitative and
quantitative resistances have been identified in B.
napus or in related species (Delourme et al.
2006b; Rimmer 2006; Hayward et al. 2012;
Raman et al. 2012). More than ten specific
resistance genes were identified in B. napus or
introgressed in B. napus from the related Bras-
sica species B. rapa, B. juncea, and B. nigra
(Rlm1–11; LepR1-4) (Delourme et al. 2006a;
Rimmer 2006; Balesdent et al. 2013). They were
mapped on A2, A6, A7, and A10, and some of
these genes are organized in clusters on A7
(Delourme et al. 2004; 2006b; Long et al. 2011a;
Yu et al. 2005, 2008, 2013). Two recently cloned
genes, LepR3 and Rlm2, were shown to be allelic
and correspond to a receptor-like protein (Larkan
et al. 2013, 2015). The first study concerning
quantitative resistance to blackleg was realized in
the Crésor � Westar DH population and allowed
the identification of two regions on a linkage map
of 175 RFLP markers (Dion et al. 1995). Several
subsequent studies were published in DH popu-
lations or F2:3 populations (Pilet et al. 1998a,
2001; Kaur et al. 2009; Jestin et al. 2012; Raman
et al. 2012; Raman et al. 2014a; Larkan et al.
2016), or in a multi-parental connected design
(Jestin et al. 2015). Combining GWAS (Jestin
et al. 2011; Fopa Fomeju et al. 2014, 2015;
Raman et al. 2016b) and LA, QTL for blackleg
resistance was identified on most B. napus
chromosomes. QTL was identified on A1, A2,
A5, A6, C2, C1, C3, C4, C5, C6, and C8 from
some different resistance sources (Jestin et al.

2015). The linkage analyses conducted with field
phenotypic data revealed strong QTL � E
interactions. Huang et al. (2016) identified QTL
that was less sensitive to environmental factors in
a multi-year study involving five environments.

QTL for sclerotinia stem rot resistance was
investigated in DH populations (Zhao et al.
2006b; Yin et al. 2010; Wu et al. 2013; Wei et al.
2014) or F2:3 populations (Zhao and Meng
2003), either in field or in greenhouse experi-
ments. QTL was distributed on all the chromo-
somes except C3 and C5, and different QTLs
were involved in leaf and stem resistance.
Homoeologous QTL was found on A2 and C2
(Wei et al. 2014). In another cross, Zhao et al.
(2006b) detected QTL in these regions, which
corresponded to a homoeologous non-reciprocal
translocation from A2 to C2, leading these
researchers to conclude that the resistance allele
on C2 may be identical to the B. rapa allele from
A2. GWAS performed various panels in green-
house, and field conditions confirmed that scle-
rotinia stem rot is controlled by multiple minor
QTL (Gyawali et al. 2016; Wei et al. 2016; Wu
et al. 2016).

Efforts to determine the genetic factors
involved in quantitative resistance to light leaf
spot, caused by Pyrenopeziza brassicae, and
Verticillium wilt, caused by Verticillium longis-
porum, have been limited, with only one or two
studies published to date, respectively (Pilet et al.
1998b; Rygulla et al. 2008; Obermeier et al.
2013). For light leaf spot, three genomic regions,
located on A2, A7, and A9, are common to the
resistance assessed on leaves and stems. In
addition, two major resistance genes to P. bras-
sicae, PBR1 and PBR2, were, respectively,
introgressed from B. rapa and B. oleracea on A1
and C6 in B. napus (Bradburne et al. 1999). With
respect to Verticillium wilt, the experiments on
DH populations, carried out under greenhouse
conditions, revealed six regions on chromosomes
A6, C1, C4, C5, and C8, of which one region on
C5 was common to the two studies. In addition,
the regions on C1 and C5 were shown to be
major genomic regions for phenylpropanoid
synthesis or modification in oilseed rape, indi-
cating a potential role of these compounds in
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defense against V. longisporum (Obermeier et al.
2013).

To our knowledge, only two linkage analysis
studies have been published for insect pest
resistance. Three regions were shown to be
involved in resistance to diamondback moth
(Plutella xylostella) (Asghari et al. 2009). One
region on A7 revealed a QTL for kaempferol
3-O-sinapoyl-sophoroside 7-O-glucoside
(KSSG) metabolite accumulation, which was
previously shown to be correlated with a reduc-
tion of cabbage seedpod weevil (Ceutorhynchus
obstrictus) larval infestation in a Sinapis alba �
B. napus derived material (Lee et al. 2014).

3.5 The Genome Sequence Allows
Further Insights into the Genes
Underlying the QTLs

The recent release of the genome sequences of
several Brassica species, together with use of the
latest DNA sequencing technologies (Edwards
et al. 2013), has enabled new insights into the
genomic localization of trait-associated QTL,
identification of the underlying genes, and eval-
uation of their sequence variation.

3.5.1 QTL Genomic Localization

Genetic analyses of the aforementioned agro-
nomic traits were conducted in various mapping
populations, but the QTL positions were often
difficult to compare due to the low number of
common markers. The availability of a B. napus
reference genome sequence provides now a tool
to directly compare the physical positions of the
QTL. For instance, in silico integration of seed
yield and yield-related trait QTL in B. napus has
been performed using B. rapa and B. oleracea
sequences, and 736 QTLs coming from a number
of independent studies were mapped to 283 loci
in the A and C genomes of B. napus (Zhou et al.
2014). This showed an uneven distribution of
QTL on the A and C genomes (with more QTL
on the A genome) or on the chromosomes (A3
had the highest number of QTL, and C6 had the

fewest QTL). Overall, 142 loci were detected
with conserved QTL across genetic backgrounds
or environments, including 25 multi-functional
loci mostly for traits such as flowering time, plant
height, seed weight, maturity time, and seed
yield. Li et al. (2015) integrated 35 S. sclerotio-
rum resistance QTL from five different studies
using 353 markers mapped on the B. napus
sequence. Two conserved QTLs identified in
multiple studies were identified on the chromo-
somes A9 (from 22.5 to 27.5 Mb) and C6 (from
29.5 to 36.1 Mb), spanning two clusters of can-
didate NBS-LRR genes. C6 region was further
confirmed after integration of last GWAS studies
(Wu et al. 2016).

The more precise genomic localization of B.
napus regions involved in polygenic traits pro-
vides an opportunity to study the impact of
genome duplications on the structural and func-
tional organization of such regions in a highly
duplicated genome. Homoeologous or paralo-
gous regions were shown to be involved in the
control of important traits such as seed glucosi-
nolate content on A9, C2, and C9 (Howell et al.
2003), flowering time on A2 and C6 (Wang et al.
2009), yield-related components (Chen et al.
2007), and resistance to sclerotinia stem rot on
A2 and C2 (Zhao et al. 2006; Wei et al. 2014).
Recently, in an attempt to compare the results
from several studies related to oil content, we
demonstrated that an oil QTL identified on A2
from six QTL-independent populations displayed
homoeologous relationships with an oil QTL
located on C2 (Fig. 3.1; Bouchet, unpublished
data). Fopa Fomeju et al. (2014, 2015) investi-
gated quantitative resistance to phoma stem
canker in B. napus through genome-wide asso-
ciation analyses and found that more than 44% of
the resistance-associated regions are duplicated
homoeologous regions. These regions are mainly
located in duplications of five of the 24 ancestral
blocks that constitute the B. napus genome.
Furthermore, Fopa Fomeju et al. (2015) showed
that around 60% of the genes identified in these
duplicated regions are single-copy genes, while
less than 5% are retained in all the duplicated
copies of a given ancestral block. Genes retained
in several copies are involved mainly in response
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to stress, signaling, or transcriptional regulation.
Genes with resistance-associated markers were
mainly retained in more than two copies. These
results suggested that some genes underlying
quantitative resistance to stem canker might be
duplicated genes, but further analysis is required
to determine the extent to which duplicated genes
contribute to the expression of the resistance
phenotype. Segmental exchanges between
homoeologous chromosomes are frequent
throughout the B. napus genome. Numerous
small-scale homoeologous exchanges (HEs) are
observed throughout the genomes of natural B.
napus accessions, whereas large-scale HEs are
common in synthetic accessions (Chalhoub et al.
2014; Rousseau-Gueutin et al. 2017). Such HE
might influence agronomic traits, as shown for
seed quality traits (Stein et al. 2017) or sclero-
tinia stem rot (Zhao et al. 2006b).

3.5.2 Candidate Gene Identification

The cloning of the trait causal genes is the most
advanced and effective step for improving both
knowledge of the mechanisms involved and the
efficiency of breeding programs. Map-based
cloning can be used to identify the causal gene.
Using the results of fine mapping and targeted
regional association, Liu et al. (2015) identified
seven putative ORFs for a QTL explaining ca.
30% of the phenotypic variation for seed weight.
Based on the genome sequence of B. napus, the
seven genes including the upstream regulatory
and coding regions were cloned and their
sequence compared between the two parental
lines. Finally, a 165-bp deletion in the auxin
response factor 18 (ARF18) gene was associated
with increased seed weight and silique length,
which was further validated through gene
expression and overexpression analyses (Liu
et al. 2015).

Nevertheless, QTL map-based cloning and
fine mapping are often laborious with a low
success rate. As a consequence, the high con-
servation rate in coding sequences between B.
napus and A. thaliana is often exploited to find
orthologous genes related to traits of interests.

For instance, 14 orthologous genes involved in a
lipid synthesis pathway in Arabidopsis
co-localized with six oil loci in the SG DH
population (Zhao et al. 2012a) and thus repre-
sented good candidate genes for seed oil content.
In a similar way, Sun et al. (2012) mapped
oil-related markers on a DH population. These
markers were selected from differentially
expressed genes between individuals exhibiting
extreme variation in seed oil content and showed
four co-localizations with oil QTL. More
recently, interactions between key genes of the
oil pathway, as well as with master regulators of
seed filling such as the transcription factor
WRINKLED 1 (WRI1), were identified in a large
population of elite rapeseed inbred lines (Wür-
schum et al. 2013). The identification of candi-
date genes for boron and phosphorus use
efficiency was carried out by identifying genes
that were involved in mineral homeostasis in
Arabidopsis and which were located in syntenic
regions where QTL was identified for yield and
efficiency traits in oilseed rape (Ding et al. 2010,
2012, 2013; Liu et al. 2009). Wu et al. (2013)
identified the Arabidopsis homolog of an indole
glucosinolate methyltransferase gene, IGMT5
(At1g76790), as a candidate gene for a QTL on
C6 that explained ca. 30% of sclerotinia stem rot
resistance over three environments in a DH
population.

As a result of the physical anchorage of SNP
markers on the B. napus sequence, GWAS is
now increasingly used to identify candidate
genes. Yong et al. (2015) carried out a GWAS to
elucidate the genetic control of salt tolerance.
These researchers identified 62 QTL involved in
plant response to salt stress, and identified a short
list of 10 candidate genes located in the QTL
regions. Of these ten candidates, one was
investigated further (BnaaTSN1) and validated
for its impact on salt tolerance. BnaaTSN1 is an
ortholog of TSN1 (RNA-binding protein
Tudor-SN) in A. thaliana. Fine mapping or
regional association mapping, together with the
use of B. rapa and B. napus sequences and
synteny with Arabidopsis, also led to the identi-
fication of candidate genes for seed color-related
traits. Transparent testa (TT) genes as well as key
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phenylpropanoid biosynthesis genes (CCR1;
CAD2/CAD3) were hypothesized for the major
loci on A9, indicating either a pleiotropic effect
of some genes on different traits or linkage
between different genes acting on these traits (Fu
et al. 2007a, b; Snowdon et al. 2010; Lipsa et al.
2012; Liu et al. 2013; Stein et al. 2013). The
results indicate that independent mutations in
different phenylpropanoid genes may cause
similar seed coat phenotypes in different genetic
backgrounds (Liu et al. 2013).

Another association mapping methodology,
which is termed ‘associative transcriptomics,’
was applied to panels of B. napus lines. Infor-
mation on gene sequence (as SNP markers) and
gene expression (as gene expression markers;
GEMs) obtained from mRNA-Seq data was used
to define genetic regions and also identify can-
didate genes controlling total seed GSL content
(Harper et al. 2012; Lu et al. 2014). Within the
associated GSL content peaks, 26 genes were
inferred to be involved in GSL biosynthesis. In
the low-GSL accessions, genomic deletions were
identified in two GSL content QTLs on A9 and
C2, and the deleted segments contained ortho-
logs of the MYB transcription factor, HAG1
(At5g61420; also known as MYB28) (Harper
et al. 2012). This transcription factor controls
aliphatic glucosinolates biosynthesis in A. thali-
ana (Hirai et al. 2007). Two other genes, BnaA.
GTR2 (a proton-dependent glucosinolate-specific
transporter) and BnaC.HAG3b, located within
the respective association peaks on A2 and C9,
were of particular interest as they jointly
explained 25.8% of the trait variation (Lu et al.
2014). Very recently, the associative transcrip-
tomics platform was validated for other traits
such as the variation in the relative proportions of
tocopherol forms in seeds (Havlickova et al.
2018). Combined association mapping and gene
expression analyses for 14 seedling traits
revealed several candidate genes (germin-like
protein (GER1), aluminum-induced protein
(AILP1), ethanolamine-phosphate cytidylyltrans-
ferase (PECT),and fructose-1,6-bisphosphatase
precursor (FBP)) that were strongly correlated
to seedling development traits (Körber et al.
2015). The results also suggested that the studied

genes ribulose 1,5-bisphosphate
carboxylase/oxygenase small subunit (RBC) on
the chromosomes A4 and C4, and
fructose-1,6-bisphosphatase precursor (FBP) on
the chromosomes A9 and C8, are cis-regulated.

Due to the large confidence intervals of QTL,
genes underlying trait-associated loci often
remain numerous and are still difficult to analyze.
One possible strategy to get a first overview of
the biological pathways underlying those regions
is to use the gene ontology (GO) network to
identify the enriched GO terms. Recently, Barg-
sten et al. (2014) proposed a method of candidate
gene prioritization to unravel a set of 1591 QTLs
associated with 231 different traits in rice. For
each trait, they compared the occurrence of the
biological functions linked to the genes found in
the QTLs with the rest of the genome and
retained the genes with a significant overrepre-
sentation of a particular function. This method
was used to successfully reduce the number of
putative candidate genes to tenfold. Thus, an
approach that combines a wide and precise gene
annotation with a large QTL data set could help
decipher the mechanisms underlying the QTLs.

3.5.3 Gene Sequence Variation

Knowledge of the flowering process in Brassica
species is largely based on studies with A.
thaliana. Orthologs of the main genes involved
in flowering time in A. thaliana have been found
in Brassica crops, and some of these were
identified as candidate genes for flowering time
QTL, including FLC (FLOWERING LOCUS C),
FT (FLOWERING LOCUS T), and FRI (FRI-
GIDA) (Wang et al. 2009, 2011b; Nelson et al.
2014). BnA2.FT and two paralogs on chromo-
some C6, BnC6.FT.a and BnC6.FT.b, were
associated with two major QTL clusters for
flowering time, indicating that the ‘florigen’ of
B. napus may be functionally differentiated
between winter- and spring-type cultivars (Wang
et al. 2009). BnaA.FRI.a mapped to a region on
chromosome A3 that co-localized with a major
flowering time QTL, which was identified in
multiple environments in a DH mapping
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population. Association analysis of BnaA.FRI.a
revealed that six SNPs, including at least one at a
putative functional site, and one haplotype block
were associated with flowering time variation in
248 accessions, with flowering times differing by
13–19 days between extreme haplotypes (Wang
et al. 2011b). It was shown that a tourist-like
MITE insertion in the promoter region of a FLC
homolog in the B. napus A genome was associ-
ated with vernalization requirement in European
winter rapeseed morphotypes (Hou et al. 2012).

Given the different polyploidization steps that
have occurred in Brassica species, a huge
expansion of active flowering time regulatory
genes is expected in the allopolyploid B. napus
genome relative to A. thaliana, where most of
these genes are represented by only a single
active copy. Throughout the evolution of Bras-
sica species, homoeologous exchanges between
the A and C genomes, genome fractionation, and
sequence evolution have led to copy number
variations (CNVs), presence/absence variations
(PAVs), or sequence variations (INDELs, SNPs),
which create enormous potential for functional
differentiation and regulatory plasticity across all
pathways that influence the flowering time gene
expression network. Schiessl et al. (2014)
investigated the genetic variation in all homolo-
gous and paralogous copies of 29 selected
flowering time genes in four B. napus types,
based on sequences derived from the B. napus
genome and from the diploid progenitors B. rapa
and B. oleracea. In total, 160 individual
homologs/paralogs were identified for the 29
genes of the target panel. Most of the variations
corresponded to SNPs, with many non-
synonymous mutations in vernalization-related
genes and in genes from the temperature and the
photoperiod pathways. In addition, Schiessl et al.
(2014) identified CNVs for the genes Bna.CDF1.
unk, Bna.CO.C09, Bna.CO-like2.A10, Bna.FLC.
A10, Bna.FLC.C09, and Bna.TEM1.C02, and
PAVs for Bna.TEM1.C02. In the swede type,
which is strongly vernalization-dependent and
flowers later than winter-type oilseed types, a
copy number reduction affecting two Bna.FLC
paralogs was observed on chromosome C9,
which was mirrored by a corresponding copy

number increase on A10 potentially deriving
from homoeologous exchange. De novo varia-
tion in copies of some important flowering time
genes in B. napus that arose during allopoly-
ploidization, enabling sub-functionalization, was
shown to lead to different morphotypes in B.
napus (Schiessl et al. 2017). This example
illustrates the high potential for genomic plas-
ticity in B. napus, as a highly duplicated poly-
ploid species. These variations in gene content
and gene sequence, as well as in regulatory net-
works, result in a high potential for functional
divergence and regulation differentiation
between the numerous genes involved in the
important traits for oilseed rape yield compo-
nents and biotic and abiotic environmental
adaptation.

3.6 Conclusion and Perspectives

Relatively large numbers of genes and QTL
involved in the expression of important agro-
nomic traits have been identified and localized on
the B. napus genome. The availability today of
genome-wide SNPs and of the genomic sequen-
ces of B. napus and its two parental species,
along with the exploitation of the synteny
between B. napus and Arabidopsis, facilitates the
genetic analyses and discovery of causal candi-
date genes explaining agronomic traits.
Beyond SNP polymorphisms, more attention
should be paid to the different types of structural
variants, ranging from small variations like
INDELs, CNVs, and PAVs, to larger rearrange-
ments of genomes (Rousseau-Gueutin et al.
2017; Stein et al. 2017). Recently, by assembling
the pangenome of B. napus, Hurgobin et al.
(2018) showed that 38% of the genes display
PAV behavior, with some of these variable genes
predicted to be involved in important agronomic
traits including flowering time, disease resis-
tance, acyl lipid metabolism, and glucosinolate
metabolism.

Most genetic analyses (both LA and LDA)
have been performed by trait category and/or
under only a single or a few environmental
conditions. In the future, it will be necessary to
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establish more precisely the relationships
between traits and to analyze the plant response
to combined abiotic and biotic variations in
fluctuating environments. Multi-trait and
multi-environment approaches have been suc-
cessfully implemented in other crops to study the
architecture of complex traits (Na et al. 2013)
and to gain a greater understanding of genotype
or QTL � E interactions or of pleiotropic effects
across traits (Verbyla et al. 2014). The current
development of high-throughput and/or auto-
mated phenotype platforms, involving both
automated recording and screening of pheno-
types by various imaging techniques, allows the
production of time-course phenotypic data and
thereby facilitates the study of the genetic control
of plant development and/or growth-related
traits. A new approach called ‘functional map-
ping’ is emerging to detect QTL associated with
the whole developmental process of the traits,
instead of being associated with any single
observation. Functional mapping is developed
based on the assumption of function-valued
traits: Phenotypic values at discrete time points
are ‘snapshots’ of a continuous function/curve
over time. Thus, by integrating information over
multiple time points, it is possible to study the
genetic architecture of dynamical complex traits
(Li and Sillanpää 2015).

Nonetheless, there is still a need to develop
new or more precise methods for phenotyping
certain traits. For example, phenotyping different
components of disease resistance would be
worthwhile in order to identify the mode of
action of QTL on the different steps of the
pathogen life cycle and to better understand the
mechanisms underlying resistance. For some
traits, such as plant/insect interaction traits that
are difficult or even impossible to phenotype via
high-throughput approaches, indirect phenotyp-
ing with metabolites that are related to insect
attraction, feeding, egg production and deposi-
tion or larval development has been suggested
(Hervé et al. 2014).

These structural genetic studies have to be
completed and correlated with the functional
organization of genomes. The advent of newer
and more effective gene expression (Bancroft

et al. 2011), proteomics (Chen et al. 2015), and
high-throughput metabolomics (Feng et al. 2012)
technologies in B. napus is making it feasible to
study a large number of genes and metabolites
and their regulatory interactions (reviewed by
Snodown et al. 2012). Small RNAs including
microRNAs (miRNAs) play an indispensable
role in cell signaling mechanisms and have been
shown to be key regulators of various stress
responses in plants, including responses to low
nutrient availability and pathogen infection
(Rajwanshi et al. 2014; Paul et al. 2015).
Therefore, the role of miRNAs is worthy of
investigation in B. napus through
high-throughput miRNome sequencing. It has
been shown already that miRNAs may play a
role in response to B. napus to V. longisporum
(Shen et al. 2014) and P. brassicae (Verma et al.
2014) infection, as well as in B. napus sulfur or
cadmium homeostasis (Huang et al. 2010; Zhou
et al. 2012). More recently, a full catalog of the
miRNA and their targets involved in fatty acids
and lipids metabolism was described in B. napus
seeds (Wang et al. 2017d). There is also
increasing evidence that epigenetic marks such as
DNA methylation contribute to phenotypic
variation by regulating gene transcription,
developmental plasticity, and interactions with
the environment. Long et al. (2011b) detected
between two and 17 epiQTLs associated with
seven agronomic traits in regions having a
greater density of DNA methylation markers.
The authors concluded that studies relying solely
on polymorphism of conventional gene markers
may consistently underestimate the quantity and
distribution of QTL effects and that epimarkers
can increase the ability to resolve previously
‘cryptic’ QTL.

The availability of whole genome sequence
data provides an exhaustive catalog of poly-
morphic sites segregating within and across oil-
seed rape populations, which may be used in
combination with QTL data in the near future to
establish genomic selection or to better predict
hybrid performance. The first results obtained in
oilseed rape have shown that genomic selection
is a valuable approach for complex agronomic
traits, facilitating the process of knowledge-based

3 Genes and Quantitative Trait Loci Mapping … 73



breeding (Würschum et al. 2014; Zou et al.
2016).
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4Deciphering Genome Organization
of the Polyploid Brassica napus

Fengming Sun, Boulos Chalhoub, Shengyi Liu
and Wei Hua

Abstract
Allopolyploidy species oilseed rapa
(AnAnCnCn; Brassica napus L.) were formed
in a relatively short time (less than
10,000 years) by hybridization between Bras-
sica rapa (Ar) and Brassica oleracea (Co).
The Brassica species provide an opportunity
to study the evolution of genome organization
over a short timescales. It has been proved that
progenitor A and C genomes are highly intact
in B. napus. Based on the previous study,
small-scale chromosomal changes, like
homeologous exchanges (HEs), were found
to be happened between two subgenomes
using BAC sequencing or physical mapping
methods. With the development of sequencing
technology, the comparative analysis of the
genome-wide level becomes feasible.

Recently, the genome assemblies of two
parental species Ar and Co were both com-
pleted. Therefore, in this chapter, we mainly
discuss the assembly and annotation of the
genome of a winter phonotype of ‘Darmor-bz’
and a semi-winter phonotype ‘ZS11’, and also
investigate the subtle changes of genomic
structures, including segmental and
microstructure (gene order and content)
changes, between the B. napus and its parental
species.

4.1 Introduction

Polyploidy plants are widespread in angiosperms
and reveal some phenotypic advantages during
genome evolution (Leitch and Bennett 1997;
Wendel 2000). Understanding the mechanisms
involved in the structural and functional evolu-
tion of polyploidy genomes is greatly important
to plant biology. Oilseed rapa (Brassica napus
L.; AnAnCnCn, 2n = 38) was a recent allopoly-
ploid species derived from hybridization between
two close Brassiceae species, Brassica rapa
(ArAr, 2n = 20) and Brassica oleracea (CoCo,
2n = 18) in less than 10,000 years ago (Rana
et al. 2004). Both two parental species underwent
several events of whole-genome duplication,
including two triplications and two diploidiza-
tions (� 3 � 2 � 2 � 3). After a combination
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of B. rapa and B. oleracea (� 3�2 � 2�3
2), B. napus has 72 � genome and more gene
content than the origin of angiosperms. Within
the Brassicaceae family, the brassica species are
the most closely related to the Arabidopsis, and
the divergence time was estimated in *20 mil-
lion years ago (Mya) (Yang et al. 1999). The
progenitor species B. rapa and B. oleracea have
been estimated to have diverged time of
*3.7 Mya (Inaba and Nishio 2002). The Bras-
sica species have a relative short evolutionary
time, which is meaningful for studying the
genomic evolution and the organization after
formation polyploidy during a relatively short
time. It has been proved that the progenitor A
and C genomes are essentially intact in B. napus
using genetic mapping methods (Parkin et al.
1995). The organization of B. napus genome has
undergone a series of segmental or genome-wide
duplicates events, chromosomal rearrangement,
gene fractionation. It has been proved that
homeologous non-reciprocal transpositions
within B. napus are great affect genetic changes
and are correlated with qualitative changes in the
expression of specific genes and with phenotypic
variation (Gaeta et al. 2007). In microstructure
level, physical mapping approaches show that
natural B. napus appears to show relatively little
change in gene content and order (Rana et al.
2004). Based on the previous study, genome
organization (segmental variation, gene frac-
tionation, or single-nucleotide variation) during
polyploidization in genome-wide level has not
been reported. Due to the limitation of genome
assembly, many studies have been performed
based on BAC clones sequencing or other tech-
nologies that have no ability to cover
whole-genome level such as genetic or physical
mapping (Rana et al. 2004; Parkin et al. 1995;
Cheung et al. 2009; Park et al. 2005). Therefore,
a relatively complete genome of B. napus is
necessary to trace the chromosomal changes. In
this chapter, we mainly discuss the assembly of
whole genome of a winter type of ‘Darmor-bzh’
(Chalhoub 2014) and a semi-winter type of
‘ZS11’ (Sun et al. 2017), annotation of the gen-
ome, and the evolutionary processes shaping the

structure of polyploid genomes over relatively
short timescale.

4.2 Genome Assembly of B. napus

4.2.1 Background of Assembly
for Allopolyploid

As the allopolyploid plant genomes are always
large and contain highly homeologous sub-
genomes, high-quality assembly of genomes is
still a challenging task. Many genomes of diploid
animals and plants have been successfully
assembled using whole-genome shotgun
(WGS) approach based on the next-generation
sequencing technology (NGS). Although NGS is
a cost-effective approach to large-scale sequenc-
ing, which also can provide an opportunity to get
access to perform whole-genome comparative
studies, relatively short read length and insert
size of WGS libraries makes it is difficult to
assemble the complicated genome regions, like
highly duplicated and highly heterozygous seg-
ments. Therefore, in order to conquer such defi-
ciencies, combination methods of integrating
different sequencing platforms have been applied
to improve the quality of assembly, such as
combination of WGS and the Sanger sequencing
technology, combing of WGS and bacterial
artificial chromosome (BAC)-end sequences
technology. Previous study revealed that the
quality of assembly is greatly improved by using
combination method than only WGS. Based on
WGS approach, a draft assembly representing
9.1-gigabase of total 16-gigabase genome of
monocotyledonous allohexaploid Triticum aes-
tivum (AABBDD) had been reported before
assembly of B. napus (Chapman 2015). Due to
the huge genome size and limitation of
sequencing technology, the assembly of T. aes-
tivum is dissatisfactory. Recently, the allote-
traploid Gossypium hirsutum L. TM-1 (AADD)
was successfully assembled by two different
groups through integrating whole-genome shot-
gun reads and bacterial artificial chromosome
(BAC)-end sequences, which obtained genome

88 F. Sun et al.



size of about 2.2 and 2.4 Gb, respectively (total
estimated is *2.25–2.43 Gb) (Li et al. 2015;
Zhang et al. 2015). Although the combination is
effective to assembly the highly duplicated sub-
genomes of polyploidy, it is still a time-
consuming and money-consuming method.

4.2.2 Strategy for Sequencing
and Assembly of
‘Darmor-bzh’

The methods were designed by the ‘Darmor-bzh’
genome article. The sequencing of B. napus
genome was expected to face great difficulties in
differentiating the An and Cn homeologous sub-
genomes. Fortunately, B. rapa and B. oleracea
have been successfully assembled through WGS
methods, which provided an opportunity to dis-
tinguish two subgenomes, and also distinguish
the duplicated segments resulted from genome
triplication or mesoploidy of B. napus (Wang
et al. 2011; Liu 2014; Parkin 2014). The
homozygous B. napus genome of European
winter oilseed cultivar ‘Darmor-bzh’ was selec-
ted to be sequenced (Chalhoub 2014). Different
sequencing platforms were used in the process of
assembly, including Sanger BAC-end sequenc-
ing (*7.8�), GS FLX Titanium 454 sequencing
that included long reads of 700 bases (*21.2�),
as well as the Illumina SBS technology
(*53.9�). In addition, about 5 � 454 sequenc-
ing data of B. rapa (‘Chiifu’) or B. oleracea
(‘TO1000’) were used to distinguish the A and C

subgenomes. Finally, about 849.7 Mb with
scaffold N50 size of 763.7 Kb, accounting 75%
of estimated genome size of 1130 Mb, was
obtained, and total 18,288 of 20,702 scaffolds
were successfully assigned to either the An

(8294) or the Cn (9984) subgenomes (Table 4.1).
In order to construct a combined genetic

linkage map with a high quality, three popula-
tions of ‘Darmor-bzh’ � ‘Yudal’ (DY), ‘Darmor’
� ‘Bristol’ (DB), and ‘Avisol’ � ‘Aburamasari’
(AA) were used to develop single-nucleotide
polymorphism (SNP) markers by using the Infi-
nium 20K BeadChip (Illumina). For DY popu-
lations, a total of 5738 genetic bins were
developed and covered 2807 cM. Correspond-
ingly, the genetic maps of DB and AA popula-
tions contained 2350 and 2692 genetic bins,
covered 1959 and 4048 cM, respectively (Chal-
houb 2014). Taking the genetic map of DY
population as reference, we next integrated the
DB and AA map step by step using BioMercator
V4.2 program (Arcade et al. 2004). Final con-
sensus map contained 7287 bins and covered
2881 cM. Through allele sequence matching,
384 anchored scaffolds were aligned with 19
pseudochromosomes including A01–A10
A-subgenome and C01–C09 C-sungenome. As a
result, 712.3 Mb (84%) of the genome was suc-
cessfully anchored and the other unanchored
scaffolds were also grouped based on marker
alignment with genetic maps and orthologous
alignment with parental genomes. The anchored
Cn subgenome (525.8 Mb) is larger than the An

subgenome (314.2 Mb) consistent with the size

Table 4.1 Comparison of the assembly results between ‘ZS11’ and ‘Darmor-bzh’

‘ZS11’ ‘Darmor-bzh’

Contig Scaffold Contig Scaffold

Size (bp) Size (bp) Number Size (bp) Number Size (bp) Number Size (bp) Number

N90 10,208 23,955 163,802 1654 6338 22,223 29,731 2586

N80 17,270 17,188 275,878 1202 13,999 14,562 109,022 1043

N50 39,572 6846 602,215 495 38,893 5319 763,688 299

Longest 343,759 – 2,872,714 – 349,037 – 5,197,798 –

Total size 910,856,700 – 976,047,003 – 738,357,862 – 848,760,698 –
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of assembled Co genome of B. oleracea (540 Mb
of total*630 Mb) and the Ar genome of B. rapa
(312 Mb of total *530 Mb).

4.2.3 Strategy for Sequencing
and Assembly of ‘ZS11’

The methods were designed by the ‘ZS11’ gen-
ome article. For the semi-winter type B. napus
cultivar ‘ZS11’ (Sun et al. 2017), genomic DNA
was isolated using standard techniques and nine
libraries with insert sized of 180 bp, 250 bp,
500 bp, 800 bp, 2 kb, 5 kb, 10 kb, 20 kb, or
40 kb were constructed. All of the libraries were
sequenced using the Illumina HiSeq 2000
sequencing platform (Illumina). In total, 137 Gb
of high-quality reads were retained for assembly.
In order to improve the quality of the assembly, a
BAC-to-BAC strategy was also applied in the
process of assembly. In total, 59,904 BAC clones
with an average insert size of 120 Kb were cre-
ated for Illumina sequencing. For each BAC
clone, two paired-end libraries with 250-bp or
500-bp inserts were constructed for the HiSeq
2000 sequencing platform. Each BAC clone was
sequenced to >118-fold coverage, representing
>851 Gb of data on average.

In general, a BAC-to-BAC sequencing strat-
egy was mainly used to assemble the ‘ZS11’
genome, and the NGS data were used to improve
the assembly. Each BAC was assembled using
SOAPdenovo (Version2) (Li et al. 2010). All
assembled scaffolds of WGS BAC sequences
were then pooled for overlap-layout-consensus
assembly. Identical sequences were merged, and
redundant bases were filtered out. All
super-contigs obtained from overlap-layout-
consensus assembly were linked to final scaf-
folds using the WGS-based long-insert library
reads (2–40 kb) step by step using SSPACE
(Boetzer et al. 2011). To fill gaps (regions com-
prised of ‘N’ bases) within the scaffold, all
WGS-based short-insert library reads were
mapped to the scaffold. Short reads were locally

assembled to fill the gaps. All scaffolds were then
anchored to pseudochromosomes. Five genetic
maps of B. napus were collected firstly, including
‘ZS11’ � ‘73290‘ (Z7) (Li et al. 2014), ‘Dar-
mor-bzh’ � ‘Yudal’ (DY) (Chalhoub et al.
2014), ‘GH06’ � ‘P174’ (GP) (Liu et al. 2013),
‘Tapidor’ � ‘Ningyou7’ (TN) (Zhang et al.
2016), and ‘M083’ � ‘888-5’ (M8), and then
merged using ALLMAPS (Tang et al. 2015). Our
strategy resulted in *976 Mb of genomic
sequence with a scaffold N50 of 602.22 kb and a
contig N50 of 39.57 kb (Table 4.1). The
anchored Cn subgenome (520.24 Mb) was larger
than the An subgenome (334.74 Mb), which also
coincided with the sizes of the assembled gen-
omes of ‘Darmor-bzh’ (anchored with ordered
and non-ordered, An: 314.2 Mb, Cn: 525.8 Mb)
(Chalhoub et al. 2014), and ‘Tapidor’ (An:
246 Mb, Cn: 381 Mb) (Bayer et al. 2017).
The BUSCO assessment of two assembles
showed that ‘ZS11’ assembly has fewer missing
and fragmented genes than that in ‘Darmor-bzh’
(Sun et al. 2017) (Table 4.1).

4.2.4 Genome Syntenic Analysis
and Homeologous
Exchanges in B. napus

A total of three types of B. napus have been
sequenced by now, including two winter types of
‘Darmor-bzh’ and ‘Tapidor’ (Bayer et al. 2017),
one semi-winter type of ‘ZS11’. Three genomes
revealed a high collinearity (Figs. 4.1, 4.2 and
4.3). For details, the ‘Darmor-bzh’ and ‘ZS11’ had
more orthologous with 75,788 gene pairs, ‘Dar-
mor-bzh’ and ‘Tapidor’ had 60,936 gene pairs, and
‘Tapidor’ and ‘ZS11’ had 58,534 gene pairs.

Homeologous exchanges (HEs) are frequently
happened in two B. napus subgenomes and range
in size from big segments to SNPs (Udall et al.
2005; Wang and Paterson 2011). At the chro-
mosomal segment level, HEs were characterized
by the loss of a segment of chromosome that was
replaced by a corresponding homeologous region

90 F. Sun et al.



(homeologous non-reciprocal translocations;
NHRT). For B. napus, more than 15 HEs were
identified using mapping sequencing reads to
progenitor genomes and some of them were
shared with other seven different diverse B. napus

genotypes (Chalhoub 2014; Sun et al. 2017).
Functional enrichment suggests that glucosino-
late biosynthesis (p-value = 0.006) and plant
hormone signal transduction (p-value = 0.02) are
signally enriched in Cn to An HEs, while steroid

Fig. 4.1 Syntenic blocks between ‘ZS11’, ‘Darmor-bzh’,
and ‘Tapidor’. Genome-wide syntenic alignments could
identify large chromosomal rearrangements, segmental
duplicates, and so on. Many segmental of subgenomes of
B. napus have three copies in A. thaliana could be
obviously identified, which consist with the fact that the

brassica species underwent genome-wide triploidization
event after divergence from Arabidopsis (Fig. 4.2). The
genome of B. napus maintains a high colinearity with its
progenitor species. Only few segments happen to be
obviously reversed in chromosome A02, A09, A10, C06,
C07, and C09 (Fig. 4.3)

 A. thaliana
(Chr01~Chr05)

An
   (A01~A10)

A  B  C  D  E  F  G  H  I  J  K L  M  N  O  P  Q  R  S  T  U  V  W  X  
A  B  C  D  E  F  G  H  I  J  K L  M  N  O  P  Q  R  S  T  U  V  W  X  

An
 (A01~A10)

Cn
   (C01~C09)

 (C01~C09)

 A. thaliana
(Chr01~Chr05)

Darmor-bzh Darmor-bzh

ZS11 CnZS11

(a) (b)

Fig. 4.2 Syntenic analysis of the B. napus genome and
the A. thaliana. a, b Collinear relationships between A.
thaliana with the B. napus of ‘ZS11’ and ‘Darmor-bzh’.
Ancestral crucifer blocks (A–X) in A. thaliana are clearly

observed as triplicated copies in genomes of B. napus
[This figure was adopted from the ‘ZS11’ genome article
(Sun et al. 2017)]
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biosynthesis (p-value = 0.006) and zeatin
biosynthesis (p-value = 0.06) are signally enri-
ched in An to Cn HEs. Meanwhile, some impor-
tant genes that related to seed oil content and lipid
composition, nutritionally undesirable erucic acid

and glucosinolates (GSLs), flowering behavior,
and pathogen resistance were also found in some
HE regions that were maintained to optimize
favorable trait of the rapeseed during intensive
breeding (Chalhoub 2014; Sun et al. 2017).
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Fig. 4.3 Syntenic blocks among various Brassicaceae species. Left and right figure is the A and C subgenomes,
respectively [This figure was adopted from the ‘ZS11’ genome article (Sun et al. 2017)]

92 F. Sun et al.



4.3 Genomic Annotations
of B. napus Genome

4.3.1 General Genomic Annotation
Methods

Although annotation pipelines differ in their
details on various projects, they share a common
core set of properties. In general, genome-wide
annotation contains two distinct core ways. In a
first way, the homeologous search, a series of
known sequences, such as expressed sequence
tags (ESTs), proteins, transposable elements
(TEs), are aligned to the target genome, and then
the exact structure and locations of genes or other
elements are predicted based on those known
information. The other important way is ab initio
prediction, where so many different tools or pro-
grams are developed to perform prediction based
on effective algorithms and statistical models
instead of existing sequences. For gene structure
annotation, current pipelines are only focus on the
protein-coding genes, and the results are always
shown some differences due to using different
methods or parameters by different researchers.

4.3.2 Repeat Elements Annotation

The methods were originally designed by the
‘Darmor-bzh’ and ‘ZS11’ genome articles.
Repetitive sequences, including interspersed

repetitive sequences and tandem repetitive
sequences, make up a major part of eukaryotic
genomes especially in most plant genome.
Transposable elements (TEs) of B. napus were
annotated by integrating both of de novo and
homology-based approaches. The local querying
database of TEs was built by three different pro-
grams LTR_FINDER (Xu and Wang 2007),
PILER (Edgar and Myers 2005), and Repeat
Scout (Price et al. 2005), and then the raw
sequences of this database were classified by
RepeatModeler (http://www.repeatmasker.org/
RepeatModeler.html). The software RepeatMas-
ker was used to search TEs against whole genome
based on the existing repeat database Repbase
(Bao et al. 2015) and the local database we con-
structed. As a complementary of homology-based
methods, we performed PepeatProteinMask
(http://www.repeatmasker.org/) to search the
TE-related proteins against the genome based on
existing TE proteins of Repbase. The tandem
repeat elements of B. napus were annotated by
using TRF-finder software. For ‘Darmor-bzh’,
about 37.48% of the genome sequences (318 Mb)
are repetitive sequences (Table 4.2), while only
about 4.01% of them are tandem repeats. For
‘ZS11’, about 49.78% (485 Mb) of the genome
sequences (318.65 Mb) are repetitive sequences,
while only about 5.81% of them are tandem
repeats, which revealed a more repetitive
sequences in ‘ZS11’ that was proved to be the
main reason of longer genomic length of ‘ZS11’.

Table 4.2 Transposable elements (TEs) of B. napus and its parental species

Class B. napus ‘ZS11’ B. napus ‘Darmor-bzh’ B. rapa (Ar) B. oleracea (Co)

Type Length (Bp) % in
genome

Length (Bp) % in
genome

Length (Bp) % in
genome

Length (Bp) % in
genome

DNA 123,665,905 12.67 72,775,042 8.56 26,923,608 9.48 46,493,747 9.51

LINE 66,009,487 6.76 48,441,399 5.70 17,344,782 6.11 31,356,353 6.41

SINE 2,782,466 0.29 892,949 0.11 418,772 0.14 976,450 0.19

LTR 326,032,933 33.40 201,508,020 23.70 43,023,735 15.15 133,866,847 27.39

Other 972,487 0.10 578,371 0.07 201,977 0.07 345,393 0.07

Unknown 10,402,870 1.07 19,574,410 2.30 23,104,332 8.13 14,964,238 3.06

Total 485,999,732 49.78 318,651,235 37.48 101,422,228 35.73 210,551,261 43.09

The results reveal that the ratio of TE contents between B. napus and its parental species is similar (An and Ar, Cn

and Co). Total size of LTR content is significantly different between An and Cn, or Ar and Co genomes
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4.3.3 Gene Annotations
for ‘Darmor-bzh’

The methods were originally designed by the
‘Darmor-bzh’ genome article. Functional genes
of ‘Darmor-bzh’ were identified iteratively using
a combination of homology-based and de novo
prediction algorithms (Chalhoub 2014). (1) Pro-
tein mapping. Proteomes of five species were
collected firstly to perform homology searches,
including Arabidopsis thaliana (TAIR 10), B.
rapa (Wang et al. 2011), B. oleracea (Liu 2014;
Parkin 2014) and O. sativa (plantGBD, release
186). In order to shorten the calculation time of
Genewise (Birney et al. 2004), the proteins were
aligned to genome and extracted the candidate
hits using BLAT (Kent 2002). Each candidate
match was refined using Genewise to confirm the
exact gene structure and the open reading frame
(ORF). (2) De novo prediction. The refined
curate gene models were used to train the
parameters of Hidden Markov Model (HMM) for
ab initio software Geneid (Parra et al. 2000) and
SNAP (Korf 2004) using A. thaliana gene
models, then two programs were used to predict
gene models in Darmor-bzh. (3) Transcriptome
sequence mapping. We firstly collected 643,937
cDNAs and 41,165 unigenes from EMBL and
public URL (http://www.brassica.info/resource/
transcriptomics/BrasEX1s.unigene.public.fasta).
All cDNAs and unigenes were aligned to refer-
ence genome by BLAT to identify the best
matches (identity >90%) and the initial gene
structure. Then, Est2genome software was used
to realign each match to cDNA sequences. In
addition, RNA-Seq reads of major tissue and
developmental stages for Darmor-bzh were
obtained by Illumina technology. We next map-
ped all filtered reads and identified transcript
models by using SOAP2 (Li et al. 2009) and
Gmorse software (Denoeud 2008). Finally, we
obtained 162,177 loci that were clustered from
930,181 models. (4) Integration of all predicted
gene models. Consensus gene set of Darmor-bzh
was obtained by integrating all predicted gene

models using GAZE (Howe et al. 2002). Final
non-redundant gene set contains the total number
of 101,040 genes, which were consisted with the
combination of B. rapa and B. oleracea.
According to three public assemblies, a total
number of 41,174 non-redundancy gene models
predicted in B. rapa accession Chiifu-401-42,
while 45,758 and 59,225 gene models in B.
oleracea accession var. capitata line 02-12 and
accession TO1000, respectively.

4.3.4 Gene Annotations for ‘ZS11’

The methods were originally designed by the
‘ZS11’ genome article. Firstly, the de novo gene
predictors including Augustus (Stanke and
Waack 2003) and Glimmer-HMM (Majoros
et al. 2004) were used to identify candidate gene
models on repeat-masking genomic sequences.
The Hidden Markov Model matrix trained from
A. thaliana was chosen in the prediction process.
Secondly, for homology-based predictions, pro-
tein sequences from five sequenced genomes (A.
thaliana, B. oleracea ‘TO1000’, B. oleracea
‘capitata’, B. rapa ‘Chiifu-401-42’, and B.
napus ‘Darmor-bzh’) were aligned to the B.
napus genome using tblastn (E-value � 1e−5).
Transcript sequences assembled from the
RNA-Seq reads were also aligned to the genome
sequence using blast (identity � 0.95, and cov-
erage � 0.90). All candidate gene regions were
predicted accurately spliced alignments and
accurate gene structures using Genewise (Birney
et al. 2004). Thirdly, we used GLEAN (Elsik
et al. 2007) to integrate data from the two
methods described above and generate a con-
sensus set of genes. Finally, the genome of the
semi-winter type B. napus cultivar ‘ZS11’
includes 101,942 non-redundant genes, which
42,416 (41.61%) and 51,042 (50.07%) genes
could be assigned to the An and Cn subgenomes,
respectively. The gene number of ‘ZS11’ is
similar to that of the ‘Darmor-bzh’ assembly
(101,040).
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4.3.5 Gene Syntenic and Families
Clustering Between
‘Darmor-bzh’ and ‘ZS11’

About 97.35% of the genes in ‘ZS11’ were
homeologous to genes in B. rapa (Ar), B. oleracea
(Co), B. napus ‘Darmor-bzh’, and A. thaliana (Sun
et al. 2017) (Figs. 4.2 and 4.3). Based on homol-
ogy information, 92,668 of the genes (91%) of
‘ZS11’, 86,197 the genes (85%) of ‘Darmor-bzh’,
38,678 of the genes (94%) of Ar, 39,786 of the
genes (87%) of Co (‘capitata’), and 50,104 of the
genes (85%) of Co (‘TO1000’) could be further
clustered into OrthoMCL gene families (Li et al.
2003). A total of 43,521 families shared between
‘ZS11’ and ‘Darmor-bzh’ represent potential core
gene families in B. napus (all these families were
also supported by the raw reads of ‘Tapidor’).
Chi-squared tests showed that only 10 families
differed in gene number between the two cultivars
(p < 0.01), which was indicative of a high degree
of gene number conservation between ‘ZS11’ and
‘Darmor-bzh’.

4.3.6 Gene Families Clustering
Between B. napus and Its
Parental Species

Due to a highly conserved relationship between
‘ZS11’ and ‘Darmor-bzh’, we here selected
‘Darmor-bzh’ as the B. napus for the next anal-
ysis. A total of 91,167 genes showed highly
homeologous with the parental species B. rapa
and B. oleracea. Meanwhile, two subgenomes of
B. napus are largely gene colinear to the corre-
sponding diploid Ar and Co, 34,255 of total
42,320 genes and 38,661 of total 48,874 genes,
respectively. More than 80% of gene families
(38,622 of total 47,659 families), amounting to
75,947 genes, are shared by two parental species
using OrthoMCL (Li et al. 2003) clustering
methods (Fig. 4.4). Gene functional enrichment
analysis for 9037 specific families show that five
pathways, ribosome (p-value = 4.17e−17),
oxidative phosphorylation (p-value = 2.07e–12),
spliceosome (p-value = 7.68e−07), and photo-
synthesis (p-value = 4.37e−03), are significantly

enriched (p-value � 0.01). Meanwhile, ribo-
some biogenesis in eukaryotes (p-value = 8.14e
−17), RNA degradation (p-value = 4.33e−08),
and glucosinolate biosynthesis (p-value = 1.19e
−02) are significantly enriched in parental spe-
cies. The results show that B. napus underwent
different gene retention during intensive breeding,
such as to decrease nutritionally undesirable
erucic acid and glucosinolates (GSLs). In B.
napus, GSLs are unpopular in the seed because of
the toxicological effects of their products, which
severely hinder the use of the seedcake (Wittkop
et al. 2009). Due to the defects of breakdown
products, the GSL content of B. napus has been
decreased from 60–100 to 10–15 lmol/g during
decades of breeding (Nesi et al. 2008).

4.4 Conclusion

A whole genome of B. napus was successfully
assembled using a combination strategy. The
progenitor Ar and Co genomes are relatively
intact in B. napus, and there are small scales
chromosomal organization changes after forma-
tion of B. napus, including some obviously
segmental inversion and homeologous exchanges
(HEs). Some genes that related to dominant
agronomic trait were found to be participant in
HEs, like genes that related flowering behavior,
and pathogen resistance. Most gene families are
shared by B. napus and its progenitor, and only
small ratio families that are specific existed
in those species, such as glucosinolate

B. napus

B. rapaB. oleracea

20972

645311197

9037

14314790
681

Fig. 4.4 Gene families clustering among three-related
species
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biosynthesis-related genes, are significantly
enriched in parental species, which may be the
results of human selection during long-breeding
activities because the GSL is harmful to the
nutrition of oilseed. Although this preliminary
analysis is not enough to reflect all genome
organization changes, these findings will surely
bring us inspirations, and a complete genome of
rapeseed will also provide a solid foundation for
future study.
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5From Alpha-Duplication
to Triplication and Sextuplication

Haibao Tang, Xingtan Zhang, Chaobo Tong,
Boulos Chalhoub, Shengyi Liu and Eric Lyons

Abstract
The Brassica napus is a truly great genome for
the study of genome and gene family evolution,
with a rich history of past whole-genome
duplication (WGD) events. The genome has
undergone a total of 5 rounds of duplications
since the common ancestor with the basal
angiosperm Amborella. This level of genetic
redundancy is unparalleled by any other flow-
ering plant genome that was sequenced prior to

the release of the B. napus genome assembly.
Three recent WGDs that occurred within the
lineage of Brassicaceae are of significant value
to polyploid research, namely the ‘alpha’
duplication event, the Brassica triplication
and B. napus allotetraploidization. These
events occurred at different evolutionary times
and are representatives of paleo-polyploidy,
meso-polyploidy, and neo-polyploidy, respec-
tively. Studies of evolutionary changes and
transcriptional regulation of duplicate genes
derived from these WGD events have led to
groundbreaking discoveries in the dynamics of
polyploid genomes, including genome reorga-
nization, gene fractionation (loss of duplicated
genes), and genome dominance. These break-
throughswere largely facilitated by a number of
innovations in computational methods, data-
bases, and interconnected cyberinfrastructure
that are devoted to plant comparative genomics
research. With its genome now fully deci-
phered,B. napus continues to be one of themost
important model organisms in post- polyploidy
genome evolution research.

5.1 Genome Duplication
and Polyploidy

Whole-genome duplications (WGDs) are promi-
nent and recurring features during the evolution of
flowering plant genomes (Bowers et al. 2003;
Tang et al. 2008, 2010).WGDs can induce genome
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instability, as characterized by massive gene
rearrangements, losses, and genome reorganiza-
tion (Wolfe 2001). Initially following polyploidy,
many of the gene redundancies are retained, pro-
viding a wealth of new genetic materials for
developing novel and modified functions. Three
evolutionary outcomes are possible for duplicated
genes: the initial functions divided in the daughter
copies (subfunctionalization), novel functions
acquired (neofunctionalization), or function lost in
one of the redundant gene copies (nonfunctional-
ization) (Force et al. 1999).

Conserved synteny is the conservation of gene
contents and order between chromosomes with a
shared evolutionary history and is often used to
describe relationships between different gen-
omes, but can also be used to describe such
patterns within the same genome (Tang et al.
2008). Conserved synteny is evident when large
sets of genes or genomic features are preserved in
close proximity and often in the same order and
orientations (also known as ‘collinearity’) (Tang
et al. 2008). Recursive genome duplications
generate multiple collinear gene patterns within a
genome, which are derived from a single ances-
tral region, and are evident in syntenic compar-
isons both within and between plant genomes.
Such collinear patterns of gene arrangements
underlie most of the computational methods to
identify the duplicated genes that originated from
WGD events (Lyons and Freeling 2008; Tang
et al. 2008, 2010, 2011).

Brassica napus has been one of the most
important taxa for the study of polyploids and is
considered a hallmark for polyploidy research
(Chalhoub et al. 2014). Autopolyploids refer to
the taxa having two or more haploid sets of
chromosomes (‘subgenomes’) derived from the
same species, where subgenomes from
allopolyploids, such as B. napus, are derived
from different, diverged species. The ‘triangle of
U,’ initially proposed in 1935 by Korean–Japa-
nese botanist Woo Jang-choon, stated that pair-
wise mergers between the diploid Brassicas
(Brassica rapa AA, B. nigra BB, and Brassica
oleracea CC) created three allotetraploid veg-
etables and oil crops, including B. juncea

(AABB), B. napus (AACC), and B. carinata
(BBCC) (Chalhoub et al. 2014).

The B. napus has experienced a number of
WGDs in its lineage, giving rise to a genome
with *72� more redundancy than the basal
flowering plant Amborella. The recurring WGDs
include two genome triplications and three gen-
ome doublings, giving rise to a 72�
(72 = 3 � 2 � 2 � 3 � 2) genome (Chalhoub
et al. 2014) (Fig. 5.1). Herein, we review three
relatively recent rounds of genome duplications
that are of particular evolutionary significance in
the lineage of B. napus. The three genome
duplications include the alpha event occurred
50–65 million years ago (Bowers et al. 2003),
the Brassica genome triplication event occurred
24–29 million years ago (Moghe et al. 2014) and
the genome merger event that gave rise to B.
napus occurred 7500 thousand years ago (Chal-
houb et al. 2014). These WGD events occurred at
different times and are representatives of
paleo-polyploidy, meso-polyploidy, and
neo-polyploidy, respectively. The chronological
gradient in WGDs along with distinct gene
duplicates of different ages represents unique
materials for understanding the patterns and
mechanism of polyploid evolution.

5.2 Brassicaceae Alpha Event

The Bowers et al. (2003) study of WGDs within
the Arabidopsis genome was groundbreaking in
polyploidy research (Bowers et al. 2003). The
study uncovered unambiguous evidence that
Arabidopsis, a modern-day diploid genome, was
not only an ancient polyploid (‘paleo-polyploid’)
but had been impacted by three WGDs in its
lineage (Bowers et al. 2003). While dating of the
three WGDs was later revised and refined, the
occurrence and nature of these WGDs were
proven to be accurate by the comparisons of
many flowering plant genomes (Bowers et al.
2003; Jaillon et al. 2007; Tang et al. 2008; The
Tomato Genome Consortium 2012). The most
recent event, coined ‘alpha’ (a) event, occurred
in the shared lineage of Brassicaceae; the b

100 H. Tang et al.



event, occurred within Brassicales, but not
affecting the papaya linage; the deepest c event
occurred in the shared lineage of core eudicots
(Fig. 5.1).

The alpha (a) WGD event, being the most
recent event among the three WGDs in the
Arabidopsis lineage, immediately spurred pro-
gress in theoretical works on paleo-polyploid
research. Approximately 90% of the Arabidopsis
genes are found to be contained in a duplicated
blocks and 28.6% of the genes have a retained
pair (Thomas et al. 2006). The retained gene
duplicates are enriched in regulatory functions
including members of proteasome, signal trans-
duction machinery, and transcription factors.
This has lent support to the ‘gene balance
hypothesis,’ which predicts that genes that are
highly connected are more likely to be retained
following polyploidy (Freeling 2009; Thomas
et al. 2006). The surviving a duplicates were also

found to be clustered in the metabolic network,
suggesting an association between duplicate
retention, reactions with high metabolic flux, and
dosage constraints of gene products (Bekaert
et al. 2011).

5.3 Brassica Genome Triplication

Following the a event shared with Arabidopsis,
the diploid Brassica species experienced a hex-
aploidy event in the Brassicaceae lineage after its
divergence from Arabidopsis. This genome trip-
lication was first suggested based on early com-
parative mapping studies (Parkin et al. 2003,
2005). The triplicated, ancestral Brassica blocks
in relation to the corresponding Arabidopsis
blocks (numbered A through X) are commonly
referred to as ‘Parkin blocks’ (Parkin et al. 2003,
2005). The same genome triplication was

Time before present (million years)

NeogenePaleogeneCretaceousJurassic

Amborella

grape

papaya

Arabidopsis

Raphanus

apar acissarB

supan acissarB

aecarelo acissarB

γ

β α

WGD

B

N

B

N

Brassicaceae triplication

B. napus allotetraploidy

Fig. 5.1 Dating of whole-genome duplication
(WGD) events in the lineage of Brassica napus in
relationship to selected flowering plant taxaCircles

represent known WGDs identified previously. The phy-
logeny and divergence time between taxa were derived
from (Magallon et al. 2015; Moghe et al. 2014)
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inferred to have occurred in the shared lineage of
Brassicinae, Moricandiinae, Raphaninae, and
other subtribes of Brassicaeceae (Lysak et al.
2007).

The genome sequence of B. rapa confirmed
this genome triplication event (chronologically
speaking, a ‘meso-polyploidy’ event), that
occurred in the common ancestor of all Brassica
species. The B. rapa genome can be partitioned
into triplicated blocks when compared to Ara-
bidopsis, with each Parkin block showing up to
three matching regions in B. rapa (Fig. 5.2). The
initially near-identical subgenomes generated by
the whole-genome triplication events did not
fractionate equally, and each subgenome has a
relatively consistent bias in the proportion of
genes lost following polyploidy. For B. rapa,
subgenome LF (least fractionated) has retained
almost two thirds of A. thaliana orthologous
genes, while subgenomes MF1 (medium frac-
tionated) and MF2 (most fractionated) have
retained significantly fewer genes (Wang et al.
2011) (Fig. 5.2). While detailed patterns of the
Brassicaceae genome triplication was first com-
prehensively studied in B. rapa, the genomes of

B. oleracea (Liu et al. 2014; Parkin et al. 2014)
and wild radish (Moghe et al. 2014) indepen-
dently validated the observed triplicated genomic
patterns—one subgenome consistently has more
genes retained on it than the other two sub-
genomes. Retained duplicates differed signifi-
cantly from the singleton genes in rates of
evolution, expression patterns, and network
connectivity, providing a foundation for a sta-
tistical model for the predicting the likelihood of
retention after the shared Brassica triplication
event in both Brassica and Raphanus (Moghe
et al. 2014) (Fig. 5.1).

5.4 Brassica napus Allotetraploidy

Brassica napus genome provides a unique
opportunity to study the dynamics after WGD
following recent genome merger events
(‘neo-polyploidy’). The availability of the tetra-
ploid genome as well as its diploid progenitors
allow genomic regions to be unambiguously
aligned and compared—using both synteny- and
sequence-based approaches. Structural

Fig. 5.2 Syntenic dot plot between Brassica rapa (x-
axis) and Arabidopsis thaliana (y-axis), illustrating
triplicated blocks in BrassicaSyntenic blocks are colored
based on the differences in fractionation—red (most

fractionated MF2), green (medium fractionated: MF1),
and blue (least fractionated: LF) (Wang et al. 2011). The
“Parkin blocks” (Parkin et al. 2005), numbered A–X, are
shown to the right of the plot
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differences between the progenitor genomes and
tetraploid B. napus revealed patterns of gene loss
as well as homeologous chromosomal exchange,
after extensive care in identification and valida-
tion of such genomic events (Chalhoub et al.
2014).

The B. napus An and Cn subgenomes are
largely collinear with the two progenitor diploid
genomes of B. rapa (Ar) and B. oleracea (Co),
respectively. With the exception of a few small
regions that failed to be incorporated into the
pseudomolecules and several regions that appear
translocated, gene contents and order on B. napus
chromosomes are generally very similar to those
on the corresponding chromosomes of the
diploid progenitors. Much of the diploid pro-
genitor gene space were contained within
orthologous synteny blocks to the tetraploid B.
napus (Chalhoub et al. 2014). A list of 47,080
‘quartet’ orthologous families was compiled that
collectively contain genes from progenitor gen-
omes B. rapa and B. oleracea (Ar and Co) and
two subgenomes in B. napus (An and Cn), on the
basis of synteny as well as reciprocal best-hit
evidence for genes located on the unplaced
scaffolds due to fragmented genome assembly
(Chalhoub et al. 2014). Each ‘quartet’ family
contains at most one gene from each of Ar, Co,
An, and Cn. The curated quartet list provides all
possible 9 cases of orthology and homeology
between Ar, Co, An, and Cn (Fig. 5.3). A total of
27,360 fully retained quartets Ar-Co-An-Cn were
identified (Case 9), while all other instances
represented potential gene loss (Fig. 5.3).

As the progenitor genomes and B. napus
genome were sequenced, assembled and anno-
tated using different methods, an exhaustive
search and classification method beyond the
simple ‘quartet’ analysis was applied for dis-
covering gene loss at the DNA sequence level
with high confidence. True gene loss was iden-
tified and sequentially validated using three
approaches. First, all missing syntenic genes for
which BLASTN matches were found at orthol-
ogous positions with no annotation, or where a
gene could be predicted if the same annotation
method was used, or those that are at orthologous
positions but not retained by the synteny search
criteria, were all invalidated with visual aid from
CoGe tools (Fig. 5.4). Following this stringent
analysis, 663 candidate lost genes were identified
in the B. napus assembly as compared to the
corresponding parental genomes. This putative
B. napus missing genes were carefully checked
for confirmation based on sequence coverage
from raw genomic reads. The read coverage
confirmed the deletion of 176 genes, 71 of which
(*35%) constitute segments of two to four
adjacent deleted genes that represent segmental
rather than individual gene losses. Finally, PCR
validation by non-amplification of a subset of
those inferred deleted genes confirmed 22 out of
23 genes in B. napus, whereas they could be
amplified in the corresponding parents B. rapa
and B. oleracea (Chalhoub et al. 2014). The
three-tiered approach represented the most dili-
gent efforts for validation of gene losses reported
in any genome study (Chalhoub et al. 2014).
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Ar Co

An Cn

Case 2 
7749
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27360

Fig. 5.3 All nine possible
gene retention cases (red
lines) of the quartet genes
between B. rapa
(Ar genome), B. oleracea
(Co genome), and B. napus
(An and Cn subgenomes)
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5.5 Biased Fractionation

Despite the initial expansion of gene numbers
immediately following WGDs, most lineages
have since experienced drastic gene loss (gene
fractionation), genome down-sizing, and ulti-
mately genomic ‘diploidization’ (Wolfe 2001).
Diploidization was often facilitated by gene
fractionation, where each homeologous region
retains a ‘fraction’ of the ancestral gene contents
(Langham et al. 2004; Thomas et al. 2006).
During the fractionation process, many gene
copies with redundant functions, and whose
product levels were not under stringent control,
tend to be lost (Freeling 2009; Langham et al.
2004; Thomas et al. 2006). Gene fractionations
often result in a reduction of gene family mem-
bers that largely offsets the initial expansion from
WGDs. Several theoretical models were

proposed to suggest the molecular mechanism of
gene fractionation. One mechanism, with support
from empirical data, is through sequence deletion
in relatively small sequence chunks, or ‘bites’
(Tang et al. 2012; Woodhouse et al. 2010). In B.
rapa, the fractionation mechanism was shown to
be predominantly short deletions, probably via
intra-chromosomal recombination at direct
repeats, and not nonfunctionalization by ran-
domization of sequence through nucleotide sub-
stitutions (Tang et al. 2012). This is in stark
contrast to the mode of gene loss in mammalian
genomes, where pseudogenes appear to have a
larger contribution to the process of gene
removals (Woodhouse et al. 2010).

Gene deletions following the a event, Bras-
sica triplication, and allotetraploidy in the B.
napus lineage were well studied in past investi-
gations (Chalhoub et al. 2014; Moghe et al.
2014; Parkin et al. 2014; Thomas et al. 2006;

B S NS

Gene loss coincide with gap

(a)

(b)

Fig. 5.4 CoGe validation of various categories in com-
paring gene structures between diploid (B. rapa and B.
oleracea) and tetraploid (B. napus) orthologsa Examples
showing each of the category B, S, and NS (B: has
syntenic ortholog; S: has syntenic sequence match
without a gene model in B. napus; NS: has nonsyntenic

sequence match), CoGe link: http://genomevolution.org/
r/93qq; b Example showing a potential gene loss which
coincides with an assembly gap that was invalidated in
our stringent pipeline. CoGe link: http://genomevolution.
org/r/93s2
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Wang et al. 2011). Indeed, the phenomenon of
fractionation bias was first discovered in the
analysis of alpha duplicates in the Arabidopsis
genome (Thomas et al. 2006). The subgenome
with more retained homoelogs shows consistent
‘dominance’ over the other subgenomes.
A two-step fractionation hypothesis was sug-
gested to explain the biased fractionation fol-
lowing the Brassica triplication event. The least
fractionated genome, subgenome LF, was pos-
tulated as the last genome among the three sub-
genomes that entered the hypothesized
‘two-staged’ genome triplication event (Tang
et al. 2012).

While many genomes undoubtedly show
varied fractionation bias from one subgenome
over another, exceptions to this bias still exist in
some polyploidy lineages. For example, a close
relative of Arabidopsis and Brassicas is Came-
lina. The Camelina genome has a genome trip-
lication in its lineage, which is unrelated to the
Brassica triplication. However, the genome
structure of Camelina is highly undifferentiated,
showing no evidence of biased fractionation
among the triplicated blocks (Kagale et al. 2014).
Similarly, no apparent fractionation bias is
observed in the B. napus genome during the
allotetraploid event (Chalhoub et al. 2014), pos-
sibly due to the relatively young age and an early
stage in gene fractionation.

5.6 Transcriptional Bias
and Genome Dominance

Expression correlations between gene duplicates
provide useful metrics to indicate functional
divergence, complementing the sequence diver-
gence. Cases of functional divergence as mea-
sured by tissue expression between duplicate
genes in Arabidopsis were identified, with each
homeolog participating in parallel networks
(Blanc and Wolfe 2004). For duplicates genes
that are retained in the same network, the level of
gene expression differs between the duplicates in
a nonrandom manner. When gene expression
across duplicated genomic regions is compared
with their respective gene deletion bias, the

under-fractionated subgenome expresses its
genes to a higher mRNA level than does the
other subgenomes, showing substantial deviation
from parental additivity (Parkin et al. 2014;
Schnable et al. 2011; Wang et al. 2011; Wood-
house et al. 2014). Non-additivity in gene regu-
lation can be shown in three ways: (1) polyploid
expression similar to parents (dominance);
(2) polyploid expression lower or higher than
parents (transgression); (3) biased expression
between the homeologs (Yoo et al. 2014). The
non-additive homeolog-specific expression is
genetically similar to allele-specific expression in
diploid organisms and may provide a link
between hybrid vigor and polyploid vigor (Chen
2010).

In B. rapa, subgenome LF expresses its genes
to a higher level than does either subgenome
MF1 or MF2 (Wang et al. 2011). The difference
has persisted through millions of years following
the initial genome duplication event (Tang et al.
2012). The same trend is also seen in its close
relative B. oleracea, where the cytosine methy-
lation levels of the three subgenomes are also
substantially differentiated, suggesting an
important role of cytosine methylation in the
functional diversification of duplicated genes,
perhaps serving as epigenetic ‘marks’ that
maintain the differentiation between subgenomes
over time (Parkin et al. 2014). More recently,
Woodhouse et al. found that 24-nt small RNA
(smRNAs) preferentially target MF1 or MF2
subgenomes, indicating that silencing of trans-
posons near genes causes position-effect down-
regulation in a similar manner analogous to a
‘rheostat’ (Woodhouse et al. 2014). This key
observation has led to the best model proposed
thus far to explain genome dominance in poly-
ploids, as well as proposing testable solutions to
heterosis and the C-value paradox (Woodhouse
et al. 2014).

In the allotetraploid B. napus, RNA-Seq-
based analyses showed that for the majority of
the gene pairs (58.3% of the homeologs), An and
Cn homoeologs contribute equally to gene
expression in root and leaf. Biased gene expres-
sion was observed where the An homoeolog
contributed more than the Cn homeolog for
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15.7% of the gene pairs; similarly, 17.3% of the
gene pairs were found where the Cn homoeolog
contributed more than the An homoelog in both
tissues (Chalhoub et al. 2014). No evidence for
pronounced genome dominance was observed
within the B. napus genome, although there are
slightly more gene pairs where the Cn homoeolog
contributes more than the An homoeolog in both
tissues (Chalhoub et al. 2014). A typical exem-
plar region from B. napus is shown in Fig. 5.5,
where expression values, as measured in RPKM,
are simultaneously compared between
homeologs.

5.7 Computational Infrastructure
to Study Genome Duplication,
Fractionation and Dominance

A key prerequisite for study of WGD events and
subsequent fractionation and dominance is an
accurate compilation of duplicated genes that are
distinctly originated from a specific event. The
‘specificity’ of the gene pairs is important for
making robust evolutionary inference. The
computational pipeline for identifying these gene
duplicates and associated events is a natural

chrA02
23.5-24.6Mb

chrC02
44.4-45.2Mb

root

leaf

root

leaf

RPKM

0 8 16 24 32 40 48 56 64
Fig. 5.5 Example regions showing expression partition-
ing between homeologous gene pairs in Brassica napus
genomeRNA-Seq transcripts were quantified in leaf and
root tissue libraries for each homeologous gene pairs. For
each homeologous gene pair shown in this example, one
gene is from An subgenome (chrA09), and the other gene

is from Cn subgenome (chrC08). Two heat maps—An

genes on top and Cn genes on bottom—show that
expression profiles are largely similar between the
homeologous regions, with several gene pairs showing
expression divergence between An and Cn subgenomes
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extension from a comparative genomics pipeline
that has been heavily engineered in the past few
years, following the initial approach by Bowers
et al. (2003). The comparative genomics pipeline
includes a number of computational steps to
extract, enrich, and visualize conserved synteny
‘signals’ contained in a dot plot (e.g., Ara-
bidopsis vs. B. rapa comparison in Fig. 5.2). The
pipeline has a modular implementation for added
flexibility, with the following components listed
in their order of execution: generating anchors,
filtering anchors, generating blocks by chaining
neighboring anchors, filtering blocks, curating
blocks by adding in additional nearby anchors,
and finally visualizing the blocks.

Due to recursive WGD events in the Brassi-
caceae and many other flowering plant lineages,
extensive filtering of synteny blocks is required
for higher precision to analyze a specific WGD
event without contamination of blocks derived
from older events. The algorithm, QUOTA-
ALIGN, performs depth-based filtering on syn-
teny blocks and can be used to separate blocks
that are overlaid on one another as a result of
recursive WGD events, even when conventional
Ks-based filtering is less effective due to over-
lapping peaks or, for older events, when
third-codon substitutions are saturated (Tang
et al. 2011). For any pairwise genome comparison
combined with QUOTA-ALIGN filtering,
researchers can confidently infer the number of
lineage-specific and shared duplication events.
The ‘quota’ parameter, or the maximum allowed
depth covered by syntenic block, offers a way to
select a subset of blocks derived from a specific
evolutionary event by limiting the number of
times a genomic region is syntenic to regions in
another genome (Tang et al. 2011). Restricting
gene duplicates similarly in self-comparison
allow the separation of gene duplicates of differ-
ent ages and origin. For example, Arabidopsis has
undergone three paleo-polyploidy events. The
synteny blocks, if unscreened, will include mix-
ture of both recent duplicates (a event) and older
duplicates (b and c event) (Bowers et al. 2003).
With QUOTA-ALIGN, we can specify a quota of
1:1 when extracting synteny blocks specifically

from a event within the Arabidopsis genome (see
CoGe links: https://genomevolution.org/r/hkxn
and https://genomevolution.org/r/hkxo).

A number of Web sites and database host
information related to polyploid evolution,
building on similar pipelines as detailed above.
CoGe has a data storage system that allows easy
access to thousands of genomes as well as to
downstream analysis tools such as to GEvo and
SynMap for micro- and whole-genome analysis,
respectively (Lyons and Freeling 2008; Lyons
et al. 2008). GEvo was used extensively for
proofing the gene loss events in B. napus
(Fig. 5.3) (Chalhoub et al. 2014). CoGe’s job
execution framework (JEX) facilitates parallel
processing of queries against multiple genomes.
Plant genome duplication database (PGDD) is a
public database that identifies and catalogs of
plant genes in terms of intra-genomic and
inter-genomic relationships (Lee et al. 2013).
A key advantage of PGDD over other plant
comparative genomics platforms is that the syn-
teny blocks stored in PGDD were carefully
curated by experts, providing the basis for many
studies of gene family evolution and conse-
quences of polyploidy. PLAZA offers queries
and visualization of rich information regarding
gene annotation, families, domains, trees, and
genome organization (Proost et al. 2015). Phy-
tozome serves both as a hub for storing public
releases for many plant genomes and also as a
comparative genomics hub, offering views of
plant genes at levels of sequence, family, and
genome organization (Goodstein et al. 2012).

The development of comparative genomics
web portals, including CoGe, PGDD, PLAZA,
Phytozome, and many others are successful in
bringing about a democratization of bioinfor-
matics research, permiting any researcher to
make novel discoveries through access to geno-
mics data, computational tools, and visualization
systems. Such ecosystem requires the deploy-
ment of modular analysis pipelines that allow
new tools to exploit existing computational
resources, architectures, and curated datasets.
Such portals have leveraged novel algorithmic
approaches and access to high-performance
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computational resources, thereby addressing the
challenge of scales in comparative genomics and
polyploidy research that consist of mostly
multi-dimensional problems.

5.8 Perspective

The study of recurring polyploidies and genomic
changes following these events shows not only
theoretical value, but also has important applica-
tions in the breeding of the B. napus oilseed. The
genome merger has led to the expansion of lipid
biosynthesis genes that greatly exceed other oil-
seed plants. Gene deletions and homeologous
exchanges (HEs) between subgenomes have led to
the reduction of seed glucosinolate (GSL) content.
Genes responsible for the flowering time (FLC)
were greatly expanded from a single copy in Ara-
bidopsis to nine copies in the oilseed genome with
some HEs co-localizing with QTLs for vernaliza-
tion requirements and flowering time. Through
detailed analysis of syntenic gene duplicates, we
can link much of the genomic changes that have
occurred in B. napus to its unique biological,
adaptive, and agronomic traits.ResequencingofB.
napus varieties could reveal additional genome
structuring events that might have been con-
sciously selected for during human cultivation and
improvements.
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6Quantity, Distribution, and Evolution
of Major Repeats in Brassica napus

Nomar Espinosa Waminal, Sampath Perumal,
Shengyi Liu, Boulos Chalhoub, Hyun Hee Kim
and Tae-Jin Yang

Abstract
Repetitive elements (REs) play major roles in
genome organization, size, and evolution, but
are often underrepresented in genome assem-
blies. The recent genome assembly of the
allotetraploid Brassica napus genome revealed
that 48% of the genome comprised REs,
including transposons and tandem repeats. In

the present work, we show the overall quantity
and comparative analyses of major repeat
families in both the assembled and unassem-
bled portions of the referenceB. napus genome.
We surveyed the abundance, distribution,
diversity, and dynamics of ten major REs in
the B. napus genome, which represented less
than 1%of the total 1130 MbB. napus genome
in the current assembly. However, in silico
mapping of raw whole-genome sequence reads
from nine B. napus accessions revealed about
11% of the genome as represented by these ten
repeat families. Comparative analyses of these
major repeats showed their evolutionary
dynamics in the B. rapa (Ar), B. oleracea
(Co), and B. napus (AnCn) genomes as well as a
considerable inter- and intraspecies repeat
diversity among different B. napus accessions.
Cytogenetic mapping of these major repeats
showed their genomic abundance and distribu-
tion, with some families having a conserved
subgenomic distribution pattern in the B. napus
genome. Finally, the impact of genetic changes
to REs and their corresponding epigenetic
readjustments during B. napus evolution are
also discussed in this chapter.

6.1 Introduction

We have come to a pinnacle in the history of
genomics when enormous volumes of nucleotide
sequence information can be gathered cost
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effectively in a short time (Soltis et al. 2013;
Schatz et al. 2012; Zhou et al. 2010), allowing
the genome assembly of many important crop
species at an unprecedented pace and accuracy.
This permits a better understanding of the overall
genome landscape and provides sufficient evi-
dence leading to the negation of the pejorative
‘junk’ status of repetitive DNA fractions in a
genome (Eddy 2012). In contrast, these repeats
are fundamental components for the holistic
function of a cell (Fedoroff 2012; Plohl et al.
2008; Freeling et al. 2015).

Despite advancements in next-generation
sequencing (NGS) technology and assembly
algorithms, efficient genome assemblies of
repetitive sequences are still hindered especially
when using short NGS sequences (Alkan et al.
2011; Claros et al. 2012; Hamilton and Buell
2012). This is even more difficult in plants,
which often harbor abundant repetitive DNA and
experienced various extents of polyploidization,
(for reviews, see Schatz et al. 2012; Claros et al.
2012; Mihai et al. 2002; Renny-Byfield and
Wendel 2014). Due to abundant REs such as
tandem repeats (TRs) and transposable elements
(TE), NGS-based genome assembly causes
shrinkage of the actual repeat copies in a gen-
ome, even down to a few copies in an assembly
(Macas et al. 2007; Alkan et al. 2011; Claros
et al. 2012; Mihai et al. 2002; Schatz et al. 2012;
Tang et al. 2015). Moreover, polyploidy or
whole-genome duplication (WGD) and
small-scale duplications further exacerbate this
challenge by creating duplicate copies of genes
or larger genomic regions. This redundancy
drives mis-assemblies that could occur along
these large-scale duplications (Paterson and
Wendel 2015; Claros et al. 2012).

For example, in the two diploid progenitors of
Brassica napus, B. rapa and B. oleracea, about
40 and 38% of respective genomes have not been
included in pseudo-molecules, mainly due to
REs (Waminal et al. 2015, 2016). Evidently, REs
and polyploidy greatly influence the quality of
genome assemblies and ultimately the acquisition
of high-resolution pseudo-molecules. Although

longer reads are offered by single-molecule, or
third-generation sequencing technologies, they
are still insufficient in resolving mega-base
length tandem repeat regions (Schatz et al.
2012; Schadt et al. 2010). Consequently, densely
heterochromatic regions such as the centromere
and pericentromere have very little representa-
tion, or none at all, in some reference genome
assemblies, even for model plants such as rice
and Arabidopsis (Gao et al. 2015).

Although REs remain largely unassembled
and unexplored in many sequenced plant gen-
omes (Michael and Jackson 2013; Liu et al.
2014; Wang et al. 2011b), it holds a plethora of
information about chromosome and genome
dynamics, gene regulation, genome evolution,
and epigenetic control (Biemont 2010; Biémont
and Vieira 2006; Nowak 1994; Chadwick 2009;
Melters et al. 2013; Mehrotra and Goyal 2014).
Hence, they deserve a fair genome-wide analysis.
Understanding their genomic distribution would
provide a more enhanced comprehension of the
holistic genome landscape and origin. Moreover,
they complement studies in structural and func-
tional genomics (Biemont 2010; Wang et al.
2011a; Choi et al. 2014).

B. napus (2n = 4x = 38, AnAnCnCn genome)
is an allopolyploid oilseed crop that formed
within the past 7,500 years through hybridization
between its progenitor genomes, B. rapa
(2n = 2x = 20, ArAr genome) and B. oleracea
(2n = 2x = 18, CoCo genome). The recent release
of the allopolyploid B. napus genome revealed an
aggregated 72 � genome multiplication since the
origin of angiosperms (Chalhoub et al. 2014).
This advance has provided a suitable foundation
for deeper understanding of the dynamics of its
REs through comparative studies with its pro-
genitor diploid species, B. rapa and B. oleracea.
In the present study, we surveyed the genomic
abundance, chromosomal distribution, diversity,
and dynamics of the major Brassica repeats in
nine B. napus accessions (Table 6.1). We further
discussed the role of epigenetic readjustments and
its interplay with genetic changes in response to
allopolyploidization.
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6.2 Repeats in the Ar, Co, and AnCn
Reference Genomes

Assembled sequences represented 58, 82, and
75% of total genome sizes of 485 Mb, 630 Mb,
and 1130 Mb for B. rapa, B. oleracea, and
B. napus, respectively (Fig. 6.1) (Wang et al.
2011a; Chalhoub et al. 2014; Liu et al. 2014). Of
these sequences, repetitive DNAs represented 23,
41, and 35% for B. rapa, B. oleracea, and
B. napus, respectively (Table 6.2). Relative to
their respective estimated genome sizes, these
values were reduced to 13, 32, and 23%
(Table 6.2 and Fig. 6.1). Non-REs representing
euchromatic regions covered 45, 50, and 52% of
total estimated genome sizes of B. rapa, B.
oleracea, and B. napus, respectively (Fig. 6.1).

Of the repeats in the reference assemblies,
TEs represented the bulk fraction with 97, 96,
and 97% followed by TR with 2, 3, and 2%. The
rest were unclassified sequences (Fig. 6.1).
While retrotransposons (Class I TE) were more
abundant than DNA transposons (Class II TE) in
B. oleracea and B. napus, the reverse was
observed in B. rapa (Table 6.2). Among Class I
TEs, LTR retrotransposons represented the
majority with Ty1/Copia being more abundant
than Ty3/Gypsy in both diploids (4.13 vs. 3.42%
in B. rapa and 10.85 vs. 8.86% in B. oleracea),
while about the same amount was present in B.
napus (8.05 vs. 8.18%). Both diploid progenitors
had different major Class II TEs. Helitrons were

more abundant than CACTA elements in B. rapa
(3.74 vs. 1.94%), but the reverse was observed in
B. oleracea (3.96 vs. 5.55%). Accordingly, both
elements had a similar representation in B. napus
(3.69 vs. 3.83%).

Obviously, a considerable proportion of REs
have not yet been included in the assembled
sequences. In the following sections, we ana-
lyzed the genome proportion of several reported
RE families in the current assembly and in the
total whole-genome sequences (WGS), and we
checked for types of repeats captured in both
assembled and unassembled fractions. The RE
families that were used in this analysis repre-
sented less than 1% of the current assembly;
therefore, the values we obtained in this work
mostly reflect the portions in the unassembled
fraction. While TEs were more abundant in the
assembled fractions, TRs were most prevalent in
the unassembled, representing 41, 47, and 35%
in B. rapa, B. oleracea, and B. napus, respec-
tively (Fig. 6.1).

6.3 The Major Repeats
of the Brassica Genomes

The difficulty in accounting for RE sequences in
genome assembly scaffolds often leaves them in
the ‘hidden fraction’ of a genome. REs can be
subcategorized into dispersed or tandem repeats
based on genomic distribution (Cizkova et al.
2013; Heslop-Harrison 2000; Plohl et al. 2012).

Table 6.1 Summary of Brassica napus accessions used for the survey of major repeatsa

ID Accession/cultivar Origin/type Amounts (Mbp) Genome coverage (x)

Bn-1 Zhongsuang11 Winter rapeseed 2,126.6 1.9

Bn-2 M083 Semi-winter rapeseed 1,273.8 1.1

Bn-3 Aburamasari Asian (Japan) oilseed rape 13,900.7 12.3

Bn-4 Aviso European oilseed rape 8,679.2 7.7

Bn-5 Darmor-bzh European winter oilseed rape 6,029.7 5.3

Bn-6 Siberian kale Kale 13,323.1 11.8

Bn-7 B. napus ‘H165’ Resynthesized 15,928.4 14.1

Bn-8 Rutabaga Swede sensation 14,923.5 13.2

Bn-9 Yudal Asian (Korea) oilseed rape 14,105.3 12.5
aAll the sequences above were provided by Shengyi Liu and Boulos Chalhoub
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Dispersed repeats include TEs, which are
distributed in the entire genome, subgenome, or
specific chromosomal regions (Choi et al. 2014;
Lim et al. 2007). TRs are organized in a
head-to-tail arrangement in distinct chromosomal
regions (Coluccia et al. 2011; Sharma et al. 2013).

Most sequenced plant genomes contain a large
proportion of Class I TE, mostly of the LTR
superfamily (Michael and Jackson 2013). While
up to 50% of TRs (Plohl et al. 2008) has been
reported; the highest representation are mostly
those with centromeric origins (Melters et al.
2013). In this chapter, we focused our survey on
the major repeats representing Class I and Class II
TEs, structural satellite repeats, and housekeeping
ribosomal RNA genes in the B. napus genome.
The analysis of major repeats in its progenitor
genomes provides an enhanced understanding in
choosing major repeat elements for the survey of
the B. napus genome (Waminal et al. 2015,
2016). The major repeats include centromeric

satellite repeats (CentBn1 and CentBn2), rDNA
tandem repeats (5S and 45S), subtelomeric
repeats (BnSTRa and BnSTRb), centromeric
retrotransposon in Brassica (CRB; Lim et al.
2007), pericentromeric retrotransposon specific to
B. rapa (pCRBr; Lim et al. 2007), and dispersed
LTR and TIR elements specific to the B. oleracea
genome, BoCopia and BoCACTA, respectively.

Centromeric repeats of B. napus are catego-
rized into two groups, CentBn1 and CentBn2,
and are homologous to their diploid progenitors
(CentBr1/CentBr2 and CentBo1/CentBo2 from
B. rapa and B. oleracea, respectively) (Perumal
et al. 2017). Collectively, we refer to them as
centromeric repeats of Brassica (CentB). The 5S
and 45S rDNA sequences are conserved among
the Ar, Co, and AnCn. The subtelomeric satellite
repeats, BnSTRa and BnSTRb, have orthologs in
both Ar (Waminal et al. 2015) and Co (Waminal
et al. 2016) genomes. Collectively, we refer to
them as Brassica subtelomeric repeats, BSTRa

Fig. 6.1 Genomic proportions of both the assembled and
unassembled sequences in the Brassica napus and its
diploid progenitors. a Large inner pie chart represents the
estimated total non-repeat genic fraction (yellow slice) and
repeat fraction (brown slice) of B. napus genome. The
outer doughnut chart represents the percentage of assem-
bled (purple slice) and unassembled (black slice) fractions

relative to the estimated genome size of 1130 Mb as
calculated by Chalhoub et al. (2014). Smaller pie charts at
the bottom left and right summarize the REs in the
unassembled and assembled genome fractions, respec-
tively. b, c Same diagrams for B. rapa and B. oleracea,
respectively
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and BSTRb (Perumal et al. 2017). Centromeric
retrotransposon of Brassica (CRB), a Ty1/copia
LTR retrotransposon, which is mostly associated
with heterochromatic regions and is intermingled
with CentB (Lim et al. 2007) in the Oleracea
lineage (Ar and Co) chromosomes, remained
conserved in the AnCn genome. Sequences of
genome-specific transposons such as the peri-
centromeric retrotransposon of B. rapa (pCRBr),
B. oleracea Ty1/Copia retrotransposon (BoCo-
pia), and B. oleracea CACTA transposon
(BoCACTA) remained conserved in AnCn gen-
ome (Lim et al. 2007; Perumal et al. 2017;
Waminal et al. 2016).

6.4 Genomic Abundance
and Distribution of Major
Repeats in B. napus

Plant genomes sequenced to date have consid-
erable amount of unassembled fractions (Michael
and Jackson 2013). Assembly statistics often
only provide a general view of what was effi-
ciently anchored in the genome assembly; hence,
it does not provide the proportional genomic
abundance of these elements based on the actual
genome content (Waminal et al. 2015; Schatz
et al. 2012). Reasonably, estimating their abun-
dance can be achieved by read mapping of WGS
reads on the repeat unit sequence and by
molecular cytogenetic mapping through fluores-
cence in situ hybridization (FISH). These
approaches will elucidate their proportional
abundance, genomic distribution, and impact for
evolution (Waminal et al. 2015, 2016, 2018;
Schatz et al. 2012; Lee et al. 2017).

6.4.1 In Silico WGS Read Mapping
and Cytogenetic Mapping

Based on current available data, only about 75%
of the 1130 Mbp B. napus genome was assem-
bled into scaffolds (Fig. 6.1). Of these scaffolds,
only 57% (645 Mbp) was anchored unambigu-
ously into pseudo-chromosomes (Chalhoub et al.

2014). Among the ten repeat families included in
this survey (Table 6.3), BSTRb and BSTRa had
the highest and second-highest genome propor-
tion (GP) in the pseudo-chromosomes, respec-
tively, followed only, but with considerably lower
copy numbers, by CentB1 and CentB2. No rDNA
or TE sequences were represented in the anchored
assembly, except for the truncated BoCopia ele-
ment. From the unanchored sequences in the
current assembly, several copies of 5S rDNA, and
a single copy each of CACTA and pCRBr ele-
ments were added to the total captured REs
(Table 6.3). Nevertheless, still no 45S rDNA and
CRB were included in the total assembly. Their
long sequence, highly repetitive nature, and
pericentromeric location could help explain their
exclusion in the current assembly (Pop and
Salzberg 2008; Wang et al. 2011a). Altogether,
these major repeats covered only about 2.3 Mbp
or less than 1% in the current assembly
(Table 6.3). As expected, this assembly did not
provide robust information about the proportional
abundance of major REs in the B. napus genome.

Upon read mapping of WGS to representative
sequences of these elements, the captured ele-
ments increased dramatically to about 124 Mb,
which is equivalent to about 11% of the genome
(Table 6.3). All elements were well represented,
even the 45S rDNA, which was not represented in
the assembly, was about double the copies of both
BSTRs together. In fact, it had the second-highest
genome proportion (2.7%), second only to
CentB1 (3.6%). In terms of copy number, the
shortest elements, CentB1 and CentB2, had the
most numbers (228,030 and 51,093, respec-
tively), and the dispersed BoCopia had the least
(284 copies). Overall, based on total accumulated
length of all ten repeat elements, the in silico
WGS read mapping captured 55 times more than
what was present in the current assembly. This
corroborates the observed accumulation of major
repeats in the unassembled portions.

In the current B. napus genome assembly,
about 35% comprises TEs alone—excluding TRs
(Chalhoub et al. 2014). This represented 97% of
the total REs included in the assembly (Fig. 6.1).
With the RE families in this work, we captured
11% of the total genome which represented 45%
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of the total unassembled fractions. The remaining
55% of this fraction needs to be analyzed further.
Considering that only four TEs and six TRs were
used in this survey could partially explain why
only 11% of the genome was captured. Appar-
ently, it may be necessary to also check other
elements, especially other non-LTR retrotrans-
posons, Ty1/Copia, other CACTA elements,
miniature TEs, and Helitrons, which are well
represented in the current assembly (Chalhoub
et al. 2014). Other members may not have been
captured in the assembly and not included in our
current analysis. However, an underestimation is
possible considering several limitations and bia-
ses in identifying and estimating REs through
computational analyses (Macas et al. 2007;
Schatz et al. 2012; Treangen and Salzberg 2011).

To address this concern in quantifying geno-
mic abundance while simultaneously checking
genomic distribution of major REs, we carried out
molecular cytogenetic analysis using FISH with
the ten REs as probes. By signal-
to-whole-chromosome area ratio, FISH facili-
tated estimation of this hidden fraction to about
31% (Table 6.3). CentB1 occupied the largest
genomic portion followed by 45S rDNA, a pattern
in congruence with that observed through WGS
mapping. There is a general proportional increase
of repeats estimated through molecular cytoge-
netics compared with those from in silico analysis.
However, it is important to note that it is possible
that these results could be an overestimate con-
sidering the wider area covered by fluorescence
than the actual physical size. Thus, there is room
for the development of more accurate RE quan-
tification approaches. However, presently both
WGS read mapping and FISH present a plausible
approach toward this objective.

6.4.2 Cytogenetic Mapping of Major
Repeats Discriminates
Subgenomes
and Individual
Chromosomes

Identification of individual chromosomes is nec-
essary for integrating genetic linkage groups and

physical maps (Jiang and Gill 2006), and in
understanding the dynamics of genomes in com-
parative cytogenomic studies (Iourov et al. 2008),
particularly in the context of crop improvement.
However, this has often been difficult especially
among crops with small chromosome sizes,
monomorphic chromosome arm ratios, and sim-
ilar chromosome lengths (Waminal et al. 2012;
Pich et al. 1995). Even with the availability of
several routinely used cytogenetic markers such
as 5S and 45S rDNA, which are localized to only
a few chromosomes, other chromosomes are
often difficult to identify. This is further aggra-
vated by polyploidy, which increases chromo-
some number (Vrána et al. 2015). For instance,
identifying subgenomes in B. napus has proven
difficult due to the high homology of the An and
Cn subgenomes (Snowdon et al. 1997). Although
genomic in situ hybridization (GISH) studies
have discriminated these two subgenomes, clear
distinct discriminating signals are often difficult
to obtain (Snowdon et al. 1997; Howell et al.
2008). Meanwhile, genomic distribution of major
repetitive DNA has shown potential for identi-
fying individual chromosomes and in resolving
subgenomes without GISH (Macas et al. 2007;
Hribova et al. 2010; Alix et al. 2008; Choi et al.
2014).

The Cn subgenome-specific hybridization of
BoCACTA and BoCopia elements enabled easy
and accurate discrimination between An and Cn

subgenomes without many background signals
using a general FISH procedure without the need
for block DNA such as needed in GISH
(Fig. 6.2; Alix et al. 2008). This was particularly
useful in discriminating the overlapping chro-
mosome lengths of the shorter chromosomes of
Cn from longer chromosomes of An. It is
important to note that although Cn chromosomes
are generally longer than An, the shorter chro-
mosomes of Cn such as Cn09 could be difficult to
distinguish from those in An such as An07.

Another important method to accurately
identify chromosomes is multicolor-FISH (Koo
et al. 2004; Wang et al. 2012). This allows
mapping of several probes (five probes in this
case) in one FISH experiment (e.g., Kato et al.
2004), and if chromosomes are in good condition,
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slides can be reprobed (Jiang and Gill 2006) up to
four or five times; thus, increasing the number of
probes (5 � 4 * 5 = 20 * 25) to be analyzed

in a shorter period of time while allowing more
accurate characterization of individual chromo-
somes from a single chromosome spread. In this

Fig. 6.2 Genomic distribution and evolution of major
repeats in Brassica napus. a Karyogram of B. napus
based on the distribution of major DNA repeats. Yellow
and red arrows indicate major chromosomal rearrange-
ments within the AnAn and CnCn subgenomes, respec-
tively. Note that the CnCn chromosomes, although fewer
in number, are generally larger than those of the AnAn,
reflecting the genomic difference between the two diploid
species. CRB is seen in all chromosomes while
BoCACTA elements are specific to CnCn subgenome.

Bar = 10 lm. b Karyotype idiogram of B. napus rDNA
with red border represents hemizygous loci, most likely
from homeologous unequal crossover. Darker chromo-
somes of the Cn subgenome indicate preferential
hybridization of BoCACTA and BoCopia transposable
elements. c Evolutionary dynamics of Brassica major
repeats. Blue and red arrows indicate GP increase and
decrease, respectively. Green circles indicate subgenome
specificity of repeats
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approach, illegitimate recombinations involving
REs could also be easily detected by comparing
signal patterns from different probes. For exam-
ple, an apparent loss of a 45S rDNA locus in one
An05 homolog resulted to a hemizygous 45S
rDNA An05 locus (Fig. 6.2). Additionally,
another 45S rDNA locus at Cn08 had an unbal-
anced copy number between the two homologs as
manifested by a considerably reduced signal in
one homolog. Similar patterns were observed in
some 5S rDNA loci (An09 and An10). Compared
with diploid B. rapa, the An06 STRa locus was
more reduced (Waminal et al. 2015). These

physically observed changes in locus size could
be explained by homologous recombination-
mediated unequal crossovers, and tandem
repeats are hot spots of these events (Kolomietz
et al. 2002; Plohl et al. 2012).

Hence, cytogenetic mapping of these ten REs
enabled an estimation of their genome abun-
dance, easy discrimination of subgenomes, and
identification of individual chromosomes and
some associated illegitimate recombinations.
A summary of individual chromosome features
observed through FISH analysis is listed in
Table 6.4.

Table 6.4 Features of individual Brassica napus chromosomes based on cytogenetic mapping of major repeats

An01 5S and 45S rDNA loci colocalized on the pericentromeric area of the long arm, CentBo1 on centromere,
major BoSTRa/b locus at the telomeric area of the short arm, a weak proximal BoSTRc signal on the short
arm, CRB

An02 CentBo1 on centromere and a weak BoSTRc on the subtelomere of the long arm, CRB

An03 NOR at the short arm, 5S rDNA at proximal region of short arm, CentBo2 on centromere, no STR signals,
CRB

An04 CentBo1 on centromere, BoSTRc on subtelomeric region of both arms with stronger signal on short arm,
CRB

An05 CentBo2 on centromere, major BoSTRc at telomeric region of long arm, and another weaker BoSTRc on the
subtelemeric region of the short arm, hemizygous 45S rDNA translocation on pericentric region of short arm,
pCRBr, CRB

An06 45S rDNA locus at the pericentromeric area of long arm, CentBo1 on centromere, the major BoSTRa/b locus
at telomeric region of short arm is reduced compared to its ortholog in B. rapa (Ar), weak colocalized
BoSTRc locus on short arm, pCRBr, CRB

An07 CentBo1, CRB

An08 CentBo1, weak BrSTRb at telomeric region of short arm, CRB

An09 Increased 45S rDNA signal at the intercalary region of the long arm when compared with its ortholog in B.
rapa, CentBo1 on centromere, BoSTc at telomeric region of long arm, pCRBr, CRB

An10 Weak 5S rDNA locus at intercalary region of short arm, CentBo1, weak BoSTRc on long arm, CRB

Cn01 Increased CentBo2 signal compared to its paralog in B. oleracea, no other readily observable repeat signals,
CRB

Cn02 CentBo1 signal, weak centromeric BoSTRc and telomeric BoSTRc on both arms, CRB

Cn03 CentBo2, telomeric BoSTRc at both arms, CRB

Cn04 With 5S rDNA at the pericentromeric area of long arm, CentBo1 and CentBo2, telomeric BoSTRc at both
arms with major signal on short arm, CRB

Cn05 With CentBo1 and CentBo2, centromeric and telomeric BoSTRa/b on short arm being the only major
BoSTRa/b signal, weak telomeric BoSTRc, CRB

Cn06 CentBo1, major BoSTRc signal on long arm, CRB

Cn07 45S rDNA on short arm, CentBo1, CRB

Cn08 Weak 45S rDNA on short arm, CentBo2, weak BoSTRc on both arms, CRB

Cn09 CentBo1 and weak CentBo2, weak telomeric BoSTRc on long arm, CRB
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6.5 Comparative Repeatomics
Reveals the Dynamics of Major
Repeats in Brassica Species

The ancestral karyotype of the family Brassi-
caceae consisted of eight chromosomes which
underwent several rounds of genome duplication
and subsequent lineage-specific rearrangements,
particularly involving REs, resulting to nine
chromosomes of B. oleracea being larger than
those of the ten chromosomes of B. rapa
(Liu et al. 2014; Lysak et al. 2006). Comparative
analysis of major repeats between B. oleracea
and B. rapa genomes provides two scenarios of
RE dynamics. The first suggests a continuous
amplification of TEs and TRs in the B. oleracea
genome over time after its divergence with
B. rapa about 4.6 million years ago, increasing
the genome size of B. oleracea (630 Mbp) to
more than that of B. rapa (540 Mbp) (Liu et al.
2014). The second posits a rapid loss of trans-
posable elements, e.g., BoCACTA, in B. rapa
during divergence from B. oleracea, which was
possibly driven by a slower reestablishment of
epigenetic control that could have prevented
homology-dependent, illegitimate recombination-
induced repeat loss in B. rapa (Fedoroff 2012;
Kelly et al. 2015).

During allopolyploidization, the merging of
two genomes often results in genomic shock
(Fedoroff and Bennetzen 2013; Fedoroff 2012;
Renny-Byfield et al. 2013). This consequently
initiates genome reprogramming by altering
epigenetic makeup. Although the exact mecha-
nisms and timeframe by which these events
happen is not yet fully understood (Fedoroff
2013a), we know that this often leads to genome
downsizing through elimination of DNA seg-
ments (Renny-Byfield et al. 2013; Renny-Byfield
and Wendel 2014), often repetitive DNA frag-
ments, a process aimed at reestablishing stable
meiotic pairing and fertility in incipient
allopolyploids (Fedoroff 2012; Renny-Byfield
and Wendel 2014). In the absence of genome
downsizing and element amplification in
allopolyploids, an additive number of elements
relative to the diploid progenitors can be expec-
ted. However, genome downsizing after

allopolyploidization seems to be a rule rather
than an exemption, although increased genome
sizes have been reported (Renny-Byfield et al.
2013). DNA loss could even be biased toward a
specific subgenome such as those observed in
Nicotiana tabacum (Renny-Byfield et al. 2012),
and allopolyploid cotton (Paterson et al. 2012).
Consequently, the resulting allopolyploid often
has a unique genomic make up relative to the
diploid progenitors.

Accordingly, eight of the ten B. napus repeat
elements in this survey showed a non-additive
reduction of size; in fact, about a 24% GP
reduction than what was expected relative to the
genome sizes of the diploid progenitors
(Figs. 6.2 and 6.3). The assembled centromeric
repeats were the most reduced, followed by 45S
rDNA, pCRBr, 5S rDNA, BoCACTA, BoCopia,
and CRB (Fig. 6.3). However, BSTRs show
non-additive amplification in the B. napus gen-
ome compared with its diploid progenitors, with
BSTRb having more copies than BSTRa
(Figs. 6.2 and 6.3). Satellite DNA regions are
amplified/contracted in a very short evolutionary
time as a result of unequal crossover between
homologous sequences (for review on satellite
DNA evolution, Plohl et al. 2012). Moreover,
45S rDNA loci are often targets of rapid locus
elimination and reorganization among polyploids
(Pellicer et al. 2010b, c). An increase of BSTRs
in B. napus may have added benefits and con-
sequently could have undergone positive selec-
tion, whereas other extra elements of other repeat
families may not be necessary at all (Plohl et al.
2012).

Aside from interspecific variations with its
diploid progenitors, copy number and GR size
variation among the nine B. napus accessions
were also observed (Fig. 6.4). Seven of the nine
accessions showed relatively similar amounts of
REs. However, two accessions, Bn-1 and Bn-2,
generally had much lower TR copies, although
they have much more 45S rDNA, compared with
the other seven accessions (Fig. 6.4a, c). Addi-
tionally, centromeric and pericentromeric retro-
transposons were more abundant in these two
accessions (Fig. 6.4b, d). A similar intra-species
repeat number variation was reported among
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several B. oleracea morphotypes (Perumal et al.
2017). In this previous study, some morphotypes,
such as cauliflower and broccoli, had more
CentBo1 than CentBo2. Some morphotypes, or
accessions, apparently have unique RE compo-
sitions. We are aware of the limitations of in
silico analysis in quantifying these repeats, which

could have contributed to the observed value
differences, especially considering the fewer
WGS reads used in Bn-1 and Bn-2 (Table 6.1).
However, the stark higher abundance of 45S
rDNA and total TE in these two B. napus
accessions indicate RE abundance independent
from the amount of random WGS reads used.

Fig. 6.3 Comparative analysis of major repeats in B.
rapa, B. oleracea, and B. napus. a Copy number of each
repeat family in each genome analyzed. Values for TR

and TE are shown in separate charts. b Genome propor-
tions of major repeats for each genome analyzed
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Consequently, the impact of variation in RE
abundance warrants further analyses, especially
when taking into account a previous report that
demonstrated a link between TE abundance
variation and environmental adaptation (Kalen-
dar et al. 2000).

Meanwhile, genome specificity of some TEs,
as observed in the diploid progenitors, has been
retained within the B. napus genome. BoCopia
and BoCACTA retained their Cn specificity, and
pCRBr its An specificity (Figs. 6.2 and 6.3). How
certain elements are retained in different sub-
genomes, in the context of allopolyploidization,
can be explained by epigenetic control mecha-
nisms (Plohl et al. 2012; Fedoroff 2012), which
will be discussed further in the following section.

6.6 Evolutionary Implications
for Fluctuation of RE Fraction

Genome size variation within and among species,
regardless of organism complexity or the number
of protein coding genes, is commonly known as
the C-value paradox (Pagel and Johnstone 1992;
Freeling et al. 2015; Rosbash et al. 1974; Eddy
2012), and is attributed, as mentioned above,

mainly to the size fluctuation of REs copy
number. For instance, differential accumulation
of several TE families, including tandem repeats,
has defined the genomes of several Fritillaria
species in the absence of WGD (Kelly et al.
2015). This phenomenon also caused intra-
species genome size variations in Helianthus
annuus and other plants (Price and Johnston
1996; Wendel and Wessler 2000). Moreover,
growing evidence supports the importance of this
genomic fraction in proper genome function and
evolution (Wei et al. 2013; Nowak 1994; Shapiro
and von Sternberg 2005; Pardue and DeBaryshe
2003; Hall et al. 2005; Biémont and Vieira 2006;
Freeling et al. 2015; Kalendar et al. 2000), par-
ticularly regarding their significant roles in
chromosome segregation, gene expression, and
heterochromatin maintenance (Pardue and
DeBaryshe 2003; Biemont 2010; Sarilar et al.
2011; Sampath et al. 2013; Wolfgruber et al.
2009; Goodier et al. 2012; Peng and Karpen
2008). An important study by Kalendar et al.
(2000) revealed the link between RE content
fluctuation among individuals within a species
and environmental adaptation. These examples
demonstrate the adaptive and evolutionary
importance of REs.

Fig. 6.4 Summary of major repeat composition in the
nine B. napus accessions based on reference mapping. a,
b Copy number-based genomic representation of tandem

repeats and transposable elements among nine B. napus
accessions. c, d Corresponding length in kilobase from
a, b
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Studying the fluctuation of RE fraction is
therefore an invaluable approach in understand-
ing phylogenetic relationships, since genomic
changes are quantifiable and can reveal variations
among accessions and species. For example, the
RE composition of B. rapa and B. oleracea are
unique for each species (Waminal et al. 2015), so
are the RE compositions among accessions in B.
oleracea (Waminal et al. 2016) and B. napus.
However, in Brassica, no studies have yet shown
the direct phenotypic impact of RE fraction size
variation to crop biology.

In Brassica, heterochromatins are mostly
localized in centromeric and pericentromeric
regions (Lim et al. 2007), where most REs are
localized (Fig. 1A, B). CRB is a common cen-
tromeric component of the B. rapa (Ar), B. nigra
(Bn), and B. oleracea (Co) genomes. However,
the absence of CentB hybridization in B. nigra
supports the earlier divergence of the Bn genome
from the Ar and Co genomes (Lim et al. 2007;
Koo et al. 2011; Arias et al. 2014). However,
FISH analysis of Brassica STR showed
genome-specific evolution of these subtelomeric
repeats (Waminal et al. 2016) since their diver-
gence. BSTRa seemed to be ‘preferentially’
selected in the B. rapa genome compared with
BSTRb, while the opposite was observed in B.
oleracea. This eventually led to a greater abun-
dance of BSTRb than BSTRa in B. napus after the
genome merger. Mechanisms that control their
retention or elimination are being studied in more
detail (Fedoroff 2012; Fablet and Vieira 2011).

Understanding how REs are controlled is
necessary to exploit their underlying potential for
crop improvement. Studies on sophisticated plant
epigenetic control mechanisms, (Haag and
Pikaard 2011; Slotkin and Martienssen 2007;
Fedoroff 2012; Bennetzen and Wang 2014) for
example, have elucidated this objective. DNA
and histone modifications, which have a central
feedback control mechanism involving siRNAs,
are at the core of genome dynamics regulation to
ensure genome homeostasis (see Haag and
Pikaard 2011; Peng and Karpen 2008; Fedoroff

and Bennetzen 2013; Fedoroff 2012). Events such
as abiotic stress responses (Petit et al. 2010),
polyploidization, or small-scale duplications
(Renny-Byfield et al. 2013; De Smet et al. 2013)
that disrupt this homeostasis can initiate TE and
TR removal or accumulation. The trade-off
between removal and accumulation of repeat
elements depends on the temporal reestablish-
ment of the epigenetic mechanisms that buffer the
adverse effects of TEs and TRs, such as aneu-
ploidy—or worse, sterility (Kelly et al. 2015;
Fedoroff 2012). After genomic shock, rapid
reestablishment of epigenetic control enables
regulation of REs, locking them to recombina-
tionally inert heterochromatin, resulting in larger
genomes than when epigenetic mechanisms were
reestablished more slowly. The latter provides
more opportunities for homologous and illegiti-
mate recombinations that removes DNA frag-
ments and causes genome downsizing to occur
(Kelly et al. 2015; Fedoroff 2012).

The same mechanisms (i.e., unequal cross-
overs of homologous sequences and repeat
transposition) that are responsible for DNA seg-
ment deletion are also models that explain the
homogenization and spread of repeats between
sister chromatids, homologous chromosomes,
and non-homologous chromosomes (Walsh
1987; Cohen et al. 2003; Hall et al. 2005;
Charlesworth et al. 1994; Dover 1982). Unequal
crossovers usually result in higher-order repeat
units consisting of more than one type of element
and variation in lengths of arrays (Hall et al.
2005; Talbert and Henikoff 2010; Plohl et al.
2012). Other mechanisms such as gene conver-
sion, repeat transposition, and rolling circle
replication may amplify satellite arrays and cause
their spread into non-homologous chromosomes
(Hall et al. 2005; Dover 1986; Plohl et al. 2012).
Epigenetic control is an active cellular mecha-
nism that controls when recombination and
transposition should occur. Nonetheless, clear
reasons regarding how and why they happen in
response to abiotic stresses are unknown (Fedo-
roff 2013b).
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6.7 Summary and Perspectives

As demonstrated in previous studies in Pisum
sativum (Macas et al. 2007), Musa acuminata
(Hribova et al. 2010), and some Brassica species
(Waminal et al. 2015; Perumal et al. 2017;
Waminal et al. 2016), a survey of plant genomes
using NGS data and reference-guided mapping
(Kim et al. 2015) together with FISH analysis is
an excellent approach for quantifying and phys-
ically mapping repetitive genomic elements that
are mostly omitted during assembly. This
approach captured about 11% of the B. napus
genome and enabled comparative ‘repeatomics’
analysis with its diploid progenitors. The fluctu-
ating pattern of total RE fraction between B.
napus and its diploid progenitors, as well as
among different B. napus accessions further
demonstrates that RE dynamics is responsible for
the huge genome size variations among acces-
sions of the same species (Wendel and Wessler
2000) or species in the same genus (Kelly et al.
2015; Renny-Byfield et al. 2013). We know that
epigenetic control is at the center of this fluctu-
ation; nevertheless, even with the current
advances in genomics and epigenetics, accurate
reasons for how and why these REs respond to
abiotic stresses remain unknown. However, with
further research, a robust explanation of the
mechanisms that underlie the interconnectedness
of the environment, genome, and organisms will
be determined.

The empirically demonstrated correlation of
TE size variation and environmental adaptation
within species (Kalendar et al. 2000) is interest-
ing, but whether repeatomics could have a pre-
dictive value in relation to agronomically
favorable traits is questionable, but perhaps
worth pursuing, particularly in the context of
crop improvement, such as the oil content in B.
napus (Delourme et al. 2006). Additionally, the
power of WGS and FISH estimation approaches
may further be corroborated by optical mapping
(Tang et al. 2015; Lam et al. 2012) to provide
accurate, single-molecule resolutions of
mega-base tandem repeats, which represented a
large portion of the unassembled fractions of the
three species in this work. This would be

particularly useful in analyzing RE fractions to
support sequencing projects of species with large
genomes, such as Allium species (Jakse et al.
2008), Fritillaria species (Kelly et al. 2015), and
Paris japonica (Pellicer et al. 2010a).
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7Homoeologous Exchanges and Gene
Losses Generate Diversity
and Differentiate the B. napus
Genome from that of Its Ancestors

Birgit Samans, Rod Snowdon and Annaliese S. Mason

Abstract
Brassica napus (rapeseed) is a young
allopolyploid species, formed from the union
between progenitor species B. rapa
(2n = AA) and B. oleracea (2n = CC) less
than 7500 years ago during human agricul-
tural history. Hence, B. napus provides a
useful model for investigation of the structural
changes that can occur following allopoly-
ploidization, as well as how these changes can
affect phenotypic variation in this important
crop species. In this chapter, we describe the
types and patterns of structural variation that
can occur and have been observed in both
natural and resynthesized B. napus, major
methodologies for detecting these events and
the subsequent effects on phenotype so far
observed. In the future, increasingly
high-quality genome sequences and other
technological advances are expected to more
thoroughly elucidate the role of phenomena
such as homoeologous exchanges and gene
loss on genome evolution and crop
phenotypes.

7.1 Brassica napus as a Model Crop
Allopolyploid

The young allopolyploid species Brassica napus
(2n = 4x = 38) formed from interspecific
hybridization between B. rapa (2n = AA) and
B. oleracea (2n = CC), most probably just a few
hundred to a few thousand years ago. Due to its
very recent origin, B. napus provides a useful
model for investigation of the structural genome
changes that can occur following allopoly-
ploidization, as well as how these changes can
affect phenotypic variation and human selection
in an important crop species.

Polyploidization is a common phenomenon
that is widespread in the plant kingdom. It arises
frequently either by genome duplication within a
species (autopolyploidization) or by hybridiza-
tion between two species contributing two or
more divergent chromosome sets (allopoly-
ploidization) (Stebbins 1947; Grant 1981; Briggs
and Walters 1997). Although allopolyploid plant
species were originally thought to be more
common than autopolyploid plant species
(Hegarty and Hiscock 2008) due to advantages
such as hybrid vigour, recent research suggests
that autopolyploidy may actually be more com-
mon (Barker et al. 2016). Regardless, all flow-
ering plants are now known to have undergone at
least one polyploidy event in their evolutionary
history (Jiao et al. 2011), with many species
undergoing several (Wendel 2000; Comai 2005;
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Leitch and Leitch 2008; Soltis et al. 2014, 2016).
Hence, many clearly diploid species, such as
Arabidopsis thaliana and Zea mays, are actually
what we call ‘paleopolyploid’ species that have
undergone ancient polyploidization events fol-
lowed by diploidization, an evolutionary process
where the polyploid genome reverts to a func-
tionally diploid one (Shoemaker et al. 2006;
Woodhouse et al. 2010). Polyploidization con-
tributes to plant evolution by creating new spe-
cies which have the potential to adapt to
changing environments (Wendel 2000; Ramsey
and Schemske 2002; Soltis and Soltis 2009;
Jackson and Chen 2010). It is also of high
importance for crop plant domestication and
improvement, as many modern crop species,
including rapeseed, wheat, cotton, oats and cof-
fee, are polyploids which outperform their cor-
responding diploid progenitors, e.g. by increased
biomass, vigour and fertility, higher yield and
better growth (Paterson 2005; Dubcovsky and
Dvorak 2007; Soltis et al. 2009).

7.2 Genetic Consequences
of Polyploidization

Before a new polyploid plant can be successfully
established in the plant kingdom, it has to over-
come a bottleneck of high genetic instability. The
collision of two genomes in the nucleus of an
allopolyploid, also described as ‘genomic shock’
(McClintock 1984), is a major challenge for the
plant and often leads to an evolutionary ‘dead
end’, as it goes along with reduced fertility
(Comai et al. 2000; Comai 2005; Madlung et al.
2005). Different studies have documented that
genomes of young allopolyploids are often
highly dynamic, with extensive genetic and epi-
genetic changes (Wolfe 2001; Song and Messing
2003). The most common forms of novel genetic
variation produced in allopolyploid genomes are
chromosome rearrangements, duplications and
deletions. These are caused by recombination
events between chromosomes belonging to dif-
ferent subgenomes in the allopolyploid, i.e. by
recombination between ‘homoeologues’ (ances-
trally related chromosomes or chromosome

segments), rather than strictly enforced pairing
between homologous chromosomes, as occurs in
stable, diploid species. Novel polyploid plants
that survive to reproductive age are faced with
the need to develop diploid-like chromosome
pairing behaviour, which is necessary for stable
genome transmission and subsequent species
establishment (Comai 2005). However, this
process of cytological diploidization is often
accompanied by selection of favourable struc-
tural and functional genome variants that arise
frequently from interchanges between homoeol-
ogous chromosomes (Soltis and Soltis 2000;
Wendel 2000).

What happens after the hybridization of two
genomes and how newly formed polyploids are
stabilized are key questions in the evolution of
polyploid plants. Diploidization often leads to
extensive genomic rearrangements, gene losses
and homoeologous exchanges (HE). Homoeolo-
gous exchanges include reciprocal and
non-reciprocal translocations. Reciprocal
translocations occur when two subgenomes
‘swap’ chromosome segments with each other,
whereas non-reciprocal translocations occur
when a region belonging to one subgenome is
duplicated and the corresponding homoeologous
region in the other subgenome is deleted. Both
reciprocal and non-reciprocal translocations
(traditionally called homoeologous reciprocal
translocations and homoeologous non-reciprocal
translocations, or HRTs and HNRTs) occur as a
result of homoeologous recombination events
during meiosis (Nicolas et al. 2007; Gaeta and
Chris Pires 2010). Many of the genomic changes
observed in recent allopolyploids, such as in
Tragopogon miscellus (Chester et al. 2012), B.
napus (Gaeta et al. 2007; Szadkowski et al. 2010;
Xiong et al. 2011) and cotton (Gossypium hir-
sutum) (Flagel et al. 2012) are consistent with
homoeologous exchanges.

As a consequence of diploidization, allopoly-
ploid plant genomes often do not reflect the sum
of the genomes of both parental species. Genome
size and the number of genes are often much
lower than one would predict from a doubled set.
Clear genome size reduction has been described
for tobacco (Leitch and Leitch 2008), cotton
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(Paterson et al. 2012) and some synthetic wheat
lines (Ozkan 2003). Most variations in genome
size are due to the removal of repetitive sequen-
ces rather than as a consequence of reduced gene
content (Han et al. 2005; Lim et al. 2007;
Renny-Byfield et al. 2011, 2012, 2013 Buggs
et al. 2012). Genome size reduction can also be
biased, e.g. occur preferentially or at an increased
rate in one subgenome. In tobacco, the paternal
subgenome shows a size reduction, whereas the
maternal subgenome remains intact
(Renny-Byfield et al. 2011, 2012).

An important strategy to analyse the impact of
polyploidization on genetic variability is to
compare the genomes of the polyploid species
with the genomes of the parental progenitors, if
these are known. This approach to assess the
impact of polyploidization on the genome
sequence has been conducted on both old and
young polyploid species. As well, it is sometimes
possible to recreate ancestral allopolyploidization
events by artificially crossing between the extent
progenitor species, in order to investigate gen-
ome variation in the newly resynthesized
allopolyploids. Polyploid systems which have
been studied quite intensively are Gossypium,
Brassica, Nicotiana, Glycine, Arabidopsis,
Senecio, Spartina, Triticum and Tragopogon.
Studies in these crop and wild genera have
focused on a range of different aspects of poly-
ploidization, including karyotype evolution,
genomic changes, gene expression, tissue-
specific gene expression, epigenetic changes,
repetitive elements, alternative splicing, eco-
geography, population genetics, reproductive
ecology and physiology (reviewed in Soltis et al.
2016). Of particular importance is young,
recently formed polyploids like Spartina, Tra-
pogogon and Senecio, and species that can be
recreated synthetically such as B. napus (Song
et al. 1995; Gaeta et al. 2007; Chalhoub et al.
2014), wheat (Yang et al. 2009; Li et al. 2014b),
cotton (Liu et al. 2001), Tragopogon (Tate et al.
2009; Malinska et al. 2010) and Arabidopsis
(Madlung et al. 2005). Synthetic polyploids are
good models with which to monitor the imme-
diate genetic and genomic consequences of
polyploidization while excluding effects

introduced by genome shaping due to further
selection processes. Additionally, the exact pro-
genitor genotypes of synthetic lines are known,
which is usually not the case for natural
allopolyploids such as B. napus (rapeseed) or
Triticum aestivum (wheat).

Comparative analyses in different species have
revealed that the consequences of polyploidization
observed so far are highly complex and variable.
Common mechanisms have been described, but
completely different patterns are often seen, such
that there is no ubiquitous pattern across all species
(Soltis et al. 2016). Genetic changes, often quite
extensive, have been reported in the allopolyploids
B. napus (Parkin et al. 1995; Sharpe et al. 1995;
Udall et al. 2005; Chalhoub et al. 2014; Samans
et al. 2017), Tragopogon mirus and T. miscellus
(Buggs et al. 2010, 2011; Chester et al. 2012,
2013, 2015; Buggs et al. 2014), Arabidopsis sue-
cica (Comai 2000; Madlung and Comai 2004;
Pontes et al. 2004; Madlung et al. 2005; Wang
et al. 2006), Coffea arabica (Lashermes et al.
2014) and newly resynthesized allohexaploid
bread wheat (Feldman et al. 1997; Ozkan et al.
2001; Feldman and Levy 2009; Liu et al. 2009). In
comparison, newly synthesized allopolyploid
cotton behaves quite differently, with no observ-
able genetic changes (Liu et al. 2001). Genetic
changes have all been described at various geno-
mic levels (Table 7.1)

7.3 Diploidization-Induced Gene
Loss

Doubling of the genome and the gene content is
associated with a range of potential advantages
for the resulting polyploids (Comai 2005; Doyle
et al. 2008). A number of different mechanisms
have been described as causes for this advanta-
geous situation, including increased gene dosage,
heterosis, the development of new gene functions
(neofunctionalization) through relaxation of
selection pressure for existing gene functions and
enabling the partitioning of gene expression
(subfunctionalization). However, most of these
advantages are only short term, as they rely on
gene duplicates being present. Over evolutionary
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time, another scenario rapidly presents itself: that
of diploidization and gene loss. In fact, despite
having undergone multiple rounds of
whole-genome duplication, paleopolyploids vary
only a little in their total gene number. In many
ancient polyploids, following polyploidization
the subsequent diploidization process resulted in
a high number of single-copy genes via deletion
of a large fraction of the duplicated genes. Over
time, smaller and smaller fractions of genes
remain duplicated (Thomas et al. 2006; Wood-
house et al. 2010; Freeling et al. 2012; Albalat
and Canestro 2016). Comparative analyses of
syntenic regions in A. thaliana and maize
resulting from their last whole-genome duplica-
tion events (WGD) showed large differences in
gene content, with many duplicated genes
returned to single-copy status (Thomas et al.
2006).

Gene loss can occur either on the structural
(physical loss of DNA sequence) or the func-
tional (loss of gene expression or function) level.

Mechanisms leading to gene loss on the struc-
tural level include deletions via non-homologous
chromosome interactions during meiosis which
lead to non-reciprocal exchanges, ectopic
sequence loss, transposon insertions and the
accumulation of indel mutations (Woodhouse
et al. 2010; Tang et al. 2012). On the functional
level, gene losses can take place via mutations
that result in pseudogenization, neofunctional-
ization and subfunctionalization, often preceded
or detectable by gene expression changes (Ohno
1970; Wendel 2000; Freeling 2008; Edger and
Pires 2009; Freeling 2009; Salse et al. 2009;
Woodhouse et al. 2010; Freeling et al. 2012).

Gene loss rarely appears randomly. Genes
which remain as single-copy often belong to
specific functional categories that influence gene
family size or which are dependent on genomic
position (Albalat and Canestro 2016). Genes
preferentially retained as single-copy are over-
represented in the functional categories of
DNA-repair, recombination, enzyme activity,

Table 7.1 Genetic changes in different organisms

Type Organisms References

Chromosome rearrangements, deletions and duplications Wheat
Brassica napus
Gossypium hirsutum
Nicotiana tabacum
Coffea arabica L.
Arabidopsis

Ozkan et al. (2001)
Chalhoub et al. (2014)
Samans et al. (2017)
Parkin et al. (1995)
Pires et al. (2004a)
Nicolas et al. (2007)
Li et al. (2015)
Wendel et al. (1995)
Sierro et al. (2014)
Kenton et al. (1993)
Lashermes et al. (2014)
Lashermes et al. (2016)
Madlung et al. (2002)
Kenton et al. (1993)

Changes in rDNA loci Soybean Joly et al. (2004)

Transposon activation Wheat
Arabidopsis
Brassica napus

Kashkush et al. (2002)
Madlung et al. (2005)
Comai et al. (2000)
Alix and Heslop-Harrison (2004)

Epigenetic changes Cotton
Senecio
Arabidopsis
Spartina
Brassica napus

Adams et al. (2003)
Hegarty et al. (2005)
Madlung et al. (2005)
Wang et al. (2004)
Salmon et al. (2005)
Lukens et al. (2006)
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kinase activity, transport, tRNA ligation, defence
and categories associated with domestication
processes (Samans et al. submitted; Blanc and
Wolfe 2004; Duarte et al. 2010; de Smet et al.
2013; Samans et al. 2017). In extreme cases,
entire gene families can be deleted from the
genomes of certain lineages (Aravind et al. 2000;
Demuth and Hahn 2009). In comparison, genes
preferentially preserved in multiple copies com-
monly belong to functional groups involved in
basic cellular machinery, nucleotide-sugar meta-
bolism and regulatory functions (Blanc and
Wolfe 2004; Thomas et al. 2006; Sankoff et al.
2010; Pont et al. 2011). Another factor frequently
affecting gene loss is biased fractionation,
whereby one subgenome tends to be preferen-
tially lost relative to another, more ‘dominant’
subgenome in an allopolyploid over time (Gaeta
et al. 2007; Chang et al. 2010; Woodhouse et al.
2010; Schnable and Freeling 2011; Schnable
et al. 2012; Samans et al. 2017). Biased frac-
tionation has been observed in Brassica rapa
(Chen et al. 2013), A. thaliana (Thomas et al.
2006; Wang et al. 2006), Z. mays (Schnable et al.
2011), Coffee arabica (Combes et al. 2013) and
T. aestivum (Wang et al. 2006; Pont et al. 2013;
Li et al. 2014a).

7.4 Methods for Investigating
Variation in Genome Structure

Several different methods can be used to detect
genomic structural variations. Strong evidence
supporting the mechanisms of genomic modifi-
cation in polyploid plant genomes has come from
cytogenetic methods and genome-wide molecu-
lar marker analyses (Song et al. 1995; Osborn
et al. 2003; Szadkowski et al. 2010; Mason et al.
2014). Classical and molecular cytogenetic
techniques (e.g. in situ hybridization) have
enabled the identification of large chromosomal
changes such as aneuploidy, translocations and
loss of repeats (Pontes et al. 2004; Skalicka et al.
2005; Lim et al. 2008; Xiong et al. 2011; Tang
et al. 2014). Fluorescent in situ hybridization
(FISH) uses fluorescently labelled DNA (either
specific DNA sequences, or whole genomic

DNA, the latter also known as genomic in situ
hybridization or GISH) as probes to hybridize to
chromosome spreads, allowing labelling of for-
eign or subgenomes and chromosomes (GISH) or
enabling the localization of the position of
repetitive DNA and unique sequences along the
chromosomes using a fluorescence microscope.
Although relatively inexpensive, the major limi-
tations of cytogenetic methods are how
labour-intensive generation of quantitative data
is, as well as a limited resolution that often leads
to an underestimation of changes.

Genetic linkage maps based on molecular
markers have also proven to be important tools
for studying genomic rearrangements over the
last two decades. The first molecular marker
studies used restriction fragment length poly-
morphism (RFLP) in B. napus (Song et al. 1995;
Gaeta et al. 2007; Rygulla et al. 2008), T. mis-
cellus (Leitch and Bennett 1997) and wheat (Liu
et al. 1998) and amplified fragment length
polymorphism (AFLP) in Arabidopsis (Madlung
et al. 2005) and Spartina (Salmon et al. 2005).
Nowadays, high-throughput genotyping arrays
based on single-nucleotide polymorphisms
(SNPs) allow assessment of many markers
simultaneously (Gore et al. 2009), providing
more sophisticated methods for producing
high-density genetic maps and enabling the
detection of genomic rearrangements at much
higher resolution. Additionally, a large number
of samples can be analysed in parallel using
genotyping array technology (Gore et al. 2009;
Ganal et al. 2012). This is a useful feature for
investigation of large segregating mapping pop-
ulations, which are usually needed to fully
resolve translocation and chromosome rear-
rangement events via methods such as linkage
mapping and marker segregation ratios (reviewed
in Mason et al. 2017 for review). Beside the
identification of genomic changes based on
inheritance of allelic variation, SNP-based
genotyping arrays can also be applied to detect
copy number variation (deletion and duplication
events) using comparative and consecutive
hybridization intensities based on their physical
position in the genome (Grandke et al.; Mason
et al. 2015; Grandke et al. 2017). This method
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was successfully applied to detect copy number
variation of A and C genome SNP alleles in an
allohexaploid Brassica ((B. napus � B. cari-
nata) � B. juncea) microspore-derived popula-
tion (Mason et al. 2015) using the B. napus
Illumina Infinium 60K Brassica array (Clarke
et al. 2016).

Next-generation sequencing technologies
have developed rapidly over the last decade. The
use of second-generation sequencing technolo-
gies like Roche/454 pyrosequencing and
Illumina/Solexa sequencing provided enormous
power and new opportunities to access the
complex polyploid genomes of many major
crops (Varshney et al. 2009; Duran et al. 2010;
Edwards and Batley 2010). Dropping costs and
improved technologies in the ‘genomic era’ have
subsequently increased the number of
whole-genome sequences and re-sequenced
accessions available for comparative studies
(Mardis 2008; Abecasis et al. 2010). Although
second-generation sequencing facilitated detec-
tion of SNPs and small variants (e.g. indels;
insertion/deletion events), detecting large geno-
mic changes remains a challenge. The assembly
of a de novo genome using short reads is difficult
as the reads are often fragmented, miss important
genes and contain collapsed repeat regions that
mess up the detection of rearrangements (Li et al.
2010; Schatz et al. 2010). Sequencing polyploid
species is even more challenging due to the
increased genome complexity offered by high
levels of sequence redundancy (Fu et al. 2016).
As a result, progenitor genomes (when progeni-
tor species are known) are often sequenced first,
in order to use their sequences as a ‘template’ for
the allopolyploid genomes. This approach was
also used for B. napus, by first sequencing the
diploid progenitors B. rapa and B. oleracea
(Wang et al. 2011; Chalhoub et al. 2014; Liu
et al. 2014). Resequencing approaches, where
individual genotypes are aligned to the genome
sequence of a closely related genotype or refer-
ence genome, allow detection of different struc-
tural variants: regions with increased or
decreased read depth after mapping of sequenced
reads to the reference genome usually indicate
the presence of duplication and deletion events,

respectively. Compared to a de novo assembly, it
is cheaper to perform resequencing, as lower
sequence coverage is required, and the data are
less complex to analyse (Hormozdiari et al. 2009;
Barrick et al. 2014; Samans et al. 2017).

Meanwhile, new single molecule sequencing
technologies like Pacific Biosciences (PacBio),
Single Molecule Real-Time (SMRT) sequencing,
the Illumina Tru-seq Synthetic Long-Read tech-
nology and the Oxford Nanopore Technologies
sequencing platform, which can produce average
read lengths of up to 100,000 bp have greatly
improved our ability to analyse genome structure
(Rhoads and Au 2015; Sakai et al. 2015). The
longer read length achieved with these tech-
nologies is a critical factor for obtaining
high-quality genome assemblies, as these long
reads can span otherwise difficult to assemble
duplicated regions and regions with a high den-
sity of repetitive elements (Lee et al. 2016).

Asides from sequencing technologies, new
techniques such as optical mapping, whereby
fluorescent tags are used to label DNA sequences
and map regions from 50 to 250 kbp are avail-
able and/or under development in many species
(Zhou et al. 2007; Chamala et al. 2013; Tang
et al. 2015). Combining single-molecule
sequencing technologies with new mapping
technologies may allow the production of scaf-
folds spanning entire chromosome arms, pro-
viding an optimized environment for structural
analysis and the identification of genomic varia-
tion (Burton et al. 2013; Cao et al. 2014;
Pendleton et al. 2015).

7.5 The Brassica napus Genome
and the Consequences
of Allopolyploidization

The allopolyploid species B. napus (AACC,
2n = 4x = 38) is an important oilseed crop that
originated around 7500 years ago from inter-
specific hybridizations between the diploid par-
ental species B. rapa (AA, 2n = 20) and
B. oleracea (CC, 2n = 18) (Gaeta et al. 2007;
Xiong et al. 2011; Chalhoub et al. 2014).
B. napus has become an important model for
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studies of de novo allopolyploidization, as syn-
thetic B. napus can be readily generated (with the
help of tissue culture), and the reference genome
sequences are now available for both B.
napus and its parental progenitor species (Wang
et al. 2011; Chalhoub et al. 2014; Liu et al.
2014). The first study showing genomic rear-
rangements in B. napus was published by Song
et al. (1995). The authors observed genomic
changes in the F2 to F5 generations of newly
resynthesized B. napus accessions using molec-
ular markers. Further studies on synthetic
B. napus accessions demonstrated that genomic
rearrangements in different synthetic accessions,
either from the same parental background or
originating from different progenitor genotypes
can vary greatly in the frequency and type of
genomic rearrangements, from only a few small
rearrangements to whole-chromosome substitu-
tions (Gaeta et al. 2007; Szadkowski et al. 2010;
Xiong et al. 2011; Chalhoub et al. 2014; Samans
et al. 2017). In newly synthesized accessions,
genomic rearrangements start immediately in the
first generation after hybridization, with the
highest meiotic disruption in the first meiosis of
resynthesized B. napus (Szadkowski et al. 2010).
The frequency of rearrangements is positively
correlated with the genetic distance between the
progenitor genomes in most species and addi-
tionally negatively correlated with fertility (Gaeta
et al. 2007). A study comprising whole-genome
DNA resequencing data of 31 diverse adapted
and 20 synthetic B. napus accessions found sig-
nificantly less and smaller genomic changes in
the adapted compared to the synthetic accessions
(Samans et al. 2017), although this is possibly a
result of selection for smaller rearranged regions
over time, as large rearrangements have also
been identified in natural B. napus (Mason et al.
2017). Comparative analyses of the B. napus
(‘Darmor-bzh’) An and Cn subgenomes revealed
large collinearity to the corresponding diploid B.
rapa ‘Chiifu’ (Ar) and B. oleracea ‘TO1000’
(Co) genomes (Chalhoub et al. 2014).

Gene loss is a common event following
whole-genome duplication or allopolyploidiza-
tion (Langham et al. 2004; Thomas et al. 2006)
and is considered part of the diploidization

processes whereby the genomes of polyploids
reduce in size and lose duplicated genetic infor-
mation over time. Comparing the gene content of
the B. napus (‘Darmor-bzh v4.1’) An and Cn

subgenomes with the gene content of B. rapa
‘Chiifu’ v1.5 and B. oleracea ‘TO1000’ gen-
omes, respectively, 38,661 orthologous gene
pairs were identified. Most orthologous gene
pairs in B. rapa and B. oleracea remained as
homoeologous pairs in B. napus ‘Darmor-bzh’,
with only 112 genes on the A subgenome and 91
genes on the C subgenome identified as lost
(Chalhoub et al. 2014). Genomic changes in
synthetic and adapted B. napus accessions are
not random. For adapted B. napus accessions, an
asymmetric fractionation with predominant gene
loss in the C subgenome was described.
Whole-genome DNA resequencing data of 31
diverse adapted B. napus accessions described
common deletions at distinct chromosomal
regions on chromosomes C1, C2, C4 and C9 in
nearly all investigated natural B. napus acces-
sions, suggesting strong selection against
homoeologous gene copies in the C subgenome
(Samans et al. 2017). Similarly, a higher number
of genetic changes in the C subgenome than in
the A genome were found by Gaeta et al. (2007)
in 50 synthetic B. napus allopolyploids of a
population. As well as biased gene loss by sub-
genome location, biased gene loss by function
has also been described (Samans et al. 2017).
Genes that were deleted within the panel of 31
natural B. napus accessions belonged to gene
families with the ontologies ‘cytosol to endo-
plasmic reticulum (ER) transport’, ‘seed devel-
opment’, ‘reproductive processes’, ‘vernalization
response’ and pectin catabolism’, suggesting that
loss of these genes may have played a role in
differential environmental adaptations.

As well as biased gene loss by subgenome
location, HEs are also known to be unequally
distributed across chromosomes in both adapted
and resynthesized accessions. HEs show clearly
more An to Cn events where the A subgenome
fragment is duplicated and the corresponding
homoeologous C subgenome region is deleted in
comparison with Cn to An translocations
(Chalhoub et al. 2014; Samans et al. 2017).
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This was demonstrated for large HEs but also for
gene conversions and exchanges at the
single-nucleotide level (Chalhoub et al. 2014).
HEs appear between all homoeologous linkage
groups, but more frequently between the chro-
mosomes A1/C1, A2/C2 A3/C3 and A9/C9,
chromosome pairs which share large synteny
blocks with high similarity (Gaeta et al. 2007;
Chalhoub et al. 2014; Samans et al. 2017). This
is because homoeologous exchanges and most
deletion/duplication events in B. napus are a
consequence of homoeologous recombination
between A and C chromosomes. Multivalent
pairing between the homoeologous A and C
genome has been frequently observed in different
synthetic B. napus, AC allohaploids and various
interspecific hybrid types (Jenczewski et al.
2003; Osborn et al. 2003; Leflon et al. 2006;
Nicolas et al. 2007, 2008, 2009; Mason et al.
2010). As common areas of rearrangement are
increasingly described for adapted and resyn-
thesized accessions, the presence of hot spots for
homoeologous crossing over and recombination
will hopefully soon be identified (Samans et al.
2017).

In B. napus ‘Darmor-bzh’ on the
whole-genome level, non-reciprocal exchanges
between subgenomes account for *86% of the
mutations differentiating B. napus from its pro-
genitors B. rapa and B. oleracea (Chalhoub et al.
2014). As well, these genomic rearrangements
may tend to lead to overall size reduction of the
Cn subgenome relative to the An subgenome,
further differentiating the Cn subgenome from the
progenitor Co genome. This occurs due to the
higher number of deletions and HEs in the C
subgenome, and the relatively larger sequence
size of these deletions and HEs, relative to those
in the An genome (Samans et al. 2017). Although
the A and C genomes have similar gene numbers,
gene density in the C genome is much less, as
this genome has a higher fraction of repetitive
elements (Alix and Heslop-Harrison 2004;
Howell et al. 2008). As rearrangement events
occur based on homoeologous gene locations
rather than on absolute sequence position along
chromosomes, this means that when an A gen-
ome segment is duplicated on the C genome in a

HE, some sequence is actually lost as the larger
C genome fragment is replaced by the smaller A
genome fragment (Samans et al. 2017).

7.6 Homoeologous Exchanges
and Karyotype Change in Other
Recently Formed Allopolyploid
Species

Similar to in young allopolyploid B. napus,
genomic changes have been reported in many
other synthesized and adapted allopolyploids.
The recently formed (<90 yrs) allopolyploid
species T. mirus and T. miscellus show frequent
homoeologous losses and large chromosomal
changes including translocations; interestingly
similar patterns of rearrangements were observed
both in synthetic and natural accessions (Buggs
et al. 2010, 2011, 2014; Chester et al. 2012,
2013, 2015; Soltis and Soltis 2012). Synthetic
and natural allotetraploid A. suecica (12,000–
300,000 yrs ago) (Comai 2000; Madlung and
Comai 2004; Pontes et al. 2004; Madlung et al.
2005; Wang et al. 2006), the recent allopolyploid
C. arabica (<100,000 yrs) (Lashermes et al.
2014) and newly resynthesized allohexaploid
bread wheat (Feldman et al. 1997; Ozkan et al.
2001; Feldman and Levy 2009; Liu et al. 2009)
also show extensive rearrangements, whereas
synthetic allopolyploid cotton behaves quite
differently, with a predominantly additive gen-
ome composition with only a few epigenetic
changes (Liu et al. 2001). Similar to in B. napus,
rearrangement patterns in wheat are not random,
and similarities observed between different syn-
thetic lines suggest a directed process (Ozkan
et al. 2001; Feldman and Levy 2012).

Only a few studies have been conducted on
the other crop allopolyploid Brassica species
B. juncea (2n = AABB) and B. carinata (2n =
BBCC). Although the study (Axelsson et al.
2000) found no evidence for genetic changes
using RFLP marker, the study by Song et al.
(1995) observed extensive genetic changes
between the progenitor A and B genomes
(in B. rapa and B. nigra, respectively) and the
A and B subgenomes of synthetic B. juncea.
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Biased, genome-wide increased gene expression
of A subgenome over B subgenome homoeo-
logues has been described in both adapted and
synthetic B. juncea accessions (Yang et al.
2016). However, the greater divergence between
the B and A/C subgenomes (Lagercrantz and
Lydiate 1996) and the fact that resynthesized
B. juncea and B. carinata tend to demonstrate far
more stable meiosis with only little homoeolo-
gous pairing; relative to resynthesized B. napus
(Prakash and Chopra 1988) suggests that the
frequency and size of HEs may be low between
the B and A/C genomes under natural conditions.

7.7 Gene Losses Induce Phenotypic
Variation

Recently, increasing attention has been paid to
the role of gene duplications and deletions and
HEs on phenotypic variation in polyploids
(Mason and Snowdon 2016; Stein et al. 2017).
The increase of genomic data provided by new
sequencing technologies has elevated our ability
to detect gene losses and may lead to increased
exploitation of these as a potential source for
phenotypic diversity (Albalat and Canestro
2016). A recent study by Schiessl et al.
(2014) analysed differences between morpho-
types in relation to copy number variation in
flowering-time genes. They sequenced 29 regu-
latory flowering-time genes in four genetically
and phenotypically diverse B. napus accessions.
The genotype set included a winter-type oilseed
rape, a winter fodder rape, a spring-type oilseed
rape (all B. napus ssp. napus) and a swede
(B. napus ssp. napobrassica), exhibiting differ-
ences in winter-hardiness, vernalization require-
ment and flowering behaviour. In comparison
with the early flowering fodder rape accession
and the winter-sensitive swede, they found a
reduced copy number for the transcription factor
CONSTANS in the late flowering, winter hardy
accession. CO is a central day length regulator
necessary for flowering transition. Hence, the
lower gene copy number was proposed to relate
to the late-flowering behaviour of this accession,
providing some of the first concrete evidence in

B. napus for gene loss affecting phenotype.
A further example in B. napus for the influence
of gene loss on phenotype was described for the
auxin response factor 18 (ARF18) gene.
A 165-bp deletion within the gene was found to
affect both the seed weight and the seed length:
this deletion prevents ARF18 from forming
homodimers, which results in loss of its binding
activity (Liu et al. 2015).

The link between phenotype and gene loss has
also been demonstrated in other species. In
wheat, for example, copy number variation has
been identified as a significant regulator of
flowering time. Wheat genotypes with only one
copy of Ppd1 on the B genome (Ppd-B1) are
photoperiod sensitive, whereas a higher copy
number (2–4 copies) results in a day-neutral,
early flowering phenotype (Diaz et al. 2012;
Langer et al. 2014; Wurschum et al. 2015).
Plants with an increased copy number of Vrn-A1
are more dependent on vernalization, such that
longer periods of cold are required to potentiate
flowering (Diaz et al. 2012).

7.8 Homoeologous Exchanges
Influence Phenotypic Variation

The impact of homoeologous exchanges on
important phenotypic traits such as regulation of
flowering time, flowering size, plant height, leaf
morphology and size, glucosinolate content and
yield is increasingly being demonstrated
(Schranz and Osborn 2000; Pires et al. 2004a;
Schranz and Osborn 2004; Gaeta et al. 2007).

FLOWERING LOCUS C (FLC) is a key
adaptive gene controlling vernalisation and
photoperiod responses (Turck and Coupland
2011). In B. napus homoeologous gene copies of
FLC on An2/Cn2, An3/Cn3, An10/Cn9 and a Cn9
locus are preserved in comparison with progen-
itor species B. rapa and B. oleracea (Chalhoub
et al. 2014). Different homoeologous exchanges
of the FLC gene have been assumed to be the
mechanism by which novel phenotypic variation
in flowering time was created in synthetic
B. napus lines (Pires et al. 2004b; Gaeta et al.
2007). Chalhoub et al. (2014) compared the
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semi-winter oilseed accessions ‘Yudal’ and
‘Aburamasari’ and the late-flowering swede/
rutabaga accession ‘Sensation NZ’ for the pres-
ence of FLC gene copies. For the homoeologous
A2/C2 FLC gene, they found an An2 to Cn2
translocation in both semi-winter accessions and
a homoeologous exchange between Cn9 and
An10, (including 2 FLC genes) in the
late-flowering swede/rutabaga (Chalhoub et al.
2014). Additionally, for both regions and for the
An3/Cn3 FLC locus, a quantitative trait locus
(QTL) for flowering time was described (Zou
et al. 2012).

Following intensive breeding efforts several
decades ago, significant reductions in glucosi-
nolate (GSL) and erucic acid content in rapeseed
oil were achieved, allowing rapeseed (newly
christened ‘canola’ to differentiate varieties on
the basis of oil quality) to be used for human and
animal nutrition (Dupont et al. 1989). Hence, it
might be reasonable to expect either a reduction
of the number of GSL biosynthesis genes in the
B. napus genome of modern cultivars or an
increased number of genes involved in GSL
catabolism as the reason for reduced GSL con-
tent. However, with 101 GSL biosynthesis genes
in the An subgenome and 97 in the Cn sub-
genome, the progenitor GSL biosynthesis genes
from B. rapa and B. oleracea are widely con-
served (Chalhoub et al. 2014). Genes involved in
the GLS catabolism are all retained, and only 3
B. oleracea and 1 B. rapa GSL biosynthesis
genes are lost (Chalhoub et al. 2014). Interest-
ingly, a putative impact on the GSL content was
in fact assigned to a deletion of both homoeol-
ogous GSL genes on An2/Cn2, where the An2
segment with the missing GSL gene has replaced
the Cn2 homoeologue (Chalhoub et al. 2014).
This genomic area is also associated with two
QTL for total aliphatic GSL content (Delourme
et al. 2013). A deleted GSL gene on An9 and its
retained homoeologous gene on Cn9 can be
co-localized with two further QTL for aliphatic
GSL content (Delourme et al. 2013). An impact
of an An9 to Cn8 translocation on seed acid
detergent lignin was also described (Liu et al.
2012). Although other examples of the effects of
homeologous exchanges on phenotype in

B. napus are sparse, QTLs for yield and Sclero-
tinia resistance could also be associated with
HEs from previous research (Osborn et al. 2003;
Zhao et al. 2006), and with increasing genomic
information many more are expected to be found
in future (Mason and Snowdon 2016).

7.9 Conclusions

Allopolyploidization, whereby two different
species come together to make a new species,
very commonly involves structural genomic
rearrangements. Increasingly, we are able to
detect and map phenomena such as homoeolo-
gous exchanges (HEs), duplication/deletion
events and gene losses using sophisticated
sequencing approaches and associated technolo-
gies such as optical mapping. In B. napus,
genomic resources such as good quality refer-
ence genomes and increasingly large quantities
of resequencing data for different accessions
have identified numerous structural rearrange-
ments and variations in both natural and syn-
thetic lines (Schmutzer et al. 2015; Samans et al.
2017). These resources have revealed that while
the B. napus subgenomes are fundamentally
unchanged for the most part from those of the
respective diploid progenitor species, this may be
due to the relative youth of this <7500-year-old
allopolyploid. Closer inspection of natural
germplasm has revealed the start of the
diploidization process, with preferential replace-
ment of the C subgenome with A subgenome
gene copies, and variation for particular HEs and
duplication/deletion events within the wider
germplasm pool of this species. Several studies
have also clearly demonstrated that structural
variation can also play a major role in phenotypic
variation, both in the evolution and targeted
breeding of B. napus and in synthetic lines. In
future, the role of homoeologous exchanges in
the evolutionary and ongoing differentiation of
the B. napus genome from that of its progenitor
species B. rapa and B. oleracea may be fully
elucidated, enhancing our understanding and
utilization of this phenomenon in rapeseed
breeding.
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8Fractionization of Polyploid
Duplicated Genes: Gene Loss,
Expression Divergence,
and Epigenetic Regulation
in Brassica napus

Chaobo Tong, Rafaqat Ali Gill, Yang Xiang, Lixin Ma,
Xiaohui Cheng, Junyan Huang and Shengyi Liu

Abstract
Plant genome polyploidization and subse-
quent evolution is a crucial process for trait
innovation and new species formation. Recur-
rent whole-genome duplication (WGD) exist-
ing in Brassica napus created abundant
genetic variation, which make it an ideal
model for studying the patterns and mecha-
nism of polyploid genome evolution. Based
on the availability of reference genomes and
high-throughput ‘omics’ data, the duplicated
genes derived from different WGD events
were identified, enabling investigation of their
expression divergence and epigenetic regula-
tion. This chapter introduced generation and
loss of duplicated genes in multiple cycles of
whole-genome duplication and described

expression divergence of duplicates, particu-
larly those homeologous genes. Alternative
splicing events may play an important role in
expression divergence of the duplicate genes.
Expression divergence of duplicated genes
may be regulated by epigenetic mechanisms,
especially subgenome interaction-related
small RNA produced from transposable ele-
ments in the case that the two subgenomes
have asymmetrical transposable elements and
their abundance. In the future, the new ‘omics’
technologies could be used to accurately
quantify expression divergence and its regu-
latory mechanisms of duplicated genes in
relation to phenotypic changes to uncover
polyploid genome evolution.

8.1 The Duplicated Genes and Their
Loss Rate in B. napus

In this chapter, whole-genome duplication
(WGD) refers to two or more sets of parental
genomes of a plant whose parents are either a
same species or two close relatives. If WGD was
very old, its extant descendant genomes in its
lineage plants may just retain a portion syntenic
to the original one. Plant polyploids can be
divided into allopolyploids and autopolyploid,
and ploidy levels can be triple, quadruple, sex-
tuple, octuple, and even more. In nature,
allopolyploids occupy a large proportion (Van de
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Peer et al. 2017) including important crops such
as wheat, Brassica napus oilseed rape, and cot-
ton. Here, our discussions are restricted to
allopolyploids represented by B. napus.

Allopolyploids were generally formed from
two close relative progenitors which share a
common farther progenitor, and thus a large
number of orthologous genes in the two relatives
were created and they share similar DNA
sequences and/or same functions. Based on inter-
or intra-species syntenic analyses, 32,699
orthologous gene pairs were identified between
the two diploid progenitors B. rapa and B.
oleracea. Further, most (27,360) of them were
conserved among the 31,526 homeologous pairs
in B. napus. After detailed checking, most of the
non-shared parental orthologs and homeologous
gene pairs were actually caused by the absence of
annotation or collapsed regions in one of four
genomes compared. After validating by PCR,
only 119 An and 83 Cn gene losses were con-
firmed after polyploidization, and the An sub-
genome showed a slightly higher frequency of
gene losses than the Cn subgenome. Among
them, 36% of losses are small segmental dele-
tions of two to four adjacent genes. It was con-
cluded that there was no abundant gene loss
during the short evolutionary time after the recent
allopolyploidization (7,500 years ago).

Furthermore, many diploids also have been
revealed to be paleopolyploidy as evidenced by
presence of many clearly detectable ancient
WGD-derived syntenic blocks (subgenomes)
(Lee et al. 2013). A whole-genome triplication
(WGT) event occurred (about 15 million years
ago, Mya) in the ancestor of the Brassiceae lin-
eage after its divergence from Arabidopsis
(24–29 Mya) and are shared in Brassica species
including two subgenomes of B. napus (Liu et al.
2014; Lysak et al. 2005; Parkin et al. 2005;
Wang et al. 2011). Based on Arabidopsis–Bras-
sica syntenic analysis, significant gene losses
were observed in the triplicated blocks with an
overall retention rate of 1.2-fold of Arabidopsis
genes in the corresponding syntenic regions of
Brassica species (Fig. 8.1). In the syntenic
regions, about 53% of ancestor genes just
retained one copy, about 35% retained two

copies and only about 11% retained triplicates in
Brassica species. The WGT-derived three sub-
genomes showed different rates of gene
loss/retention and were defined as the least
fractionated blocks (LF), the medium fraction-
ated blocks (MF1), and the most fractionated
blocks (MF2), respectively. The LF subgenome
retains *70% of the genes found in A. thaliana,
whereas the MF1 and MF2 subgenomes retain
substantially lower proportions of retained genes
(*46 and*36%, respectively). Overall, 11,448,
11,493, and 21,348 duplicated gene pairs derived
from 15 Mya-Brassiceae-specific WGT events
were identified in B. rapa, B. oleracea, and B.
napus, respectively. This pattern supported the
hypothesis that two steps were responsible for
hexaploidization: MF1 and MF2 combined firstly
and experienced substantial fractionation in a
tetraploid nucleus, and then LF joined and
underwent relatively slight gene losses.

In addition, three older polyploidization
events, called a, b, and c events, happened in
different evolutionary time points predating the
divergence of Arabidopsis and Brassica species
(Bowers et al. 2003; Lyons et al. 2008; Vision
et al. 2000). Furthermore, Jiao et al. (2011)
identified two more ancient WGD events (called
e and f) occurred in the ancestor of angiosperms,
which suggested all the angiosperm plants are
paleopolyploid. Therefore, B. napus contained
the legacy of at least five rounds of WGD events
before Brassiceae-lineage-specific WGT and
recent allopolyploid (A and C genome merging)
events (Fig. 8.1). By syntenic analysis between
the basal angiosperm Amborella trichopoda, the
basal eudicot Vitis vinifera, the model crucifer
Arabidopsis thaliana, and Brassica species
(B. rapa, B. oleracea, and B. napus), the 72�
genome multiplication in B. napus was con-
firmed, including 69 specific regions from
Amborella were detected to be matched up to 72
regions in B. napus (Chalhoub et al. 2014)
(Fig. 8.1). In summary, recurrent WGD duplica-
tion created abundant genetic variation in B.
napus, which makes it an ideal model for study-
ing the patterns and mechanism of polyploid
evolution. The identifiedWGD-related duplicated
genes provided solid basis for further study on
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A

Species 

The number 
of annotated 
genes in 
genome 

The number of duplicated gene pairs

Recent allopolyploidy 
(A and C genome 
merging) event 

(5000-10000 years 
ago) 

Brassiceae-specific 
WGT event (~13 
million years ago)  

Brassicaceae alpha 
event (~ 35 million 
years ago)

B. napus  101040 31526 21348 8875 

B. rapa 41174 — 11448 5778  

B. oleracea 45758 — 11493 5692 

A. thaliana  27379 —  — 3742 

The number of duplicated gene pairs derived from different WGD events 

(a)

(b)

Fig. 8.1 Syntenic analysis for identifying duplicated
genes derived from different WGD events, a the syntenic
comparison between A. trichopoda, V. vinifera, Ara-
bidopsis thaliana, and Brassica species B. rapa, B.
oleracea, and B. napus. Gray wedges in the background
highlight conserved syntenic blocks each with more than

ten gene pairs. A typical ancestral region in Amborella is
expected to match up to 72 regions in B. napus. Adopted
from Chalhoub et al. (2014) (Copyright 2014 by the
American Association for the Advancement of Science),
b the number of duplicated gene pairs derived from
different WGD events in B. rapa, B. oleracea, B. napus
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their expression divergence and epigenetic regu-
lation in B. napus.

8.2 The Expression Divergence
of WGD-Derived Duplicated
Genes in Brassica napus

After allopolyploidization from two close rela-
tive progenitors, levels and patterns of duplicated
gene expression from the progenitors may have
reshuffled and can be described as the following
categories or layers revealed from different and
separate experimental systems: (1) Transcrip-
tome shock might occur immediately after
polyploidization, and levels and patterns of some
duplicated gene expression might have changed
(Chen 2007; Conant and Wolfe 2008; Doyle
et al. 2008; Jackson and Chen 2010; Zhang
2003). (2) Non-additive gene expression of
duplicated genes might appear and exhibit the
non-vertical transmission of preexisting expres-
sion patterns of parents (Yoo et al. 2014). (3) The
patterns of expression divergence between
duplicated genes could be described as
expression-level dominance, transgressive
expression, and homeolog expression bias
(Buggs et al. 2014; Grover et al. 2012).
(4) Probably, these unequal expression patterns
of homeologs in allopolyploids have led to the
non-functionalization, subfunctionalization, and
neo-functionalization in long evolutionary terms
(Chaudhary et al. 2009; Chen and Pikaard 1997;
Combes et al. 2013; Edger et al. 2016; Flagel and
Wendel 2010; Force et al. 1999). However, all
duplicated gene pairs can simply be divided into
the inherited and the non-inherited expression
levels/patterns—the former is the same as those
in two parents and the latter changed from those
of parents. Regardless of these classifications, as
long as expression divergence of duplicated gene
pairs, they have profound impact on genome
differentiation toward diploidization and corre-
sponding phenotypic changes while highly
co-expressed gene pairs may generally have
certain role in maintaining genome stability and
polyploid adaptation. Thus, these differentiating
processes could contribute to the polyploid

plasticity, e.g., creating novel traits and increas-
ing adaption to environments. Technological
advances including the availability of reference
genomes and RNA-seq data from different tis-
sues in B. napus and its parents (Chalhoub et al.
2014; Liu et al. 2014; Parkin et al. 2014; Sun
et al. 2017; Wang et al. 2011) and their relatives
Arabidopsis have made B. napus be a more
important model for systematical investigation of
the pattern of expression divergence between
duplicated genes.

Before the whole-genome sequence of
B. napus was finished, studies have been con-
ducted to investigate the expression divergence
of duplicated genes in B. napus using microarray
and EST sequencing data (Albertin et al. 2007;
Whittle and Krochko 2009). Subsequently, the
expression divergence between An and Cn

homeologs was investigated using Illumina
RNA-seq (Tong et al. 2013; Chalhoub et al.
2014). It was found that, of 29,736 homeologous
gene pairs, at least one homeolog expressed in at
least one tissue. According to comparisons
between leaves and roots and between the sub-
genomes, 45 expression patterns were grouped
(Chalhoub et al. 2014). 17,326 (58.3%) gene
pairs of An and Cn homeologs contributed simi-
larly to gene expression in both contrasting tis-
sues (P > 0.01). However, for 4,665 (15.7%) and
5,137 (17.3%) gene pairs, homeolog Cn or An

contributed more, showing biased expression in
both tissues, but no evidence for pronounced
genome dominance was observed. In root, leaf,
flower, and silique tissues from the other refer-
ence genome of the cultivar ‘ZS11,’ 32–40% of
the homeologous genes was diverged in terms of
expression ratios (>2 or <1/2, FDR < 0.001 and
P-value � 0.05), but ANOVA analysis still
showed that the homeologous An and Cn gen-
omes exhibited no expression bias in the
whole-subgenome scale (P > 0.05) (Sun et al.
2017). In addition, in a parallel comparison of
homeologous gene pairs among synthetic
allopolyploids, 26–31% of An and Cn duplicated
genes displayed homeolog bias in expression
levels toward A or C genome, and nearly half of
them were shared among different hybrids
(Zhang et al. 2016). Nevertheless, the overall
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homeolog expressions bias in B. napus hybrids
were also balanced, i.e., expression bias toward
A or C subgenome is equal. The absence of
significant genome dominance in the recent
B. napus allopolyploid concurs with old poly-
ploids (Garsmeur et al. 2014), but contrasts with
many other polyploids (Cheng et al. 2012;
Schnable et al. 2011; Tang et al. 2012; Grover
et al. 2012).

Divergent patterns of tissue-specific gene
expression among homeologous gene pairs were
also revealed. Among 1,062 gene pairs (3.7%),
the homeolog An was more expressed in leaves
than in roots whereas the homeolog Cn was more
expressed in roots than in leaves (Chalhoub et al.
2014). In 12 different tissues, a substantial part of
them showed tissue-specific expression diver-
gence of homeologous gene pairs and only 30%
of them shared the same pattern (An > Cn or
An < Cn) among all tissues (Sun et al. 2017).
These patterns suggested that some homeolog
gene pairs are already evolving toward subfunc-
tionalization in the different tissues, which may
provide potential phenotypic plasticity in young
allopolyploids. GO analysis of the gene pairs
with homeolog expression bias revealed that the
genes involved in structural molecule activity,
generation of precursor metabolites and energy
and ribosome were enriched in An-bias patterns,
whereas those involved in oxidoreductase activ-
ity, translation, and cytoplasm were enriched in
Cn-bias patterns.

However, among different subgenomes
derived from the Brassiceae-lineage-specific
WGT occurred *15 Mya, there are signifi-
cantly ‘genome dominance’ in all of B. rapa,
B. oleracea, and B. napus (Cheng et al. 2012; Liu
et al. 2014; Wang et al. 2011), in contrast to
‘genome equivalence’ between An and Cn. The
genes in the less fractioned subgenome
(LF) were dominantly expressed over their
paralogs/orthologs in more fractioned sub-
genomes (MF1 and MF2) by analysis of
RNA-seq data generated from callus, root, leaf,
stem, flower, and silique of B. oleracea, B. rapa,
and B. napus. By detailed checking, *40% of
WGT paralogous gene pairs are differentially
expressed in Brassica species, suggesting

potential subfunctionalization of these genes.
*38% of duplicated gene pairs belonging to
transcription factors showed differentiated
expression, and paralogs with GO categories
related to membrane, catalytic activity, and
defense response exhibited a higher ratio of dif-
ferentiated expression among WGT-derived
duplicates.

Based on the contrasting pattern between
recent and older polyploidization events, we
speculated that B. napus is just at the beginning
of the process of gene loss and diploidization.
Investigation in multiple accessions of B. rapa
revealed that genes in the LF subgenome had less
non-synonymous or frameshift mutations than
genes in MF1 and MF2, indicating that the
subgenome LF was under significantly more
selection pressure to sweep the functional muta-
tions in comparison to MFs (Cheng et al. 2012,
2016). On another hand, the epigenetic mecha-
nisms may play a role in their functional diver-
sification, evidenced by differential patterns of
DNA methylation and small RNAs among dif-
ferent subgenomes in B. napus (Chalhoub et al.
2014).

8.3 The Alternative Splicing
Divergence of Duplicated
Genes in B. napus

During the last seven years, many plant species
have been shown each producing a large number
of alternative splicing (AS) transcripts (isoforms
or variants) from individual genes, and more and
more studies have indicated alternative splicing
changes in duplicated genes after polyploidiza-
tion (Chalhoub et al. 2014; Liu et al. 2014; Su
et al. 2006; Talavera et al. 2007; Zhou et al.
2011). Polyploid homeologous duplicates may
retain the same AS events as those in the pro-
genitors, or one or both lose or gain novel AS
events after polyploidization, leading to different
AS patterns between homeologs. However, few
studies have analyzed the impact of either gene
duplication or polyploidy on AS. Because there
are more and more evidences indicating that AS
transcripts from a single gene may have different
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key domains and they conduct different (not
similar) functions (Santos et al. 2011; Zhang
et al. 2009, 2010), we here use the term ‘variant’
for these transcripts where necessary.

Based on RNA-seq data from different tissues,
four main types of AS events as intron retention
(IR), exon skipping (ES), alternative 5’ splice site
donor (A5SS), and alternative 3’ splice site
acceptor (A3SS) were identified in B. rapa,
B. oleracea, and B. napus (Table 8.1) (Chalhoub
et al. 2014; Liu et al. 2014; Tong et al. 2013).
Totally, 25–40% of Brassica genes was detected
to be alternatively spliced with frequent intron
retention and rare exon skipping. It was inter-
estingly that genes with small introns were
preferentially to produce intron retention events,
whereas large introns use an exon definition
mechanism in exon shipping events. In addition,
the GO enrichment analysis showed that AS
genes were associated with signal transduction,
regulation, response, binding and catalytic
activity, etc. Meanwhile, about 30% of tran-
scription factors genes underwent AS, especially
in ARF-, AP2-, MIKC-, C3H-, and MYB-related
families. All these evidences suggested that
alternative splicing may serve as an important

and prevalent mechanism for these
‘AS-preferred’ genes to function in genome.

The comparison of AS difference between all
An and Cn homeologs pairs showed that AS pat-
terns can change rapidly after polyploidy, and AS
changes after allopolyploidy were much more
common than homeolog silencing (Zhou et al.
2011). Based on AS identified from RNA-seq
data, 20% of them exhibited different AS patterns
that the specific AS events occurred in only An or
Cn genes within homeologs pairs. Importantly,
the AS differentiation in homeologs largely
appears to be tissue- or stress-specific manner as
many AS was organ specific or induced by abiotic
stress treatments. Zhou et al. compared AS events
in 82 duplicated gene pairs (homeologs) of
B. napus using RT-PCR and sequencing assays,
26–30% of the duplicated genes showed changes
in AS compared with the parents, including many
cases of AS event loss or gain after poly-
ploidization (Zhou et al. 2011). Interestingly,
most of the changes were homeolog-specific
losses of AS in one homeolog, and only one
case there was a homeolog-specific gain of an AS
event. In addition, many AS events after
allopolyploidy were detected to be parallel losses

Table 8.1 Alternative splicing events identified in different tissues of Brassica species

Species Tissues Intron retention
(events/genes)

Alternative 3′ splicing
(events/genes)

Alternative 5′ splicing
(events/genes)

Exon skipping
(events/genes)

B. napus
(‘ZS11’)

Callus 34,878/11,340 5,614/4,600 2,338/2,059 326/294

Leaf 18,225/6,733 5,955/4,529 2,633/2,227 308/262

Root 45,869/13,949 4,796/3,854 2,531/2,162 456/400

Flower 33,855/11,187 3,454/3,054 1,405/1,290 385/346

Silique 38,722/11,153 4,800/3,983 1,973/1,780 561/507

B. rapa
(‘Chiifu-401’)

Root 3,776/1,630 1,111/1,010 449/433 281/260

Stem 2,869/1,290 1,123/1,032 518/494 324/278

Leaf 3,325/1,313 910/833 353/86 242/215

Flower 3,427/1,401 1,228/1,087 538/494 336/285

Silique 6,876/2,379 783/718 295/284 294/260

B. oleracea
(‘02-12’)

Root 4,530/2,230 1,356/1,242 569/489 350/305

Stem 3,268/1,863 1,365/1,265 718/560 425/369

Leaf 3,895/1,635 1,025/911 416/105 316/283

Flower 3,895/1,695 1,296/1,154 947/569 406/385

Silique 7,563/2,596 896/819 369/305 425/363
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in the two independently resynthesized lines,
suggesting that changes in AS after allopoly-
ploidy is not entirely random, and many of them
were repeatable.

AS is able not only to remove functional
domains to produce non-functional transcripts,
thus regulating gene dosage (Kalsotra and
Cooper 2011; Nilsen and Graveley 2010), but
also cause subfunctionalization between
WGT-derived paralogous genes (Zhang et al.
2010; Zhou et al. 2011). For WGT-derived par-
alogs, they have higher ratio of genes with AS
than singletons. AS transcripts may be required
for gene balance (Birchler et al. 2005; Thomas
et al. 2006). These ‘AS-preferred’ genes were
enriched in transcription factors and signal
transducer and also were more likely to have
been retained as duplicates after WGT events
(Tong et al. 2013). By comparing the AS pattern
identified from RNA-seq data, larger AS differ-
entiation was displayed among WGT-derived
paralogs. In B. oleracea and B. rapa, 35.5%
(8,467) of orthologous gene pairs showed dif-
ferential expression due to AS variation. When
only counting intron retention and exon skipping,
9.3% (2,215) of gene pairs differs. Analysis of
AS variants of paralogous gene pairs that have
identical numbers of exons demonstrated that
these variants with either different variants or
differential expression of the same variants
caused >20 and >44% of such paralogous genes
to be differentially expressed in B. oleracea and
B. rapa, respectively. In conclusion, divergence
in AS variants of gene pairs may present an
important mechanism for subfunctionalization of
duplicated genes and an important layer of gene
regulation, and thus provides a genetic basis for
polyploid evolution and new species formation.

8.4 Expression Divergence
of WGD-Derived Duplicated
Genes via Epigenetic
Regulation

What are regulatory mechanisms for the above
divergence of expression among homeologous
gene pairs remains unclear. Some hypotheses

were proposed for the mechanisms (Chen 2007;
Guan et al. 2014; Hollister et al. 2011; Ng et al.
2012; Pang et al. 2009; Shen et al. 2015). For
example, for immediate changes after poly-
ploidization, the copy number and expression of
regulatory genes were doubled such as tran-
scription factors and DNA methylation-related
enzymes and cofactors if their expression does
not proportionally decease after two close rela-
tives genome merger, and thus corresponding
target duplicated genes may have increased or
decreased in expression, whereas the others have
reverse impact on target gene expression because
their copy number increases but less than double
and thus have less competitive power for shared
elements for working complexes; the dosage
balance of the network may impose expression of
some duplicated genes (but the reason or exact
regulation is poorly understood). Among these,
DNA methylation, particularly small
RNA-directed DNA methylation, may play a
critical role.

For studying the DNA methylation regulation
to gene expression of duplicated genes,
genome-wide bisulfite sequencing has been per-
formed in ‘Darmor-Bzh’ and ‘ZS11,’ two refer-
ence cultivars of B. napus. The correlation
analysis showed that gene expression is generally
inversely related to DNA methylation levels
(CpG, CHG, and CHH) both in ‘Darmor-Bzh’
and ‘ZS11’ (Chalhoub et al. 2014; Sun et al.
2017). As expected, repetitive elements were
highly methylated, CDS and gene body sequen-
ces had intermediate levels of methylation, and
promoters (UTRs) were the least methylated
sequence types (Chalhoub et al. 2014). However,
the Cn subgenome was found to be more
methylated than the An subgenome in all
sequence types in terms of CpG, CHG, and CHH
cytosine contexts. *10% of total homeologous
gene pairs were differentially methylated
between An and Cn homeologs in both roots and
leaves across the gene body sequence and/or
UTRs. Among them, *34% showed expected
higher expression for the less methylated home-
ologs and could be explained by corresponding
methylation variation in UTRs or gene body.
Meanwhile, 12% of differentially methylated
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An-Cn homeologous gene pairs was not con-
served among tissues, suggesting tissue-specific
methylation regulation. All these results showed
evidence for the important role of DNA methy-
lation regulating expression divergence of
duplicated genes. However, no transcriptomic
dominance between An and Cn is still a mystery
although Cn genes were more often flanked by
highly methylated transposons (Chalhoub et al.
2014; Sun et al. 2017).

The striking result for WGT-derived sub-
genomes in Brassica (including An, Ar, Cn and
Co) is that there is a good relationship between
transcriptomic dominance and bias methylation
pattern (Parkin et al. 2014). The levels of
methylation in all contexts were lowest for the
least fractionated subgenome (LF) in Brassica
species while its expression is dominant over
more fractionated subgenomes (MF1 and MF2),
suggesting that cytosine methylation possibly
played a significant role in establishing relative
expression differences and diversification among
the three subgenomes.

Because allopolyploid subgenomes carry dif-
ferent types and contents of transposable ele-
ments (TE) producing 24-nt small RNA which
can direct DNA methylation (RdDM), it is rea-
sonable to infer that dosage and complementation
of 24-nt small RNA from the two subgenomes
may have different impact on genes and regula-
tory elements on the subgenomes (Hollister et al.
2011). Genome-wide investigation of the rela-
tionships of gene expression with transposable
element (TE) distribution and small RNA target-
ing showed that the 24-nt small RNAs target TEs
were less inserted in LF subgenome and are
negatively correlated to the dominant expression
of individual paralogous gene pairs (Cheng et al.
2016; Woodhouse et al. 2014). The biased dis-
tribution of TEs among the subgenomes and the
targeting of 24-nt small RNAs together produce
the dominant expression phenomenon at a sub-
genome scale. From this view, epigenetic modi-
fication of TEs via the RdDM pathway provided
one potential mechanism that explains dominance
at the subgenomic level in Brassica paleopoly-
ploids. More importantly, a recent hypothesis
further suggested that when two suites of distinct

siRNAs and TEs suddenly merged within a cell,
siRNAs might target the sequences other than its
original ones resulting in genome-wide inter-
genomic interaction (Wendel et al. 2016). This
type of inter-genomic interaction via siRNAs
from each other may contribute to the genome
stability and the expression changes between the
subgenomes. Unfortunately, this hypothesis has
not been thoroughly tested, and there are no
related reports about the degree and way how
siRNAs could regulate the different subgenomes
each other in trans.

8.5 Perspectives

As long as expression divergence of duplicated
gene pairs exists, they have profound impact on
genome differentiation toward diploidization and
corresponding phenotypic changes. Therefore,
maintenance and divergence of duplicated gene
expression is one of most important topics in
polyploids and plant evolution as well as in crop
improvement.

The genome sequencing and identification of
duplicated genes have set a resource foundation
and expression studies of these duplicated genes
have added new insights into the evolution of
polyploidy B. napus. However, up to now,
investigations are just at the beginning. There are
many to be exploited. First, genome and tran-
script resource need to be significantly improved
by updating the reference genome and directly
identifying full length RNA by new sequencing
technologies such as the PacBio platform. The
data available represents only a few tissues and
cultivars. Given the importance of tissue-specific
expression divergence and epigenetic regulation
on duplicated genes, we need more data from
distinct tissues under specific developmental
stage or stress, enabling the search for broader
patterns from different tissues or individuals. The
interplay between different subgenomes after
polyploidization should be addressed based on
combination analysis of sets of mRNA and
sRNA sequencing data, but precise identification
and function studies of small RNA are
challenges.
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9Brassica Mitochondrial
and Chloroplast Genomes

Pu Chu, Jianmei Chen and Rongzhan Guan

Abstract
The energy-converting organelles, mitochon-
dria and chloroplasts, play important roles in
plant growth and development. The coordina-
tion between nuclear and organellar genomes
has been reported extensively in plants, and
studies on organellar genomes are important
supplements to nuclear genome research.
Benefitting from high-throughput sequencing
technology, mitochondrial genome sequences
have been reported in many plants, especially
in Brassica species. Here, the size, composi-
tion, and structure variation of Brassica
mitochondria genomes are introduced. There
are fewer reports of complete chloroplast
genome sequences in Brassica compared to
those of mitochondrial genomes. The involve-
ments of mitochondrial and chloroplast gen-
omes in evolution and Brassica breeding are
discussed.

9.1 Introduction

Mitochondria and chloroplasts control energy
conversion in plant cells (Alberts et al. 2002) and
synthesize amino acids, lipids, nucleotides, vita-
mins, and porphyrins to sustain the functional
metabolism in plants and thus play important
roles in plant growth and development (Inoue
2007). Plant mitochondria are associated with the
determination of cytoplasmic male sterility
(Sandhu et al. 2007), stress responses (Huang
et al. 2011), regulation of programmed cell death
(Diamond and McCabe 2011), nitrate sensing
and GA-mediated pathways for growth and
flowering (Pellny et al. 2008). Chloroplasts are
the organelles that define plants and contain
highly conserved genes fundamental to plant life,
such as those involved in chlorophyll biosyn-
thesis, photosynthesis, and retrograde signaling
(Jarvis and López-Juez 2013; Jensen and Leister
2014).

Previous analyses suggested that ancient
eubacterial invasions gave rise to mitochondria
and chloroplasts (Gray et al. 1999). In this pro-
cess, endosymbionts lost the bulk of their gen-
omes, necessitating the evolution of elaborate
mechanisms for organelle biogenesis and
metabolite exchange (Dyall et al. 2004). Gene
flow between the two organelle genomes and the
nuclear genome has led to increased genetic
diversity (Petit et al. 2005), a phenomenon that
has been widely reported in the plant kingdom.
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Therefore, coordination between the nucleus and
organelles is crucial for plants’ survival
(Woodson and Chory 2008), and studies on the
mitochondrial and chloroplast genome will
facilitate our understanding of the whole genome
in plants.

Plant mitochondrial genomes have unique
features compared to their counterparts in ani-
mals and fungi, such as a dynamic structure
(Ogihara et al. 2005), incorporation of foreign
DNA (Tanaka et al. 2012), and large and dra-
matic variations in size (Kubo and Newton
2008), which range from 208 kb for Brassica
hirta (Palmer and Herbon 1987) to over 11.3 Mb
for Silene conica (Sloan et al. 2012). Active
recombination via repeat sequences is thought to
be responsible for the dynamic nature and
multipartite organization of the mitochondrial
genome in all angiosperms investigated
(Woloszynska 2010; Wang et al. 2014), which
may produce dramatic variation within closely
related species (Alverson et al. 2010; Palmer and
Herbon 1988). Compared with the plant mito-
chondrial genomes, chloroplast genomes are
relatively small, ranging from 120 to 220 kb,
encoding 120–130 genes. Genes for the orga-
nelle’s own genetic system and photosynthesis-
related genes are found in the chloroplast gen-
ome in flowering plants (Repkova 2010; Bock
2014). In contrast to plant mitochondria,
sequence analysis has revealed that the genome
organization and coding capacity of chloroplasts
are highly conserved in higher plants (Grevich
and Daniel 2005).

The genus Brassica (family Brassicaceae)
contains six cultivated species, including three
elementary diploid species: Brassica rapa (nu-
clear genome constitution AA), Brassica nigra
(BB), and Brassica oleracea (CC); and three
amphidiploids: Brassica juncea (AABB), Bras-
sica napus (AACC), and Brassica carinata
(BBCC) (Nagaharu 1935). Brassica species
served as early models for understanding the
structure, function, and content of plant mito-
chondrial genomes (Grewe et al. 2014).
Considering that Brassica species have the
smallest mitochondrial genomes among higher
plants, investigation of their mitochondrial

genomes may reveal the minimum sequence
requirement for a mitochondrial genome of
higher plants (Handa 2003). The first complete
restriction map for a higher plant mitochondrial
genome was that of Brassica campestris (Palmer
and Shields 1984). Since then, taking advantage
of high-throughput sequencing technology, the
complete mitochondrial genome sequences of all
six cultivated species and some related wild
species in the genus Brassica have been reported.
For the chloroplast genome, the origin and evo-
lution of Brassica species were first explored
using mutational analysis of the maternally
inherited chloroplast genome about 30 years ago
(Palmer et al. 1983). Recently, the complete
chloroplast genome sequences of B. rapa and
B. napus have been reported and their evolu-
tionary implications have been discussed (Hu
et al. 2011).

In this chapter, we offer a brief introduction to
Brassica mitochondria and chloroplast genomes,
including data from recent investigations, as well
as implications for breeding and evolutionary
studies.

9.2 Brassica Mitochondria Genome

9.2.1 Mitochondria Genome Size

The mitochondrial genome of B. hirta (white
mustard), a related wild species in the genus
Brassica, is only 208 kb, which is the smallest
mitochondrial genome in plants reported to date
(Palmer and Herbon 1987). The sizes of whole
single circular mitochondrial genomes of the
B. rapa (cam), B. juncea (jun), B. napus (Samuels
et al. 2013), B. oleracea (ole, accession
“08C717”), and B. carinata (car) are 219,747,
219,766, 221,853, 360,271, and 232,241 bp,
respectively (Chang et al. 2011; Handa 2003).
Previous studies have reported physical maps of
the cam (Palmer and Shields 1984) and ole
(Chetritl et al. 1984) mitochondrial genomes. The
length of the cam sequence was almost the same
as that obtained from the physical map (219.7 kb
vs. 218 kb). However, the length of the ole
mitotype is much larger than that previously
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reported from physical mapping (219 kb),
because of a duplication of a 141.8 kb segment in
its genome. Variation of the mitochondrial gen-
omes within B. oleracea has been reported. The
mitotype of cv. “Fujiwase” (denoted as ole-F in
this chapter) is a 219,952 bp circular mitochon-
drial genome (Tanaka et al. 2014), which is
similar to that of B. oleracea var botrytis (Grewe
et al. 2014) and smaller than the previously
reported mitochondrial genome of B. oleracea
accession “08C717” (360 kb). Cytoplasmic male
sterility (CMS) lines and their iso-nuclear main-
tainer lines may have mitotypes of different sizes.
For example, two mitotypes of B. napu, pol and
nap, are 22,412 bp (Handa 2003) and
221,853 bp, respectively (Chen et al. 2011). In
addition, a heterogeneous B. napusmitochondrial
genome was sequenced whose size (258,473 bp)
is different from those of pol and nap mitotypes.
The B. juncea hau CMS mitochondrial genome is
247,903 bp, which is obviously larger than the
maintainer line and another normal type line
“J163-4” (both 219,863 bp). Recently, the mito-
chondrial genome of the sixth species, B. nigra
(Clare et al. 2008), was sequenced and its size is
232,145 bp (Yamagishi et al. 2014), which is
slightly smaller than that of B. carinata.

9.2.2 Mitochondria Genome
Composition

Despite the size variation of the mitochondria
genomes in these six cultivated Brassica species
(220–360 kb), the compositions of the mtDNAs
are similar. These Brassica mitochondrial mito-
types share 36 protein-coding genes, three ribo-
somal genes (rrn5, rrn18, and rrn26), and 15
tRNA genes (Table 9.1). The total number of
genes varies with mitotypes, ranging from 53 in
car to 95 in ole: The number of protein-coding
genes varies from 33 to 56, and the number of
tRNA varies from 17 to 35. The numbers of open
reading frames (ORFs) without known function
are also different among mitotypes, ranging from
29 in hau to 46 in nap.

The numbers of genes with known functions
are almost the same in all mitotypes (Table 9.2); Ta
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however, the ole, car, and nig mitotypes lack the
complex IV-related cox2-2 gene found in the
other mitotypes. The CMS-related genes (ho-
mologous to orf224 and orf222) found in the pol
and nap mitotypes are not found in other mito-
types. Thirty-eight duplicated genes with known
functions are present in ole. The differences in the
number of functional genes between ole and the
other mitotypes have been attributed to the
141.8 kb segment duplication in the olemitotype.

9.2.3 Mitochondrial Genome
Structure

Repeats, including short repeats (30–99 bp),
intermediate repeats (50–500 bp), and large
repeats (>1 kb), are closely related to the struc-
ture variations of plant mitochondrial genomes.
Short repeats associated with an irreversible
reorganization (Andre et al. 1992) are uniformly
distributed in the six Brassica mitochondrial
genomes, which may imply that there are pre-
requisites for such an irreversible rearrangement
(Chang et al. 2011). Intermediate repeats mediate
low-frequency, asymmetric DNA exchange
(Arrieta-Montiel et al. 2009) which is associated
with rapid stoichiometric changes in genome
configuration (Shedge et al. 2007), referred to as
substoichiometric shifting (Small et al. 1987).

Large repeats usually account for most of the
observed genome structural complexity in plants
(Arrieta-Montiel and Mackenzie 2011). Large
repeats mediate high-frequency reciprocal DNA
exchanges that can give rise to the subdivision of
the genome into a multipartite configuration
(Palmer and Shields 1984; Lonsdale et al. 1981;
Chang et al. 2013). In Brassica, this phenomenon
was first reported in the B. campestris mito-
chondrial genome (Palmer and Shields 1984).
The 218 kb master chromosome has been pos-
tulated to interconvert with the two smaller
circles (135 and 83 kb) via a co-integration-
resolution pathway mediated by reciprocal
recombination within the 2 kb repeat, which is
shared by all three circles.

Four kinds of large repeats have been
observed in the mitochondrial genomes of the six

species of Brassica (Fig. 9.1). The R1 repeat
(3605 bp) carries two exons of the nad5 gene,
and the R2, RB, and R repeats are mtDNA
fragments of 141.8 kb, 2427 bp, and 6580 bp,
respectively (Chang et al. 2011). A pair of RB
repeats and only one copy of the R1 repeat are
found in the pol, nap, ole-F, jun, and cam
mitotypes. The overall structure of the B. nigra
mt genome is identical to that of the car mito-
type, which contains one copy of the RB repeat,
two copies of the R repeats, and one copy of the
R1 repeat (Yamagishi et al. 2014).

The multipartite structures of cam, jun, ole-F,
pol, and nap may result from the same large RB
repeats, and the multipartite structure of car may
result from R repeats. The ole mitotype (Chang
et al. 2011) contains three pairs of large repeats,
R1, R2, and RB, which makes its multipartite
structure too complex to predict. The sizes of the
predicted multipartite circles for the five species’
mitotypes, except that of nig, are listed in
Table 9.3.

9.2.4 Brassica napus Mitochondria
Genomes

In spite of the differences found in genome size
and total gene number, the compositions of the
mtDNAs of the six crop species of Brassica are
similar, and multipartite structures of the mito-
chondria genome resulting from the large repeats
are commonly reported in Brassica crops.

Brassica napus is the most important oilseed
crop in the genus Brassica. The complete mito-
chondrial genome of B. napus was first sequenced
in 2003 and compared with that of Arabidopsis
thaliana (Handa 2003). In that study, the complete
nucleotide sequence of the B. napus (cv. Wester)
mitochondrial genome was determined. The gen-
ome is 221,853 bp in size, containing 34
protein-coding genes, three rRNA genes, 17 tRNA
genes, and 45 other ORFs larger than 100 codons in
size. To better understand mitochondrial genome
evolution in higher plants, comparative analyses
have been performed. The mtDNAs of B. napus
and A. thaliana share nearly the same set of func-
tional genes. The protein-coding regions are
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Table 9.2 Gene contents
of Brassica mitotypesa

Product group Gene cam jun nig car nap pol ole ole-F

Complex I nad1 + + + + + + + +

nad2 + + + + + + + +

nad3 + + + + + + +2 +

nad4 + + + + + + +2 +

nad4L + + + + + + +2 +

nad5 + + + + + + +2 +

nad6 + + + + + + +2 +

nad7 + + + + + + + +

nad9 + + + + + + +2 +

Complex III cob + + + + + + +2 +

Complex IV cox1 + + + + + + +2 +

cox2-1 + + + + + + +2 +

cox2-2 + + − − + + − +

cox3 + + + + + + + +

Complex V atp1 + + + + + + +2 +

atp4 + + + + + + +2 +

atp6 + + + + + + 2 +

atp8 + + + + + + + +

atp9 + + + + + + + +

Cytochrome c ccmB + + + + + + +2 +

ccmC + + + + + + + +

ccmFN1 + + + + + + + +

ccmFN2 + + + + + + +2 +

ccmFC + + + + + + + +

Other ORF tatC + + + + + + +2 +

matR + + + + + + +2 +

orf222/4 − − − − + + − −

Ribosome rps3 + + + + + + +2 +

rps4 + + + + + + + +

rps7 + + + + + + +2 +

rps12 + + + + + + +2 +

rps14 + + + + + + +2 +

rpl2 + + + + + + +2 +

rpl5 + + + + + + +2 +

rpl16 + + + + + + +2 +

tRNA

Asparagine trnN + + + + + + +2 +

Aspartic trnD + + + + + + +2 +

Cysteine trnC + + + + + + +2 +

Glutamic trnE + + + + + + +2 +

(continued)
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extremely conserved and the intron numbers and
positions are completely identical. However,
non-coding parts of the mitochondrial DNA are
very dynamic with respect to structural changes,
sequence acquisition, and/or sequence loss, and no
additional ORFs are shared between these two
closely related plants. The rapeseed mitochondrial
genome could recombine into two subgenomic
circles via the 2427 bp repeats, which is different
from the DNA sequences involved in the
intramolecular recombination in Arabidopsis.

Mitochondria play an important role in the
determination of CMS in plants. The B. napus
lines can be classified naturally into two cyto-
plasmic groups, the pol and nap mitotypes (Shiga
and Bata 1973). The B. napus pol mitotype is
223,412 bp, which is larger than the previously
reported nap mitotype of the fertile B. napus
variety Westar (Fig. 9.2). The pol mitotype
encodes 34 proteins, three ribosomal RNAs, and
18 tRNAs, among which 48 and five are identical
to or differ only marginally from their

counterparts in the nap cytoplasm, respectively.
Two near-identical copies of trnH are found in
the pol mitotype, while only one copy is found in
the nap mitotype. Forty-four ORFs, including
orf122 and orf132, are unique to the pol mito-
type. Except for the CMS-related genes orf222
and orf224, the functions of most ORFs remain
unknown and need further exploration. The
structural differences between the pol and nap
sequences have been analyzed, and at least five
rearrangement events were detected. The pol
mitotype is presumed to contain one master circle
accompanied by two smaller circles of 86.2 and
137.1 kb, which is different from the nap mito-
type. Genome sequencing and PCR assays sug-
gested that the pol and nap mitotypes probably
coexist within one B. napus plant, and large
variation in the copy number ratio of mitotypes
has been found, even among cultivars sharing the
same cytoplasm.

Recently, the complete sequence of a hetero-
geneously mitochondrial genome of Ogura-cms-

Table 9.2 (continued) Product group Gene cam jun nig car nap pol ole ole-F

Glutamine trnQ + + + + + + +2 +

trnG + + + + + + + +

Histidine trnH +2 +2 + + + +2 +4 +2

Isoleucine trnI + + + + + + +2 +

Lysine trnK + + + + + + +2 +

Methionine trnM + + + + + + +2 +

fMethionine trnfM + + + + + + +2 +

Proline trnP + + + + + + +2 +

Serine trnS +3 +3 +3 +3 +3 +3 +6 +3

Tryptophan trnW + + + + + + 2 +

Tyrosine trnY + + + + + + +2 +

rRNA rrn5 + + + + + + + +

rrn18 + + + + + + + +

rrn26 + + + + + + +2 +

+ Denotes present, − denotes absent. Gene copy number is shown after +. cam, jun, ole,
and car denote the mitotype of B. rapa, B. juncea, B. oleracea, and B. carinata,
respectively (Chen et al. 2011). ole-F denotes the mitotype of B. oleracea from Fujiwase
(Tanaka et al. 2014). nig denotes the mitotype of B. nigra (Yamagishi et al. 2014). pol
and nap denote two mitotypes of B. napus (Handa 2003; Chen et al. 2011)
aAdapted from Chang et al. 2011
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hybrid (oguC) B. napus, which was derived from
somatic fusion between B. napus and a sterile
radish, was sequenced (Wang et al. 2012a). The
circular mitochondrial genome is 258,473 bp in
length, encoding 33 proteins, three ribosomal
RNA sequences, and 23 tRNA sequences. The
authors compared the oguC mitochondrial gen-
ome with the nap mitochondrial genome and
detected 40 point mutations in the 33 protein-
coding genes. Moreover, two copies of atp9 were
found in the oguC mitochondrial genome, while
the cox2-2 gene in nap is missing. The presence
of a pair of large repeat sequences (9731 bp) was
suggested to be responsible for the multipartite
structure of oguC, which comprises a master
circle and two smaller subgenomic circles
(56,610 and 20,1863 bp). After comparisons
with other reported Brassica mitochondrial gen-
omes, the authors speculated that the tatC gene
and the unique regions U3 and U7 in oguC must
be introgressed from radish.

RNA editing events in the B. napus mito-
chondria genome were investigated, and 427 C to
U conversions were identified in genes and ORFs
of B. napus mitochondrial transcripts. Nine
ORFs longer than 150 amino acids were sub-
jected to editing analysis, and only one partial
editing event was detected in the orf188 tran-
script. Only 358 editing sites are shared by both
B. napus and A. thaliana mitochondria, while
99.2% of the protein-coding regions are similar
in their primary DNA sequences between B. na-
pus and Arabidopsis, suggesting that diversifi-
cation of RNA editing is more rapid than that of
coding information.

9.3 Brassica Chloroplast Genomes

9.3.1 Chloroplast DNA Variation
in Brassica

The earliest mutational analysis of the chloro-
plast genome was performed in 1983 to explore
the origin and evolution of a hybrid species
complex in the genus Brassica (Palmer et al.
1983). Brassica chloroplast DNAs from
22 accessions were used, and comparative
restriction analysis revealed that one small
inversion may have occurred during the evolu-
tion of the Brassica chloroplast genome, in
addition to numerous small deletions–insertions
and point mutations. The results indicated that
the chloroplast DNAs from all assigned amphi-
diploids (B. carinata, B. juncea, and B. napus)
were identical to those of their respective

Fig. 9.1 Large repeats exist in the Brassica mitotypes (Adapted from Chang et al. 2011)

Table 9.3 Predicted multipartite sizes (bp) in Brassica
mitotypes

Mitotype Master
circle

Big
circle

Small
circle

cam 219,747 137,111 82,636

jun 219,766 137,123 82,643

car 232,241 136,493 95,748

nap 221,853 124,908 96,945

pol 223,412 137,132 86,280

oguc 258,473 201,863 56,610

ole-F 219,952 170,039 49,913
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Fig. 9.2 Gene organization
of the Brassica napus
mitochondrial genome
(Adapted from Handa 2003,
with permission from Oxford
University Press; Chen et al.
2011)
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maternal parents, suggesting that all these
hybridizations occurred very recently. Chloro-
plast DNA (cpDNA) diversity in 14 wild Bras-
sicas (including 31 accessions) was recently
evaluated using the PCR-restriction fragment
length polymorphism (RFLP) technique and
revealed 219 intergeneric/interspecific or
intraspecific polymorphic fragments. The authors
provided an efficient method for characterizing or
confirming the maternal lineage of natural
hybrids and alloplasmic lines developed by
cross-breeding between wild and crop Brassicas
(Sarin et al. 2015).

9.3.2 Brassica rapa Chloroplast
Genomes

The chloroplast genomes of three B. rapa
accessions were determined using Solexa
sequencing technology (Wu et al. 2012). Using
the B. rapa sequence as the reference, more than
99.96% of the cp genome in the three tested
accessions is covered. The B. rapa cp genome is
153,482 bp, with an 83,282 bp large single copy
(LSC) region and a 26,212 bp small single copy
(SSC) region. The two IR copies in the cp gen-
ome are both 26,212 bp. The B. rapa cp genes
were annotated and 89 potential protein-coding
genes (including eight genes duplicated in the
inverted repeat), eight rRNA genes, and 37 tRNA
genes were assigned to the B. rapa cp genome
(Fig. 9.3). Analysis of sequence polymorphisms
of cp genomes within B. rapa species reveals 31
and eight single nucleotide polymorphisms
(SNPs) in the Z16 and FT cp genome sequences,
respectively, compared with the reference cp
sequence of Chiifu-402-41.

9.3.3 Brassica napus Chloroplast
Genomes

The chloroplast genome of B. napus (cv. zy036)
was de novo sequenced and reported (Hu et al.
2011). The complete B. napus cpDNA sequence
is 152,850 bp (Fig. 9.4), comprising 74 protein-
coding genes, 30 tRNA genes, four rRNA genes,

and five conserved ORFs (ycf). A pair of
26,035 bp inverted repeat regions (IRa and IRb),
which are separated by an SSC (17,760 bp) and
an LSC (83,030 bp), have been found in the
B. napus cpDNA. Eighty-six simple sequence
repeats were identified in the B. napus cpDNA.
The B. napus genome organization and gene
contents were compared with other chloroplast
genomes available in the NCBI public database.
The gene content and organization, and the
number of genes and introns of the B. napus
cpDNA, are identical to B. rapa, and similar to
other typical land plant species (Table 9.4). The
cpDNA of B. napus and B. rapa shows very low
sequence divergence of 0.133% in the coding
regions and 0.275% in the intron regions, sug-
gesting that the mutation rate in the intron region
is twice that of the gene coding region. The total
length of the spacer region is 402 bp longer in
B. rapa compared with B. napus, which may be
attributed to small deletions in some spacer
regions. In addition, 0.348% sequence diver-
gence in the intergenic spacer regions was
observed between the cpDNA of B. napus and
B. rapa.

9.4 Evolutionary Implications

The small, relatively constant size and conserved
evolution of the chloroplast genome make it an
ideal molecule for phylogenetic studies of dif-
ferent plant species (Palmer et al. 1983). U’s
triangle, which comprises six crop species in the
genus Brassica, provides a typical example of
the evolution of plant species through inter-
specific hybridization and polyploidization. The
mitochondrial and chloroplast genomes have
been used to determine the origin of genomes in
amphiploids. Phylogenetic analysis based on
chloroplast DNA indicated that the Brassica
species could be divided into two ancient evo-
lutionary lineages: the “nigra” lineage and the
“rapa/oleracea” lineage (Warwick and Black
1991). Chloroplast non-coding regions in seven
species were sequenced (Fig. 9.5), and the results
showed that the rate of nucleotide substitution in
the rapa/oleracea lineage is at least 1.5 times that
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in the nigra lineage (Yang et al. 2002), which is
consistent with the conclusion from RFLP anal-
ysis that B. rapa/oleracea DNA sequences vary
more than those of B. nigra (Song et al. 1988).
Moreover, the results of that study supported the
view that Raphanus may be derived from
hybridization between the rapa/oleracea and
nigra lineages and estimated the date of this
hybridization event to be approximately 0.4 T
years after the divergence between the two

Brassica lineages. Phylogenetic analysis of
61 protein-coding genes from 48 taxa supported
the hypothesis that B. rapa may be the maternal
parent of B. napus cv. zy036 (Hu et al. 2011).

Mitochondrial genomes were also used to
elucidate the evolutionary mechanism in Brassica
(Fig. 9.6). The cytoplasm donors of B. juncea and
B. carinata were B. rapa and B. nigra, respec-
tively (Uchimiya and Wildman 1978), a deduc-
tion that was supported by mitochondrial genome

Fig. 9.3 Circular gene map of Brassica rapa chloroplast genome (Wu et al. 2012)

168 P. Chu et al.



Fig. 9.4 Gene map of B. napus cpDNA (Reprinted from Hu et al. 2011 with permission of Springer Nature)
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sequencing (Yamagishi et al. 2014). Cluster
analysis of the six mitotypes based on indels and
SNPs showed that cam and pol are closely rela-
ted, and ole slightly diverges from the cam–pol
class, while nap and car have diverged the fur-
thest from the cam–pol group (Chang et al. 2011).
Evolutionary events such as inheritance, dupli-
cation, rearrangement, genome compaction, and
mutation may have been involved in the mecha-
nism of mitochondrial genome formation in

Brassica, and the importance of the roles of the
three evolutionary factors in genome formation
could be arranged in the following order: muta-
tion > segment indel > genome rearrangement.
Gene evolution of mitochondrial genomes within
the Brassicaceae family was further analyzed
using the Raphanus sativus (sat) mitotype, toge-
ther with six other reported Brassica mitotypes
(Chang et al. 2013). In this study, a synonymous
substitution (dS) tree constructed using SNPs in

Table 9.4 Genes present in B. napus cpDNA (Adapted from Hu et al. 2011 with permission of Springer Nature)

DNA numbers Group of genes Name of genesa

Self-replication rRNA genes rrn4.5(�2), rrn5(�2), rrn16(�2), rrn23(�2)

tRNA genes trnA-UGC(�2)*, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-
CAU, trnG-GCC, trnG-UCC*, trnH-GUC, trnI-CAU(�2), trnI-GAU(�2)*,
trnK-UUU*, trnL-UAA*, trnL-CAA(�2), trnL-UAG, trnM-CAU, trnN-GUU
(�2), trnP-UGG, trnQ-UUG, trnR-UCU, trnR-ACG(�2), trnS-GCU, trnS-
UGA, trnS-GGA, trnT-GGU, trnT-UGU, trnV-UAC*, trnV-GAC(�2), trnW-
CCA, trnY-GUA

Small subunit of
ribosome

rps2, rps3, rps4, rps7(�2), rps8, rps11, rps12(�2)**, rps14, rps15, rps16*,
rps18, rps19(�2, part)

Large subunit of
ribosome

rpl2(�2)*, rpl14, rpl16*, rpl20, rpl22, rpl23(�2), rpl32, rpl33, rpl36

DNA-dependent RNA
polymerase

rpoA, rpoB, rpoC1*, rpoC2

Genes for
photosynthesis

Subunits of
NADH-dehydrogenase

ndhA*, ndhB(�2)*, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ,
ndhK

Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ

Subunits of photosystem
II

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM,
psbN, psbT, psbZ

Subunits of cytochrome
b/f complex

petA, petB*, petD*, petG, petL, petN

Subunits of ATP synthase AtpA, AtpB, AtpE, AtpF*, AtpH, AtpI

Large subunit of rubisco rbcL

Miscellaneous
proteins

Maturase matK

Protease clpP**

Envelop membrane
protein

cemA

Subunit of
Acetyl-CoA-carboxylase

accD

c-type cytochrom
synthesis gene

ccsA

Genes of
unknown
function

Conserved open reading
frames (ORF, ycf)

ycf1(�2, part), ycf2(�2), ycf3**, ycf4, ycf15(�2)

aOne and two asterisks reflect one- and two-intron containing genes, respectively. Genes located in the IR regions are indicated
by the (�2) symbol after the gene name
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the exons of 32 conserved genes indicated that the
relationships among the seven Brassicaceae
mitotypes could be classified into three types.
Type I describes relatively low evolutionary
divergence, such as that shown among pol, cam,
nap, and ole. Type II classification, which
involves slightly higher divergence than type I,
suggested that car is more closely related to sat
than to the other Brassica mitotypes. Type III
describes the highest evolutionary divergence,
such as between tha and the Brassica mitotypes
or sat.

9.5 Cytoplasm Application
in Brassica Breeding

The maternal inheritance of chloroplast and
mitochondrial genomes is important for breeding
programs, because the direction of cross- and
successful fertilization in wide hybridization
depends on the type of cytoplasm/maternal lin-
eage in Brassica (Chapman and Goring 2010;
Sarin et al. 2015). CMS is one of the most
important applications of organelle genomes and
has been developed and adopted in the practical
breeding of Brassica crops (Yamagishi and Bhat
2014). The molecular and genetic basis of CMS
in plants has been studied extensively and is
associated with aberrant recombination in the
mitochondrial genome. Several chimeric genes in
mitochondrial genomes responsible for CMS
have been identified. Moreover, the importance
of the chloroplast genome has been assessed, and
the implications of chloroplast genomes in crop

breeding for abiotic stress resistance and high oil
content have been explored.

CMS may occur spontaneously or arise from
intergeneric crosses, interspecific crosses, or
intraspecific crosses (Kiang et al. 1993). The
CMS-associated mitochondrial genomes of crop
species in Brassica were reported, including
B. napus, B. oleracea, and B. juncea.
Ogura CMS was discovered in an unidentified
variety of wild Japanese radish (R. sativus) by
Ogura in 1968 (Ogura 1968) and has been
studied extensively and used in F1 breeding of
B. napus, B. juncea, B. oleracea, and R. sativus
(Yamagishi and Bhat 2014). Other spontaneous
CMS variants include hau CMS in B. juncea
(Wan et al. 2008), Polima (pol) CMS (Fu 1981),
and 681A in B. napus (Liu et al. 2005). The nap
CMS lines, Shan2A CMS and MI CMS, arose
from intraspecific crosses in B. napus and have
been applied widely in F1 hybrid breeding.

Alloplasmic CMS originating by interspecific
or intergeneric hybridizations has also been
reported in Brassica (Yamagishi and Bhat 2014).
CMS lines of B. napus with the cytoplasm of
Brassica tournefortii, Diplotaxis muralis,
Diplotaxis siifolia, and Enarthrocarpus lyratus
have been produced. Brassica oxyrrhina,
D. muralis, E. lyratus, Eruca sativa, and Mori-
candia arvensis induce CMS in B. rapa.
The cytoplasms of D. muralis, Erucastrum
canariense, and M. arvensis induce sterility in
B. oleracea, while B. oxyrrhina, B. tournefortii,
D. berthautii, D. catholica, D. erucoides,
D. siifolia, E. lyratus, and E. canariense confer
CMS in B. juncea. In addition to sexual

Fig. 9.5 Neighbor-joining trees based on the sequence data of chloroplast non-coding regions (Adapt from Yang et al.
2002) with permission of Elsevier
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hybridization, wild species have been used for
cell fusion to produce male sterile lines.
A. thaliana, Orychophragmus violaceus, Sinapis
arvensis, and Trachystoma ballii cytoplasms
were transferred into B. napus, B. juncea, and
B. oleracea by somatic cell fusion to obtain CMS
(reviewed by Yamagishi and Bhat 2014).

The mechanism underlying CMS in plants has
been studied extensively, and chimeric genes
responsible for CMS were identified (Fig. 9.7).
A chimeric gene is generated through rear-
rangement and recombination, and such genes
might disrupt plant mitochondrial respiratory
genes, resulting in severely deleterious pheno-
types, including stunting, stripping, and female
sterility, in addition to male sterility (Chase
2007). Structural analysis of the atp6 gene
regions of pol and nap mitotypes showed that
rearrangements in the pol mitochondrial genome
occurring upstream of atp6 have generated
orf224, which is co-transcribed with atp6, and
induced altered organization and expression of
the afp6 gene (Singh and Brown 1991). The
structure of the protein encoded by orf222 is
similar to that of the protein product of orf224
and was found to be responsible for nap CMS in
B. napus (L’ Homme et al. 1997). In addition,
research in both B. napus and B. juncea found that
different mitotypes coexist substoichiometrically

in CMS lines and their maintainer lines. The
coexistence of mitochondrial mitotypes and
substoichiometric shifting is thought to explain
the emergence of CMS in B. napus (Chen et al.
2011). The orf220 isolated from CMS stem
mustard shares 79% homology with orf222 (nap)
and 81% with orf224 (pol) of B. napus and is
associated with male sterility in B. juncea (Yang
et al. 2005). Comparative analysis indicated that
the hau CMS mitochondrial genome is highly
rearranged compared with that of its iso-nuclear
maintainer line and further confirmed that orf288
was a cytoplasmic male sterility-associated gene
in B. juncea. The formation of the CMS-
associated gene in the hau CMS line is associ-
ated with three large repeats downstream of
orf288 (Heng et al. 2014), and these findings
might provide new insights into the mechanism
of natural CMS. An ancient origin ORF, orf108,
is widely distributed among wild allies of
Brassica, is co-transcribed with atpA, and is
associated with male sterility in all three CMS
B. juncea lines carrying Diplotaxis sp. cytoplasm
(D. berthautii, D. catholica and D. erucoides),
suggesting that CMS lines of different origin and
morphology share a common molecular basis
(Kumar et al. 2012). In addition to mitochondrial
genome sequences, single sequence repeats
(SSRs) derived from the chloroplast genome

Fig. 9.6 Phylogeny of seven
Brassicaceae mitotypes
(Chang et al. 2013)
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Fig. 9.7 Chimeric genes associated with CMS (Reprinted
from Hanson and Bentolila 2004 with permission of
American Society Of Plant Physiologists). Shades of blue
indicate unknown reading frames within CMS-associated
regions. Shades of yellow indicate genes for subunits

of cytochrome oxidase. Orange indicates ribosomal
protein genes. Shades of brown indicate conserved
unidentified reading frames found in multiple vascular
plant mtDNAs. Green indicates chloroplast-derived
sequences

have also been used for CMS-type identification
in B. oleracea (Wang et al. 2012b). In that study,
f11 cpSSR primers revealed polymorphism
among six B. oleracea CMS types (nig CMS,
Ogu CMSR1, Ogu CMSR2, Ogu CMSR3, Ogu
CMSHY, and pol CMS).

The wild relatives of crops often exhibit
resistance to biotic and abiotic stresses

(Rieseberg and Willis 2007) and are also a
source of male sterility-inducing cytoplasm in
cultivars (Bang et al. 2011). Therefore, inter-
specific hybridizations between wild species and
their related crops could promote beneficial gene
transfer between species and play an important
role in crop improvement (Chu et al. 2014).
Maternal inheritance of chloroplast genomes has
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been observed in the genus Brassica (Zhang
et al. 2012). The type of cytoplasm/maternal
lineage in Brassicas can influence the direction of
a cross and the extent of success achieved in
wide hybridization (Chapman and Goring 2010;
Yamane et al. 2005). Thus, evaluation of
chloroplast genome diversity in Brassica is
important for breeding programs (Sarin et al.
2015). Chloroplast genomes could also be
applied in crop breeding for abiotic stress resis-
tance. For example, deep sequencing of the
chloroplast genome of Chinese cabbage
(B. rapa) provided evidence of a novel subset of
small RNAs derived from the chloroplast
(csRNAs), and many members of these csRNA
families are highly sensitive to heat stress (Wang
et al. 2011). This finding might provide a fast and
efficient way to improve the heat resistance of
important crops.

Recently, the potential role of the chloroplast
genome in seed oil content regulation has been
reported and provided rational targets for future
oilseed breeding (Hua et al. 2012). Seed lipid
synthesis is dependent upon the supply of pho-
tosynthate from maternal plant tissues (Baud and
Lepiniec 2010). A significant positive correlation
between silique (a maternal tissue) photosyn-
thetic ability and seed oil content has been
detected. The expression levels of chloroplast
genes correlate closely with the oil content,
indicating their importance in the regulation of
the silique wall and seed oil content.
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10Diversity and Evolution of B. napus
Chloroplast Genome

Sampath Perumal, Jonghoon Lee,
Nomar Espinosa Waminal, Shengyi Liu and Tae-Jin Yang

Abstract
Chloroplast genomes (cpDNAs) are a vital
resource for studying plant genome diversity,
origin and evolution. B. napus, an important
oilseed crop, is a recently formed allote-
traploid between B. rapa and B. oleracea. In
this chapter, we explored the genetic diversity
and evolutionary origin of the three types of B.
napus cpDNA. We exclusively assembled and
characterized the complete cpDNAs of nine B.
napus accessions using Illumina whole-
genome sequence data for this study. Based

on the genetic diversity and phylogenetic
analysis of three cytotypes with its progenitor
species, we provide a possible explanation for
the origin of the most common nap-type
cpDNA in B. napus genome. Overall, this
study discusses the diversity, evolution and
origin of the B. napus chloroplast genome and
also provides new resources for Brassica
breeding and evolutionary studies.

10.1 Introduction

The cpDNAs are cytoplasmic genomes, which
are conservatively inherited uniparentally mostly
via maternal inheritance and play various roles
other than photosynthesis. For example, bio-
chemical processes such as fatty acid synthesis,
nitrogen metabolism and immune response in
plants are associated with cpDNA function
(Mullet 1988; Birky 1995; Jansen and Ruhlman
2012). The cpDNA is a circular genome with a
size about 59–218 kb and contains a typical
quadripartite structure, with a pair of inverted
repeats (IRs) flanked by large and small
single-copy regions (Chumley et al. 2006; Jansen
and Ruhlman 2012; Delannoy et al. 2011). The
IRs play important role in intermolecular
homologous recombination in order to produce
isomeric structure of cpDNA (Palmer et al.
1983). Highly conserved nature of the cpDNA
makes them vital tool in studying genetic and
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genome diversity and phylogenetic and system-
atic evolutionary analyses (Shu et al. 2015).
Development of cpDNA-based markers for spe-
cies authentication and barcoding has been
comparatively easier than the nuclear genome
(Nock et al. 2011; Kim et al. 2013). Due to the
mostly maternal inheritance, the cpDNA has high
advantage in tracking down the parental origin or
parentage in interspecific hybrid (Allender and
King 2010).

B. napus (AACC, 2n = 4x = 38) belongs to
genus Brassica and is an economically important
oilseed crop yielding food, biofuels, and lubri-
cants (Bonnema 2011). It is an allotetraploid
plant with recent evolutionary (*7500 years)
and domestication history (<500 years) (Röbbe-
len et al. 1989). As a natural allopolyploid,
B. napus originated from hybridization between
two diploid species, B. rapa (AA, 2n = 2x = 20)
and B. oleracea (CC, 2n = 2x = 18) (Parkin et al.
1995). Depending on the artificial or natural
cross direction, B. napus cytoplasm may be
derived from either of its progenitors. A recent
study about exploration of B. napus and its
progenitor genome exposes the high-level gen-
ome rearrangement caused by non-homeologous
exchanges between the parental sub-genome in
B. napus (Cheung et al. 2009; Chalhoub et al.
2014). However, due to extensive homeologous
recombination, high-level rearrangements were
observed which hinder control of chromosome
pairing that leads to unstable hybrid formation
(Chang et al. 2011; Leflon et al. 2006; Chalhoub
et al. 2014; Sharpe et al. 1995). Unlike B. napus,
B. juncea (AABB, 2n = 4x = 36), which is also
an important allotetraploid from the genus
Brassica, has remained considerably unchanged
since its polyploidization from progenitor spe-
cies, B. rapa (AA, 2n = 2x = 20) and B. nigra
(BB, 2n = 2x = 16). The genetic map developed
from the natural and synthetic parents of B.
juncea exhibited disomic inheritance and com-
parison of its A and B subgenomes revealed
collinearity with their respective progenitor
diploid genomes (Axelsson et al. 2000).

Primary results based on the B. napus
cpDNAs suggest that B. napus has three kinds
of cytotypes which may have derived from

B. oleracea (ole-type), B. rapa (rap-type) and its
own (nap-type) (Hu et al. 2011; Allender and
King 2010; Qiao et al. 2015). Various studies
based on partial or complete cpDNA of B. napus
could not bring a clear conclusion about the
maternal origin of the B. napus cpDNA (Mei
et al. 2011; Song and Osborn 1992; Qiao et al.
2015). To date, numerous controversies have
arisen from attempts to decipher the molecular
mechanisms underlying the origin and evolution
of the B. napus genome (Zamani-Nour et al.
2013). In this investigation, we explore the
diversity and evolutionary origin of the B. napus
cpDNA genome based on complete chloroplast
genome sequence of 11 B. napus accessions
(Table 10.1).

10.2 Chloroplast Genome Assembly
and Characterization of Nine
B. napus Accessions

Advancement of next-generation sequencing
technology (NGS) has offered remarkable
advantage in understanding the genomes.
Low-coverage (1� haploid equivalent)
whole-genome shotgun (WGS) sequences from
the nine B. napus accessions were used to
assemble complete and error-free chloroplast
genome by dnaLCW method (Kim et al. 2015b)
(Table 10.1; Fig. 10.1). All nine accessions used
in this study are inbred lines. It is important to
note that the accessions M083 (Bn-2) and H165
(Bn-7) are derived from multi-parental and syn-
thetic origin, respectively. Accession Bn-2 is a
Asian semi-winter type oilseed rape, which was
derived from double haploid (DH) line of various
multiple crossing with inbred lines (Liu et al.
2005). Likewise, accession Bn-7 was obtained by
embryo rescue and chromosome doubling of an
interspecific haploid from the cross between B.
oleracea ssp. capitata var. sabauda and B. rapa
ssp. chinensis (Jesske et al. 2013).

Each cpDNA of the nine assembled B. napus
consists of a typical quadripartite structure with
size range from 152,833 to 153,502 bp. Unlike
cpDNA, mitochondrial genome (mtDNA),
another organelle genome, exhibited high
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Fig. 10.1 Chloroplast genome structure of Brassica
napus. a Gene map of B. napus chloroplast genome
sequence was created using OGDRAW (Lohse et al.
2013). Genes transcribed clockwise and counterclockwise
are indicated on the outside and inside of the large circle,
respectively. Genes associated with different functional
groups are color coded. Four parts of chloroplast genome

and GC content are indicated on the middle circle. The
innermost circle represents the sequence variation as SNP
(red bar), INDEL (green bar) and copy number variation
(blue bar). b Estimation of coverage of chloroplast
genome by mapping of raw reads on Bn-1 cpDNA with
GC distribution (red graph)
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diversity and evolution in Brassica. Around
140 kb (219,747–360,271 bp) size variation was
observed among the mtDNAs of B. rapa and
B. oleracea and allopolyploids (Yang et al. 2015;
Chang et al. 2011), suggesting that cpDNAs are
vastly more conserved structure than mitochon-
drial genomes. The genome annotation based on
DOGMA tool and manual curation has revealed
113 individual genes including 74 protein-coding
genes, 30 tRNA, 4 rRNA and five open reading
frames, which is similar to the reported B. napus
(Bn-NCBI) cpDNA (Hu et al. 2011; Wyman
et al. 2004). The overall GC content is 36.3%,
which is parallel to its close relatives such as
B. rapa (36.3), B. oleracea (36.3), B. nigra
(36.3), Raphanus sativus (36.3) and A. thaliana
(36.2). We also observed the differences in terms
of copy numbers; the mean cpDNA coverage for
a haploid genome was found to have 11-fold
variation (196–2255 copies) based on clc_refer-
ence mapping approach. The newly developed
cpDNAs of the nine accessions with complete
annotation can be accessed from the Genbank
with accession numbers listed in Table 10.1.

10.3 Diversity and Phylogenetic
Relationship of B. napus
cpDNA

Though the cpDNAs are considered to be
evolving slowly and are generally highly con-
served, considerable variations were observed in
the coding and non-coding regions especially in
rapidly evolving regions such as intergenic
spacers and intronic regions (Zeng et al. 2012).
cpDNA markers derived from disparity sites
were widely accepted for numerous applications
including genetic differentiation, cytoplasmic
diversity, molecular barcoding, monitoring
transgene introgression and population and phy-
logenetic studies (Flannery et al. 2006; Woo
et al. 2013; Shu et al. 2015; Kundu et al. 2013;
Wang et al. 2012). Owing to artificial breeding
programs and intentional introgression, increases
in genetic diversity in B. napus have been
achieved. In addition, exploring the allelic vari-
ation responsible for the genetic changes will

provide a way for crop enhancement and dis-
secting complex agronomic traits (Qian et al.
2006; Song et al. 1994; Wang et al. 2014;
Szadkowski et al. 2010). However, using a lim-
ited set of cpDNA markers may cause inaccurate
results which raise concerns on drawing the right
conclusion (Allender et al. 2007; Allender and
King 2010; Flannery et al. 2006).

We have obtained complete chloroplast gen-
ome sequences of nine B. napus accessions
which includes the three types of cpDNAs such
as, rap-type, ole-type and nap-type based on
homology with cp genomes from B. rapa,
B. oleracea and B. napus–unique, respectively
(Qiao et al. 2015; Allender and King 2010)
(Table 10.1). Genome-wide cpDNA nucleotide
similarity search for 13 Brassica accessions
including 11 B. napus including two previously
reported B. napus cpDNA (Bn-NCBI and
BnCp-1) and its progenitors (B. rapa and
B. oleracea) has revealed high homology within
B. napus (98.9–100%) (Table 10.2). Despite the
conserved gene content and gene order in those
of 11 accessions, more than 450 genetic varia-
tions were observed including 332 single
nucleotide polymorphisms (SNPs), 118 inser-
tions and deletions (INDELs) and 4 copy number
variation (CNVs) (Fig. 10.1a). The differential
nucleotide count analysis showed 0–1554 and 7–
1549 variations sites as intra- and interspecies
diversity, respectively (Table 10.2).

B. napus cpDNAs were highly diverged with
B. oleracea and B. rapa. Alignment by mVISTA
tool showed high genome conservation in the
genic regions than intronic and intergenic spacer
regions. Similar to other angiosperms, the
non-coding regions of the cpDNA show high
sequence divergence than the coding regions (Li
et al. 2015). Out of 113 genes, rpoC1, rpob,
rbs12, psbB, rpL16 and ycf1 are potential hotspot
regions for development of barcoding markers in
the 11 B. napus accessions (Hollingsworth et al.
2011; Kim et al. 2015a). Among the 11 B. napus
accessions, Bn-2, (multi inter-crossed synthetic
B. napus) and Bn-7 (resynthesized origin: syn-
thetic B. napus) are highly diverged with other
B. napus cpDNA (Fig. 10.2). High amount of
genetic differentiation compared with the
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recently developed accession (Bn-2 and Bn-7)
suggest that the established accessions have
undergone rapid evolutionary changes
(Fig. 10.2). Furthermore, understanding the

diversity in the gene pool will help for breeding
improvement and hybrid formation.

The cpDNA provides high-resolution data,
thus widely accepted for population and

Fig. 10.2 Sequence comparison and visualization of 10
B. napus cpDNA with its progenitor genomes. Complete
cpDNA sequence-based identity plot was developed by
mVISTA. Genome regions are color coded; blue block,

conserved gene; sky-blue block, tRNA and rRNA; red
block, intergenic region. Prominent genic regions for
molecular validation were marked as dotted box
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phylogenetic analyses (Bailey et al. 2006; Panda
et al. 2003; Wang et al. 2005). The
cpDNA-based phylogenetic analysis has revealed
better understanding of evolution and domesti-
cation in wild and cultivated rice species (Kim
et al. 2015b). Moreover, using this approach,
species with less or moderate differentiation can
be distinctively classified. To date, partial
cpDNA sequences of B. napus provided an
ambiguous conclusion for the diversity of B.
napus (Allender and King 2010; Qiao et al.
2015). Here, we have generated a phylogenetic
relationship based on the complete cpDNA
sequences of 23 Brassica accessions including
several morphotypes from B. rapa (Br1-5) and
B. oleracea (Bo1-5) (Fig. 10.3). Comparative

phylogenetic analysis of complete cpDNA of 11
B. napus accessions with five B. rapa (Br1-5)
and five B. oleracea (Bo1-5) categorized the
taxa into three clades and clearly distinguishes
each species and subspecies. Among the 11 B.
napus accessions, nine accessions were grouped
into a unique clade which follows the nap-type
and the remaining two Bn-2 and Bn-7 were
associated with B. oleracea (ole-type) and B.
rapa (rap-type), respectively. This suggests that
the nap-type is the major type of cpDNA in the
B. napus genome which also corresponds with
previous findings (Qiao et al. 2015; Allender and
King 2010) cytotypes. Hence, our analysis also
supports that the nap-type cytoplasm is a major
type in B. napus.

Fig. 10.3 Phylogenetic analysis based on complete
chloroplast genome sequences of B. napus accessions
and its relative species. Complete cpDNA of 11 B. napus,

five B. rapa (Br1-5), five B. oleracea (Bo1-5), R. sativus,
B. nigra and A. thaliana used to develop neighbor-joining
tree with 1000 bootstrap replications by MEGA6
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10.4 Origin and Evolution
of the B. napus Chloroplast
Genome

Polyploidization is a major evolutionary force in
the evolution of Brassica species. Brassica
diploids, B. rapa (AA), B. nigra (BB), B. oler-
acea (CC) evolved from a common hexaploid
ancestor (Sharma et al. 2014) around 13 million
years ago (mya) (Gupta 2013; Yang et al. 2006).
Two distinct lineage of Brassica diploids
(rapa/oleracea and nigra lineage) that have
formed around 9–13 mya with hexaploid ances-
tor were clearly explained by plastid genome
analysis (Sharma et al. 2014; Kaur et al. 2014).
The allotetraploid B. napus (AC) was formed
quite recently around 7500 years ago by
hybridization and polyploidization of the diploid
progenitor B. rapa and B. oleracea (Chalhoub
et al. 2014). The cpDNA is one of the important
tools in identifying parental origins and in clearly
elucidating the origin for many species including
rice, wheat and apple (Zou et al. 2015; Haider
2012; Nikiforova et al. 2013). Lack of wild rel-
atives and various cytogenetic and genomic
studies on B. napus support its polyphyletic ori-
gin (Warwick et al. 2003).

Unlike other two tetraploids, B. juncea
(AB) and B. carinata (BC), B. napus chloroplast
did not follow with either of the parental gen-
omes (A or C genome) (Li et al. 2017). Studies
have been performed to clarify the genetic rela-
tionships of the major diploid and tetraploid
Brassica species, but the origin of the chloroplast
in the AC genome is still unclear (Qiao et al.
2015; Allender and King 2010). Furthermore, the
cpDNA of the B. napus has unique origin
(nap-type) and its genetic relationship with its
diploid ancestors remains controversial (Qiao
et al. 2015). cpDNA analysis based on rpo
regions of 488 B. napus accessions revealed that
more than 92% were associated with nap-type
and differentiated with their ancestor (Qiao et al.
2015). Identification of exact origin of the B.
napus will help to understand genome for stable
hybrid formation, overcome self-incompatibility
and creation of fertile plants required for crop
improvement.

B. napus has three cytotypes including two
diploid progenitors type and nap-type, which is
also well supported by previous analysis (Qiao
et al. 2015; Allender and King 2010). Since the
origin of the Bn-2 (multi inter-crossed origin)
and Bn-7 (synthetic origin with B. rapa as a
maternal parent) were obvious, it is possible that
the cytoplasm of the Bn-2 and Bn-7 could be
grouped into B. oleracea and B. rapa genotypes,
respectively. In addition, because the B. napus
genome has high sexual compatibility with close
relatives such as B. rapa, R. sativus and Sinapis
alba, it is possible that B. napus cytoplasm may
have derived from close relatives by natural or
artificial crossing (Wang et al. 2005; Warwick
et al. 2003). For example, Polima and Ogura
cytoplasmic male sterility (CMS) lines achieved
through introgression of cytotypes derived from
polish winter oilseed rape and radish (Witt et al.
1991; Pellan-Delourme and Renard 1988).
However, we could not identify any off types or
CMS types among the 11 accessions since all
B. napus accessions have clearly grouped into
three cytotypes. Recently, cpDNA analysis of
more diverse B. rapa genotypes revealed two
types of chloroplast genomes rapa-type1
(= rap-type) and rapa-type2 (= nap-type).
Though the rap-type chloroplast genome is found
to be common to B. rapa, rapa-type2 is unique
for some Italian Broccoletto genotypes of B. rapa
(Li et al. 2017). Further analysis indicated that
the Italian Broccoletto genotype is expected to be
the donor for the nap-type chloroplast genome of
B. napus. Moreover, nap-type chloroplast gen-
ome was maintained in the Italian Broccoletto
genotype by geographical isolation or maternal
dominance since its divergence (4.7 mya), and
the Italian Broccoletto genome was utilized as
the maternal parent to generate the AC genome
7500 years ago (Li et al. 2017).

10.5 Conclusion and Perspectives

Chloroplast genome has been applied to decode
the plant evolution and systematics (Jansen and
Ruhlman 2012). Studies on B. napus chloroplast
genome has revealed three cytotypes in which
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the nap-type (>92%) was of unknown origin and
discrete to both parental progenitors, B. rapa and
B. oleracea (Qiao et al. 2015). Artificial B. napus
lines which were developed by interspecies
hybridization has widened its genetic diversity
which helps increase its environmental adapt-
ability, improved production and quality (Qian
et al. 2006). However, genetic factors such as
self-incompatibility, unbalanced gametes and
environmental causes such as biotic and abiotic
stress hinder further improvement of B. napus
(Leflon et al. 2006; Cifuentes et al. 2010).
Identification of the original parents does not
only clarify the evolutionary history but also
enables the closer investigation of chromosome
pairing mechanisms to produce stable artificial
B. napus hybrids. Furthermore, agronomically
important elite alleles that are present in the
progenitors will help to improve the crop man-
agement and production.

Using the reconstructed chloroplast genome
sequences of various B. napus accessions, we
investigated the genetic diversity and evolution.
The comparative genomics studies revealed that
cpDNAs were well diversified among the
B. napus and with its progenitors. Inter- and
intra-cytotype variations including the recently
developed synthetic B. napus will serve as
important resources for Brassica breeding and
evolutionary analysis. Phylogenetic analysis
revealed that B. napus carry three kinds of
cytotypes, rap-type, ole-type and nap-type, and
comparative analysis with its progenitors
revealed that the Italian Broccoletto genotype is
the possible source for the origin of nap-type cp
genome. Our study provides further evidence to
clarify the phylogenetic origin and evolution of
the three cytotypes of B. napus chloroplast gen-
ome. However, it is still not clear how the
rapa-type2/nap-type chloroplast genome became
the common maternal parent for most (92%) of
AC genomes, although the Italian Broccoletto
genotype is not prevalent in the A genome.
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11Case Study for Trait-Related Gene
Evolution: Oil Biosynthesis Genes

Zhiyong Hu and Wei Hua

Abstract
Brassica napus was formed through recent
hybridization between Brassica oleracea and
Brassica rapa and is an important source of
edible oil. The genomic characterization of the
families of genes involved in oil biosynthesis
was undertaken in the B. napus genome
assembly to assess the potential impact of
selection breeding on gene content and func-
tion. We compared oil biosynthesis genes and
found that the genes number has a huge
difference in 14 different species. There are
2482 homologs in B. napus cv. ZS11 and only
120 homologs in Jatropha curcas. There is a
4.1 fold expansion over Arabidopsis thaliana
and >20 fold expansion over J. curcas.
However, the distributions of the gene number
in the acyl metabolism pathway are highly
similar in all the 14 species. The fatty acid
elongation and wax biosynthesis pathway, the
phospholipid signaling pathway, and the
galactolipid, sulfolipid, and phospholipid syn-
thesis pathway are the top pathways in terms
of the gene number. A total of 19 positive

selection genes were identified in B. napus.
Among them, 5 genes are in the phospholipid
signaling pathway and 5 genes in the triacyl-
glycerol and fatty acid degradation pathway.
These results will help better understand the
mechanism and evolution of oil biosynthesis
genes.

11.1 Introduction

Flowering plants propagate generation after
generation through production of seeds. Carbon
and nitrogen are deposited into seed oil, protein,
and starch to support the establishment of the
young seedlings (Wang et al. 2007). In the past
centuries, the importance of these storage
reserves as food and feed brought in continued
breeding efforts and successful improvements of
crop seed composition and yield. Today, crops
are not only essential for food supplies to the
growing population but also demanded by
expanding industrial markets beyond human
nutrition. For example, vegetable oil is the
important lipid source for the production of
lubricants, inks, paints, and biodiesels. Although
genetic engineering offers great potential to
speed up the process of crop improvement, such
an effort relies on a good understanding of the
molecular mechanisms underlying substance
storage. Thus, regulation of oil biosynthesis in
plant seeds has been extensively studied.

Z. Hu � W. Hua (&)
The Key Laboratory of Biology and Genetic
Improvement of Oil Crops, the Ministry
of Agriculture, Oil Crops Research Institute,
Chinese Academy of Agricultural Sciences,
Wuhan, Hubei, China
e-mail: huawei@oilcrops.cn

© Springer Nature Switzerland AG 2018
S. Liu et al. (eds.), The Brassica napus Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-319-43694-4_11

189

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-43694-4_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-43694-4_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-43694-4_11&amp;domain=pdf


The pathways involved in plant storage lipid
biosynthesis have recently been reviewed in
detail elsewhere (Snyder et al. 2009). Extensive
research has led to an unprecedented level of
knowledge regarding the pathways and genes
involved in lipid biosynthesis, especially in the
model plant A. thaliana (Baud and Lepiniec
2009; Hua et al. 2012). The intricate transcription
regulatory system that controls Arabidopsis seed
development has been determined. In this net-
work, the B3 transcription factors FUS3, ABI3,
and LEC2, as well as the transcriptional activator
LEC1, are master regulators of seed development
and reserve accumulation (Santos-Mendoza et al.
2008).

The acyltransferases involved in the two
pathways leading to triacylglycerol (TAG) play
an important role in the utilization of unusual
fatty acids (Snyder et al. 2009). The classical
sn-glycerol-3-phosphate or the Kennedy pathway
involves the sequential acyl-CoA-dependent
acylation of sn-glycerol-3-phosphate catalyzed
by sn-glycerol-3-phosphate acyltransferase
(GPAT), lysophosphatidic acid acyltransferase
(LPAAT) and diacylglycerol acyltransferase
(DGAT), respectively. And phosphatidic acid
phosphatase catalyzes the dephosphorylation of
phosphatidic acid (PA) before the final acylation.
In the second pathway, acyl groups can be
channeled into phosphatidylcholine (PC) via the
activity of lysophosphatidylcholine acyltrans-
ferase (LPCAT), and then subsequently trans-
ferred from PC to TAG via the activity of
phospholipid: diacylglycerol acyltransferase
(PDAT) (Dahlqvist et al. 2000; Stahl et al. 2004).

Acyl-CoA-binding protein (ACBP) plays an
important housekeeping role in lipid metabolism
by maintaining the intracellular acyl-CoA pool
(Yurchenko and Weselake 2011). ACBP is
involved in lipid biosynthesis and transport,
gene expression, and membrane biogenesis.
WRINKLED1, a key regulator of seed oil
biosynthesis in Arabidopsis (A. thaliana), has
been implicated in the control of genes encoding
enzymes for plastidial glycolysis and fatty acid
biosynthesis (Cernac and Benning 2004; Pou-
vreau et al. 2011). WRINKLED1 specifies the
regulatory activities of LEC1 and LEC2 with

respect to production of storage lipids (Baud
et al. 2007; Mu et al. 2008). In addition,
application of stable isotope labeling methods
has enabled in vivo examination of the meta-
bolic fluxes in developing B. napus seeds, and
these studies have determined the relative con-
tributions of plastidial, mitochondrial and
cytosolic pathways to fatty acid biosynthesis
(Schwender et al. 2003, 2004, 2006; Ruuska
et al. 2004; Goffman et al. 2005). However,
despite the great advances mentioned above, we
still know relatively little about the overall
regulation of lipid synthesis and accumulation,
or the partitioning of carbon between oil and
other storage products, and these deficiencies
continue to hinder progress in breeding seeds
with high oil contents (Weselake et al. 2009;
Baud and Lepiniec 2010).

B. napus was formed by recent allopoly-
ploidization after hybridization between B. oler-
acea and B. rapa (Hasan et al. 2008; Chalhoub
et al. 2014; Sun et al. 2017) and is primarily
grown as one of the most important oilseed
crops. Together with soybean and oil palm, they
provide a major part of edible oil in the world.
Moreover, B. napus seed oil is with high-quality
nutritional composition, (Hu et al. 2013). In B.
napus, recent breeding has focused on the
selection of lines with high oil content and
optimized oil composition in the seed (Sakhno
2010). Thus, a genomic characterization of the
families of genes involved in oil biosynthesis
was undertaken in the B. napus genome assem-
bly to assess the potential impact of selection
breeding on gene content and function (Chal-
houb et al. 2014; Sun et al. 2017).

11.2 Variation of the Gene Number
of Acyl-Lipid Metabolism

The acyl-lipid metabolism pathway is crucial for
oil biosynthesis and plant defense. Chalhoub
et al. (2014) made an extensive comparative
analysis of B. napus with the model crucifer
species A. thaliana, identified more than 120
different enzymatic reactions, and found 606
genes that played a role in acyl-lipid metabolism
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(Chalhoub et al. 2014). We further compared
these oil biosynthesis genes in 14 different spe-
cies and found that there was a huge difference in
the copy number of acyl-lipid metabolism genes
between these species (Table 11.1, Sun et al.
2017). There are 2482 homologs in B. napus cv.
ZS11, 2010 homologs in B. napus cv. Darmor,
and 926 homologs in Glycine max which repre-
sents the highest number of acyl-lipid metabo-
lism genes annotated in an oilseed plant species
genome to date, but only 120 homologs in oil-
seed plant J. curcas (Table 11.1, Sun et al.

2017). This represents a 4.1 fold expansion over
A. thaliana and >20 fold expansion over
J.curcas.

Although the total gene number is various, the
distributions of genes in acyl metabolism path-
ways are highly similar in all the 14 species. In
terms of gene number, the fatty acid elongation
and wax biosynthesis pathway, the phospholipid
signaling pathway and the galactolipid, sul-
folipid, and phospholipid synthesis pathway are
the top three pathways almost in all the 14 spe-
cies (Table 11.1, Sun et al. 2017).

Table 11.1 Copy number of acyl-lipid metabolism genes in 14 species

Acyl metabolism pathway Speciesa

At Bn Bo Br Cc Gm Jc Lu Os Rc Sin Sit Vv Zm

Fatty acid synthesis 29 50 70 65 30 55 9 44 9 27 54 30 25 36

Fatty acid elongation,
desaturation, and export
from plastid

9 40 20 16 10 16 2 16 1 8 15 10 11 14

Galactolipid, sulfolipid, and
phospholipid synthesis

68 246 126 115 64 109 1 105 9 51 17 63 55 66

Triacylglycerol
biosynthesis

53 193 91 100 34 65 1 59 1 23 49 22 20 26

Triacylglycerol and fatty
acid degradation

48 216 114 102 40 77 9 84 9 35 55 44 34 36

Fatty acid elongation and
wax biosynthesis

148 653 333 298 89 155 2 115 7 62 1 50 62 53

Sphingolipid biosynthesis 23 86 46 37 25 46 2 43 1 19 33 18 18 23

Mitochondrial fatty acid
and lipoic acid synthesis

13 43 21 19 12 21 1 18 0 12 20 11 10 9

Mitochondrial
phospholipid synthesis

6 24 11 10 5 10 2 9 2 5 8 2 4 2

Lipid trafficking 6 20 5 7 8 14 2 14 5 5 15 6 6 8

Cutin synthesis and
transport

16 67 40 34 20 45 2 14 10 14 21 11 16 10

Suberin synthesis and
transport

18 111 57 50 21 40 8 33 15 22 26 14 13 18

Oxylipin metabolism 56 192 92 87 55 94 9 67 22 40 69 31 48 25

Phospholipid signaling 78 293 149 139 64 125 21 104 42 57 110 39 50 43

Pathway, function, or
subcellular location
uncertain

35 148 81 69 30 54 9 41 19 22 45 21 21 19

Total 606 2482 1256 1148 507 926 120 766 352 402 748 372 393 388
aAt, Bn, Bo, Br, Cc, Gm, Jc, Lu, Os, Rc, Sin, Sit, Vv, Zm represent Arabidopsis thaliana, Brassica napus cv. ZS11, Brassica
oleracea, Brassica rapa, Cajanus cajan, Glycine max, Jatropha curcas, Linum usitatissimum, Oryza sativa, Ricinus communis,
Sesamum indicum, Setaria italic, Vitis vinifera and Zea mays, respectively
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11.3 The Expansion and Loss
of the Acyl-lipid Metabolism
Genes in B. napus

Chalhoub et al. (2014) reported that in compar-
ison to the diploids generally there appeared to
be no targeted loss of gene copies in the tetra-
ploid genomes. However, 18 orthologs of acyl
genes were no longer found in the B. napus
genome—five appeared to be completely lost,
three in the An subgenome and two in the Cn
subgenome, and all other (13) missing orthologs
had been replaced either through large or short
homeologous exchanges (HEs). As observed for
most regions of the genome, there was a bias in
HES, with the Cn genome copies being prefer-
entially replaced by An genome homeologs; nine
Cn genes and four An genes were replaced by
counterpart homeologs through larger homeolo-
gous recombination events. One Cn gene and one
An gene were replaced by An and Cn home-
ologs, respectively, through individual gene
conversion. There did not appear to be any tar-
geted classes of lost genes; the two classes with
the largest number of duplicated genes (Fatty
Acid Elongation and Wax Biosynthesis and
Phospholipid Signaling) also represented the
classes with the highest number of lost genes;
five and three, respectively.

The expansion of the acyl-lipid metabolism
genes could have an impact on the versatility of
the trait in B. napus, yet the phenotypic differ-
ences between the non-oilseed diploids and the
oilseed B. napus would appear to be largely the
result of allelic variation. Chalhoub et al. (2014)
confirmed that the B. napus orthologs of fatty
acid elongase 1 (FAE1) from B. rapa
(Bra034635) and B. oleracea (Bo7g116890)
exhibit the respective SNP (C to T) and two-base
deletion (AA) alleles associated with low levels
of erucic acid in the seeds. This is a key trait that
has been selected for human nutrition.

11.4 Identification of Positive
Selection Acyl-Lipid
Metabolism Genes from
B. napus and Its Progenitor
Species

The Brassicaceae is a large eudicot family and
includes the model plant A. thaliana (Chalhoub
et al. 2014; Sun et al. 2017). Brassicas have a
propensity for genome duplications and genome
mergers (Chalhoub et al. 2014; Sun et al. 2017).
B. napus was formed *7500 years ago by
hybridization between B. rapa and B. oleracea,
followed by chromosome doubling, a process
known as allopolyploidization. Together with
more ancient polyploidizations, they conferred
an aggregate 72 � genome multiplication
detectable since the origin of angiosperms and
resulting in high gene content. Chalhoub et al.
(2014) examined the B. napus genome and the
consequences of its recent duplication. The
constituent An and Cn subgenomes are engaged
in subtle structural, functional, and epigenetic
cross talk, with abundant homeologous exchan-
ges. Incipient gene loss and expression diver-
gence have begun. Selection in B. napus oilseed
types has accelerated the loss of glucosinolate
genes, while preserving expansion of oil
biosynthesis genes (Chalhoub et al. 2014).

In the study of Chalhoub et al. (2014), they
identified orthologous and paralogous sequences
within the B. napus, B. oleracea and B. rapa
reference genomes. Then they found that an
assessment of conserved syntenic putative acyl
metabolism genes between all three Brassica
species could suggest selection pressures on
specific pathways or gene families in response to
the breeding strategies applied in the develop-
ment of low erucic acid, high oil content
B. napus, as compared to its two diploid pro-
genitors. Conserved syntenic positions within
each genome will identify the most likely
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functional orthologs in the Brassica species. For
the 606 A. thaliana genes, they identified a total
of 986 and 1030 homologs within the Ar and Co
genomes, respectively, and an almost identical
number of 985 and 1025 homologs within the
amphidiploid An and Cn genomes, respectively.

In order to identify the positive selection
genes in B. napus, we analyzed and compared
orthologous and paralogous sequences within the
B. napus cv. ZS11, B. napus cv. Darmor, B.

oleracea, B. rapa reference genomes and the A.
thaliana one. Based on the analysis of positive
selection mutation site, a total of 19 positive
selection genes were identified (Table 11.2).
There are 8 genes located in An subgenomes and
11 genes located in Cn subgenomes. Among the
19 positive selection genes, 5 genes are in the
phospholipid signaling pathway and 5 genes are
in the triacylglycerol and fatty acid degradation
pathway.
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12Case Study for Trait-Related Gene
Evolution: Glucosinolates

Kun Lu, Rod Snowdon and Jiana Li

Abstract
Glucosinolates are a group of secondary
metabolites involved in plant defense and found
mainly in the Brassicales order. While the
breakdown products of some glucosinolates are
beneficial to human health, many glucosino-
lates are toxic. The recently sequenced genomes
of Brassica napus and its parental species
Brassica rapa and Brassica oleracea provided
the Brassica scientific community with a valu-
able tool for systematically investigating glu-
cosinolate biosynthesis, transport, and
breakdown genes, elucidating the relationship
between variation of glucosinolate profiles and
the evolution of glucosinolate-related genes in
Brassica crops. In this chapter, we summarized
the variation in glucosinolate composition and
content in Brassica crops and identified 166,
167, 191, 333 genes in B. rapa, B. oleracea var.
capitata, B. oleracea var. italica, and B. napus,
respectively, as orthologs of 78 glucosinolate
biosynthetic, transport, and breakdown genes

in Arabidopsis thaliana. Among these
glucosinolate-related genes, transcription fac-
tor, side-chain modification, and breakdown
genes experienced significant expansion in the
four Brassica crops. Moreover, phylogenetic
and expression pattern analyses of the
glucosinolate-related genes HAG1, MAM,
AOP, and GTR correspond with the glucosino-
late profiles and total seed glucosinolate con-
tents in B. napus and its parental species. These
results, together with those published previ-
ously, provide a valuable resource for under-
standing the genetic mechanism underlying
glucosinolate metabolism and transport and
suggest novel approaches for improving the
nutritional quality of Brassica crops through
breeding cultivars with lower glucosinolate
contents.

12.1 Introduction

Glucosinolates (GSLs) are a group of sulfur-rich,
nitrogen-containing plant secondary metabolites
mainly found in the Brassicales order (Fahey
et al. 2001), which includes many economically
and nutritionally important crops and condi-
ments, such as oilseed rape (Brassica napus),
broccoli (Brassica oleracea var. italica), cabbage
(B. oleracea var. capitata), turnip (Brassica
rapa), mustard (Brassica juncea L. Czern), and
wasabi (Wasabia japonica), as well as the model
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plant Arabidopsis thaliana. In addition, GSLs
have also been identified in the genus Drypetes
of the family Euphorbiaceae (Fahey et al. 2001).
GSLs share an identical core structure containing
a ß-thioglucose group linked to a sulfonated
aldoxime moiety, plus a variable aglycone side
chain (R) derived from one of eight amino acids
(Halkier and Du 1997). Based on the amino acid
precursors and the type of modification to the R
group, GSLs can be divided into three major
classes: aliphatic, indole, and aromatic GSLs
(Halkier and Gershenzon 2006). Aliphatic GSLs
are derived from alanine, leucine, isoleucine,
valine, and methionine, while indole GSLs and
aromatic GSLs are derived from tryptophan and
phenylalanine or tyrosine, respectively. By 2000,
at least 120 different GSLs were reported in 16
families of the order Capparales, and the Bras-
sicaceae family alone was found to contain at
least 96 of these. A more recent review eluci-
dated and documented the discovery of addi-
tional natural GSL structures, citing around 132
unique GSLs from nature (Agerbirk and Olsen
2012). The structural diversity of these com-
pounds is mainly caused by extensive modifica-
tion of the variable side chain by elongation of
the amino acid precursors and from a wide
variety of side-chain modifications, including
hydroxylation, oxidation, methylation, glucosy-
lation, desaturation, and sulfation (Halkier and
Gershenzon 2006).

Though most GSLs are not bioactive in their
intact form, they are rapidly hydrolyzed by an
endogenous family of plant enzymes called
myrosinases (thioglucoside glucohydrolases
(TGGs); EC 3.2.1.147), b-glucosidases that are
compartmentalized in the vacuoles of myrosin
cells, a location separate from that of GSLs. Once
plant tissues are damaged by wounding, herbi-
vore or pathogen attack, freezing, or grazing
(Bones and Rossiter 2006; Fahey et al. 2001), the
myrosinases are mixed with GSLs, resulting in
hydrolysis of the thioglycoside bond to yield
glucose and an unstable aglucone. The latter
compound is either spontaneously rearranged
into bioactive isothiocyanate or is converted into
alternative hydrolysis products such as simple
nitriles, epithionitriles, or organic thiocyanates

(Wittstock and Burow 2010). The types of
breakdown products of the GSL–myrosinase
system depend mainly on the chemical nature of
the side chain of the parent GSL, the reaction
conditions, and the cofactors that are present
(Fahey et al. 2001; Halkier and Gershenzon
2006).

GSLs and their degradation products have
been recognized for their roles in plant defense
and their distinctive effects on human health and
on the flavor of cruciferous vegetables. Gluco-
raphanin (4-methylsulfinylbutyl, GRA), which is
known to reduce the risk of aggressive prostate
cancer (Halkier and Gershenzon 2006), is the
most widely studied GSL. Despite the impor-
tance of certain GSLs and their metabolites to
human health, most GSLs are also undesirable
substances in Brassica crops for animal feed, due
to the deleterious effects of their breakdown
products on animal growth and reproductive
performance. To reduce the levels of GSLs in
Brassica crops, oilseed rape breeders have
devoted much effort to developing genetically
improved varieties with lower amounts of GSLs.
Significant progress has been made toward this
goal through classical breeding approaches, and
several varieties with low levels of seed GSLs
(less than 30 lmol/g in defatted meal) and erucic
acid (less than 2% of the total fatty acids present
in the oil) have been released in Canada and
marketed under the name “canola.” While pro-
cessed canola meal has been widely accepted in
the feed industry as a high-quality feedstuff for
livestock and poultry, a number of reports have
documented reduced performance in farm ani-
mals fed diets containing significant amounts of
canola meal (Khajali and Slominski 2012; Lee-
son et al. 1987).

The completion of genome sequencing of B.
napus and its parental species B. rapa and B.
oleracea provided the Brassica scientific com-
munity with a valuable tool for further improving
seed quality through regulating and controlling
secondary metabolism pathways (Chalhoub et al.
2014; Liu et al. 2014; Parkin et al. 2014; Wang
et al. 2011b). In Arabidopsis, the close relative of
Brassica crops, most genes responsible for GSL
biosynthesis, breakdown, and transport have
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been characterized using biochemical and reverse
genetics approaches (Halkier and Gershenzon
2006). Based on this research in Arabidopsis,
orthologous genes involved in GSL metabolism
and transport in Brassica crops have been iden-
tified, allowing for the manipulation of these
genes and the development of Brassica vegeta-
bles with high levels of anticancer GSLs and B.
napus varieties containing much lower levels of
undesirable GSLs.

This chapter presents an overview of the
genes responsible for GSL biosynthesis, trans-
port, and breakdown in Brassica crops, with
special emphasis on elucidating the evolutionary
processes that resulted in the variation in GSL
profiles of Brassica crops. Based on this infor-
mation, we present perspectives for further
research aimed at modifying and reducing dif-
ferent kinds of GSLs in B. napus.

12.2 Variation in GSL Composition
and Content in Brassica Crops

The chemical composition of many Brassicaceae
genera has been studied, with a focus on identi-
fying variations in oil content and seed fatty acid

and GSL composition (Warwick 2011). Com-
parative studies of GSL profiles indicate that the
type of GSLs present and their concentrations
vary considerably between species in the Bras-
sicaceae family, as well as between cultivars of
the same species, and within different organs or
developmental stages of the same plant (Daxen-
bichler et al. 1991; Fahey et al. 2001). In addi-
tion, the total GSL content and the relative
proportion of individual GSLs are also influ-
enced by the genotype and by agronomic and
environmental factors (such as growth stage,
harvest time, soil moisture, and temperature) (Gu
et al. 2012; Padilla et al. 2007; Wang et al. 2012;
Yang and Quiros 2010).

Numerous studies have described the GSL
contents and composition in representative
Brassica species, and these data have been
compiled in several reviews (Daxenbichler et al.
1991; Fahey et al. 2001; Ishida et al. 2014; Jef-
fery et al. 2003; Padilla et al. 2007). As many as
20 kinds of GSLs have been identified in com-
mercial Brassica crops (Table 12.1), which pos-
sess substantially different GSL profiles, and
usually only 3 or 4 predominant kinds of GSLs
occur in the same plant (Rosa 1997). Comparison
of the GSL profiles and concentrations in

Table 12.1 Major GSLs present in Brassica crops

GSL name Trivial name Systematic name Abbreviation

Aliphatic 3C Sinigrin 2-propenyl SIN

Glucoiberverin 3-methylthiopropyl GIV

Glucoiberin 3-methylsulfinylpropyl GIB

Aliphatic 4C Progoitrin (2R)-2-hydroxy-3-butenyl PRO

Gluconapin 3-butenyl NAP

Glucoerucin 4-methylthiobutyl GER

Glucoraphanin 4-methylsulphinylbutyl GRA

Aliphatic 5C Gluconapoleiferin 2-hydroxy-4-pentenyl GNL

Glucobrassicanapin 4-pentenyl GBN

Glucoberteroin 5-methylthiopentyl GBE

Glucoalyssin 5-methylsulphinylpentyl GAL

Indole Glucobrassicin 3-indolylmethyl GBS

Neoglucobrassicin 1-methoxy-3-indolylmethyl NGBS

4-Hydroxyglucobrassicin 4-hydroxy-3-indolylmethyl 4HGBS

4-Methoxyglucobrassicin 4-methoxy-3-indolylmethyl 4MGBS

Aromatic Gluconasturtiin 2-phenylethyl GST
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different tissues during different growth stages
from four Brassica crops of the “triangle of U”
(Brassica carinata, Brassica nigra, B. juncea,
and B. rapa) revealed that sinigrin (2-propenyl,
SIN) is the dominant GSL in three mustards (B.
carinata, B. nigra, and B. juncea) (Table 12.2),
where it represents more than 90% of the total
GSL concentration in ripe seeds and over 50% of
the total GSL concentration in green tissues
(Bellostas et al. 2007). B. carinata contains other
GSLs, including gluconapin (3-butenyl, NAP),
4-hydroxyglucobrassicin
(4-hydroxyindol-3-ylmethyl, 4HGBS), glu-
conasturtiin (2-phenylethyl, GST), and progoitrin
(2-hydroxy-3-butenyl, PRO), the last of which is
ultimately decomposed into oxazolidine-
2-thiones, which are considered to be goitro-
genic compounds in monogastric animals (Bel-
lostas et al. 2007; Fahey et al. 2001). The GSL
profile of B. rapa is quite distinct from that of the
aforementioned three mustards (Table 12.2). In
B. rapa, 16 GSLs have been identified. Among
these, the aliphatic GSLs, NAP, and glucobras-
sicanapin (4-pentenyl, GBN), and their hydrox-
ylated forms, PRO and gluconapoleiferin
(2-hydroxy-4-pentenyl, GNL), were found to be
the most abundant, while the concentrations of
indolic and aromatic GSLs were low and showed
the fewest differences among the different vari-
eties (Cartea and Velasco 2008). Most B. rapa
varieties had a proportion of NAP of between 70
and 95% of the total GSL content and a pro-
portion of GBN of below 20% of the total GSL
content, while other minor GSLs, such as glu-
coiberin (3-methylsulfinilpropyl, GIV), PRO,
glucoalyssin (5-methylsulphinylpentyl, GAL),
and GST, accounted for less than 20% of the
total GSL content (Padilla et al. 2007).

Diversity in the concentration and type of
GSLs is much higher in B. oleracea than in B.
rapa species (Ishida et al. 2014). All B. oleracea
types and cultivars contain high concentrations
of glucobrassicin (3-indolymethyl, GBS) and
GIV and most contain substantial amounts of
SIN. For example, SIN accounts for most of the
GSLs in kale (B. oleracea var. acephala), while
GBS and GIB account for most of those in
cabbage (B. oleracea var. capitata) leaves

(Cartea et al. 2008). The most common GSLs
found in broccoli (B. oleracea var. italica) are
GRA, SIN, PRO, NAP, and the indole
GSLs GBS and neoglucobrassicin
(1-methoxy-3-indolylmethyl, NGBS) (Kushad
et al. 1999). The predominant GSL GRA (ac-
counting for more than 50% of the total GSLs
and the precursor of sulforaphane) is the most
important health-promoting compound in broc-
coli, but only trace amounts of GRA are present
in most B. rapa, B. napus, and B. juncea veg-
etables and oilseeds (Liu et al. 2012; Tian et al.
2005). GRA was not detected in several B.
oleracea crops, including cabbage, Brussels
sprouts (B. oleracea var. gemmifera), and cauli-
flower (B. oleracea var. botrytis). In cauliflower,
SIN and GIB are the major aliphatic GSLs pre-
sent (together occurring at a concentration of
0.42 lmol/g FW), and GBS (1.5 lmol/g FW)
and 4-methoxyglucobrassicin
(4-methoxy-3-indolylmethyl, 4MGBS,
0.4 lmol/g FW) are the major indole GSLs (Tian
et al. 2005). Broccoli sprouts and Brussels
sprouts contain higher amounts of total GSLs
than do broccoli and cauliflower. The major
GSLs detected in broccoli sprouts are 4MBGS,
GRA, GER, and GIB (0.385, 1.33, 1.02, and
0.599 lmol/g FW, respectively; Tian et al. 2005;
West et al. 2002). GBS (3.74 lmol/g FW) is the
most abundant GSL in Brussels sprouts, while
the concentration of SIN, PRO, and NAP (1.55,
1.33, and 1.08 lmol/g FW, respectively) is also
relatively higher than that of other GSLs (Tian
et al. 2005). In Chinese kale (B. oleracea var.
alboglabra), the total and individual GSL con-
tents varied extensively among the different
edible parts, and NAP was the most abundant
GSL in the edible plant parts (Sun et al. 2011).

Due to their toxic and antinutritive effect on
animals, GSLs have long since been regarded as
unfavorable components of B. napus seeds.
Hence, developing a double-low B. napus variety
with seeds lacking erucic acid and containing
only low levels of GSL has been an important
objective of rapeseed breeding programs, and
much research examining variation in GSL
composition and content in B. napus has been
conducted (Font et al. 2005; Sang et al. 1984).
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Based on the GSL content, the seeds of 499 B.
napus accessions were divided into three types,
containing high, medium, and low levels of
GSLs, and the GSL components of each of these
types were systemically analyzed by
high-performance liquid chromatography (Li
et al. 2005). In B. napus varieties containing high
and medium levels of GSLs, but not in those
containing low levels, the dominant and stable
components are PRO and NAP. Although GST
and 4HGBS are minor components of B. napus
varieties containing high levels of GSL, they are
major components of varieties containing low
GSL levels (Li et al. 2005). Accurately measur-
ing the GSL profiles and identifying the corre-
sponding GSL biosynthetic, breakdown, and
transport genes in different Brassica crops are of
great importance for further improving the GSL
profiles in given tissues and organs. For instance,
ideal B. napus varieties would have high levels
of GSLs in the vegetative tissues, but lack GSLs
in the seeds.

12.3 Genes Involved
in the Metabolism, Transport,
and Regulation of GSLs

Substantial advances have recently been made in
our understanding of the metabolism and regu-
lation of GSLs in plants, particularly in Ara-
bidopsis, where structural and regulatory genes
involved in GSL biosynthesis, transport, and
degradation pathways have been identified
through in vitro biochemical assays and mutant
studies (Burow et al. 2010; Radojčić Redovni-
ković et al. 2008; Sønderby et al. 2010).

12.3.1 GSL Biosynthetic Genes

GSL biosynthesis is comprised of three inde-
pendent stages: (i) amino acid chain elongation,
in which additional methylene groups are inser-
ted into the side chain of certain aliphatic and
aromatic amino acids, (ii) conversion of the
amino acid moiety to form the core structure of
GSLs, and (iii) subsequent secondary

modifications of side chains to generate chemical
diversity (Grubb and Abel 2006; Halkier and
Gershenzon 2006). Methionine undergoes a ser-
ies of chain elongation cycles in which one
methylene group is added per time prior to
entering the core structure pathway. These chain
elongation reactions include deamination by a
branched-chain amino acid aminotransferase
(BCAT), condensation with acetyl-CoA by a
methylthioalkylmalate synthase (MAM), iso-
merization by an isopropylmalate isomerase
(IPMI), and oxidative decarboxylation by an
isopropylmalate dehydrogenase (IPM-DH)
(Sønderby et al. 2010). The newly formed 2-oxo
acid can either be transformed into the corre-
sponding methionine derivative and enter the
core GSL structure pathway or undergo another
round of chain elongation (Radojčić Redovni-
ković et al. 2008). In A. thaliana, three tandemly
duplicated and functionally diverse MAM
members were identified as being responsible for
the condensation step of the chain elongation.
Functional analysis demonstrated that AtMAM2
(absent in ecotype Columbia) and AtMAM1
catalyze the condensation reaction of the first and
the first two elongation cycles, respectively, for
the synthesis of aliphatic GSLs with short carbon
chains (3C and 4C, respectively) (Benderoth
et al. 2006; Kroymann et al. 2003; Textor et al.
2004), while AtMAM3 catalyzes all six additions
of methylene groups and the formation of all
aliphatic GSLs, especially long-chain GSLs (6C,
7C, and 8C) (Textor et al. 2007). Hence, the
number and expression patterns ofMAM genes in
a plant determine variations in aliphatic GSLs
during the earliest stages of GSL biosynthesis
and have a fundamental impact on GSL com-
position and diversity in plant tissues.

The GSL core structure is formed from pre-
cursor amino acids via a series of reactions cat-
alyzed by various cytochrome P450
(CYP) monooxygenases (Halkier and Gershenzon
2006). Briefly, the five characterized CYP79
homologs in Arabidopsis catalyze the conversion
of amino acids to their corresponding aldoximes.
CYP79F1 and CYP79F2 encode the enzymes that
catalyze aldoxime production in the biosynthesis
of the major GSLs derived from chain-elongated
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methionine derivatives. CYP79B2 and CYP79B3
catalyze the biosynthesis of indole-
3-acetaldoxime from tryptophan, whereas
CYP79A2 converts phenylalanine to phenylac-
etaldoxime, the precursor of benzyl GSL
(RadojčićRedovniković et al. 2008). Biochemical
studies identified differences in the substrate
specificity of CYP79F1 and CYP79F2, showing
that CYP79F1 metabolizes homomethionine and
di-, tri-, tetra-, penta-, and hexahomomethionines,
resulting in both short- and long-chain methionine
derivatives, whereas CYP79F2 only catalyzes the
production of long-chain penta- and hexaho-
momethionines (Chen et al. 2003; Radojčić
Redovniković et al. 2008). The aldoximes are
further metabolized to form S-alkylthiohydrox-
imates by CYP83A1 and CYP83B1, cytochrome
P450 of the CYP83 family (Bak and Feyereisen
2001). Both biochemical and transgenic lines of
evidence show that CYP83A1mainlymetabolizes
the aliphatic aldoximes to form aliphatic GSLs,
whereas CYP83B1 mostly metabolizes
indole-3-acetaldoxime and aromatic oximes to
synthesize the corresponding substrates for indolic
and aromatic GSLs, respectively (Bak and Fey-
ereisen 2001; Naur et al. 2003). In a subsequent
step, the resulting S-alkylthiohydroximates are
cleaved to yield thihydroximates by a C-S lyase
SUR1 (Mikkelsen et al. 2004). The second to last
step in the formation of GSLs is the S-glycosyla-
tion of thihydroximates, a reaction that is catalyzed
by glucosyltransferases of theUGT74 family. This
reaction appears to be unique and catalyzes the
formation of an S-glycosidic bond between glu-
cose and the acceptor thiohydroximate, leading to
the production of the corresponding desulfo-GSL
(Grubb et al. 2004). The results of biochemical and
genetic analyses demonstrated that UGT74C1
plays a key role in the biosynthesis of aliphatic
GSLs and that UGT74B1 catalyzes the formation
of aromatic GSLs (Grubb et al. 2004, 2014). Three
sulfotransferase (SOT) proteins perform the final
step of GSL biosynthesis. Biochemical charac-
terization showed that SOT16 metabolizes tryp-
tophan- and phenylalanine-derived desulfo-GSLs,
whereas SOT17 and SOT18 metabolize
long-chained aliphatic desulfo-GSLs (Piotrowski
et al. 2004).

After parent GSL formation, a wide range of
further modifications can occur on the methion-
ine side chain and occasionally on the glucose
moiety (Mikkelsen et al. 2002; Neal et al. 2010),
giving rise to an enormous variety of GSL
structures. These secondary modifications, which
take place in an organ- and developmental
stage-specific manner (Radojčić Redovniković
et al. 2008; Sønderby et al. 2010), are particularly
important as the structure of the side chain lar-
gely determines the nature of the products
formed following GSL hydrolysis by myrosi-
nases (Sønderby et al. 2010; Wittstock and
Halkier 2002). For aliphatic GSLs, these modi-
fications include oxidations, hydroxylations,
alkenylations, and benzoylations, while for
indole GSLs, they include hydroxylations and
methoxylations.

The S-oxygenation of aliphatic GSLs is a
common modification catalyzed by five
flavin-monooxygenases, designated FMOGS-OX1

to FMOGS-OX5 (Li et al. 2008). FMOGS-OX5

shows substrate specificity for the long-chain
8-methylthiooctyl GSLs (8MTOs), whereas
FMOGS-OX1 to FMOGS-OX4 exhibit broad chain
length specificity and catalyze the conversion
from methylthioalkyl (MT) GSL to the corre-
sponding methylsulfinylalkyl (MS) indepen-
dently of chain length (Li et al. 2008), resulting
in the production of the potent cancer-preventive
substances sulforaphane (4-methylsulfinylbutyl
isothiocyanate, 4MSB ITC), which is derived
from GRA, and the 7-methylsulfinylheptyl
(7MSOH) and 8-methylsulfinyloctyl (8MSOO)
isothiocyanates, derived from 7-methylthioheptyl
GSL (7MTH) and 8MTO, respectively (Li et al.
2008). Hence, the five FMOGS-OX genes could
potentially be used in genetic engineering
strategies to optimize the GSL profiles of Bras-
sica crops. Substantial variation in Arabidopsis
GSL profiles between different genotypes has
expedited the identification of the GS-AOP
locus, which encodes the two tandemly dupli-
cated 2-oxoglutarate-dependent dioxygenases,
AOP2 and AOP3 (Kliebenstein et al. 2001).
AOP2 directly catalyzes the conversion of
methylsulfinylalkyl GSLs to the alkenyl
GSLs NAP or GBN (n = 2–3), and the GS-OH
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locus can further convert NAP to PRO (Hansen
et al. 2008). AOP3 controls the production of
hydroxyalkyl GSLs (n = 2) from methylsulfiny-
lalkyl GSLs. When both AOPs are
non-functional, the plant accumulates the pre-
cursor methylsulfinyl alkyl GSLs (Liu et al.
2014). Secondary modifications of indole GSLs
mainly include hydroxylation by CYP81F2,
which is essential for the 4-hydroxylation of
unmodified indolyl-3-methyl (I3M), and cat-
alyzes the formation of 4-hydroxy I3M
(4OH-I3M) and 4-methoxy I3M (4M-I3M) from
I3M (Bednarek et al. 2009; Pfalz et al. 2009;
Sønderby et al. 2010).

12.3.2 Regulatory Genes of GSL
Biosynthesis

Biosynthesis of GSLs is tightly regulated by six
R2R3-MYB transcription factors (TFs) belong-
ing to subgroup 12 of the R2R3 MYB family,
which has a conserved “[L/F]LN[K/R]VA” motif
(Dubos et al. 2010). In Arabidopsis, MYB28,
MYB29, and MYB76 positively regulate the
biosynthesis of aliphatic GSLs with partial
functional redundancy (Hirai et al. 2007). During
aliphatic GSL biosynthesis, AtMYB28 acts as the
major positive regulator and AtMYB29 as an
accessory factor in the response to methyl jas-
monate signaling in the trans-activation of the
aforementioned aliphatic GSL biosynthetic
genes, i.e., AtMAM1, AtMAM3, AtCYP79F1,
AtCYP79F2, AtCYP83A1, AtAOP2, AtSOT17,
and AtSOT18 (Gigolashvili et al. 2008a; Hirai
et al. 2007). Arabidopsis mutants defective in
MYB28 function had decreased amounts of both
long- and short-chain aliphatic GSLs, whereas
the myb29 or myb76 mutant contained signifi-
cantly reduced levels of short-chained aliphatic
GSLs, indicating that MYB28 regulates the
biosynthesis of all methylsulfinyl GSLs, whereas
MYB29 and MYB76 regulate the biosynthesis of
short-chained GSLs (Gigolashvili et al. 2008b).
The total aliphatic GSLs but not indolic GSLs
were significantly increased in the leaves of
plants overexpressing AtMYB28, AtMYB29, or
AtMYB76 (Gigolashvili et al. 2008b; Hirai et al.

2007). Overexpression of both AtMYB28 and
AtMYB29 significantly repressed the expression
of the indolic GSL pathway genes, indicating
that a reciprocal antagonistic relationship exists
between the aliphatic and indolic GSL biosyn-
thetic pathways (Gigolashvili et al. 2008a).

Conversely, AtMYB34, AtMYB51, and
AtMYB122, which were identified as important
regulators of the indolic GSL biosynthetic
pathway, significantly reduced the transcript
levels of AtCYP79B2, AtCYP79B3, AtCYP83B1,
AtUTG74B1, AtSOT16, and 3’-phospho-
adenosine 5’-phosphosulphate transporter
(PAPST1) genes, which are involved in the
indolic GSL biosynthetic pathway (Frerigmann
and Gigolashvili 2014; Guo et al. 2013;
Sønderby et al. 2010). The three MYB tran-
scription factors exhibit both additive and epi-
static interactions in the regulation of indolic
GSL biosynthesis (Frerigmann and Gigolashvili
2014). Lines lacking the two main regulators of
indolic GSL biosynthesis, MYB34 and MYB51,
exhibit a significant reduction in total indolic
GSLs, demonstrating the importance of these two
genes for indolic GSL biosynthesis. Previous
research also showed that MYB34 and MYB51
have distinct roles in indolic GSL production,
functioning in different tissues or under different
environmental conditions. MYB51 is the central
regulator of indolic GSL biosynthesis in shoots
and is activated by salicylic acid (SA) and
ethylene (ET) treatments. By contrast, MYB34
regulates indolic GSL biosynthesis mainly in the
roots and functions in abscisic acid (ABA) and
methyl jasmonate (MeJA) signaling. Interest-
ingly, MYB51 appears to regulate indolic GSL
biosynthesis in roots in the myb34 mutant.
MYB122 only plays an accessory role in indolic
GSL biosynthesis and in JA/ET-induced GSL
biosynthesis (Frerigmann and Gigolashvili
2014).

In addition to the MYB transcription factors,
some other regulators of GSL biosynthesis have
also been characterized. Arabidopsis
CaM-binding protein IQ-DOMAIN1 (IQD1)
binds calmodulin in a Ca2+-dependent manner
and is a positive regulator of total GSL accu-
mulation during biotic stress responses, with a
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gain-of-function IQD1 mutation resulting in
elevated levels of both indole and aliphatic GSLs
and a reduction in insect herbivory and infesta-
tion (Laluk et al. 2012; Levy et al. 2005).
Another CaM-binding transcription factor SIG-
NAL RESPONSIVE1 (AtSR1) also proved to be
a key regulator of GSL levels through tran-
scriptional regulation of several genes involved
in GSL metabolism, including AtIQD1,
AtMYB51, and AtSOT16, and is a negative reg-
ulator for herbivory tolerance in Arabidopsis
(Laluk et al. 2012). AtSLIM1 was identified as a
central transcription factor that negatively regu-
lates both aliphatic and indolic biosynthesis
under sulfur-limiting conditions and downregu-
lates AtMBY34 transcription (Maruyama-
Nakashita et al. 2006). Another characterized
regulator of GLS biosynthesis is DNA-binding-
with-one-finger (DOF) transcription factor
AtDof1.1 (also known as AtOBP2), which is
induced by wounding and herbivore attack and
MeJA treatment, and specifically upregulates
CYP83B1 expression and promotes indolic GSL
accumulation (Skirycz et al. 2006). Although
AtDof1.1 does not seem to regulate the expres-
sion of CYP79F1 and CYP79F2, the aliphatic
GSL content was altered in AtDof1.1 overex-
pression lines (Skirycz et al. 2006). Loss-of-
function mutations of Arabidopsis TERMINAL
FLOWER2 (TFL2, also known as LHP1 or TU8)
significantly increased the abundance of four
long-chain aliphatic GSLs in the seeds, whereas
indolyl-3-methyl GSL levels were significantly
reduced relative to the wild type, leading to a
reduction in symptoms resulting from infection
by the obligate biotrophic fungus Plasmodio-
phora brassicae, which causes clubroot
disease, a damaging disease in Brassicaceae
(Kim et al. 2004; Le Roux et al. 2014). In
addition, TFL2 regulates heterochromatin for-
mation and represses the expression of
genes involved in flowering time, floral organ
identity, meiosis, and seed maturation
(Nakahigashi et al. 2005).

12.3.3 GSL Transport Genes

The GSLs are believed to be synthesized mainly
in rosette leaves and silique walls and then to be
relocated to embryos through phloem by specific
transporters (Lu et al. 2014). In Arabidopsis,
GSLs have successfully been eliminated from the
seeds by silencing two recently identified
nitrate/peptide transporter family members,
GTR1 and GTR2, which suggests that manipu-
lation of these two transporters may increase the
nutritional value of crops and be used in
biotechnological approaches to control the allo-
cation of GSLs to seeds in Brassica crops
(Nour-Eldin et al. 2012). The gtr2 single mutant
exhibited a significant reduction in total GSL
levels in seeds and a threefold increase in ali-
phatic GSLs in source tissues (i.e., senescent
leaves and silique walls), but no significant
changes in GSL content in the seeds (Jorgensen
et al. 2015; Nour-Eldin et al. 2012). In the gtr1
gtr2 double mutant, aliphatic and indolic GSLs
were absent in the seeds, but exhibited a more
than tenfold increase in source tissues, demon-
strating that both plasma membrane-localized
transporters are essential for long-distance GSL
transport to the seeds and are responsible for
loading GSLs from the apoplasm into the
phloem, and finally for determining the
tissue-specific distribution of GSLs in plants
(Nour-Eldin et al. 2012). Identifying these two
GSL transporters provides a strategy for breeding
Brassica varieties that contain extremely low
levels of total GSLs in the seeds but high levels
in the green tissues by reducing functional GTR
activity and blocking the translocation of GSLs.

12.3.4 GSL Breakdown Genes

Numerous studies to date have focused on the
beneficial effects of GSLs and their breakdown
products on human health and plant defense, and
on their negative effects on animal nutrition. In
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the well-studied GSL–myrosinase-specifier pro-
tein system, myrosinases hydrolyse GSLs in the
presence of water, producing a series of degra-
dation products (Wittstock and Burow 2010).
The types of products of myrosinase hydrolysis
depend on the structure of the parent GSLs,
reaction conditions, and availability of
epithiospecifier proteins (ESPs) and nitrile-
specifier proteins (NSPs) (Kissen and Bones
2009).

In Arabidopsis, six genes (TGG1-TGG6)
encoding classical myrosinases have been iden-
tified on two chromosomes (Xu et al. 2004).
Among these genes, TGG1 and TGG2 were
tandem duplicates of TGG3, while TGG5 and
TGG6 were tandem duplicates of TGG4. These
duplicated genes share the same gene structure as
their parent genes. Although TGG3 and TGG6
are predominantly expressed in specific tissues
(Xu et al. 2004), both are probably pseudogenes
that encode non-functional proteins due to mul-
tiple frameshift mutations (Wang et al. 2009).
TGG1 is expressed in myrosin cells, stomatal
guard cells, and phloem cells of all the above-
ground organs except the seeds (Barth and Jander
2006; Xue et al. 1995). Similar to TGG1, TGG2
is also highly expressed in the aboveground tis-
sues (Xu et al. 2004), but is much less abundant
in the rosette leaves than is TGG1, and was not
detected in guard cells (Zhao et al. 2008). TGG4
and TGG5 are primarily expressed in the roots.
Despite the distinct expression patterns and the
difference in vitro myrosinase activities of TGG1
and TGG2, GSL breakdown in the crushed
leaves of TGG1 or TGG2 single mutants is
basically unchanged, indicating that the two
myrosinases may have redundant functions
(Barth and Jander 2006). Leaf extracts of TGG1
TGG2 double mutants had no detectable in vitro
myrosinase activity on exogenously applied ali-
phatic GSLs, and endogenous aliphatic GSLs
were no longer broken down in disrupted leaf
material of the double mutant (Barth and Jander
2006). However, myrosinase-independent
breakdown of indolic GSLs still slowly pro-
ceeds, indicating the presence of a breakdown
pathway for these GSLs that is independent of
TGG1 and TGG2.

Several specifier proteins, such as ESPs and
NSPs, myrosinase-associated proteins (MyAPs),
such as EPITHIOSPECIFIER-MODIFIER1
(ESM1), MODIFIED VACUOLE PHENO-
TYPE1 (MVP1), and enzymes involved in fur-
ther metabolism, such as nitrilases, have been
shown to be involved in the generation of
diversified GSL metabolic products in Ara-
bidopsis (Wittstock and Burow 2010). Specifier
proteins do not exhibit hydrolytic activity on
GSLs, but affect the outcome of GSL hydrolysis
products. In the absence of specifier proteins,
ITCs are typically formed at neutral pH (Bones
and Rossiter 2006). ESPs and the related
thiocyanate-forming proteins (TFPs) catalyze the
formation of epithionitrile, in the presence of
GSLs with terminal double bonds in the side
chain and ferrous ions, while the formation of
thiocyanate purely depends on TFPs (Wittstock
and Burow 2010). NSPs are involved in simple
nitrile formation at acidic pH values, but do not
catalyze epithionitrile or thiocyanate formation.
The simple nitrile can be further converted by
nitrilases (NITs) to a carboxylic acid in the
presence of a specifier protein (Vorwerk et al.
2001; Wittstock and Burow 2010). ESP function
is inhibited by ESM1, leading to decreased
simple nitrile formation and increased ITC pro-
duction for benzyl and alkyl GSLs, but not for
alkenyl GSLs (Zhang et al. 2006). Cloning and
sequence analysis of ESM1 revealed that it
encodes a putative endoplasmic reticulum
(ER) binding protein and that allelic variation in
this gene contributes to the variation in GSL
breakdown among different Arabidopsis acces-
sions (Zhang et al. 2006). MVP1 is expressed
ubiquitously and encodes another MyAP-like
protein that is closely related to ESM1. The mvp1
mutant is impaired in endomembrane protein
trafficking and shows a significant increase in
simple nitrile production from allyl GSLs (Agee
et al. 2010). Interestingly, MVP1 interacts with
TGG2 and the PYK10 complex, but not with
TGG1 in vitro, suggesting that MVP1 functions
in the quality control of GSL hydrolysis by
contributing to the proper tonoplast localization
of TGG2 and in ER body-related defense sys-
tems by regulating the PYK10 complex (Agee
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et al. 2010; Nakano et al. 2012). An atypical
myrosinase gene, PEN2, which may be limited to
indole GSL hydrolysis and is required for
pathogen resistance, was recently identified in
Arabidopsis (Bednarek and Osbourn 2009).

12.4 Evolution of GSL-Related
Genes in B. Napus and Its
Parental Species

12.4.1 Identification of GSL-Related
Genes from B. Napus
and Its Parental Species

To identify GSL-related genes from B. napus and
its parental species B. rapa and B. oleracea, we
used the sequences of 58 GSL biosynthesis, 3
GSL transport, and 17 GSL breakdown genes
characterized in A. thaliana as queries against the
four publicly available genomes of Brassica
crops based on a combination of syntenic and
nonsyntenic homology analyses (Table 12.3).
We identified 119, 119, 134, and 240 GSL
biosynthetic genes in B. rapa, B. oleracea var.
capitata, B. oleracea var. italica, and B. napus
(both 120 genes in A and C subgenomes),

respectively (Fig. 12.1). The fact that more GSL
biosynthetic genes were identified in B. oleracea
var. italica than in the other three Brassica crops
is mainly a consequence of the expansion of
genes responsible for core structure formation
and side-chain modification. For three Ara-
bidopsis GSL transporters, there are 8 orthologs
in both B. rapa and two subgenomes of B. napus,
while only 7 and 6 orthologs exist in B. oleracea
var. capitata and B. oleracea var. italica,
respectively. The number of GSL breakdown
genes is almost identical among B. rapa, B.
oleracea var. capitata, and two subgenomes of
B. napus, while B. oleracea var. italica contains
many more.

After the split with Arabidopsis, the Brassica
progenitor species experienced a whole-genome
triplication (WGT) and subsequently diverged
into three diploid Brassica species, B. rapa, B.
oleracea, and B. nigra. As a young allopolyploid
species, B. napus was formed from multiple
independent hybridization events between ances-
tors of the diploids B. rapa (A genome donor) and
B. oleracea (C genome donor) (Nagaharu 1935).
Hence, we found that most multi-copy genes
might have originated from WGT events and that
several gene families involved inGSLmetabolism

Table 12.3 GSL-related genes in Arabidopsis and in B. napus and its parental species

Pathway Arabidopsis B.
rapa

B. oleracea
var. capitata

B. oleracea
var. italica

A subgenome
of B. napus

C subgenome
of B. napus

GSL
biosynthesis

58 119 119 134 120 120

Transcription
factors

9 21 21 23 20 20

Side-chain
elongation

10 18 20 20 20 19

Core structure
formation

18 37 38 43 39 37

Side-chain
modification

15 28 23 33 26 30

Co-substrate
pathways

6 15 17 15 15 14

GSL transport 3 8 7 6 8 8

GSL
breakdown

17 39 41 51 38 40

Total 78 166 167 191 165 168
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or transport also experienced homeologous gene
loss events after theWGT, leading to the formation
of 13 conserved single-copy GSL biosynthesis
genes and single copies of GSL transport (PEN3)
and breakdown (PEN2) genes in B. rapa, B.
oleracea, and two subgenomes of B. napus. The
78 GSL-related genes present in Arabidopsis
represent 0.28% of all Arabidopsis genes, while
the GSL-related genes in B. rapa, B. oleracea var.
capitata, B. oleracea var. italica, and B. napus
represent 0.40, 0.36, 0.33, and 0.33% of all pre-
dicted genes in the corresponding species, indi-
cating that the expansion levels and total numbers
of GSL-related genes in Brassica crops are similar
to the whole-genome gene expansion levels of the
corresponding crops (P-value > 0.05).

To reveal the retention status of the GSL-
related genes after the WGT, we determined the
ratio of single- to multi-copy paralogous genes
involved in various steps of GSL metabolism
(Table 12.4). The proportion of total paralogous
sets with different copy numbers over the whole
genome was used as background, and we found
that the expansion levels of transcription factors,
side-chain modification, and breakdown genes in
B. rapa were significantly higher than those of
their backgrounds (P < 0.05). The same trends
were observed for GSL breakdown genes in two
B. oleracea genomes and for transcription factors
in B. oleracea var. italica, indicating that a
specific subset of GSL-related genes was retained
in B. oleracea. Over-retention of GSL tran-
scription factors occurred in the C subgenome of
B. napus, while those associated with side-chain
modification and breakdown were only

over-retained in the A subgenome of B. napus. It
seems that the GSL-related genes responsible for
chain elongation, core structure formation,
co-substrate pathways, and transport did not
experience significant expansion, since they
showed no significant difference from the back-
ground (Table 12.4). However, the GSL-related
genes were significantly retained in all four
studied Brassica crops, since the ratio of single-
to multi-copy paralogous genes was significantly
smaller than the background (P-value < 0.05),
suggesting that GSL-related genes expanded in
B. rapa and B. oleracea and were retained in the
two subgenomes of B. napus. Tandem duplica-
tion (TD) also contributed greatly to the evolu-
tion of GSL-related genes in both Arabidopsis
and Brassica species. We identified 11 TD
events in Arabidopsis GSL-related genes,
including 8 and 3 events associated with GSL
biosynthesis and breakdown, respectively. We
found that 21 pairs of paralogous genes had
undergone more recent TD events after WGT in
two B. oleracea crops and two subgenomes of B.
napus. For example, SOT18 consists of 10 copies
in B. rapa, B. oleracea var. capitata, and the C
subgenome of B. napus, and 9 and 8 copies in B.
oleracea var. italica and A subgenome of B.
napus, respectively. At least six SOT18 genes
originated from three TD events in all of these
Brassica species, implying that these ancient TD
events might have occurred after the Arabidop-
sis–Brassica split and before divergence of B.
rapa and B. oleracea.

Similar to the findings of a previous study in
B. rapa (Wang et al. 2011a), we found that a total

b Fig. 12.1 Comparison of aliphatic and indolic glucosino-
late biosynthetic and breakdown genes in A. thaliana, B.
rapa, B. oleracea var. capitata, and B. napus. The copy
numberofGSLbiosyntheticgenes inA. thaliana,B. rapa,B.
oleracea var. capitata and B. napus is listed in square
brackets. Potential anticancer substances/precursors are
highlighted in blue bold. The most important transcription
factors, amino acid chain elongation and side-chain mod-
ification loci MYB28 (HAG1), MAMs, and AOP2, are
highlighted in red bold, with the number in parentheses
(green) representing the number of non-functional genes.
1MOI3 M: 1-methoxyindol-3-ylmethyl GSL; 1OHI3 M:
1-hydroxyindol-3-ylmethyl GSL; 3 MSOP: 3-methyl-
sulfinylpropyl GSL; 3 MTP: 3-methylthiopropyl GSL;

3PREY: 2-Propenyl GSL; 4BTEY: 3-butenyl GSL;
4BzOB: 4-benzoyloxybutyl GSL; 4MOI3 M: 4-methoxy-
indol-3-ylmethyl GSL; 4OHB, 4-hydroxybutyl GSL;
4OHI3M: 4-hydroxyindol-3-ylmethyl GSL; 4MSOB:
4-methylsulfinylbutyl GSL; 4MTB, 4-methylthiobutyl
GSL; AITC: allyl isothiocyanate; DIM: 3,3’-diindoly-
methane; ESP: epithiospecifier protein; I3C: indole-3-
carbinol; IAA: indole-3-acetaldehyde; IAN: indole-3-
acetonitile; I3M: indolyl-3-methyl GSL; NSP: nitrile-
specifier protein; TFP: thiocyanate-forming protein; and
TGG: thioglucoside glucohydrolase (Figure reprinted,
with modifications, from Liu et al. (2014) under a
CC BY license (Creative Commons Attribution 4.0
International License))
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of 11 GSL-related genes in Arabidopsis have no
orthologs in the studied Brassica genomes,
including a transcription factor (MYB76), two
amino acid side-chain elongation genes
(IPMDH3 and IPMI SSU3), one core structure
formation gene (CYP79F2) for long-chain ali-
phatic GSL, four side-chain modification genes
(FMOGS-OX1, FMOGS-OX3, FMOGS-OX4 and
AOP3), and three GSL breakdown genes (NSP3,
NIT1, and NIT3). It seems that the loss of these
genes is not indispensable for GSL biosynthesis
and breakdown, as paralogs with similar func-
tions are present in the Brassica species.

12.4.2 Evolution of GSL Biosynthesis
Genes Influencing
Variation in GSL Profiles
in B. napus and Its
Parental Species

To date, more than 20 kinds of GSLs have been
identified in commercial Brassica crops. The
diversity of GSL types and variation in GSL pro-
files in theseBrassica species are largely due to the
evolution of GSL-related genes. In our study, we
mainly focused on the evolution ofMAM andAOP
gene families in the four Brassica crops.

The MAM genes encode methylthioalkyl-
malate synthase, which is involved in amino acid
chain elongation, and gave rise to GSLs with
diverse chain lengths during the biosynthesis of
methionine-derived GSLs (Zhang et al. 2015a, b,
b). The phylogenetic and synteny relationships of
MAM genes from 13 sequenced Brassicaceae
species indicated that the MAM genes taken two
independent lineage-specific evolution routes
after the divergence from Aethionema arabicum.
In the lineage I species such as A. thaliana, the
MAM loci evolved three tandem genes encoding
enzymes responsible for the biosynthesis of ali-
phatic GSLs with different carbon chain lengths,
while in lineage II species such as Brassica
crops, the MAM loci encode enzymes responsible
for the biosynthesis of short-chain aliphatic GSLs
(Zhang et al. 2015). In Arabidopsis, the MAM
family contains three tandemly duplicated and
functionally diverse members, MAM1, MAM2,

and MAM3 (MAM-L). Functional analysis
demonstrated that MAM2 and MAM1 catalyze
the condensation of the first and the first two
elongation cycles for the synthesis of short-chain
Met-derived aliphatic GSLs (3C and 4C),
respectively, while MAM3 catalyzes the forma-
tion of all aliphatic GSLs, especially long-chain
GSLs (6C, 7C, and 8C) (Textor et al. 2007).

In B. rapa, B. oleracea var. capitata, and
B. oleracea var. italica, MAM1/MAM2 genes
experienced independent TD after WGT to
produce 6, 7, and 6 orthologs, respectively
(Fig. 12.1). Due to gene loss that occurred after
the formation of B. napus from the fusion of two
parental species, only 5 and 3 orthologs were
retained in the A and C subgenomes of B. napus.
The greatest diversity of GSL side-chain struc-
tures in Brassica is observed within B. oleracea.
The main GSLs in this species (i.e., PRO, NAP,
GRA, and SIN) are restricted to either 3C or 4C
side-chain lengths (Liu et al. 2014). In contrast to
the diversity observed in B. oleracea, B. nigra
and the amphidiploid B. carinata only have the
3C GSL and SIN, and B. juncea mainly has 3C
and 4C GSLs (SIN and NAP). B. rapa and B.
napus lack 3C GSLs and predominately possess
a mixture of 4C GSLs (NAP and PRO and their
hydroxylated homologs), with small amounts 5C
GSL GBS. Thus, all of these Brassica species
can be considered to have functional alleles at the
MAM1/MAM2 loci, while some variation occur-
red at the MAM3 locus, which led to the exis-
tence of 5C GSL in B. rapa and B. napus. Based
on our analyses of expression patterns and phy-
logenetic and syntenic relationships, we identi-
fied a pair of genes, Bol017070 and Bra013007,
which are the only orthologs with high expres-
sion in B. oleracea var. capitata, but are silenced
in B. rapa (Liu et al. 2014). Their two descendant
orthologs in B. napus, BnaA03g39720D and
BnaCnng21190D, both showed weak expression
in roots and silenced in siliques simultaneously,
implying that Bol017070 might greatly promote
the accumulation of the 3C GSL anticancer pre-
cursor SIN in B. oleracea. At the MAM3 locus,
one orthologous group of genes, Bra008532,
Bol040636, BnaA02g36350D, and BnaC02g2
7590D, showed no expression due to
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pseudogenization. In another MAM3 orthologous
group, expression of Bra018524 is much higher
than that of Bol016496, BnaA02g20830D, and
BnaC02g26810D. Expression differences of
MAM3 genes among Brassica crops most likely
resulted in the increased biosynthesis of the 5C
GSLs GBN and GNL in B. rapa.

In addition to MAM genes, AOPs are other
crucial regulators of variation in aliphatic GSL
profiles in Brassicaceae species (Hasan et al.
2008). Previous phylogenetic analyses showed
that the core Brassicaceae species have retained
AOP1, while AOP2 is retained by most of the
lineage II species (excluding Sisymbrium irio and
Raphanus sativus), and AOP3 by lineage I spe-
cies. The variation in AOP2/AOP3 has led to
different aliphatic GSL profiles in each lineage
(Al-Shehbaz and Al-Shammary 1987). While the
function of GSL-AOP1 is currently unknown,
AOP2 catalyzes the conversion of methyl-
sulfinylalkyl GSLs (GRA and GIB) to alkenyl
GSLs (NAP and SIN), and the GS-OH locus can
further convert NAP to PRO. AOP3 is associated
with the production of hydroxyalkyl GSL, a
compound not found in Brassica crops. When
both AOPs are non-functional, the plant accu-
mulates the methylsulfinylalkyl GSL precursor
(Liu et al. 2014). Genetic variation at AOP2 is
also linked to increased GSL accumulation, since
its expression promotes the transcription of most
GSL biosynthetic genes and two R2R3 domain
MYB transcription factors (MYB28 and MYB29)
of the pathway, suggesting that AOP2 plays a
role in the positive feedback loop controlling
aliphatic GSL biosynthesis (Burow et al. 2015).

Phylogenetic and BLASTN analysis indicated
that the genomes of B. rapa, B. oleracea var.
capitata, and B. napus possess 3, 3, and 5
orthologs of AOP2 and contain 3, 2, and 7
orthologs of AOP1, respectively (Fig. 12.2). Not
all Brassica species have an ortholog of AtAOP3,
and such species are unable to produce hydrox-
yalkyl GSLs. Similar to our results, a natural
frameshift mutation resulting from a 2-bp dele-
tion was identified in broccoli, which accumu-
lates GRA by ceasing downstream biosynthesis
of other 4C aliphatic GSLs (Li and Quiros 2003).
In our previous study, we found that 2

non-functional AOP2 genes contributing to the
accumulation of GRA due to the presence of
premature stop codons (Liu et al. 2014). Hence,
it would be a useful strategy to enhance the GRA
concentrations in Brassica crops by blocking the
side-chain modification pathway downstream of
GRA through silencing of all orthologs of AOP2.
Recently, this strategy has been successfully
applied in the metabolic engineering for
increasing the anticancer compound GRA by
suppressing AOP2 gene family in both B. juncea
and B. napus (Liu et al. 2012; Augustine and
Bisht. 2015). In B. rapa, all three BrAOP2 par-
alogs have been proved to be active but func-
tionally diverged (Zhang et al. 2015). Expression
patterns of five AOP2 genes in B. napus are quite
different, BnaA09g01260D and BnaC09g004
10D showed the highest expression in siliques,
while the rest AOP2 paralogs showed higher
expression in flower and stem (Fig. 12.2),
implying that these Bna.AOP2 genes might be
functional. These results provide insight into the
relationship between observed GSL profiles and
the evolution of GSL biosynthesis genes and
explain why anticancer compound GRA is
abundant in B. oleracea, but not in B. rapa and
B. napus. The AOP2 genes in B. rapa and B.
napus are functional, reflecting the fact that the
dominant GSLs are NAP and PRO in both B.
rapa and B. napus.

12.4.3 Evolution of Major Genes
Controlling the Seed
GSL Content in B. napus

Quantitative trait locus (QTL) mapping and
association mapping (AM) are powerful methods
for analyzing the genetic structure of quantitative
traits and have been widely used to characterize
the total seed GSL contents and profiles in dif-
ferent populations of B. napus (Fu et al. 2015;
Hasan et al. 2008; Li et al. 2014; Uzunova et al.
1995). Recently, the orthologs of HAG1
(MYB28), which controls aliphatic GSL biosyn-
thesis in Arabidopsis, were suggested as candi-
dates for major QTLs on A09, C02, C07, and
C09 of B. napus. These QTLs were detected
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independently in different studies using different
methods, including conventional QTL mapping,
AM, and associative transcriptomic analysis (Li
et al. 2014; Lu et al. 2014; Zhao and Meng
2003). Howell et al. (2003) detected four QTLs
that together accounted for at least 76% of the
phenotypic variation in the accumulation of
GSLs in B. napus seeds and revealed that the
QTLs on A09, C02, and C09 were homoeolo-
gous loci (Howell et al. 2003). Harper et al.
(2012) revealed that the HAG1 transcription
factor gene family was a candidate in the quan-
titative control of GSL content of B. napus and
that the orthologous genes on C02 and A09 had
been lost from the low-GSL accessions (Harper
et al. 2012). In our study, we identified three
copies of HAG1 genes (BnaA03g40190D,
BnaCnng43220D, and BnaC09g05300D) from
the genome sequence of the French homozygous
B. napus winter line “Darmor-bzh,” which is a

double-low B. napus cultivar lacking detectable
levels of erucic acid in the seed oil and with a
low seed GSL content (Chalhoub et al. 2014).
We found that the AtHAG1 orthologs on A09 and
C02 were deleted from the double-low B. napus
cultivar “Darmor-bzh,” leading to a reduction in
seed GSL accumulation. The expression patterns
of the three Bna.HAG1 genes were investigated
in an elite semi-winter double-low B. napus
cultivar “Zhongsuang No. 11,” which is widely
cultivated in the Yangtze River region of China
(Fig. 12.3). Among the three retained Bna.HAG1
genes, neither BnaA03g40190D nor BnaCnng
43220D was expressed in siliques, indicating that
the proteins encoded by these two genes proba-
bly lost DNA-binding activity for seed GSL
accumulation. BnaC09g05300D exhibited the
highest transcription levels in the root, followed
by the stem and flower, and was expressed at
very low levels in the leaf and siliques. Sequence

Fig. 12.2 Phylogenetic analysis of three AtAOP genes
and orthologs in B. rapa, B. oleracea var. capitata, and B.
napus. Full-length sequences of AOP proteins from
Arabidopsis, B. rapa, B. oleracea var. capitata, and B.
napus were aligned using ClustalW2. The phylogenetic

tree (left panel) was constructed using MEGA 6.0 and the
neighbor-joining method (1000 bootstrap replicates).
Expression levels of Brassica AOP genes were derived
from Tong et al. (2013) and Liu et al. (2014) and are
presented as the log2-transformed (FPKM + 1) values
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alignment revealed that the BnaC09g05300D
coding sequence is only 420 bp long, much
shorter than that of AtHAG1 and other members
of the HAG1 gene family in Brassica crops, but
the intact MYB DNA-binding domain (PF00249)
was still predicted to exist in the BnaC09g
05300D protein sequence. These data suggest
that the Bna.HAG1 gene family experienced not
only gene loss due to segment deletion, but also
loss of most function in the seeds during the
breeding of low-GSL B. napus. In current
low-GSL B. napus accessions, BnaC09g05300D,
which controls the biosynthesis of aliphatic
GSLs, might be the only functional Bna.HAG1
gene. Therefore, it is possible to further reduce
the seed GSL content in low-GSL B. napus lines
by silencing BnaC09g05300D expression.

12.4.4 Evolution of GSL Transport
Genes in B. napus

The GSLs are believed to be synthesized mainly
in the roots and vegetative tissues and accumu-
late abundantly in the embryos, where no de
novo synthesis occurs (Nour-Eldin and Halkier

2013). Therefore, there must be specific trans-
porters that are responsible for the relocation of
GSLs from source tissues to embryos through the
phloem. Recently, two members of the
nitrate/peptide transporter family in Arabidopsis,
GTR1 and GTR2, were identified as high-affinity
plasma membrane-localized, GSL-specific pro-
ton symporters in a screen of an in vitro library of
Arabidopsis transporters (Nour-Eldin et al.
2012). Previous studies suggested that GTR2 is
essential for loading GSLs into the phloem, while
GTR1 additionally may be involved in dis-
tributing GSLs within the leaf. Importantly,
GTR1 and GTR2 are essential for the
long-distance transport of both aliphatic and
indole GSLs to seeds, because the gtr1 gtr2
double mutant had only trace levels of GSLs in
seeds and a concomitant increase in rosettes and
silique walls (Nour-Eldin et al. 2012). However,
it is notable that indole GSLs are transported
between rosettes and roots in the absence of
GTRs, suggesting the existence of an indole
glucosinolate-specific transporter besides GTR1
and GTR2 (Jorgensen et al. 2015).

We identified 32 orthologs of AtGTR in the
four Brassica crops we investigated, including

Fig. 12.3 Phylogenetic analysis of AtHAG1 and ortho-
logs in B. rapa, B. oleracea var. capitata, and B. napus.
Full-length sequences of AtHAG1 (MYB28), AtMYB29,
AtMYB76, and three Bra.HAG1, four Bol.HAG1, and
two Bna.HAG1 proteins were aligned using ClustalW2.
The phylogenetic tree (left panel) was constructed using

MEGA 6.0 and the neighbor-joining method (1000
bootstrap replicates). The BnaC09g05300D protein
sequence was too short to be excluded in the phylogenetic
analysis. Expression levels of Brassica HAG1 genes were
derived from Tong et al. (2013) and Liu et al. (2014) and
are presented as the log2-transformed (FPKM + 1) values
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15 GTR1 and 17 GTR2 genes. Phylogenetic
analysis and tissue-specific expression detection
showed that the transcription levels of most Bna.
GTR genes are lower than those of orthologs in
the parental species B. rapa or B. oleracea var.
capitata (Fig. 12.4). For example, Bra029248
and Bol020699 showed higher expression than
BnaA02g33530D and BnaC02g42260D. The
expression of GSL-related genes was determined
in the Chinese double-low B. napus cultivar
“Zhongsuang No. 11.” This analysis indicated
that the expression of Bna.GTR genes is reduced

in this cultivar, suggesting that the reduced
transport of GSLs from source tissues to seeds
accounts for the hypo-accumulation of GSLs in
the seeds of this low-GSL content variety. For
each AtGTR gene, we identified at least one Bna.
GTR ortholog with high expression (Fig. 12.4).
For instance, BnaA09g06190D, BnaC09g
05810D, BnaC03g51560D, and BnaC03g
75950D which might be the major GTR mem-
bers responsible for the long-distance transport of
GSL in the B. napus cultivar “Zhongsuang
No. 11,” were expressed at higher levels than

Fig. 12.4 Phylogenetic analysis of two AtGTR genes
and orthologs in B. rapa, B. oleracea var. capitata, and B.
napus. Full-length sequences of GTR proteins from
Arabidopsis, B. rapa, B. oleracea var. capitata, and B.
napus were aligned using ClustalW2. The phylogenetic

tree (left panel) was constructed using MEGA 6.0 and the
neighbor-joining method (1000 bootstrap replicates).
Expression levels of Brassica GTR genes were derived
from Tong et al. (2013) and Liu et al. (2014) and are
presented as the log2-transformed (FPKM + 1) values
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other members. Lu et al. (2014) reported that the
transcript abundance in the leaves of the candi-
date gene involved in GSL transport, BnaA.
GTR2a, located on chromosome A02, was cor-
related with seed GSL content, accounting for
18.8% of the phenotypic variation in seed GSL
content between B. napus cultivars (Lu et al.
2014). Recently, we also found that Bna.GRT2
on chromosome A09 is a candidate GSL trans-
porter and is associated with seed GSL content
based on AM analysis of seed GSL content using
the 60K Brassica Infinium SNP array in 520 B.
napus accessions. These results strongly suggest
that transport engineering can be used to elimi-
nate antinutritional GSLs in seeds by silencing
GTR transporters in B. napus.

Indole GSL 4HGBS is the major GSL present
in the low-GSL B. napus varieties. Whether the
total GSL content can be further reduced by
silencing all of the Bna.GTR genes merits further
investigation. In addition, the major GSL trans-
porter, GTR1, is multifunctional and may be
involved in the transport of structurally distinct
compounds, including GSLs,
jasmonoyl-isoleucine, and gibberellin, and may
positively regulate stamen development by
mediating gibberellin transport in Arabidopsis
(Saito et al. 2015). The gtr1 mutants are severely
impaired in filament elongation and anther
dehiscence, resulting in reduced fertility, and
hence, it is uncertain whether silencing of all of
the Bna.GTR genes would produce normal B.
napus plants that lack GSLs in the seeds.
Although there are potential limitations in
genetic engineering applications, the Bna.GTR
genes represent the most promising regulation
loci among the GSL-related genes and have
potential applications in molecular breeding
efforts to further reduce GSL levels in the seeds
and increase them in the vegetative tissues and
roots, where they play important roles in
enhancing biotic and/or abiotic resistance in B.
napus.
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13Case Study for Trait-Related Gene
Evolution: Disease Resistance Genes
in Brassica napus

Aria Dolatabadian, Hua Yang and Jacqueline Batley

Abstract
Brassica species are among the most impor-
tant crop species worldwide. Amongst these,
Brassica napus L. (canola/rapeseed/oilseed
rape) is the most economically important
species providing a healthy oil and a highly
nutritious livestock feed. Brassica napus is
severely affected by several diseases, such as
downy mildew and blackleg, causing a reduc-
tion in productivity and quality. For decades
farmers have been using agronomic practices
and pesticides to control the diseases. Today,
advances in genetics and genomics accelerate
the process towards developing disease resis-
tant canola cultivars to enable growers to
manage diseases economically and safely. To
date, many reports have appeared about
disease resistance in Brassica species. This
chapter provides information about disease

resistance in B. napus emphasising defence
response, resistance genes and classification.
The chapter also provides an account of
genomics studies for identifying disease resis-
tance genes in Brassica species.

13.1 Introduction

Brassica napus (canola/rapeseed/oilseed rape)
has an amphidiploid genome (AACC, n = 19)
and originated from interspecific hybridisation
between the diploids Brassica rapa (Asian cab-
bage or turnip, AA genome) and Brassica oler-
acea (cabbage, cauliflower, Brussels sprouts,
etc., CC genome). It is one of the most eco-
nomically important oilseed crops in the world
and is an essential source of edible vegetable oil
and proteins for human and animal consumption.
Globally, canola has been cultivated over about
36.4 Mha with total production approximately
72.5 M tonnes (FAO 2014). Brassica species
yield strongly depends on the crop-breeding
programs (cultivar), agronomic practices, soil
fertility, environmental conditions and pest and
disease management. Plant diseases are respon-
sible for dramatic Brassica species yield loss,
and the impact of disease outbreaks poses a
threat to global food security worldwide. Con-
sequently, development of effective strategies to
control the diseases should be taken into account
where appropriate. One of these strategies is to
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identify resistance genes (R-genes) in different
Brassica species and understand the genetic
interaction between plant R-genes and the
pathogen avirulence (Avr) genes, as plant disease
resistance genes play a critical role in providing
resistance against pathogens. It has been reported
that R-genes provide an economical and envi-
ronmentally responsible solution to control plant
diseases, such that cloning of these genes would
enable durable R-gene deployment strategies
(Steuernagel et al. 2016). Therefore, an under-
standing of the relationship between race-specific
R-genes and their corresponding pathogen Avr
genes (Flor 1971) is required for the effective
deployment of resistance genetics in Brassica
species.

13.2 Defence Response Activation

Plants have developed defence mechanisms
(non-specific and specific barriers) to protect
themselves from disease. The non-specific bar-
riers consist of the plant’s external structures, for
example rigid cell walls, a waxy cuticle on the
leaf surface and epidermal hairs on the surface of
plant (Fu and Dong 2013), and preformed
chemicals (Freeman and Beattie 2008). Whilst
these non-specific barriers prevent many patho-
gens invading before they are able to cause
extensive damage, a small amount of pathogens
manage to evade these initial barriers, activating
the plant innate immune system (specific barri-
ers). This is divided into two immune system
branches based on the pathogen molecules that
trigger the responses; pattern-triggered immunity
(PTI) where slowly evolving pathogen-
associated molecular patterns (PAMPs) trigger
basal defence responses, or effector-triggered
immunity (ETI) (Cui et al. 2015; Wu et al.
2014), in which specific pathogen effectors, tar-
geted to disrupt PTI, either directly or indirectly
trigger specific R-genes (Jones and Dangl 2006;
Katagiri and Tsuda 2010). PAMP occurs at the
plant cell surface with the recognition of con-
served microbial groups such as lipopolysac-
charides and peptidoglycans (Peele et al. 2014).
The PAMPs are recognized by cognate

pattern-recognition receptors (PRRs) (Chisholm
et al. 2006).

13.3 Plant Disease Resistance
(R) Genes

Plant disease resistance (R) genes play an
important role in triggering the genetic resistance
defence mechanisms in plants. The Hm1 gene
from maize was the first plant R-gene isolated in
1992 (Johal and Briggs 1992). Since then, a large
number of R genes conferring resistance against
different pathogens (viruses, bacteria, fungi and
nematodes) have been cloned from a wide range
of plant species (Pandolfi et al. 2016; Sansev-
erino et al. 2013; Yu et al. 2014).

Plant disease R-genes interact with corre-
sponding pathogen Avr genes. This gene for gene
interaction (or genes-for-genes) activates the
signal transduction cascades that may involve
protein phosphorylation, ion fluxes, reactive
oxygen species and other signalling events
(Dangl and Jones 2001) that finally turn on
complex defence responses against pathogen
attack. This is termed an incompatible interaction
(Dangl and Jones 2001). In most cases, a single
R-gene can offer complete resistance to one or
more strains of certain pathogen, when conveyed
to a previously susceptible plant of the same
species (McDowell and Woffenden 2003);
thereupon, R-genes have been widely used in
plant molecular biology and resistance breeding
programs for decades (Pink 2002). R-genes
encode putative receptors that respond to the
products of Avr genes expressed by the pathogen
during infection (McDowell and Woffenden
2003). In Brassicas, this qualitative resistance is
seedling resistance, single-gene race specific and
expressed during the cotyledon stage (Delourme
et al. 2006). This resistance typically depends on
the presence of an R-gene in the plant and a
corresponding Avr gene in the pathogen, where if
the Avr gene does not correspond to the R-gene
in the plant, the plant is susceptible to disease.
This is a very effective resistance and operates
through R-gene activity when a pathogen infects
the cotyledons of the seedling, subsequently
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preventing infection spread to the whole plant
(Johnson and Lewis 1994).

13.4 Resistance Genes
Classification

Generally, R-genes can be divided into eight
groups based on their amino acid motif organi-
zation and their membrane-spanning domains
(Gururani et al. 2012): (1) the genes encoding for
cytoplasm proteins with a NBS (Nucleotide
Binding Site), a C-terminal LRR (Leucine Rich
Repeat) and a putative CC (Coiled–Coil) at the
N-terminus, (2) cytoplasmic proteins which
possess LRR and NBS motifs and an N-terminal
domain with homology to the mammalian
TIR (Toll/Interleukin Receptor) domain, (3) an
extra cytoplasmic LRR, attached to a
trans-membrane domain (TrD), (4) an extracel-
lular LRR domain, a TrD and an intracellular
serine–threonine kinase (KIN) domain, (5) the
putative extracellular LRRs, along with a protein
degradation domain (proline–glycine–serine–
threonine) (PEST), and endocytosis cell sig-
nalling domain (ECS) that might target the pro-
tein for receptor-mediated endocytos, (6) a TrD,
fused to a putative C–C, (7) a new member of the
TIR–NBS–LRR R-protein class having a
C-terminal extension with a putative nuclear
localization signal (NLS) and an amino acid
domain (WRKY) domain, (8) the enzymatic R-
genes, which contain neither LRR nor NBS
groups. The maize Hm1 gene, which provides
protection against Cochliobolus carbonum, is an
example of an enzymatic R-gene (Johal and
Briggs 1992). The Hm1 encodes the enzyme HC
toxin reductase, which detoxifies a specific cyclic
tetra-peptide toxin produced by the fungus (HC
toxin) that is essential for pathogenicity. How-
ever, the majority of these genes encode proteins
containing a nucleotide-binding site (NBS) and
leucine-reach repeats (LRR) (Dangl et al. 2013).

NBS-encoding resistance genes have been
annotated in many monocot and dicot species,
pioneered by research in Arabidopsis thaliana
(TAIR10). In the reference genome of A. thali-
ana, 149 R-proteins harbour a LRR motif, of

which 83 are composed of TIR-NB-LRR and 51
have CC-NB-LRR domains (Meyers et al. 2003).
Genome-wide analysis of NBS-LRR genes in
many plant species including rice (Monosi et al.
2004), sorghum (Paterson et al. 2009), Ara-
bidopsis (Meyers et al. 2003; Tan et al. 2007)
and papaya (Porter et al. 2009) indicated that
they are widely distributed throughout the gen-
ome with approximately 0.6–1.8% of genes
encoding NBS-LRRs at a density of 0.3–1.6
genes per megabase. Furthermore, a common
feature of most plant R-genes is the presence of
LRR motifs that play a key role in recognition of
pathogen effectors by facilitating protein–protein
interactions (McDowell and Woffenden 2003).
A typical plant genome contains hundreds of
NLR-encoding genes, many of which reside in
complex clusters of linked paralogs (Hulbert
et al. 2001). The clustered arrangement of these
genes may be a critical attribute for the genera-
tion of novel resistance specificities (Meyers
et al. 2003).

13.5 Genome-Wide Analysis
of Brassica NBS-LRR Genes

Sequencing of Brassica genomes over the last
decade has resulted in reference genome
sequences for B. napus (Chalhoub et al. 2014), B.
rapa (Wang et al. 2011) and B. oleracea (Liu
et al. 2014; Parkin et al. 2014) permitting a
comprehensive study of R-genes in these Bras-
sica species. In an initial study on the B. rapa
genome, a lower number of NBS-LRR genes
were predicted than found in other sequenced
crops (Mun et al. 2009). However, they esti-
mated the number of NBS-LRR genes in the B.
rapa genome should be higher than in Ara-
bidopsis (Mun et al. 2009). Moreover, almost
50% of NBS family members were detected as
tandem arrays within homogenous clusters sug-
gesting tandem duplication in combination with
polyploidy played an important role in the
expansion of NBS-LRR genes in the Brassica
genome (Fourmann et al. 2001; Mun et al. 2009;
Vicente and King 2001). Alamery (2015) has
recently found 641, 443 and 249 in B. napus, B.
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oleracea and B. rapa, respectively (Table 13.1),
whereas Yu and co-workers (2014) had previ-
ously identified 157, 206 and 167 NBS-LRR
genes in B. oleracea, B. rapa and A. thaliana
(Table 13.1). The difference in gene number
resulted from different methods used (given in
Table 13.1) to predict the genes. They found that
the number of NBS-LRR genes in these three
species was close despite the differences in
genome size and complexity. This is surprising
as B. rapa and B. oleracea would be expected to
host a greater number of NBS-LRR genes than
Arabidopsis because the Brassica genomes have
undergone triplication following divergence from
their common ancestor with Arabidopsis.

Genetic and genomics studies have demon-
strated that the majority of NSB-LRR genes are
present in gene clusters (as tightly linked genes)
in plant genomes (Hulbert et al. 2001) conferring
different resistance specificities (Leister 2004).
The clustered arrangement of these genes may be
a critical attribute of the generation of novel
resistance specificities via gene duplication or
recombination (Meyers et al. 2003). Thus,
race-specific resistance might have evolved and
be present in clusters resulting from tandem
duplications of paralogous sequences (Kaur et al.
2009; McDowell and Simon 2006; Meyers et al.
2005). Indeed, previous studies revealed that R-
genes are often present as tightly linked genes
with high homology and are prone to gene
duplication and recombination, and thus evolve
more rapidly than the rest of genome (Grant et al.
1998). For this reason, functional polymorphism
at R-loci could maintain multiple alleles or linked
genes with different recognition capabilities that

would recognize novel pathogen variants (Grant
et al. 1998).

Alamery (2015) identified 641 candidate
nucleotide-binding site–leucine-rich repeat
(NBS-LRR) genes in B. napus using MEME/
MAST analysis and CNL and TNL consensus
sequences. The complexity of the B. napus
genome duplication and recombination were
attributed to causing the high number NBS-LRR
genes in B. napus. The TNL genes comprised the
majority (about 70%) of the NBS-LRR genes and
showed more domain diversity compared to CNL
genes (Alamery 2015). This is similar to the
proportions reported in B. rapa (Mun et al. 2009;
Yu et al. 2014), Arabidopsis (Meyers et al. 2003;
Yu et al. 2014), Medicago truncatula (Ameline-
Torregrosa et al. 2008), poplar (Kohler et al.
2008) and linseed (Kale et al. 2012). All 641
NBS-LRR genes were found to be distributed
randomly and unevenly on all 19 chromosomes
in B. napus cv. Darmor (Table 13.2). About 59%
NBS-LRRs were located in clusters in the
B. napus genome (Alamery 2015), compared to
61% of all NBS-LRR genes in clusters in
Arabidopsis (Meyers et al. 2003), 50% in
M. truncatula (Ameline-Torregrosa et al. 2008)
and 58% in potato (Jupe et al. 2012). Large
numbers of TNL genes were found to occur in
clusters and tended to form large clusters,
whereas most of the CNLs were not in clusters
(singletons) (Alamery 2015).

Alamery (2015) found 641 candidate
NBS-LRR genes in B. napus, of which 366
(57%) were classified as typical or regular
NBS-LRR genes, with 124 CNLs and 242 TNLs.
These 366 genes show highly conserved NBS

Table 13.1 Statistics of predicted NBS-encoding genes in sequenced Brassica species

Categories Total NBS genes Method References

B. napus 641 MEME/MAST and CNL and TNL BLAST Alamery (2015)

B. oleracea 443 MEME/MAST and CNL and TNL BLAST Alamery (2015)

B. oleracea 157 HMM Yu et al. (2014)

B. rapa 249 MEME/MAST and CNL and TNL BLAST Alamery (2015)

B. rapa 206 HMM Yu et al. (2014)

MEME/MAST Multiple Em for motif elicitation/Motif alignment search tool
HMM Hidden markov model profile corresponding to the Pfam NBS (NB-ARC) family PF00931 domain
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regions and complete open reading frames. The
remaining 188 genes (29%) were classified as
non-regular genes because of the lack of specific
domains. These genes were classified into three
distinct groups for TNLs and CNLs. Non-regular
TNLs were classified as TN (74), N (9) and NL
(43), whereas non-regular CNLs were classified
as CN (24), N (8) and NL (23). These
non-regular genes were described as partial or
truncated within the N-terminal domains and/or
have an absence of LRR domains. In addition, 87
TIR genes which lack both NBS and LRR
domains were also identified in B. napus. Fur-
thermore, 75 NBS-LRR genes (44 CNL and 31
TNL (21 TIR + 10 TNL) were encoded by a
single reading frame without introns (single
exon). Chalhoub et al. (2014) identified 425
nucleotide-binding site–leucine-rich repeat
(NBS-LRR) sequences encoding resistance gene

homologs (245 on Cn and 180 on An). Of these,
75% (153 An and 224 Cn) were syntenic to Ar

and Co progenitors. They confirmed the absence
of five NBS-LRR genes from the An subgenome,
three from the Cn subgenome and three from
B. rapa (Ar), with none absent from B. oleracea
Co. This variation may reflect differential selec-
tion for resistance to diseases (Chalhoub et al.
2014).

13.6 Resistance Genes
and Important Brassica
Pathogens

In the three most important cultivated Brassica
species, B. napus, B. rapa and B. oleracea, clu-
broot (caused by Plasmodiophora brassicae),
downy mildew (caused by Hyaloperonospora

Table 13.2 Distribution
of candidate NBS-LRR
genes in B. napus (Alamery
2015)

Genome Chromosome CNL TNL Total

A genome
B. napus cv. Darmor

A1 11 17 28

A2 11 33 44

A3 4 20 24

A4 1 12 13

A5 6 4 10

A6 14 7 21

A7 3 16 19

A8 7 17 24

A9 20 38 58

A10 4 7 11

Total 81 171 252

C Genome
B. napus cv. Darmor

C1 13 24 37

C2 4 47 51

C3 10 46 56

C4 6 12 18

C5 8 11 19

C6 11 33 44

C7 8 30 38

C8 18 21 39

C9 17 62 79

Total 95 286 381

Unassigned 4 4 8

Total 180 461 641
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Parasitica) and blackleg (caused by Lep-
tosphaeria maculans) diseases have become an
increasingly serious threat to Brassica crops
around the world and have been a major focus of
Brassica disease resistance research in recent
years (Delourme et al. 2011).

Clubroot disease, caused by the soil-borne
obligate biotroph pathogen P. brassicae, occurs
worldwide in all cruciferous vegetable and oil
crops. The characteristic symptom of clubroot is
the development of large, disorganized growths
(clubs) on the roots of susceptible plants, leading
to wilting, stunted growth and premature ripen-
ing (Hirani and Li 2015). Although, different
sources of resistance against clubroot have been
found in B. oleracea, B. rapa and B. napus
(Diederichsen et al. 2009; Hirai 2006; Piao et al.
2009; Suwabe et al. 2006; Verma et al. 2014; Yu
et al. 2016), only the genes Crr1a and CRa,
encoding TIR-NBS-LRR proteins, have been
identified and cloned from B. rapa (Hatakeyama
et al. 2013; Ueno et al. 2012) (Table 13.3).

Blackleg is the most serious fungal disease of
Brassicas worldwide; it not only causes signifi-
cant (average 15–48%) yield losses, but also
affects the quality of oilseed worldwide. L.
maculans can infect any part of the plant. The
fungus not only kills seedlings and young plants,
but also grows systemically within the host and
leads to stem canker development (Hammond
et al. 1985; Howlett et al. 2001; Raman et al.
2013). To date, twenty-one major R-genes, con-
trolling resistance to blackleg disease have been
genetically mapped in the Brassica species; B.
rapa, B. napus, B. juncea and B. nigra, and
several of them are probably allelic variants
(Balesdent et al. 2002, 2013; Delourme et al.

2006; Long et al. 2011; Rimmer 2006; Rimmer
and van den Berg 1992; Tollenaere et al. 2012;
Van de Wouw et al. 2009; Yu et al. 2005, 2008).
Only two genes, LepR3 and Rlm2, have been
cloned (Larkan et al. 2013, 2015)(Table 13.3).

Downy mildew (caused by H. parasitica)
causes damage to production of Brassica species
worldwide. It is severely destructive to young
seedlings, although the disease still causes yield
and quality reduction at adult-plant stages. Sev-
eral major qualitative resistance loci to downy
mildew have been identified in B. rapa and
B. oleracea (Carlier et al. 2012; Farinhó et al.
2007; Kim et al. 2011; Yu et al. 2009). In
addition, multiple sources of resistance have
been reported in B. napus by Ge et al. (2008)
who showed that the resistance is more likely to
be controlled by a major resistance gene.

There is increasing interest in the advanced
use of genomic approaches for identifying new
resistance genes in plants. Genome-wide studies
can enhance the identification of genes that
encode for resistance traits. Genome-wide motif
searches identified 1134 genes in the lettuce,
which were potentially involved in pathogen
recognition (Christopoulou et al. 2015). In
addition, Mun and co-workers (2009) used
genome-wide studies to identify NBS-encoding
genes in the B. rapa genome and identified 92
non-redundant NBS-encoding genes [30
CC-NBS-LRR (CNL) and 62 TIR-NBS-LRR
(TNL) genes] in approximately 100 Mbp of B.
rapa euchromatic genome sequence. Similarly,
Chen et al. (2015) found numerous resistance
gene analogues genes in cotton genome, so that
almost half of them were found to be located in
clusters, which evolved by sequence exchanges,

Table 13.3 Resistance genes cloned from Brassicas

Species Resistance
gene

Pathogen Gene
location

Type References

B. rapa Crr1a Plasmodiophora
brassicae

A 08 TIR-NBS-LRR Hatakeyama et al.
(2013)

CRa A 03 TIR-NBS-LRR Ueno et al. (2012)

B.
napus

Rlm2 Leptosphaeria
maculans

A 10 Cf-9 Larkan et al. (2015)

LepR3 A 10 Cf-9 Larkan et al. (2013),
(2015)
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tandem duplications and segmental duplications.
Although many outstanding studies have been
conducted on plants molecular resistance mech-
anisms, our overall knowledge about this is still
very limited. For example, we still know too little
about the structural basis of pathogen recognition
(McDowell and Woffenden 2003). It is expected
that more R genes will be identified and cloned
using functional genomic tools, which greatly
accelerate the speed of discovery and provide
new insights into interactions between plants and
pathogens. Accordingly, genome-wide identifi-
cation of R-genes in plant genomes would give
insights into the evolution of disease resistance
genes and help in functional validation of these
genes and also to understand molecular mecha-
nism of disease resistance and their evolution.
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14Brassica napus Genomic Resources

Graham J. King and Abdul Baten

Abstract
This chapter provides an overview of the
various physical experimental and reference
data resources available in the public domain to
support evolutionary, comparative and func-
tional analysis of Brassica napus genomes, and
that underpin pre-breeding R&D and breeding
activities for canola and related oilseed crops.
Many of these resources have become available
as a result of international cooperation through
the Multinational Brassica Genome Project
(MBGP). The role and establishment of nomen-
clature and other standards for Brassica species
is outlined. Specific plant resources and their
use in mutant screening, mapping and genome-
wide association studies are described, along
with genomic tools such as genetic marker and
transcriptome platforms. The range of current
genomic data, information resources, bioinfor-
matics tools and analysis pipelines for B. napus
are introduced, together with the available
dedicated B. napus-specific genome browsers
and related online sites. In addition, databases
dedicated to managing phenotypic trait, trial
and related data are described, and future
requirements are identified for enabling greater

integration of phenotypic and genotypic infor-
mation and tools to collate and navigate
increasingly complex data sets. Due to rapidly
changing genomic technologies and funding
support, the coverage of resources described
here is unlikely to be comprehensive. However,
many additional details are to be found either
hosted at or linked from the http://www.brass
ica.info website on behalf of the MBGP. The
Brassica database (BRAD) maintained at
http://Brassicadb.org/brad/ also continues to
provide a valuable set of reference information.

14.1 Introduction

Brassica napus (AC genome, n = 19) has
undergone at least two rounds of domestication
and appears to have arisen during the last *
7000 years as an allodiploid (amphidiploid)
from the domesticated diploids Brassica rapa (A
genome, n = 10) and Brassica oleracea (C gen-
ome, n = 9). The second round of domestication
commenced around 40 years ago with the
genetic selection and introduction of genotypes
carrying rare alleles contributing to ‘double-low’
seed erucic acid and glucosinolate content. The
subsequent adoption of these canola-type rape-
seeds worldwide has led to B. napus becoming
the third largest oilseed crop. B. napus also
contribute to minor vegetable and fodder crops,
including swede turnip forms. This unique
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heritage means that relevant genomic resources
arise not only from B. napus itself, but also from
the progenitor species.

The Multinational Brassica Genome Project
was established as a collective of Brassica
researchers who had a common interest in devel-
oping public domain and commercially
pre-competitive experimental resources and anal-
ysis platforms. The A genome of B. rapa was
nominated as the first Brassica to be sequenced
(Wang et al. 2011a, b) followed by the C genome
of B. oleracea (Parkin et al. 2014; Liu et al. 2014)
and the AC genome of B. napus (Chalhoub et al.
2014). Resources for both B. rapa and B. oleracea
are therefore pertinent to B. napus. It is apparent
from recent re-sequencing studies that the Bras-
sica pan-genome (Bayer et al. 2017; Hurgobin
et al. 2017) consists of conserved chromosomal
regions interspersed with more variable sections,
some of which appear to be hot spots of variation.
Moreover, hybridization during modern breeding
is likely to result in rapid remodelling of the gen-
ome (Szadkowski et al. 2010).

Brassica researchers have benefited from the
relatively close evolutionary relationship with the
model plant species Arabidopsis thaliana. The
sequencing of Arabidopsis (The Arabidopsis
Genome Initiative 2000) and ongoing functional
annotation have provided a rich source of can-
didate genes that predominantly have been able
to predict corresponding function within crop
brassicas. There are exceptions and subtleties to
these orthologous relationships, where ancestral
whole-genome duplications (WGDs) have infla-
ted paralogous copy numbers so that single-copy
genes in Arabidopsis are represented by up to six
or more copies in B. napus, arising from the
combined A and C diploid triplicated loci.
Although these segmental duplication events
have provided the opportunity for neo- and
sub-functionalization (Schiessl et al. 2017), there
is overwhelming evidence for a process of gene
loss following WGD (Mun et al. 2009; Wang
et al. 2011a, b; Chalhoub et al. 2014).

In outlining the availability of any existing
experimental resources, it is important to recog-
nize their often transitory nature, due to turnover
of genomic technologies, as well as requirements

for ongoing funding support. Whilst ‘soft’ geno-
mic resources such as genome sequences, associ-
ated annotation and bioinformatics pipelines may
appear to be relatively easy to coordinate and
maintain with distributed effort, they do require
well-described and comprehensive meta-data in
order to have lasting value. For physical genetic
and genomic resources, ongoing maintenance is
often more challenging. For example, whilst there
has been ongoing research community support for
maintaining seed and other resources in reposito-
ries such as the Arabidopsis Biological Resource
Center (ABRC; https://abrc.osu.edu/) and Tomato
Genetic Resources Center (TGRC; http://tgrc.
ucdavis.edu/), such a capability has not been
coordinated for Brassica crop researchers, beyond
the FastPlants (https://fastplants.org/) initiative
originally established by Paul Williams in Wis-
consin, along with the international network of ex
situ crop genetic resources. The latter are
increasingly being mined for genome association
studies, and yet the maintenance of specific plant
lineages relating to reported allelic sequences is
typically not within the remit of such seed bank
institutions. However, there are some exceptions
to this situation, and where these exist for Brassica
genomic resources, they are described in later
sections.

In contrast, for many data-based genomic
resources, the future is more promising with
availability of cloud storage, and tools for the
establishment of global standards within research
communities expected to contribute to data per-
sistence. Recognition of the need for establishment
of data standards and adoption of FAIR (Findable,
Accessible, Interoperable and Re-usable) data
principles (Wilkinson et al. 2016) are driving
efforts to establish a more cohesive and cumula-
tive set of common resources. In the current era,
the Multinational Brassica Genome Project
(MBGP) steering group will continue to play a
key role in communicating and coordinating
efforts worldwide.

In this chapter, an overview of various geno-
mic experimental and data resources available for
B. napus is provided. Whilst not comprehensive,
many additional details are to be found either
hosted at or linked from the http://www.brassica.
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info website on behalf of the MBGP. The Bras-
sica database (BRAD) maintained at http://
Brassicadb.org/brad/ also provides a valuable
set of reference information.

14.2 Nomenclature and Other
Standards

The full benefit from the accumulated data that
continue to be generated for Brassica genomics
will be greatly enhanced where it is possible to
describe, annotate and locate existing experimental
resources and data sets unambiguously. To maxi-
mize the benefits from sharing physical and data
resources, it is important to avoid ambiguity and
be able to provide quality assurance and clarity.
This places a premium on adopting explicit data
definitions, and recognition and resolution of, for
example, context-specific synonyms and homo-
nyms. Although common nomenclature systems
have been established for, e.g. Brassica chromo-
somes and functional genes, for other key entities
such as plant populations, cultivars and derived
lines and phenotypic trait descriptors, the wide-
spread adoption of standards has yet to be
achieved. For plant materials, this is of increasing
importance where identification and tracking of
specific allelic sequence variants require attribution
to explicit lineages. More generally, the lack of
consistent naming systems and look-up registries
currently limits the ability to carry out comparative
analysis in silico, particularly in relating trait
genetics for multiple studies with annotated gen-
omes. It is hoped that in the near future, the MBGP
oversee the establishment of universally accessible
data registries for a wide range of B. napus
bio-samples (Barrett et al. 2012), along with
encouraging the use of data description approaches
based on crop ontologies and development of a
comprehensive B. napus trait dictionary.

14.2.1 Plant Materials
and Populations

Advances in genomics research are based on
access to fixed (e.g. homozygous) reference

biological samples. For B. napus, the establish-
ment of correctly ordered and oriented reference
genomic sequences has been dependent on
anchoring to dense genetic linkage maps devel-
oped from segregating populations derived from
biparental crosses. Relevant plant materials are
discussed below (Sect. 14.3).

14.2.2 Chromosomes and Linkage
Groups

The agreed standard for naming Brassica A and
C chromosomes was ratified by the MBGP
steering committee in 2007. This assigned con-
sistent chromosome/linkage group nomenclature
to the canonical diploid Brassica genomes in the
‘triangle of U’ as follows: ‘A’, ‘B’ and ‘C’, with
the A and C assignments of A1-A10 and C1-C9
based on the founding evidence presented by
Parkin et al. (1995) and Sharpe et al. (1995), and
subsequently adopted in published linkage maps
and genome sequences.

14.2.3 Gene Models

The adoption of fixed standards for annotated
Brassica genomes has to date not been consistent
and is currently in the process of harmonization.
There is a strong requirement to ensure that
ambiguity is reduced so that homonyms do not
arise—i.e. similar or identical string identifiers
adopted for distinct gene loci. The establishment
of a universally agreed standard needs to take into
account not only the observed inflation/deflation
of chromosome gene orders which typify the
pan-genome (He et al. 2015; Bayer et al. 2017), but
also the relatively frequent phenomenon of recip-
rocal and non-reciprocal exchange of chromoso-
mal segments (Sharpe et al. 1995; Hurgobin et al.
2017). B. napus was the first genome (Chalhoub
et al. 2014) for which the gene nomenclature
standards proposed by Multinational Brassica
Genome Project (MBGP) were adopted.

The current MBGP gene model standard is of
the form: BnaC01g010030.1D, comprised for-
mally of the genus/species and genome designa-
tions, which follow the convention of Østergaard
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and King (2008) (http://www.Brassica.info/info/
genome_annotation.php), with chromosome
numbers assigned with leading zero (thus BnaC01
for chromosome C01 in B. napus). Gene models
are assigned numbers decatonically (e.g. 10, 20,
30) with 5-digit leading zero integers from top to
bottom of correctly orientated pseudochromosome
sequence. This allows for additional or alternative
gene models to be inserted. A default version
number of 1 (e.g. for different splicing models) is
assigned after a ′.′. Following this, in order to
distinguish between reference sequences from
different plant genotypes (e.g. Darmor-bzh and
Tapidor for B. napus), a single capital letter is
allocated (e.g. ′D′ or ′T′).

14.2.4 Gene Functional Names

A standardized nomenclature was proposed
(Østergaard and King 2008) for genes described
within the Brassica genus. This enables a distinc-
tion to be made between copies associated with the
different haploid genomes, as well as at paralogous
loci. This nomenclature system is valuable where a
body of experimental evidence has validated gene
function and can supplement the annotation above,
as is the case for many other species. For example,
the FRUITFULL functional gene in Arabidopsis is
designated as FUL and associated with gene model
AT5G60910.1, whereas in B. napus, the ortho-
logues have the functional gene names BnaA.FUL.
a (gene model = BnaA03g39830D) BnaA.FUL.b,
BnaC.FUL.a, etc.

14.2.5 Trials, Phenotypic Traits
and Other Standards

At the present time, the Brassica Trait Ontology
(BRaTO; https://github.com/Brassica-Trait-
Ontology/brato) is being constructed to host trait
information to describe Brassica crop data, and is
based on the Crop Ontology Trait Dictionary
(Shrestha et al. 2012). Terms are being collected
from various projects, with development currently
supported by researchers in the UK, Australia and
France. A compilation of identifiers are defined

for Variables, Trait, Methods and Scales, com-
prised of an ontology code given by CropOntol-
ogy.org (CO_348), followed by 7 digits, where
digits and ontology code are separated by a colon
in the form: CO_348:XXXXXXX.

14.3 Plant Resources

The availability of complete genome sequence
data has enabled an increasing number of studies
to unravel allelic variation across the relevant
gene pools. For B. napus, this has provided
opportunity to explore not only breeding pedi-
grees, historical cultivars and landraces, but also
the secondary gene pools of B. rapa and B.
oleracea. Genome-wide association studies
(GWAS) are now capitalizing on efforts over
preceding decades in collecting and conserving
genetic resources in gene seed banks and in
breeders’ collections. From these ex situ resource
collections, a series of representative core col-
lections, diversity sets and GWAS panels have
been derived. These include those for which
extensive multi-environment phenotyping has
taken place, as well as SNP screening using
technologies of increasing resolution that are
uncovering the pattern of pan-genome variation.

14.3.1 B. napus Diversity Collections

The ERANET-ASSYST collection comprises a
diversity set of over 500 cultivar lines and con-
tinues to be used for a range of studies (Körber
et al. 2015). The OREGIN B. napus core diversity
collection was assembled in the UK and under-
went a process of inbreeding and generation of
doubled haploids in order to reduce the level of
heterozygosity. The resulting B. napus diversity
fixed foundation set has been assessed in repli-
cated trials for a wide range of traits (Bennett
et al. 2017), with phenotypic data collated in the
Brassica Information Portal (https://bip.earlham.
ac.uk/). Other sets based on a range of different
germplasm collections have been used, although
it is unclear whether the materials are generally
available (Lu et al. 2016; Wang et al. 2018).
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14.3.2 Genetic Mapping Populations

The establishment of reference biparental segre-
gating populations for B. napus was essential for
the establishment of initial genetic linkage maps,
and their subsequent expansion and increase in
density in order to anchor genome sequences.
They have also been valuable for a very wide
range of quantitative trait loci (QTL) studies. In
B. napus, such populations have often made use
of anther culture and microspore technology to
generate doubled haploid lines from F1 hybrids,
and so establish unselected ‘immortal’ popula-
tions. The value of such populations lies in their
ability to establish a deeper understanding of
genotype � environment (G � E) interactions,
as well as pleiotropic effects of single loci and
epistatic interactions between loci from repli-
cated trials. Summaries of these and other pop-
ulations are outlined at http://www.brassica.info/
resource/plant.php.

14.3.3 Mutant Populations

It is unclear how many EMS B. napus mutant
populations are currently available, although a
number have been developed in the past (Wang
et al. 2008; Gilchrist et al. 2013). However, for
studies representing the A genome, the
EMS-TILLING population of B. rapa var triloc-
ularis line R-o-18 (Stephenson et al. 2010), now
managed by RevGenUK, has been particularly
successful and enabled a wide range of functional
gene characterization studies to progress. A re-
lated chemically induced hypomethylated popu-
lation of R-o-18 has also been generated and
initial characterization carried out to demonstrate
value of this approach for studying epigenetic
variation (Amoah et al. 2012).

14.4 Genomic Tools

Completed genome sequences provide an ongo-
ing resource for many experimental studies,
although their value is only fully realized when
combined with tools such as DNA markers that

are able to provide associations between specific
loci, alleles and transcripts along with phenotypic
trait variation. As for other organisms, there has
been a progressive development of technology
platforms for B. napus to facilitate whole-genome
analysis, whilst reducing per-allele call cost.

14.4.1 Marker Platforms

14.4.1.1 SSRs
Microsatellites (simple sequence repeats, SSRs)
and other locus-specific marker platforms have
been developed over the past 20–25 years, with
increasing density and specificity for B. napus.
Early efforts generated progressively larger sets
of SSR markers and generated multiplexed
assays (e.g. Tommasini et al. 2003; Piquemal
et al. 2005; Iniguez-Luy et al. 2009; Radoev et al.
2008). A systematic re-evaluation of existing
SSR markers was carried out (Li et al. 2013) and
identified 2,701 putative single-locus monotypic
amplicons in B. napus, from which a set of 230
high-quality SSR markers was established and
mapped onto the 19 chromosomes. Commercial
platforms of accumulated B. napus SSRs are also
available from companies such as TraitGenetics
(www.traitgenetics.com).

14.4.1.2 Single Nucleotide
Polymorphisms (SNPs)

A number of dedicated SNP platforms have been
established for B. napus, whilst other technolo-
gies make use of genotype-by-sequencing
(GBS) or associated re-sequencing approaches
(Schmutzer et al. 2015). A pioneering effort to
detect SNPs systematically in the B. napus gen-
ome involved transcriptome sequencing (Trick
et al. 2009). This was followed by increasingly
refined re-sequencing of transcriptome (Harper
et al. 2012). A NimbleGen Inc. platform has been
described (Delourme et al. 2013), as well as a
DArT (Diversity Arrays Technology) platform
with a 1,359 anchored array which allowed
construction of a consensus map from six B.
napus segregating populations (Raman et al.
2013). More recently, a high-density single
nucleotide polymorphism (SNP) Illumina
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Infinium® array has been developed for B. napus
based on a consortium approach to generating
sufficient representative SNP discovery data sets
from a range of germplasm. This contains 52,157
markers (Clarke et al. 2016; Mason et al. 2017)
and is being used for a wide range of association
and breeding studies (Qu et al. 2017; Wang et al.
2017; Wei et al. 2016). A specific-locus ampli-
fied fragment sequencing (SLAF)-based platform
has been developed that identified a subset of
201,817 SNPs with minor allele frequency >
0.05 and has successfully been used in linkage
disequilibrium (LD) studies (Zhou et al. 2017).

14.4.1.3 Transcriptome
In the early stages of genome sequencing and
accumulation of EST transcript sequences, the
Affymetrix GeneChip® Brassica Exon 1.0 ST
Array (Love et al. 2010) based on 135,000 ESTs
was generated by pooling resources from con-
sortia within the MBGP. This has successfully
been used in a number of studies and commer-
cially for B. napus and the constituent diploid A
genome (Graham et al. 2014). Due to decreasing
costs, RNA-seq is effectively replacing such
platforms. Published data for RNA-seq are not
managed in a dedicated system for B. napus, but
are searchable via SRA (https://www.ncbi.nlm.
nih.gov/sra) or ENA (https://www.ebi.ac.uk/ena).

14.4.1.4 BAC Libraries
Prior to the widespread adoption of NGS
sequencing platforms for whole-genome
sequencing, the development of bacterial artifi-
cial chromosome (BAC) insert libraries of *60–
180 kbp was effective in facilitating genome
sequencing of ‘golden paths’ of inserts anchored
to specific linkage groups/chromosomes of
Brassica. Whilst this approach was effective in
establishing an early whole pseudochromosome
sequence for Brassicarapa A3 (Mun et al. 2010),
it was then abandoned. However, there are situ-
ations in which BAC clones can still provide a
useful tool for unravelling the physical arrange-
ment of tandemly duplicated or complex loci
(Ryder et al. 2001). BAC clones have been
successfully used to anchor Brassica genome
sequence directly to chromosomes using

fluorescent in situ hybridization (FISH) (Howell
et al. 2002, 2005; Xiong and Pires 2011), which
has been a valuable tool in the development of B.
napus genomics, especially in understanding and
verifying the physical arrangement and relation-
ships between ancestral chromosome segments
and rearrangements (Deng et al. 2016; Howell
et al. 2008).

14.5 Data, Information Resources,
Bioinformatics Tools
and Analysis Pipelines

As outlined in the Introduction, the relevant
databases and information resources lack a formal
description in an associated publication and are
subject to volatility. The ‘Brassica.info’ website
(http://www.Brassica.info) was established on
behalf of the MBGP in 2002 to provide a portal to
collate information on a wide range of informa-
tion and physical resources relevant to Brassica
genomics. The site is currently undergoing an
update to reflect recent availability of various
resources and will soon provide links to an
inventory to facilitate the first stages of estab-
lishing a MBGP Brassica Information System.

14.6 Genome Browsers and Related
Sites

Reference genome sequences for B. napus have
now been established for more than one genotype
(Chalhoub et al. 2014; Bayer et al. 2017). As
well as the reference sequences of pseudochro-
mosomes appearing in the NCBI, EMBL and
DDBJ repositories, advanced genome browsers
with multiple functionality provide a tool for
researchers to navigate annotation, associated
transcript and other features as these are estab-
lished (Table 14.1). Each of these repositories
provides not only online browser/navigation
tools but also a variety of download capabilities
in GFF3, FASTA and other formats. There are
currently some limitations in terms of providing a
comprehensive platform for users to navigate and
align data sets, including links to and from
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established genetic linkage maps. The latter had
previously been demonstrated within the InterS-
toreDB framework between genetic markers
from the integrated map of B. napus (Wang et al.
2011a, b) displayed in CMap, and anchored to
the draft B. rapa A genome implementation in
Ensembl (Love et al. 2012).

In addition, there is increasing requirement to
represent the B. napus pan-genome and associ-
ated re-sequencing and SNP data, along with
GWAS data sets.

14.6.1 Genoscope Browser

The canonical B. napus genome is hosted within
the Genoscope website (http://www.genoscope.
cns.fr/Brassicanapus/) and provides an integrated
database for genomic sequence data from multi-
ple genome sequencing projects across taxa. Four
functional modules include a browser, BLAT
sequence alignment server, synteny analysis and
a download feature. The generic UCSC genome
browser has a chromosome-centric representa-
tion of the B. napus genome and allows

navigation based on the pseudochromosome
assembly. Specific genes or genomic regions
may be located. The basic local alignment tool
(BLAT) is employed to facilitate fast search of
sequence (DNA, RNA or protein) against the
genome. Users may also explore syntenic regions
between multiple Brassica species and may
download data sets including genome, predicted
genes and proteins, gene annotations and other
annotated genomic elements.

14.6.2 Ensembl Plants

The generic Ensembl Plants site (http://plants.
ensembl.org) curated by the European Bioinfor-
matics Institute (EBI) manages and provides
access for a range of plant genomes which meet
minimum criteria of completeness and levels of
annotation. It provides persistent visualization of
annotated genomes, along with a wide range of
associated tracks, comparative genomic analysis
and flexible download of genome sequence seg-
ments, annotated genes, transcripts or proteins.
One of the key benefits of navigating a genome

Table 14.1 B. napus genome databases, browsers and related informatics resources

Site Content FTP URL

Brassica.info MBGP reference information, links, online publication – a

Genoscope Genome browser – b

Brassica database
(BRAD)

Browser, downloads, analysis tools and reference information Yes c

Ensembl Genome browsers, analysis pipelines Yes d

CoGe Comparative genomics resource – e

Brassica genome
gateway

Legacy genomics data sets, links – f

NCBI genome Genome browser, genetic maps – g

EMBL/ENA Generic DNA, RNA sequence archives – h, i

Brassica
information portal

Plant populations, lines, phenotypic trait, trial, DNA marker, linkage maps – j

Oil crops
genomics database

Browser, analysis tools, reference information, downloads, linkage maps,
DNA marker, and population genomic, transcriptomic and metabolomics
data

Yes k

URL: a: http://Brassica.info/; b: http://www.genoscope.cns.fr/Brassicanapus/; c: http://Brassicadb.org/brad/; d: http://
plants.ensembl.org/Brassica_napus/Info/Index; e: https://genomevolution.org/CoGe/GenomeInfo.pl?gid=20192; f:
http://Brassica.nbi.ac.uk; g: https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Brassica_napus/100/; h: https://
www.ebi.ac.uk/ena; i: https://www.ncbi.nlm.nih.gov/sra; j: https://bip.earlham.ac.uk/; k: www.OCRI-genomics.org/
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via Ensembl is the ability to draw on the standard
set of data analyses that include the Compara
gene tree and Variant pipelines. The later may
include a variant table, image and representation
of structural variants.

Ensembl Plants currently includes the B. napus
Darmor-bzh reference genome (http://plants.
ensembl.org/Brassica_napus/Info/Index), as well
as the original published versions of the B. rapa
Chiifu-401 ‘A’ and B. oleracea TO1000 ‘C’
genomes. The implementations currently include
navigable outputs from the Compara analysis
pipeline that for any gene model includes geno-
mic alignments, gene tree, gene gain/loss tree,
orthologues and paralogues.

14.6.3 Brassica Database (BRAD)

The Brassica Database (BRAD; http://
Brassicadb.org/brad/) contains a valuable com-
pilation of source and analysed data sets, along
with searchable online tools to enable a wide
range of comparative or evolutionary studies to
be undertaken. The initial data sets curated
focused on the ‘A’ genome of B. rapa, but has
been extended to include genome annotation,
transcript and translated protein data for selected
members of the Brassicaceae, including Brassica
species and Arabidopsis thaliana. Specific sub-
sets of data have also been curated including
Brassica-specific gene families relating to classes
such as glucosinolates, parasite resistance, flow-
ering and transcription factors.

The user interface allows search based on
annotated gene name and extraction of detailed
annotation including gene ontology terms. As
with Ensembl implementation, queried genes or
proteins can be searched against the annotated
genome using BLAST, and flanking regions of a
gene, RNA, transposon and genetic markers may
be extracted based on genomic coordinates.

14.6.4 Specialized Sequence
Databases

The B. napus genome is also available in the
Comparative Genomics online platform CoGE

(https://genomevolution.org/coge/), which is
powerful in its ability to integrate reference and
user-supplied genome data and comparative
genomics tools from a single and secure access
point. It facilitates uploading and sharing of
genomes by individual researchers and research
consortia, as well as comparative genomics and
evolutionary study of closely related species.

The Brassica Genome Gateway (http://
Brassica.nbi.ac.uk/) contains historical genomic
data of Brassica species and information from a
range of Brassica genome sequencing projects.
A number of other generic and specific resources
have been developed that allow search and
comparison of particular genomic sequence
subclasses, in particular those relating to trans-
posable elements and other repeat sequences.
BrassicaTED (Murukarthick et al. 2014) is a
public domain database for utilization of minia-
ture transposable elements in Brassica species.

14.7 Genetic and Trait Data

14.7.1 Brassica Information Portal

The Brassica Information Portal (BIP; https://
bip.earlham.ac.uk/) was launched in 2016 and is
managed by the Earlham Institute (formerly The
Genome Analysis Centre) in the UK. The portal
(Eckes et al. 2017) is based on the CropStoreDB
relational database schema (Love et al. 2012;
Eckes et al. 2017; Leibovici et al. 2017) and
provides a repository for Brassica population and
trait scoring information related to pre-breeding
genetics and genomics studies. Descriptions of a
range of B. napus and other Brassica linkage
maps, along with marker assays and related plant
populations and lines, are curated, together with
detailed meta-data outlining provenance, status
and ownership of data. The web interface allows
users to browse information about quantitative
trait loci, with links to curated Brassica pheno-
type experimental data, along with genotype
information stored in external data sources.
Advanced data submission capabilities and APIs
have been developed to enable users to store and
publish their own study results in the portal.
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14.7.2 CropStoreDB

The CropStoreDB data curation pipeline (http://
www.cropstoredb.org/) was developed as a gen-
eric platform for collating a wide range of
genetics and related data and implemented to
facilitate navigation between genome and traits.
Its first use-case for curation was for Brassica
species. B. napus genetic map and sequence-
tagged marker data (Wang et al. 2011a, b) have
been managed within CropStoreDB, along with
trait and QTL data. The database schema and
original curated Brassica data formed the basis of
BIP (Eckes et al. 2017), and extensibility to
include GIS (geolocation) data was demonstrated
in the GRASP initiative (Lebovici et al. 2017).

14.7.3 Proteomic and Metabolomics
Data

Whilst there have been a few studies published in
recent years (Desclos et al. 2009; Zhu et al. 2009;
Girondé et al. 2016; Geng et al. 2017), at present,
there are no searchable resources dedicated to
navigating proteomics data sets for B. napus. As
with proteomics, only a few studies have been
published in recent years describing metabo-
lomics analysis of B. napus (Farag et al. 2012;
Kortesniemi et al. 2015); at present, there are no
searchable resources outlining metabolomics
data sets for B. napus. Initial information about
biochemical pathways is available for B. rapa
(https://www.plantcyc.org/databases/
brapafpsccyc/1.0).

14.8 Conclusion

As outlined in this chapter, there are rich and
varied experimental and data resources available
in the public domain to support evolutionary,
comparative and functional analysis of B. napus
genomes and underpin pre-breeding R&D and
breeding activities for oilseed and related crops.
These resources have been accumulated and
made available primarily by public-sector
researchers, often in productive partnership with

private sector breeding companies, and facilitated
through the long-standing cooperative endeav-
ours of the Multinational Brassica Genome
Project. Commercial development and release of
new cultivars will increasingly be dependent
upon the availability of updated reference geno-
mic resources to guide the selection and recom-
bination of beneficial alleles. Future requirements
include greater integration of phenotype to
genotype and tools to collate and navigate
increasingly complex data sets.
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15Genome-Facilitated Breeding
of Oilseed Rape

Christian Werner and Rod Snowdon

Abstract
Brassica napus ssp. napus (rapeseed, oilseed
rape, canola) became a major global oilseed
crop through intensive breeding during the last
five decades. The implementation of large-scale
metabolic screeningof seeds to identifymutants
carrying low seed erucic acid and glucosinolate
content, respectively, facilitated the use of these
variants in backcrossing programmes which
established the species as a “new”global oilseed
crop with exceptional oil quality and high meal
quality. Divergent ecogeographical forms were
adapted to agricultural systems in North Amer-
ica (spring-type canola), Europe (predomi-
nantly winter-type oilseed rape) and Asia/
Australia (semi-winter rapeseed/canola forms),
and the establishment of hybrid breeding sys-
tems during the 1990s increased seed yield and
yield stability and established B. napus as an
important cash crop for farmers and breeders.
Also around this time, cytogenetic studies and
the first genetic maps for B. napus, developed
with restriction fragment length polymorphism
(RFLP) markers, revealed first evidence of
unusual rearrangements among homoeologous
chromosomes, and evidence grew for complex

allohexaploidization among the diploid sub-
genomes.However, itwas not until theB. napus
genome sequence was deciphered two decades
later that the broad extent and consequences of
large-scale and small-scale rearrangements in
the B. napus genome, and the unexpected
impact of complex genome structural rear-
rangements on traits of importance for breeding,
became apparent. As more and more B. napus
genome sequences become available, and new
methods for high-throughput screening enable
detailed associations of genome features with
simple and quantitative traits, breeders are
beginning to appreciate the importance of
post-polyploidization genome structural varia-
tion for a multitude of important traits in this
recent allopolyploid crop. The use of genome
data, high-throughput genotyping techniques,
genomic selection, and genome-based hybrid
performance prediction is already changing the
way that B. napus breeders identify useful
diversity and implement it in their breeding
programmes. Access to high-quality genome
assemblies, vast genomic datasets, and
large-scale digital phenomic datasets will play
a key role in future implementation of
omics-assisted breeding in B. napus breeding.
This chapter provides an overviewof the impact
of the B. napus genome on breeding progress
and the opportunities provided by genomics
technologies for future breeding.
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15.1 History and Bottlenecks
in Oilseed Rape/Canola
Breeding

Oilseed rape and canola (Brassica napus ssp.
napus; genome AACC, 2n = 38) deliver one of
the world’s most important sources of healthy
vegetable oil, along with a high-quality extrac-
tion meal for animal nutrition. The huge global
success of this crop was achieved during just the
past four decades as an explicit result of breed-
ing. In particularly, this involved intensive
selection to dramatically improve the seed oil
composition (through replacement of C22:1
erucic acid with C18:1 oleic acid) and to reduce
antinutritive components in the seed meal
(especially a dramatic reduction of seed glu-
cosinolate content). A detailed description of
B. napus breeding history and achievements,
breeding aims and methods is provided by
(Friedt and Snowdon 2010a, b).

As a facultative out-crosser conducive to tis-
sue culture, B. napus presents breeders with
diverse opportunities for implementation of dif-
ferent breeding methods. Prior to the successful
implementation of pollination control mecha-
nisms, early generations of so-called double-low
(00) canola-quality cultivars, with low seed eru-
cic acid and glucosinolate content, were gener-
ally developed as inbred line varieties, taking
advantage of classical pedigree selection tech-
niques. Application of doubled-haploid tech-
niques (Weber et al. 2005) later played an
important role in reducing breeding cycle inter-
vals for line varieties and is today an important
asset in generating homozygous parental lines for
hybrid breeding. The latter has today become the
predominant breeding method in the major
oilseed rape production areas of the world, based
on the discovery and development of stable
cytoplasmic and genic male-sterility systems for
systematic generation of pure F1-hybrid seed
(reviewed by Friedt and Snowdon 2010a, b).

A recent allotetraploid species (Chalhoub
et al. 2014), B. napus carries the full chromo-
some complements of its two progenitors,

believed to be Asian cabbage/turnip (Brassica
rapa; AA, 2n = 20) and Mediterranean cabbage
(Brassica oleracea; CC, 2n = 18) (Chalhoub
et al. 2014; Gomez-Campo 1999; Olsson 1960;
Song and Osborn 1992). Because no wild
B. napus forms are known, it is assumed that the
species appeared relatively recently, when the
parental species began being cultivated in
geographical proximity (Friedt and Snowdon
2010a, b). Only a few independent interspecific
hybridisation events are believed to have con-
tributed as B. napus species founders (Allender
and King 2010). The initial allopolyploidisation
events are thought to have contributed signifi-
cantly to the establishment of novel trait diver-
sity, via genome restructuring and gene
conversion (Chalhoub et al. 2014; Szadkowski
et al. 2010). Some evidence suggests that the
origin of adaptive variation—which enabled the
de novo allopolyploid to become a highly suc-
cessful crop species in highly diverse ecogeo-
graphical regions—was due to the influence of
homoeologous chromosome restructuring affect-
ing flowering-time regulatory genes and other
fundamental adaptive processes (Chalhoub et al.
2014; Schiessl et al. 2014). The different eco-
types of B. napus today represent the most
important oilseed crop cultivated in Europe
(where predominantly winter oilseed rape is
grown), Canada (spring-type canola), China and
Australia (both predominantly semi-winter rape-
seed). The differentiation into winter,
semi-winter and spring forms is governed by
central flowering-time pathway genes that con-
trol winter hardiness and the requirement for
vernalisation, a prerequisite for winter-annual
forms to promote the onset of flowering. This
classification represents the most significant
genetic differentiation among today’s primary
gene pools for oilseed rape and canola breeding
(Fig. 15.1; reviewed by Friedt and Snowdon
2010a, b).

Within each of the three oilseed-type B. napus
genepools, the genetic diversity available for
breeding was significantly eroded by the strict
breeding bottlenecks imposed by selection for
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elimination of erucic acid and for low glucosi-
nolate oilseed forms. Most modern double-low
“canola” varieties, with zero erucic acid and low
glucosinolate contents, share a common pedigree
that traces back to the respective donor cultivars
for these two traits, “Liho” and “Bronowski”
(Downey and Rakow 1987), and genomic
regions inherited from both ancestors still can be
identified in contemporary varieties (Bancroft
et al. 2011). As a result of these severe genetic
bottlenecks, major oilseed rape breeding pools in
Europe, North America, Australia and Asia are
extremely narrow (Becker 2011; Bus et al. 2011;
Cowling 2007; Diers et al. 1996; Hasan et al.
2006). Chromosomes carrying the respective
mutations discriminating flowering behaviour
and seed 00-quality are associated with strong
signatures of selection and exhibit particularly
low levels of diversity among modern cultivars
(Fig. 15.2; Qian et al. 2014). Disruption of
extended stretches of linkage disequilibrium
(LD) associated with the responsible genes or
quantitative trait loci (QTL) is made more diffi-
cult, particularly on C-subgenome chromosomes,

by low levels of recombination (Hatzig et al.
2015a; Qian et al. 2014; Schiessl et al. 2015).

15.2 Principles of Breeding Theory
and Their Implications
in Rapeseed Breeding

The ultimate aim of plant breeding is to modify
the characteristics of crop plants in order to adapt
them to the needs and wishes of humanity. Plant
breeding, one of the oldest and most important
technologies developed by humans, provided the
basis for civilisations to rise, and its continuous
progress is still crucial to maintaining various
aspects of our contemporary way of life. Origi-
nally established out of the sole necessity to
provide food for survival and feed for livestock,
today’s crop breeding programmes need to focus
on a vast number of properties besides high
yield, including many different quality traits as
well as tolerances and resistances to numerous
biotic and abiotic stress factors. Additionally,
alternative uses of crop products in non-food,

Fig. 15.1 Principle coordinate analysis describing
genetic variation among a panel of 850 B. napus breeding
lines representing the primary gene pools of European
winter oilseed rape, Asian semi-winter rapeseed and
North American spring canola, respectively. The first two
principle coordinates, which distinguish these three gene

pools based on major genes controlling flowering
behaviour and vernalisation requirement, account for the
vast majority of the between-pool genetic diversity,
whereas intense selection during breeding has strongly
eroded within-pool diversity in all three pools
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non-feed sectors, for example, as resources for
bioenergy or industrial feedstocks, increase the
complexity of requirements that plant varieties
have to meet when released to the market.

Rapeseed is no exception in this regard, with
very stringent seed quality criteria imposing a
severe bottleneck on breeders that needs to be
addressed while still maintaining yield, oil con-
tent and resistance to diseases, pests, weeds, or
lodging, along with a high level of environmental
resilience. There is also increasing demand for
oilseed rape cultivars with variable oil quality
characteristics, for example, high-oleic,
low-linolenic (HOLL) forms, based on mutations
in fatty acid biosynthesis genes, that are bred as a
source of heat-stable oil for the frying industry
(Wittkop et al. 2009). Breeding of hybrid culti-
vars further increases the challenge involved in
combining all of these diverse genetic prerequi-
sites in new cultivars, as all traits that do not
exhibit a dominant mode of inheritance must be

complemented in both maternal and paternal
components of every new hybrid.

Plant scientists benefit today from a magni-
tude of extremely beneficial modern technologies
to help enhance breeding efficacy. These include
access to greenhouses and winter nurseries,
which enable increased numbers of breeding
cycles per year, along with tissue culture and
genetic marker technologies that can accelerate
trait fixation and selection, respectively. Never-
theless, the general processes of plant breeding
remain fundamentally simple and have not
changed since their inception. This basic scheme
of a breeding programme can be illustrated by
the methodology of recurrent selection, which
consists of three elementary steps:

Identification and introgression of new, favour-
able genetic diversity;
Recombination among crossing partners in a
genetically diverse base population;

Fig. 15.2 Patterns of linkage disequilibrium (LD,
r2 = 0.1) across the 19 haploid chromosomes of
semi-winter-type B. napus, measured with 24,994
single-copy SNP markers. The solid lines represent LD
decay in A-subgenome chromosomes, while the dashed

lines represent LD decay in C-subgenome chromosomes.
Figure reprinted, without modifications, from Qian et al.
(2014) under the Creative Commons Attribution
License CC BY 4.0
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Selection and fixation of superior phenotypes.

Depending on the mating system of a plant
species, new varieties can be produced and suc-
cessively optimised by this simple alternation
between expansion and restriction of genetic
diversity. However, although the latter of these
three steps is obviously an intrinsic part of con-
tinuous improvement of elite varieties, the
maintenance and introgression of new allelic
diversity into narrow genepools is an equally
essential prerequisite for long-term breeding
success. In this chapter, we describe how the
availability of the B. napus reference genome
sequence can contribute to identification, imple-
mentation and selection of genetic diversity for
efficient and sustainable plant breeding. This has
particular relevance with regard to identifying
and recapturing lost allelic diversity in breeding
pools, to counter the negative effects of drift and
linkage drag imposed by selection bottlenecks.
Special emphasis will be placed on the obstacles
that rapeseed and canola breeders have to deal
with when trying to combine desirable traits from
different genetic backgrounds in one superior
cultivar, and how knowledge about the genome,
and powerful genomic technologies and tools,
can help to overcome these hurdles.

15.3 Sources of Diversity
for Rapeseed Breeding

The low level of diversity in modern breeding
pools constitutes a difficult problem for oilseed
rape and canola breeders, since genetic diversity
is the ultimate underlying prerequisite for
breeding success. The absence of non-cultivated
wild forms of B. napus represents a severe con-
straint for breeders that sets rapeseed apart from
most other crops, where rich sources of diversity
are available in the primary gene pool of the
species. Additionally, the diversity represented in
international genebanks exhibits relatively high
uniformity throughout each of the major eco-
geographical groups described above (Fig. 15.1).
Overcoming this diversity, bottleneck is a major
ongoing necessity for breeders, and there have

been frequent examples for use of interspecific
hybridisations involving the diploid progenitor
species, in order to enrich traits where selection
has eliminated the required breadth of allelic
variation from modern cultivars. Fortunately, the
propensity of diploid Brassica species to form
interspecific hybrids, which gave rise to the
allopolyploid species of U’s “Brassica triangle”
(Nagahuru 1935), facilitates the relatively
straightforward reconstitution of synthetic
B. napus via embryo rescue techniques (Abel
et al. 2005; Girke et al. 2012). Other interspecific
hybrids are also possible, so that the A- and
C-subgenomes can potentially be enriched using
the diversity present throughout the entire trian-
gle of U (Chen et al. 2011; Fu et al. 2012; Li
et al. 2006; Mason et al. 2010, 2014; Qian et al.
2005).

Examples for the use of synthetic B. napus,
from B. rapa � B. oleracea crosses, for transfer
of specific traits to breeding programmes include
attempts to improve disease or pest resistance
(Diederichsen et al. 2009; Juergens et al. 2010;
Mei et al. 2011; Rygulla et al. 2007a, b; Snow-
don et al. 2000), creation of novel diversity to
improve seed quality (Badani et al. 2006; Liu
et al. 2012; Stein et al. 2013), and utilisation of
synthetic B. napus to diversify hybrid breeding
pools (Chen et al. 2011; Girke et al. 2012; Li
et al. 2006, 2007; Seyis et al. 2003; Snowdon
et al. 2015).

In almost all cases, synthetic B. napus forms
show very poor fertility, seed viability and vig-
our, which create great challenge for breeders
attempting to implement novel diversity via
interspecific crosses. It is now known that the
basis for this fitness tradeoff is a breakdown in
control of homoeologous chromosome pairing
during the first meiotic generations, under control
of the PrBn locus (Cifuentes et al. 2010; Nicolas
et al. 2009; Szadkowski et al. 2011). On the other
hand, in rare cases normal chromosome pairing
—and subsequent recovery of fertility and vigour
—is reinstated after a number of self-fertilisation
generations, making it possible to recover stable
resynthesised rapeseed from synthetic B. napus
accessions. Such materials represent a com-
pletely novel gene pool for improvement of
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heterotic potential, for example, (Jesske et al.
2013; Snowdon et al. 2015). On the other hand,
synthetic B. napus accessions rarely possess the
required adaptation attributes in terms of flow-
ering behaviour, seldom show desirable oilseed
characters like high seed yield or oil content, and
they almost never exhibit the double-low seed
quality criteria required for modern oilseed rape
and canola production. Nevertheless, synthetic B.
napus can be readily backcrossed to natural B.
napus, enabling potential transfer of new genetic
diversity for enrichment of breeding genepools.
As we describe later, genomic information and
tools can accelerate the targeted transfer of useful
diversity while preserving essential trait loci for
adaptation and seed quality.

The genome restructuring accompanying the
breakdown of homoeologous chromosome pair-
ing in synthetic B. napus certainly constitutes a
challenge for breeders. On the other hand, how-
ever, since the availability of a reference genome
template for genome resequencing it is now
becoming clear that the same process also repre-
sents a significant and valuable source of novel
genetic variation for evolutionary and breeding
selection (Chalhoub et al. 2014; Schiessl et al.
2014; Samans et al. 2017). Small homoeologous
exchanges appear to be a common remnant of
allopolyploidisation in natural B. napus (Chal-
houb et al. 2014). Like large-scale homoeologous
exchanges, small exchanges giving rise to gene
conversions at the single gene and single nucleo-
tide level show a directional bias towards
exchanges in which larger segments from the
C-subgenome are replaced by their smaller
homoeologous counterparts from the
A-subgenome (Fig. 15.3). Although the mecha-
nisms underlying this bias are still unclear, this
may drive selection for genome size reduction
(Samans et al. 2017). On the other hand, it also
may cause reduction in C-subgenome diversity, a
common observation in all major B. napus germ-
plasm pools (Qian et al. 2014; Schiessl et al. 2015;
Voss-Fels and Snowdon 2015). Implementation of
novel B. napus resyntheses can potentially induce
de novo genetic variation by homoeologous
exchanges and gene conversion. In some cases
novel traits, like yellow seed colour or reduced

antinutritive seed coat components, can be derived
from synthetic B. napus, or crosses of B. napus to
other closely related species (Badani et al. 2006; Li
et al. 2012; Lipsa et al. 2012). Dissection of the
underlying QTL with the help of genomic refer-
ence sequences has provided indications that some
of this variation may be associated with homoe-
ologous gene conversions (Liu et al. 2012; Stein
et al. 2013). Further examples have been identified
for homoeologous gene conversions influencing
many processes and pathways of fundamental
importance for oilseed rape breeding, for example,
the oil biosynthesis and glucosinolate pathways,
or within clusters of nucleotide binding site–
leucine-rich repeat (NBS–LRR) resistance genes
(Chalhoub et al. 2014). These examples provide
important clues about how newly arising
allopolyploid species have overcome the severe
diversity bottleneck associated with rare
allopolyploidisation events, to rapidly generate the
necessary genetic variation for species survival
(Samans et al. 2017).

15.4 Identifying and Accessing
Novel Diversity Using
Genomic Tools

High-throughput genome analysis techniques
represent a powerful technology to investigate
and describe genetic diversity in crop species. In
B. napus, a species with relatively low overall
diversity, there have been numerous studies in
recent years which used genome-wide molecular
marker collections to characterise genetic diver-
sity, thereby facilitating the application of such
information to assemble diversity collections for
use in large-scale population genetic analyses
and genome-wide allele-trait association studies.

The primary prerequisite for identification of
diversity that is of interest to breeders is to collect
and fix genetic diversity in representative germ-
plasm sets. Such collections enable easy access to
the allelic variation present within the species.
Great progress has been made in assembly and
characterisation of representative germplasm col-
lections for B. napus during the past two decades.
One of the largest collections of diversity,
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particularly for European and North American
oilseed, fodder rape and kale forms, along with
rutabaga (swede) forms, was assembled in a
European consortium that collected, genotyped
and phenotyped various fixed diversity sets from
different sources (Bus et al. 2011) and has made
seed samples and genotype data available to
international users for population genetic analyses
and association studies (Bus et al. 2014; Gajardo
et al. 2015; Hatzig et al. 2015a; Korber et al. 2015,
2012;Nagel et al. 2011; Schiessl et al. 2015).Other
diversity collections with more focus on Asian
gene pools have been assembled and used for
diversity analysis, LD mapping and association
studies by (Wang et al. 2014) and (Qian et al.
2014). Recently, different national research pro-
grammes in Germany, Canada, France and China
have initiated the generation, genotyping and

phenotypic characterisation of large, nested asso-
ciationmapping (NAM;McMullen et al. 2009; Yu
et al. 2008) populations forB. napus.The intention
of NAM populations is to combine the high power
of QTL detection provided by structured mapping
populations with the considerably greater resolu-
tion offered by genetically diverse, non-related
populations. NAM populations are generated by
crossing a single, adapted accession with a large
number of genetically diverse founder accessions,
and subsequently creating fixed recombinant
sub-families from each of these crosses. The result
is a vast, immortal, interrelated population offixed,
half-sibling individuals, which after genotyping
with high-density SNP markers can be used for
high-resolution, high-power QTL detection.

The most advanced B. napus NAM population
resource to date consists of over 2500

Fig. 15.3 Influence of homoeologous exchanges on
quantitative trait variation in B. napus, with examples
from exchanges between chromosomes An2 and Cn2. (A,
D) Coverage depth obtained along chromosome An2 after
mapping Illumina sequence reads from seven natural and
one resynthesized B. napus genotypes to the “Darmor-
bzh” reference genome (B and C) coverage depth
obtained for Ar2 and Co2 chromosomes, respectively,
after mapping > 21 genome-equivalents of Illumina
sequence reads from B. napus “Darmor-bzh” on concate-
nated genome assemblies from B. rapa and B. oleracea,
respectively. (D) Similar to (A), where the Cn2

chromosome of Darmor-bzh is displayed, egmental
homoeologous exchanges are revealed based on sequence
read coverage analysis, where a duplication (red) is
revealed by significantly greater coverage for a given
segment than the rest of the genome (black) and a deletion
(blue) by little or no coverage for the corresponding
homoeologous segment. Sizes of chromosomes are indi-
cated in Mb. Black arrows in (A) indicate exchanges
involving glucosinolate (GSL) and FLOWERING LOCUS
C (FLC) genes. Figure reprinted with permission from
Chalhoub et al. (2014); Copyright 2014 by the American
Association for the Advancement of Science
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doubled-haploid (DH) or recombinant inbred line
(RIL) progenies, generated by a public–private
German research consortium, from crosses of 50
highly divergent founder accessions with a com-
mon elite winter-type oilseed rape parent
(Snowdon et al. 2013). The founders comprise 20
synthetic B. napus accessions with extremely
diverse parental origins, including additional
C-subgenome donors beyond B. oleracea. Fur-
thermore, 30 natural B. napus accessions were
selected using genome-wide SNP marker data to
span the entire species-wide diversity present in
the B. napus genepool. All of the NAM founder
accessions were subjected to genomic rese-
quencing for identification of sequence variation
(Schmutzer et al. 2015), and the entire population
was genotyped with the Illumina Brassica 60k
SNP consortium genotyping array. The resulting
dataset is one of the most comprehensive gener-
ated to date for a structured B. napus mapping
population of this large size. In combination with
the founder genome sequences, the high-density
SNP marker data of each progeny enables
high-resolution recombination breakpoint analy-
sis, facilitating accurate genome sequence
reconstitution for each of the 2500 NAM lines.
The combination of high-density genotype data
and structured population is ideal for
high-resolution, high-power association studies
and access to the underlying sequence variants for
each detected QTL constitutes a powerful plat-
form for identification of trait-related candidate
genes along with simultaneous allele mining for
breeding purposes. This unique resource provides
breeders with unprecedented scope for detailed
investigations into the genetic mechanisms
underlying complex traits, to identify and imple-
ment novel variation and to discover the beha-
viour of interesting genetic variants in highly
diverse genetic backgrounds. In combination with
state-of-the-art genome data and techniques,
highly diverse but adapted NAM populations
(and similar multi-parent mapping populations)
represent a major prebreeding resource in breed-
ers’ aims to recover and implement lost diversity
in eroded breeding pools.

The availability of the first reference genome
assemblies for B. napus (Chalhoub et al. 2014), B.

rapa (Wang et al. 2011) and B. oleracea (Liu et al.
2014; Parkin et al. 2014) provides a template for
resequencing activities to capture and characterise
species-wide diversity that can be mined and used
for B. napus improvement. This can involve vari-
ous strategies to target different genomic targets.
For example, (Clarke et al. 2013) described an
array-based, reduced-representation sequence-
capture approach to survey diversity and trait
associations spanning chromosome regions that
were identified as meta-QTL for numerous resis-
tances, seed quality and yield-related traits.
A bead-based sequence-capture strategy was used
by (Schiessl et al. 2014) to capture all homologous
copies of over 30 flowering-time regulatory genes,
uncovering broad diversity including presence–
absence and copy-number variants associated?
with adaptive and evolutionary traits. Smaller target
regions can be effectively assayed for sequence
diversity in large populations using long-read
next-generation sequencing protocols that specifi-
cally target PCR amplicons for genes of interest
(e.g. Gholami et al. 2012; Stein et al. 2013).
Alternatively, transcriptome sequencing using
mRNAseq, or other reduced-representation RNA
sequencing approaches, can give deep insight into
variation at a pathway or development-related
level. For example, transcriptome sequencing in a
genetically diverse B. napus collection was used to
unravel genome structural variants (Bancroft et al.
2011; Higgins et al. 2012) and facilitate associa-
tions of important breeding traits with global gene
expression patterns caused by structural variants
(Harper et al. 2012).

Ultimately, whole-genome resequencing pro-
vides the most powerful technique available for
discovery of sequence variations, either for direct
analysis of genome-scale variation (e.g. Sch-
mutzer et al. 2015; Snowdon et al. 2015) or for
identification of variants for implementation in
high-throughput, array-based genotyping plat-
forms. The Illumina Brassica 60k SNP Infinium
consortium genotyping array, released in 2013
(Edwards et al. 2013; Mason et al. 2017;
Clarke et al. 2016), was largely based on SNPs
derived from genomic resequencing and
transcriptome sequencing in diverse B. napus
collections (e.g. Trick et al. 2009). As shown by
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an ever-increasing number of publications in
recent years, high-density B. napus SNP array
platforms, genomic skim sequencing or reduced-
representation genotyping-by-sequencing proce-
dures represent extremely powerful platforms for
high-resolution genetic mapping in B. napus (Cai
et al. 2014, 2015; Delourme et al. 2013; Liu et al.
2013; Raman et al. 2013, 2014), genetic diversity
analysis (Qian et al. 2014; Wang et al. 2014), and
LD-based genome-wide association studies (Bus
et al. 2014; Gajardo et al. 2015; Hatzig et al.
2015a; Korber et al. 2012, 2015; Schiessl et al.
2015). For breeders, these methods create the
opportunity to more accurately decipher
major-effect loci associated with key traits of
interest, and identify tightly linked markers for
deployment in breeding programmes. On the
other hand, such methods also provide unprece-
dented insight into the genetic complexity of
quantitative traits and their regulation in the con-
text of epistasis, pleiotropy and genetic back-
ground (Edwards et al. 2013; Voss-Fels and
Snowdon 2015).

The availability of high-resolution genomics
platforms for trait dissection and gene discovery
in B. napus and its close relatives has enormous
potential for breeding in association with
so-called new breeding technologies based on
genome editing procedures (Belhaj et al. 2013;
Bortesi and Fischer 2015; Maiti et al. 2015). The
essential prerequisite for effective application of
genome editing is a detailed knowledge of the
genes underlying expression of desired traits,
along with their genotype � environment
(G * E) and pleiotropic (trait-trait) interactions.
After more than 30 years of genetic marker
applications in oilseed rape (Snowdon and Friedt
2004; Snowdon and Luy 2012), map-based
cloning methods remain a laborious and
time-consuming technique that have failed to
discover more than a handful of major-effect
genes underlying traits of real commercial
importance. Unfortunately, in B. napus,
recombination-based fine-mapping techniques
are complicated by the intrinsic difficulties of
genetic mapping in an allopolyploid genome, in
which a considerable level of segmental
homoeologous duplication and rearrangement is

present. This can lead to skewed segregation of
markers in vast portions of the genome, partic-
ularly when synthetic B. napus accessions
(which are common donors of novel diversity for
trait and gene discovery) are used as mapping
parents. Analysis of genome structural rear-
rangements, using bioinformatic techniques
associated with high-coverage sequencing data
(Samans et al. 2017) or genome-wide SNP calls
(Grandke et al. 2017), promise considerable new
progress in mapping of genes for important traits.
Access to large, well-characterised and densely
genotyped mapping and association populations
provides additional impulse for discovery of
genes underlying even complex traits (e.g. Qian
et al. 2016 accepted). Sequencing-based
forward-genetic approaches in populations car-
rying induced or natural quantitative variation
also accelerate the discovery of novel mutants
causal for traits of interest (Schneeberger et al.
2009; Takagi et al. 2013). Associative expression
analyses based on messenger RNA sequencing
(mRNAseq) can provide similarly high-
resolution access to allelic variants underlying
quantitative trait variations (Harper et al. 2012).
With access to the B. napus reference genome as
a template, the implementation of such tech-
niques for gene discovery in oilseed rape can be
expected to gain considerable momentum in
coming years. Breeders will inevitably profit
from the ability to more rapidly and efficiently
identify interesting gene variants, and effectively
deploy them directly in elite breeding lines using
new breeding technologies. Indeed, canola and
oilseed rape were among the earliest test cases
for implementation of genome editing technolo-
gies in cultivar development. Using an
oligonucleotide-directed mutagenesis approach,
the North American company CIBUS (San
Diego, CA, USA) has recently developed spring
canola and winter oilseed rape cultivars carrying
an engineered herbicide tolerance based on a
modified acetohydroxyacid synthase (AHAS)
gene. Herbicide tolerance, imparted by genetic
modification or through natural mutations, is
today a trait with enormous importance for pro-
duction of spring-sown canola in North America.
On the other hand, the stronger vigour of
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winter-type rapeseed reduces the importance of
this trait in European production, and lack of
public acceptance for genetically modified crops
has prevented implementation of genetically
engineered herbicide tolerance in European oil-
seed rape. Products of genome editing can be
indistinguishable from natural point mutations,
and are therefore not encompassed by present
legislation that strictly governs the use of GM
crops in most European countries. Until the
implementation of regulatory changes that
accommodate the new possibilities enabled by
genome editing methods (Huang et al. 2016), the
newly registered herbicide tolerant cultivars from
CIBUS provide a provocative but highly inter-
esting test case that demonstrates the enormous
power of new breeding technologies in oilseed
rape and canola variety development.

15.5 The Breeders Equation:
Optimising Rapeseed
Breeding Progress
by Genomics

Under natural conditions, the process of selection
can basically be defined as the differential survival
and reproduction of individuals due to differences
in phenotype (Zimmer and Emlen 2015). As a
consequence, this evolutionary force determines
the further development of a population and the
constitution of subsequent generations. Interest-
ingly, the effect of natural selection on a popula-
tion can be characterised by only two fundamental
parameters: (I) selection intensity and (II) propor-
tion of phenotypic variance that can be attributed
to genetic effects. Plant breeders have adapted and
exploited this relatively simple principle for cen-
turies, to shape the characteristics of their breeding
populations. However, in order to utilise the best
genotypes and create superior varieties, breeders
have to a great extent assumed nature’s role as a
selecting force. In contrast to its natural equiva-
lent, artificial selection tries to act with high
specificity on a target trait (or a combination of
traits), with the aim of directionally changing the
phenotypic mean value of a population according
to the demands of mankind (Becker 2011).

An observable shift in a population, regardless
of whether caused by natural or artificial factors,
can be easily quantified by comparing the mean
value before and after selection. The interval
describing the change of the mean value is
defined as the “selection response” (R), which
can be described mathematically by the follow-
ing term, commonly referred to as the “breeder´s
equation”:

R ¼ S � h2

whereby S represents the directional selection
differential, and h2 illustrates the heritability of a
trait (Lynch and Walsh 1998). The selection
differential is the difference between the pheno-
typic mean value of the whole population and the
phenotypic mean value of a selected fraction of
this population within one generation. The
effectiveness of transferring the underlying trait
to the next generation by selection is then
determined by the heritability, which describes
the fraction of phenotypic variance that can be
attributed to genetic effects.

15.6 Components of the Breeder’s
Equation and Their
Interactions

The quantities of the directional selection interval
(S) and the heritability (h2) already allow draw-
ing a couple of basic conclusions about how
selection affects a population. However, the
intention of a plant breeder is not to simply
measure the selection response, but rather to
predict it and consequently design a breeding
programme that aims at combining specific
desirable characteristics in an elite variety. For
this purpose, the breeder´s equation can also be
expressed in a slightly modified form that defines
the expected selection response per year:

R ¼ irGh
L

According to this expansion of the formula for
breeding progress per unit of time, the expected
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selection response depends on three main factors:
(I) The square root of the genetic variance, rep-
resenting the amount of trait variation that is
caused by genotype in a breeding population,
(II) the square root of the heritability, equivalent
to the selection accuracy (r), which is the corre-
lation between observed and predicted pheno-
type, and (III) the selection intensity (i), a
standardised coefficient that describes the differ-
ence between the mean of the whole population
and the mean of the selected subpopulation in
standard deviations. Finally, by dividing the
product of these three parameters by the gener-
ation interval (L), the complete selection
response per generation is subdivided into
selection response over time.

This simple equation is one of the most
powerful tools available to breeders, since it not
only allows predicting the selection response, but
also offers the opportunity to direct selection
response by adjusting the respective factors.
However, the three variables in the numerator are
associated in a close interdependency. Thus, in
order to achieve a sustainable, effective
long-term response to selection, it is impossible
to modify single factors without taking the other,
interacting factors into account, meaning that
genetic gain is ultimately dependent on a bal-
anced improvement of all contributing factors. In
particular, maintenance of high selection inten-
sity (i) over multiple generations permanently
necessitates a sufficient amount of genetic vari-
ation in the breeding pool. This underscores the
overriding importance for breeders of continuous
genetic enrichment of their breeding pools, to
counteract the potential erosion of diversity by
selection and drift. Rapeseed and canola breeding
pools can have notoriously low effective popu-
lation sizes, illustrated dramatically by the
extreme example of Australian canola breeding,
which was estimated to have been established
from as few as 11 founder accessions (Cowling
2007). Implementation of specific traits requiring
introgression of multiple gene loci and QTL from
a limited donor gene pool can lead to eroded
diversity due to strong selection: For example,
cultivars combining low seed glucosinolate
content with HOLL oil quality require selection

of at least three major QTL for low glucosino-
lates, combined with selection for the two fatty
acid elongase (FAE1) loci reducing erucic acid
content, along with combined mutations at dif-
ferent fatty acid desaturate loci to reduce lino-
lenic acid content.

Additionally, the selection intensity applied in
a breeding programme must be defined under
consideration of heritability, to ensure that the
desired genetic determinants of the traits under
selection are transferred to the next generation.
Many key traits in canola, such as fatty acid
composition, oil content, seed glucosinolate
content and flowering behaviour exhibit high or
moderately high heritability, which favours high
selection intensity. On the other hand, traits with
strong environmental interaction, like germina-
tion and field emergence (Hatzig et al. 2015a),
have extremely low heritability and a conse-
quently poor response to high selection intensity.

In the following sections, we elucidate how
modern genomic techniques and methodologies
can be exploited to fine-tune and coordinate these
three parameters in oilseed rape breeding,
enabling simultaneous preservation and enrich-
ment of genetic variation along with maximisa-
tion of selection gain per generation interval.
Furthermore, we explain how simultaneous
reduction of the generation time will ultimately
optimise breeding programmes for effectiveness,
sustainability and long-term success.

15.7 Increasing Selection Intensity
Without Reducing Genetic
Variance

Selection is the strongest and most fundamental
instrument with which breeders can shape the
genetic constitution of their breeding pools.
Essentially, the procedure of generating a high
performance variety is based on utilising the best
genotypes of a population while discarding poor
ones. In a stepwise manner, the number of tested
genotypes is reduced, while at the same time the
most promising candidates are assessed more
intensively within various environments and over
multiple years. In the short term, this strategy

15 Genome-Facilitated Breeding of Oilseed Rape 255



gives rise to efficient elite varieties that are
optimally adapted to present nutritional, envi-
ronmental and sociopolitical requirements. Con-
ditions change over time, however, and breeding
programmes inevitably lead to an elimination of
allelic diversity which in future might be vital to
deal for instance with newly emerging biotic and
abiotic factors. For example, dispersal of club-
root disease from Europe to intensive canola and
rapeseed production areas in Canada and China
necessitates the development of new resistant
varieties in these regions (Chai et al. 2014;
Rempel et al. 2014). Similarly, modifications of
fertilisation legislation in Europe entail breeding
of winter oilseed rape cultivars with improved
yields under reduced nitrogen input (Stahl 2017),
and climate change aspects may mitigate the
necessity for more drought-tolerant cultivars in
many major growing areas (Hatzig et al. 2014,
2015b; Hohmann et al. 2016, in press). To
address such emerging changes in long-term
breeding programmes, breeders must perma-
nently have access to comprehensive allelic
diversity which encompasses both present and
future trait requirements. Hence, in order to
ensure a permanent and sustainable breeding
success, it is of absolute importance to counter
this narrowing of gene pools with a constant,
sufficient introgression of novel diversity.
Traditionally, the challenge of re-expanding
restricted allelic variation had to be met by the
mere assessment of phenotypic features and
genealogical records, making it difficult to
choose suitable genetic resources. In contrast,
modern genome-based methods offer exception-
ally powerful technology for targeted identifica-
tion, introgression and conservation of allelic
diversity within breeding populations.

Among the most valuable tools presently
being used by commercial rapeseed and canola
breeders is the Illumina Brassica 60k SNP array
(Mason et al. 2017, Clarke et al. 2016). With
minimal financial expenditure, the enormous
amount of genome-wide SNP markers allows a
rapid genotyping of complete populations. As a
result, diversity within as well as between popu-
lations can be easily assessed on a whole genome
or chromosome-wise scale, or even targeted to

specific chromosomal regions. Furthermore, due
to its high resolution, reproducibility and accu-
racy, the SNP array technology facilitates an
extremely reliable characterisation of plant
genotypes and calculation of population structural
parameters of significance to breeders, including
different measurements of genetic distance, LD,
heterozygosity and fixation indices. Such statis-
tics provide extremely important information
regarding genome or chromosome regions
showing undesirable lack of diversity due to
selective sweeps (Voss-Fels and Snowdon 2015).
Marker-assisted background selection facilitated
by genome-wide SNP arrays can help overcome
the negative effects of such genome features in
eroded breeding populations. Such strategies are
particularly important when implemented in
recurrent selection programmes to specifically
replenish reduced allelic variation, for example
based on crosses between ecogeographical gene
pools with synthetic or new-type B. napus. Nev-
ertheless, it must be remembered that practical
breeders are ultimately not only interested in
genetic diversity per se (for example to increase
heterotic potential), but specifically in “useful”
variation related to optimisation of specific target
traits. Therefore, an essential part of genomic data
mining for identification of desirable variation is
related to the detection of causal associations
between genotypic and phenotypic variation. In
this context, genome-wide association studies,
based on high-density SNP marker analyses in
genetically diverse populations, represent a
powerful method not only for quantitative trait
dissection, but also for identification of useful
phenotypic variation for traits of interest (Bus
et al. 2014; Gajardo et al. 2015; Hatzig et al.
2015a; Korber et al. 2012, 2015; Nagel et al.
2011; Schiessl et al. 2015).

Despite their inarguable power in terms of
cost-efficient genotyping for diversity analyses
and genetic dissection of complex traits, SNP
array platforms carry the intrinsic disadvantage
of only being able to detect already known
variation. Because only SNPs that are relatively
common in B. napus breeding pools are repre-
sented on the most commonly used arrays, a
general ascertainment bias is inevitable, meaning
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that very rare alleles and detailed sequence dif-
ferences (including copy-number and presence–
absence variants) cannot generally be detected.
Reduced-representation sequencing approaches
overcome this ascertainment bias and can
potentially increase the potential to identify and
introgress completely novel diversity, an impor-
tant consideration for development of heterotic
pools.

15.8 Improving Selection Accuracy
for Low-Heritability Traits—
Accurate Phenotyping
as an Essential Basis
for Training of GS Models

As illustrated above, sufficient genetic diversity
is an absolutely fundamental prerequisite to
identify and select superior genotypes in a
breeding population. The breeder’s equation
makes it clear that the amount of variation in a
trait is in direct proportional interaction with
selection intensity, so that an increase in genetic
diversity generally results in a higher selection
response (R). Expressed another way, increased
diversity facilitates sustained selection response
while simultaneously narrowing the fraction of
selected individuals.

The third key determining factor in the
numerator of the breeder’s equation is the heri-
tability, which in general terms can be defined as
the variance in the phenotype that is attributable
to genotypic variance among individuals in a
population. This partitioning of the total pheno-
typic variance into a genetic and a non-genetic
component allows estimation of the relative
importance of the determinants of phenotype, in
particular the role of heredity. Strictly speaking, a
distinction must be made between heritability in
the broad sense, measuring the relative impor-
tance of the total genotypic variance (VG/VP), and
heritability in the narrow sense, which refers to
the relative importance of the additive variance
(VA/VP) (see Falconer and MacKay 1996).
However, this distinction is irrelevant for a gen-
eral consideration about the importance of

heritability in the breeder’s equation and will
thus be ignored in the following section.

Being implemented as the square root of the
heritability, the meaning of “h” can also be
interpreted as the transferability of trait expres-
sion from the parental population to their off-
spring. Therefore, if the heritability of a trait is
known, “h” serves as a measure of how accurately
the performance of the next generation can be
predicted from the performance of its progenitors.

It is intuitive that the smaller the heritability of
a trait, the more breeding material has to be
comprehensively tested to reliably evaluate the
value of a genotype for a population, since
non-genetic factors can extremely distort reliable
estimates. This implies, in terms of the breeder´s
equation, that selection intensity has to be low-
ered to maintain selection response, taking the
available genetic diversity for granted. Conse-
quently, resources for extensive field trials have
to be allocated to test a greater fraction of the
breeding population, including candidates that
carry less useful alleles. Complex polygenic
traits with low heritability compound the accu-
rate estimation of the true genotypic value of an
individual, increase G * E interactions and
necessitate a high number of phenotypic mea-
surements over numerous environments and
years in order to exclude non-genetic error.

In rapeseed breeding, there are relatively few
important traits with rather simple genetic
inheritance and high heritability that can be dealt
with effectively by phenotypic selection in early
generations by testing in just one or few envi-
ronments. A notable exception is selection for
low erucic acid, which can be achieved already in
F2 generations by half-seed analysis of fatty acid
composition via gas chromatography (Wittkop
et al. 2009). Besides major-gene resistances
against blackleg and clubroot disease, which in
some cases are amenable to seedling cotyledon
tests or marker-assisted selection, respectively,
most other important disease resistances in
rapeseed are characterised by quantitative inher-
itance, low heritability and ineffective or poorly
reproducible field screening procedures (e.g.
resistance against Sclerotinia sclerotiorum or
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Verticillium disease). The same is true for traits
like emergence, abiotic stress tolerance, lodging
and nutrient use efficiency, necessitating
large-scale multi-location field evaluations of
advanced breeding lines over multiple years to
achieve adequate selection accuracy. This greatly
increases the cost associated with complex trait
selection and restricts the size of progenies which
breeders are able to test effectively under field
conditions.

In contrast to the phenotype, the genotype of
an inbred breeding line remains stable over
environments and years. Thus, with the advent of
molecular markers in the 1980s the idea arose to
directly identify the genetic factors responsible
for traits, in order to improve selection accuracy.
Although marker identification still necessitated
initial phenotyping of experimental populations,
once a marker-trait association was established, a
simple marker screening could theoretically
replace phenotyping efforts. Early hybridisation-
based an PCR-based markers enabled the iden-
tification of various genes and quantitative trait
loci (QTL) in bi-parental studies (Delourme et al.
1994; Ecke et al. 1995; Foisset et al. 1995, 1996;
Uzunova et al. 1995), representing the first step
from traditional phenotypic selection to
marker-assisted selection (MAS) and marker-
assisted recurrent selection (MARS). However,
after initial euphoria it became clear that these
assumptions worked quite well for monogenic
traits, and sometimes also for major-effect QTL,
but not for quantitative traits that are influenced
by numerous genes, the environment and G * E
interaction. Unfortunately, the latter are the
high-value traits, ultimately determining the seed
and oil yield components, for which rapeseed
breeders require more effective selection tech-
niques. Hence, a major advance in breeding
progress could be achieved by selection methods
that are able to more effectively implement gen-
ome information associated with complex traits.

In the classical model of the genetics of
quantitative or complex traits, the phenotypic
value of an individual is controlled by an infinite
number of genes, each with an infinitesimal
effect, as well as by non-genetic factors (Goddard
2009). With regard to traits falling into this

category, MAS/MARS is severely limited by the
proportion of the genetic variance that can be
explained by detected QTL (Meuwissen 2009;
Meuwissen and Goddard 2001). The inability of
classical QTL approaches to deal with highly
polygenic traits led to the development of a sta-
tistical approach that enabled a simultaneous
estimation of effects for all available marker
alleles without setting an arbitrary significance
threshold. Also, this method no longer focused
on finding specific marker-trait associations, but
rather used all available marker information to
calculate a “genomic estimated breeding value”
(GEBV). The term “genomic selection” (GS;
Meuwissen 2007) refers to the use of dense
markers covering the whole genome so that all
genetic variance can be captured by these
markers. An elementary assumption underlying
GS is that the markers are dense enough to be in
LD with all involved major-effect and
minor-effect QTL in order to calculate allele
effects (Goddard 2009).

The general procedure of GS is relatively
simple. One part of the breeding population is
used as a reference for the statistical model,
called the “training set”. The individuals in the
training set are both genotyped and phenotyped,
representing the base material for the calculation
of allelic effects at all loci. All alleles that con-
tribute to genetic variation are captured in this
way, even if the effects of the individual loci are
very small. Further lines under selection then
only have to be genotyped for the markers.
The GEBV of the non-phenotyped lines is the
sum of all the marker effects predicted from the
training population (Hayes et al. 2009a).

Classical linear approaches that try to estimate
fixed effects for every marker allele are unable to
deal with very large marker numbers that exor-
bitantly exceed the number of observations, since
not enough degrees of freedom are available to
simultaneously fit all effects using ordinary least
squares regression (Lande and Thompson 1990).
However, modern statistical approaches that treat
allele effects as random are able to circumvent
this problem, facilitated by high-speed comput-
ing platforms able to process extremely large
data volumes. The most commonly used GS
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models can basically be categorised, depending
on their statistical background, into marker-based
linear mixed model approaches using best linear
unbiased prediction (RR-BLUP or G-BLUP) and
Bayesian approaches. The two concepts differ
primarily in their assumptions on the genetic
variance that is used to predict allele effects. The
detailed theory of GS and statistical models
would go far beyond the scope of this chapter,
but an excellent and comprehensive review is
provided by (Lorenz et al. 2011a).

Because of its assumption of an infinitesimal
model, GS is highly reliant on a dense marker
covering of the genome. In B. napus,
high-density marker genotyping is readily
achieved using the Illumina Infinium Brassica
60k SNP array, which lays the foundation for fast
and cheap, straightforward GS in rapeseed
breeding populations. The conserved structure of
LD decay on many B. napus chromosomes
suggests that lower numbers of SNPs may also
be sufficient; hence, subsets of selected SNPs that
account for variation across LD blocks may give
equally accurate predictions. Although to date
few empirical studies have been performed
describing GS in rapeseed, the effectiveness of
GS techniques has been demonstrated in several
other crop and animal species in recent years
(reviewed by Heslot et al. 2015; Meuwissen et al.
2013), with high prediction accuracies providing
an opportunity to revolutionise complex trait
selection.

According to Hayes et al. (2009b), the fol-
lowing four parameters essentially determine the
accuracy of GEBV predictions:

I. The level of LD between markers and
QTL (which is adjustable by marker den-
sity) whereby single markers must be in
sufficient LD to allow accurate effect
prediction;

II. The size of the training population from
which SNP effects are estimated;

III. The heritability of the trait: With greater
heritability, fewer records are necessary to
achieve equal accuracy;

IV. The distribution of QTL effects (which
depends on the degree of quantitative

inheritance): If many QTL with small
effects contribute to trait variation, then a
large number of phenotypic records will
be required to accurately estimate these
effects.

The first two of these factors are under the
control of the experimenters, whereas the last two
are not. However, selection and introgression of
new diversity will alter the constitution of
breeding populations over time, thereby changing
the pattern of LD between SNPs and QTL (Muir
2007). Therefore, constant updating of the refer-
ence population under consideration of these
factors is absolutely necessary to ensure a con-
tinuously high accuracy for maximisation of
long-term response from GS (Muir 2007; God-
dard 2009). This aspect is also important for
rapeseed breeders who wish to reduce genotyping
costs by implementing reduced numbers of SNPs,
for example on smaller arrays which select
markers based on LD: Changes in population
structure, recombination and LD during the
course of a breeding programme through intro-
duction of novel diversity may render selected
marker sets inefficient for prediction of effects
imparted by the novel diversity. This considera-
tion is especially important in rapeseed, where
some chromosomes have very long stretches of
conserved LD and low recombination in breeding
populations, so that they may presently be pre-
dictable using small numbers of markers. How-
ever, the aim of breeders must actually be to
disrupt these conserved LD blocks and introduce
new diversity, which will require denser SNP
placement to account for new recombinants.

Another very important parameter that still
represents a major bottleneck in GS, particularly
in plant breeding, is phenotyping accuracy in the
training population. Rapeseed has a notoriously
flexible plant architecture that reacts with extre-
mely high phenotypic plasticity to environmental
disruptions or planting density. For example,
plants grown singly in pots or containers, or at the
edges of rows, exhibit a completely different
branching behaviour and yield parameters to
plants growing in the middle of dense plots.
Border effects are therefore extreme, particularly
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where neighbouring plots in field trials show
different plant height, lodging resistance,
flowering-time, disease resistance or maturation
characters. Efficient field evaluations of yield and
yield-related characters in rapeseed therefore rely
on sufficiently replicated trials, in multiple loca-
tions and years, which are best performed using
plot-in-plot techniques that deal appropriately
with neighbour effects. Breeders aiming to cap-
ture and describe genetic variance for complex
traits like seed yield, nitrogen use efficiency,
drought tolerance or highly quantitative disease
resistances (e.g. Verticillium or Sclerotinia)
are extremely dependent on large-scale, well-
designed field studies. Because accurate yield
assessments in rapeseed require particularly large
plots, it can be difficult to assess very large pop-
ulations under uniform field conditions.
Genome-based selection strategies would there-
fore offer an opportunity to prescreen breeding
lines for accessions with high GEBV predictions.
On the other hand, the accuracy of the predictions
is equally dependent on the availability of accu-
rate phenotype data from training populations.
The experimental design for field evaluations of
training and validation populations is thus of
utmost importance for the success of GS.

Compared to classical selection based on phe-
notypic records, genomic selection exploiting
dense genome-wide SNPs, combined with highly
accurate phenotyping, offers unprecedented
opportunities to improve selection accuracy in
traits with even low heritability. Selection intensity
can be potentially increased, selecting only those
genotypes which are promising, and resources in
the field can be allocated to test only the most
promising candidates (“selection at the top”).

15.9 Speeding Up Breeding—
Genomic Selection
in Double-Haploid Progenies

The last parameter in the breeder’s equation,
which we have not addressed thus far, is the
generation interval (L), determining the response
to selection per time unit. This is a particularly
important factor in European winter rapeseed,

which has a long annual growing season of
around 11 months and a challenging turnaround
time between field seasons of only around one
month. A number of technical approaches are
already implemented to speed up oilseed rape
breeding, for example, production of recombi-
nant inbred lines by single-seed descent in the
greenhouse, using stress-induced flowering to
accelerate the transition from the vegetative to
generative phase. Marker-assisted backcrossing
(with both foreground and background markers)
is particularly useful for single-gene traits that are
expressed late in the growing season, like
male-sterility and-fertility restoration, or for
transfer of major resistance genes and QTL. In
rapeseed hybrid breeding programmes, an
essential part of the breeding process is to pro-
duce highly homozygous lines that serve as
potential hybrid parents. By conventional meth-
ods, this involves several generations of selfing,
adding considerably to the time needed to gen-
erate a new hybrid cultivar.

The production of induced doubled-haploid
(DH) lines from haploid gametes via cell cultures
enables completely homozygous lines to be
produced in a single generation, and most hybrid
breeding programmes today implement DH lines
as paternal hybrid parents (whereas mother lines
are generally derived from marker-assisted
backcrossing to introgress male-sterility muta-
tions). In the first year of a classical DH line
breeding programme, however, considerable
effort is still required to generate sufficient seed
quantities for multi-environment field selection
of per se performance, and until seed bulking is
completed in the first year after DH production it
is only possible to grow single micro-plots at one
or two locations. A strict selection is neverthe-
less necessary to reduce costs, and this selection
process is a key area where breeders may benefit
from the application of genomic selection to
predict the performance of a DH line based only
on its genotype. The combination of GS with
DH line production creates a revolutionary,
highly efficient tool for rapeseed hybrid
breeding. Production and direct assessment of
completely homozygous rapeseed-lines can
potentially be performed on haploid platelets
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prior to seed production, enabling selection at
least one generation earlier and consequently
leading to an enormous increase in the response
to selection per year, while simultaneously
shortening the generation interval. Firstly, hybrid
parent candidates with high predicted per se
performance can be made available within a
single generation, and secondly their genome-
based assessment enables a targeted and strin-
gent selection, resulting in an increased predic-
tion accuracy of trait expression (h) and an
enhanced selection intensity (i). The use of GS to
predict general combining ability (GCA) in DH
progenies (Jan et al. 2016) can potentially real-
locate resources more efficiently from green-
house expenditure to genotyping expenditure.
The potential for preselection of test hybrid
combinations based on predicted GCA, rather
than per se performance, potentially enables
field selection to be performed by breeders at a
higher performance level than was previously
achievable.

15.10 Further Opportunities
for Applying and Expanding
Genomic Selection in Oilseed
Rape

Since genomic selection is based on flexible
statistical models (Lorenz et al. 2011b), different
fixed and random factors easily can be included
and taken into account during performance pre-
diction and selection. Presently, in rapeseed there
are virtually no empirical values available to
evaluate GS-assisted breeding. However, studies
in other plant species like maize (Riedelsheimer
et al. 2012, 2013), rice (Spindel et al. 2015),
wheat (Poland et al. 2012; Rutkoski et al. 2011,
2014, 2015), barley (Iwata and Jannink 2011;
Zhong et al. 2009) and sugar beet (Hofheinz
et al. 2012) allow inferences on how basic GS
models could be adopted and further advanced to
enhance prediction accuracy in B. napus.

One opportunity to extend the prediction
model is by integration of the environment as a
factor (Heslot et al. 2014, 2013). The key ques-
tion in this regard is how to design a model

to optimally analyse large, unbalanced, multi-
environment trials, as are commonly performed
in rapeseed breeding programmes. By including
allele effect variation across several environ-
ments, under consideration of G * E interactions
in a linear mixed model, the ultimate goal would
be to enable prediction of the performance of a
non-phenotyped individual in an untested envi-
ronment, by incorporation of the effects of alle-
les, the environment and the influence of G * E
interaction.

This, in turn, leads to another important
question: What is the optimal target population
of environments (TPE) to train a GS model?
The TPE is the combination of environments
representative for the regions where the cultivars
will be grown, defined by all abiotic and biotic
factors (Heslot et al. 2015). When accounting
for the environment and G * E interaction for
prediction, this is a critical question, since
non-representative environments will negatively
affect the prediction of allele effects and hence
reduce prediction accuracy of the GEBV of an
individual (Heslot et al. 2015).

Another desirable modification to better adapt
GS models to the demands of plant breeders
would be creation and application of a genomic
selection index (GSI) (Ceron-Rojas et al. 2015).
A GSI is a linear combination of GEBVs for
different traits, weighted by their economic rel-
evance, with the aim being to analyse several
traits simultaneously in a multi-trait model. The
use of indices in plant breeding was traditionally
relatively uncommon in comparison to animal
breeding, because in crops selection normally
takes place for different traits at different times, in
different environments (Heslot et al. 2015). In
rapeseed, for example, phenotypic selection for
traits such as yield is usually not available from
the preliminary trials used to select on traits like
seed oil quality, lodging, flowering-time or
monogenic blackleg resistances.

Furthermore, the lack of balanced experi-
mental data, which is a common problem in
rapeseed breeding programmes, makes it difficult
to accurately analyse field trials. Implementation
of more flexible statistical models in GS may
help to solve these problems, because (I) for
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many traits missing phenotypic information can
potentially be estimated based only on genotypic
data, and (II) linear mixed models offer the
possibility to deal with unbalanced data in which
not all individuals are (equally) phenotyped for
all traits (Heslot et al. 2015).

On the other hand, several further issues need
to be considered before GS becomes fully estab-
lished in rapeseed breeding. From a breeder’s
point of view, the perhaps most important point is
how, where and when to include GS in practical
breeding processes. A fundamental question is
the optimal allocation of resources with regards to
an ideal combination of different selection
approaches, i.e. how to efficiently combine clas-
sical phenotypic selection, MAS and GS at dif-
ferent breeding stages. Several questions still
remain unanswered in regard to GS, for example
how to design a representative training popula-
tion, how and when this should be updated, and
how to deal with loss and reconstitution of
diversity in GS programmes. An elementary shift
associated with GS is that the unit of evaluation is
not the phenotype of the individual anymore, but
the allele (Knapp and Bridges 1990), although the
unit of selection remains the individual. This
might necessitate a rethinking of contemporary
experimental strategies and necessitate new
experimental and statistical approaches to accu-
rately estimate allele effects. An up-to-date
overview discussing all of these topics, along
with additional considerations regarding adoption
on GS as a standard method in plant breeding, is
provided by (Heslot et al. 2015).

15.11 Optimising Heterosis
in Oilseed Rape

In most of the world’s important rapeseed and
canola production areas, hybrids are rapidly
overtaking inbred line cultivars as the major
source of seed for growers, and the benefits of
hybrids in terms of yield stability suggest that
this trend will continue. In comparison to other
major hybrid crops, like maize, however, the
level of heterosis in rapeseed is relatively poor.
This lack of heterotic potential can be attributed

to a number of factors specific to the origin and
history or the species: Firstly, the lack of genetic
diversity in the primary gene pool limits heterotic
potential per se. Secondly, the strong selection
for essential quality traits, and for specific flow-
ering variants in different ecogeographical pools,
has severely eroded diversity in all breeding
pools. Thirdly, for many decades most breeders
treated rapeseed as a classical inbreeding crop,
generating inbred line varieties for which
exploitation of novel diversity across the entire
available gene pool was more important than
differentiation of crossing partners into clear
heterotic pools.

The result of this history is visible today as
poor differentiation among heterotic pools. Only
over the past two decades have breeders made a
conscious effort to actively separate their breed-
ing materials into distinct pools in an effort to
increase heterosis. Making this switch from
decades of line breeding to a complete focus on
hybrid breeding is a major challenge for breeders
which can be potentially accelerated by genomic
information. In particular, genome-enabled dis-
covery and introgression of novel diversity from
the secondary gene pools, represented by related
Brassica oilseeds, is a first step to gene pool
enrichment without loss of seed quality and
adaptation. The use of genome-wide SNP pro-
files for detailed characterisation of haplotype
structures between potential crossing partners
and in their offspring represents another means to
clearly differentiate heterotic pools on a genome
sequence level. Finally, detailed characterisation
and differentiation of structural genome varia-
tion, taking advantage of additive effects from
the Brassica pan-genome, will inevitably max-
imise additive heterosis effects, as has been
inadvertently achieved by many decades of strict
pool separation in maize, for example.

15.12 Performance Prediction
of Oilseed Rape Hybrids

Simple linear genomic selection models use a
mixed model approach that treats the effects of
marker alleles as random and only the phenotypic
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population mean as fixed effect. The prediction of
the average values for all available SNP marker
alleles is described by the following equation:

y ¼ 1lþ Zu

where y represents the predicted GEBV, l is the
phenotypic population mean (as a fixed effect), Z
is the genotype * marker matrix and u is the
vector of marker effects, represented by average
values of the parental alleles (as random effects).

Through the addition of l as a fixed effect and
the random effects in u, it is possible to predict the
GEBV of a hybrid based on the genotype data
from its parental lines via in silico generation of
the hybrid marker profile. Publications of hybrid
performance prediction in rapeseed based on
genome-wide SNP markers are not yet available,
however many commercial breeders are begin-
ning to test prediction models for potential appli-
cations, for example to preselect potential hybrid
combinations using parameters other than per se
performance, which requires multi-environment
field trials. As an example, we generated in silico
genotype data from a diverse population of 476
F1-hybrids using genome-wide SNP profiles of
their respective parental lines. A performance
prediction model based on RR-BLUP was run in
100 iterations, using a randomly chosen training
population (TP: 70% of the total population) to
calibrate the model and the remaining 30% for
validation (validation population; VP). This rather
rudimentary prediction already gave promising
results that demonstrate the potential of GS for
hybrid prediction: Prediction accuracies (r) ranged
from *35–42% for low-heritability traits like
seed yield and emergence, up to 75–82% for the
more heritable traits seed oil and glucosinolate
content, respectively. These promising accuracies,
which reflect the selection accuracies that can be
achieved for these traits by field phenotyping in
multiple years and environments, were achieved
although linear mixed models like RR-BLUP rely
solely on the sum of the average effects of an allele
and neglect interactions between alleles or loci. In
other words, this form of prediction corresponds to
the GEBV for the hybrid component determined
solely by GCA, whereas intra-locus dominance

effects and inter-locus epistatic effects are not
considered in particular. This method performs
satisfactorily in populations where GCA is the
major contributor to heterosis, for example, in the
highly differentiated heterotic pools of maize. As
described above, however, rapeseed breeders are
far from achieving clear heterotic pool differenti-
ation, and dominance and epistatic effects con-
tributing to specific combining ability (SCA) can
play a key role in heterotic expression in B. napus
(Basunanda et al. 2010). Therefore, hybrid pre-
diction models that additionally account for SCA
effects are expected to greatly improve perfor-
mance of rapeseed hybrid prediction in the
immediate future.

Although allelic interaction effects are to some
extent already included in the average effect of an
allele, dominance and epistasis are not explicitly
considered in calculations of the breeding value
(Falconer and MacKay 1996). However, these
factors are crucial determinants of heterosis and
hybrid performance. To include these two com-
ponents into a hybrid prediction model, the basic
GS linear mixed model can be expanded by a
dominance matrix, implemented to calculate
effects for heterozygous gene loci (Piepho 2009;
Zhao et al. 2013a). The application of such a
statistical model necessitates the decomposition
of the complete genotypic variance into GCA
and SCA variance components. The relative
importance of the marker allele effects
(GCA) versus the allelic interaction effects
(SCA) thereby results from the ratio between the
two variance components. Although the design
of the dominance matrix does not account for
complete SCA, since it fails to consider epistasis,
the ability of such computationally simple and
robust model extensions to improve hybrid pre-
diction accuracy was already demonstrated in
other crops (Reif et al. 2013; Zhao et al. 2013b).

Ultimately, successful implementation of
hybrid prediction for improved heterotic perfor-
mance will rely on novel diversity to enrich
heterotic pools. Early results from test hybrids
using genetically diverse BnNAM lines suggests
that information from the rapeseed genome can
play a key role in creating, characterising and
implementing new hybrid breeding pools
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carrying “heterotic haplotypes” with elevated
hybrid performance (Snowdon et al. 2015).
Improved genome assemblies, providing more
detailed information on structural variants con-
tributing to intra-locus dominance effects, may
prove a key to this implementation. Effective,
breeder-friendly data management, access and
analysis tools represent a final, essential com-
ponent for effective exploitation of B. napus
genome data in rapeseed and canola breeding.
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16Future Prospects for Structural,
Functional, and Evolutionary
Genomics

Shengyi Liu and Rod Snowdon

Abstract
Completion of the genome assemblies of the
first three Brassica napus genotypes provided
a reference for genome evolution research,
gene discovery, and breeding of Brassica crops
—in particular the availability of a reference
genome has greatly facilitated mapping of trait
loci. After the previous chapters, this chapter
provides future prospects on three aspects:
(1) Structural genomics—The current B. napus
reference genomes remain a great space for
improvement. This is urgent need for at least
one chromosome-level assembly should be
achieved which corrects collapsed genomic
regions such as highly repeated sequences
from the previous versions. Highly structural
variation also necessitated construction of a
B. napus pan-genome which describes

species-level structural variation in as much
detail as possible. Meanwhile, substantial
improvement should be undertaken to the
annotations of genomic composition and gene
models, in order to provide a set of compre-
hensive annotations including non-coding
RNA and alternative splicing transcripts.
(2) Functional genomics—There are many
ways for making use of the B. napus genome
resources to assist genetics-related research.
With genome resources and related technolo-
gies, one can further speed up discovery of
molecular markers and functional genes by
linkage mapping, association mapping, syn-
tenic comparison approaches, and their com-
bination (among themselves and with other
omics data). (3) Genome evolution—This
gives insight into allopolyploid B. napus
genome origin, its dynamic genome structure
variation, genetic diversity, and selection pat-
terns. Insight into the processes of multiple
cycles of “whole-genome duplication and
subsequent diploidization”, such as structural
variation and its underlying mechanism, pat-
terns and origins of duplicate gene expression
changes, the relative contributions of duplicate
genes to trait expression, and asymmetrical
recombination and selection between B. napus
subgenomes and regional “hot” and “cold”
spots, will broaden our understanding of B.
napus polyploid genetic diversity and benefit
breeding method innovation.
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16.1 Introduction

As with other important plant species, successful
sequencing, assembling into pseudomolecules or
chromosomes, and genome annotation of the
major crop species Brassica napus not only
opened a door of understanding the characteris-
tics of a recent allopolyploid plant genome, but
also substantially promoted research in all
aspects of genetics and breeding along with
numerous aspects of polyploid evolution and
related plant science areas. The previous chapters
of the book are rich in examples for applied
genomics in genetics and breeding research. The
development of trait markers, mapping of genes
controlling traits, and cloning of target genes
have grown at an exponential pace in B. napus
after its annotated genome became available
(Fig. 16.1 and also see Chap. 3 by Delourme
et al., this book). Consequently, molecular
marker-aided breeding has been considerably
enhanced, and research in genome-based design
breeding has been nurturing with accumulative
trait-associated genes or markers and allelic
variants. Importantly, the B. napus genome
assembly enabled elucidation of the syntenic
relationships with the Arabidopsis thaliana gen-
ome greatly facilitating transfer of Arabidopsis
gene function and pathway information to this
important oilseed crop.

These upsurges will continue. With the
development of more mapping populations,
functional genome studies will continuously
increase, and evolution and many other related
research areas will step into a new stage. New
technologies already open opportunities for
“gold standard” Brassica genome assemblies by
updating the current reference genome or creat-
ing new de novo assemblies along with con-
struction of a pan-genome containing species-
level structural variation. These developments
will further substantially facilitate all these
researches mentioned above.

After comprehensive reviews on the topics of
from the economic and academic importance of B.
napus (Chap. 1 by Friedt, Tu and Fu, this book),
cytogenetics (Chap. 2 by Chevre et al., this book),
trait locus mapping (Chap. 3 by Delourme et al.,

this book), and genome-facilitated breeding
(Chap. 15 by Werner and Snowdon, this book) in
the context of the genome as a resource and tool, to
characteristics of the nuclear and cytoplasmic
genomes, and further case studies on important
trait-related gene families, this chapter provides
forward-looking prospects on structural geno-
mics, functional genomics, and genome evolution.

16.2 Structural Genomics

At the time of writing, there are three B. napus
genome sequences available already and de novo
assembled from the genotypes Darmor-bzh
(Chalhoub et al. 2014), Zhongshuang11 (Sun
et al. 2017), and Tapidor (Bayer et al. 2017).
These reference genomes, particularly the first

Fig. 16.1 Brassica napus QTLs published (black) and
associated loci (brown; about one-third unpublished) at
the different stages of available genome resources. The
B. rapa genome sequence became available in 2011, the
Brassica genome-wide Illumina 60K SNP array available
in 2012, and the B. napus and B. oleracea genome
sequences available in 2014, respectively. Before B.
napus genome released, the B. rapa genome could be
used for molecular marker development due to high
synteny of the B. rapa and B. napus A subgenome.
Design of the 60K SNP array was based on the three
genome sequences of B. rapa, B. oleracea, and B. napus
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published Darmor-bzh genome, have provided
unprecedented rich resources and been greatly
advancing the aforementioned genetic and rela-
ted studies. However, owing to the limitations of
sequencing technology and the lack of a more
powerful assembly strategy and pipeline, the
present versions of the three B. napus genomes
are only draft assemblies, and a large portion of
the genome has not yet been assembled. Based
on the theoretical estimations, the B. napus
genome size is found to be 1130–1345 Mb
(Bayer et al. 2017; Chalhoub et al. 2014; John-
ston et al. 2005). The published Darmor-bzh
genome was sequenced with a combination of
454 GS-FLX + Titanium, Sanger and Illumina
HiSeq technologies, and assembled with SOAP
(8) and Newbler (Roche). In this strategy, Illu-
mina HiSeq reads were used for correcting and
gap filling. The final assembly was 849.7 Mb in
size, covering *79% of the genome size. Of the
849.7 Mb, 84% (712.3 Mb) was genetically
anchored with a high-resolution SNP genetic
map, yielding pseudomolecules for the 19 chro-
mosomes. For the Zhongshuang11 genome,
adoption of a BAC-to-BAC strategy comple-
mented with the assembling of reads from Illu-
mina whole-genome libraries resulted in a size
of *976 Mb, with a scaffold N50 of 602.22 kb
and a contig N50 of 39.57 kb, all slightly bigger
than those of Darmor-bzh. The third assembled
genome is about 634 Mb in size with an N50 of
197 kb, all smaller than those of Zhongshuang11.
Subsequently, the Darmor-bzh genome was
improved by adding 153 Mb in size into the
pseudomolecules (Bayer et al. 2017). Therefore,
compared to the estimated sizes of the B. napus
genomes, no more than 86.4% was assembled for
any of genotype, no more than 73.4% anchored
onto genetic maps, and no more than 57.2% is
placed into the pseudomolecules. Furthermore,
recent studies have showed that transposable
element-derived small RNAs (mainly 24-nt
RNA) play pivotal roles in the regulation of
gene expression, e.g., via RNA-directed DNA
methylation, and more importantly, there are a
huge number of different small RNAs, but there
are massive quantities of transposable elements

missing in the present reference genomes. There
are therefore an urgent need to update genome
assembly quality (assembly size, percent
anchoring, and percent placement) up to a gold
standard for a single genotype in order to further
solve remaining difficulties in gene fine mapping
and cloning.

To assemble gold standard genomes is becom-
ing increasingly feasible as new sequencing and
assembling technologies emerge. Since the
second-generation sequencing technologies and
corresponding assembling pipelines were proved
to be successful in assembling complex plant
genomes, the later assembling pipelines, such as
ALLPATHS-LG (Gnerre et al. 2011), MaS-65
uRCA (Zimin et al. 2013), and SOAPdenovo2
(Luo et al. 2012), can produce contigs by using
longer k-mers over 100 bp or even dynamic k-mers
(Platanus) (Kajitani et al. 2014), which can greatly
increase the quality of the assembly. While
sequence reads from the Illumina sequencing
platform now achieves over 250 bp long reads,
many projects have already moved on to third-
generation sequencing technologies, such as
Pacbio SMRT (single-molecule real-time
sequencing), Bionano DLS (Direct Label and
Stain high-resolution optical mapping) and Oxford
Nanopore semi-conductor sequencing. Combina-
tions of these new technologies, particularly with
high-through chromosome conformation capture,
Hi-C), can produce a chromosomal arm-level or
even whole chromosome-level assembly (Badouin
et al. 2017; Jarvis et al. 2017; Jiao et al. 2017). Such
assembling into pseudomolecules (chromosomes)
can be completed without a genetic map for scaf-
fold alignment, although a highly dense genetic
map can more accurately orchestrate the assem-
bling procedure. Illumina sequence reads can be
used to fill gaps and correct base errors that are still
prevalent in the third-generation technologies.
These chromosome-level assemblies through these
latest technology combinations can be regarded as
today’s gold standard reference genomes covering
nearly all collapsed genomic regions such as highly
repeated segments, and thus greatly increasing the
usefulness of a reference genome. Generation of
such gold standard B. napus reference genomes is
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now possible and urgently required for research in
genomics and genetic improvement.

Improvement in the annotation of a reference
genome is however a continuous and ongoing
task. There are several shortcomings in the pre-
sent three assembled B. napus genomes:
(1) Many gene models (about 30%) have not yet
had expression data support; (2) alternative
splicing transcripts (AST; also called variants or
isoforms) from different tissues have not been
identified and annotated, and some of the already
identified ASTs are not correct, because Illumina
short read mapping to the genome often causes
artifacts coming from highly similar duplicate
sequences; (3) small RNA and lncRNA have not
been annotated, although they are known to play
broad and important roles in the regulation of
gene expression; and (4) there remains no gene
information in unassembled genomic regions.
Third-generation sequencing technologies enable
RNA sequencing with very long reads spanning
whole bodies of almost all individual genes and
thus allow us to distinguish duplicated genes
accurately and different ASTs from individual
genes. As long as we sequence representative
tissues/organs at different development stages
and with various stress treatments, these tech-
niques can capture a majority of expressed genes
along with their ASTs. Comprehensive, high
quality gene annotations for new, gold standard
reference genomes represent a greatly needed
future resource to facilitate further progress in
Brassica research.

Furthermore, a majority feature of B. napus
species is the vast amount of genome structural
variation among different genotypes and there is
growing evidence for links to many important
traits (see below for details). To adequately
assess, understand and utilise the genome struc-
tural variation, multiple gold standard de novo
genome assemblies are required for representa-
tive genotypes across the species, which are also
required for construction of a high-quality
pan-genome as an essential resource for the
Brassica research community.

A number of genomes of other Brassicaceae
species and relatives have been sequenced after
the model species A. thaliana, e.g., A. lyrata (Hu

et al. 2011), Capsella rubella (Slotte et al. 2013),
Schrenkiella parvula (syn. Thellungiella par-
vula) (Dassanayake et al. 2013), Leavenworthia
alabamica (Haudry et al. 2013), Sisymbrium irio
(Haudry et al. 2013), Aethionema arabicum
(Haudry et al. 2013), Brassica nigra, and Bras-
sica juncea (Yang et al. 2016), and more and
more will be sequenced in coming years. It is
very important to analyze and establish syntenic
and orthologous relationship or
syntenic/orthologous blocks among these spe-
cies, because the structural relationships are
potentially extremely useful for the comparison
of interspecific genomic structures and function
and transfer of information, and for genome
evolution studies.

An integrated genomics resource is a key tool
for accessing and using genome data (see
Chap. 14 by King and Baten, this book). There are
several publicly accessible Brassica genomics
databases which can be used to conduct search
and comparative analyses, for example http://
www.genoscope.cns.fr/brassicanapus/, www.
OCRI-genomics.org, along with the general
information site www.braasica.info which serves
as a community resource to link users to relevant
information and data sources. There are several
broader databases which contain Brassica genome
data, for example, http://plants.ensembl.org, http://
www.plantgdb.org/, https://genomevolution.org/
cog, but these still lack intra- and interspecific
comparative genomic information. Specific geno-
mic databases urgently need to improve genome
browser functions that compare and display
information on synteny blocks and genome com-
position annotation and provide links to
high-density genetic map information and QTL
locations in public germplasm collections. Visual
identification of structure variation is also a very
useful tool of high relevance to B. napus (He et al.
2017). Future databases should integrate genetic
materials, genomics, transcriptomics, metabo-
lomics, proteomics, and phenomics and provide
easy search and comparison tools with visual
outcomes. This is not only because these com-
parative tools can be used for transferring
knowledge from species to species, but also
because these tools can help investigators who are
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not working in the field of genomics to apply
genomics in their own fields.

16.3 Functional Genomics

The public availability of the assembled B. napus
genomes has greatly facilitated studies on
molecular marker development for important
traits (Fig. 16.1), cloning, and functional regu-
lation of genes controlling important traits. These
have accelerated progress in the molecular
marker-aided selection and further genome-based
design breeding. Such facilitation will continue
and particularly will be significantly enhanced by
completion of a pan-genome construction. There
are many ways for use of the B. napus genome
resources to assist genetics-related research,
some of which are outlined below.

Genome-wide association studies (GWAS)
represent a powerful, high-throughput method
for the detection of trait loci (association map-
ping). Coupling high-throughput methods of
cost-effective genotyping by whole-genome
re-sequencing with automated phenotyping
under controlled conditions or with drones under
field conditions provides new opportunities to
exploid genome data to uncover responsible QTL
and genes. The B. napus reference genome
enables whole-genome re-sequencing to detect a
variety of genetic variations such as SNPs,
InDels, large segmental deletion, copy number
variants , and homoeologous exchange (HE) in
large populations comprising diverse core sets or
representative germplasm collections of a crop
species. These variations provide a chance to
understand genetic structure and recombination
landscape of the species. When the variations are
associated with phenotypic data, we can not only
map important traits, but also detect selection
signals such as selective sweeps and fixation
indices (FST). Although morphological variation
in B. napus is not so large as its progenitors
Brassica rapa and Brassica oleracea, genomic
structural variation is very large (Chalhoub et al.
2014; He et al. 2017; Stein et al. 2017). GWAS is
a powerful tool to detect these variations linked
to traits—many hundreds of trait loci can

potentially be assayed and compared in a single
population.

Mapping trait loci via biparental segregation
populations has been most widely used to date
(linkage mapping). The typical primary popula-
tions are F2, RILs, and DH, and from them, some
derived secondary populations for fine mapping
can be generated. Such populations are generally
useful to detect only a limited number of traits
that segregate between the parent pairs, and few
identified QTLs are economically relevant. On
the other hand, individual research groups gen-
erally lack the resources to deal with multiple
biparental segregation populations or multi-
parental populations for QTL mapping. Tradi-
tional electrophoresis-based genotyping methods
are time-consuming and laborious and thus
expensive. Also, costs of genotyping by genome
re-sequencing of large population are still not
affordable for all users, even at a very low price,
particularly for crops like B. napus with a large,
complex genome. Bulked segregant analysis
(BSA) has therefore become a popular option for
QTL delineation because of the vast reduction in
sample numbers for whole-genome
re-sequencing. For a large number of samples
to be genotyped, an alternative method is the
high-throughput SNP arrays designed from
whole-genome re-sequencing of a representative
germplasm collection. This may be a reason that
a leap increase has occurred in the B. napus QTL
number (Fig. 16.1). The array technology is
especially cost-effective for a crop with a large
genome size. As more mapping population are
generated and genotyped with new genotyping
technologies, links between genetic mapping
studies and (pan) genome sequences will become
continually stronger and provide enormous
added value.

A combination of linkage and association
methodologies should provide the most robust
and powerful approach to fine-map target loci
underlying traits (Liu et al. 2015; Ott et al. 2011).
Their combination takes their complementary
advantages together. For example, QTL regions
are usually large in linkage mapping of a bipar-
ental population, but associated loci are relatively
much smaller in association mapping in a diverse
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natural population. Therefore, targeted associa-
tion analysis of a previously identified QTL
region and/or its genes can be implemented in a
association mapping population if the whole
genome-wide association analysis has no signal
detected in the physical region, also providing
allelic variation information that cannot be
obtained from a biparental population.

Syntenic or orthologous relationships repre-
sent a useful approach for functional gene studies
as well as evolution studies. In particular, syn-
tenic relationships provide a highly valuable
starting point to transfer information on
A. thaliana gene function and related pathways
to B. napus. Many previous studies used
homologous Arabidopsis genes with known
functions to infer or predict B. napus genes. With
the availability of the B. napus genome, these
homologous comparisons can be limited to syn-
tenic orthologs and paralogs, in order to better
ensure their evolutionary origin, as most of the
orthologous and paralogous genes have large
changes in DNA sequences, and thus, sequence
comparison makes it hard to distinguish their
homologous relationship. In the publications on
the genomes of B. napus and its progenitors B.
rapa and B. oleracea, syntenic or subgenomic
relationships have been established between the
three species and of these species with A. thali-
ana,the basal eudicot Vitis vinifera (The French–
Italian Public Consortium for Grapevine Genome
Characterization 2007) and even the basal
angiosperm Amborella trichopoda (Amborella
Genome Project 2013). Syntenic genes are a
group of genes or a genomic block, usually more
than five required for construction of a syntenic
block, that structurally retained from an ancestral
genome . Thus, interspecific comparison of
syntenic blocks provide strong evidence of
orthologous gene relationships and strongly
facilitate functional inference. There are about
17,000 A. thaliana protein-coding genes (about
70% of the total) syntenic to 32,700 genes
(around 75% of the total) of A or C genome in B.
rapa, B. oleracea, and B. napus. More than
21,000 genes have two or more copies (dupli-
cated genes) in A or C genomes (see details in
Chap. 5 by Tang et al., this book). With analyses

of gene and regulatory sequence similarity/
changes, domains, and gene expression in dif-
ferent tissues or organs in comparison with
functionally known Arabidopsis orthologous
genes, one may be able to get concrete evidence
on B. napus gene functions, e.g., candidate genes
in a mapped genomic region, before commenc-
ing time-consuming fine mapping or gene func-
tion experiments. Furthermore, more than 50%
of the total A or C genes have an orthologous
relationship, and thus, we can also compare the
orthologous genes of B. napus A and C genomes
to help identification of gene functions and
selection roles (like asymmetrical selection).

In addition, the above methods can be flexibly
integrated with other approaches or data such as
transcriptomes and mutant information available
to narrow down target regions or exclude
non-target genes. With the reference genome as a
physical axis, published and unpublished genetic
maps and QTL information can be integrated into
one consensus map, which will greatly facilitate
mapping work.

Numerous recent studies described SNP dis-
covery for QTL mapping and gene cloning based
on time-saving and high-throughput second-
generation sequencing (e.g. Bancroft et al.
2011; Bus et al. 2012; Clarke et al. 2013; Huang
et al. 2013; Trick et al. 2009). Bancroft et al.
(2011) developed genetic maps comprising
21,323 SNPs (arranged in 887 bins, a cluster of
SNPs in a genomic region in which every two
SNPs are with zero recombination) derived from
transcriptome sequence analyses. A genetic map
with 14,675 SNPs corresponding to 895 genetic
bins was constructed using a modified double-
digested restriction-site associated DNA
(ddRAD) sequencing technique (Chen et al.
2013). Furthermore, development of SNP arrays
designed from whole-genome re-sequencing of a
small number of representative germplasm
accessions made genotyping even more conve-
nient and time-saving. There were several dif-
ferent Illumina Infinium arrays developed and
used for genetic map construction and QTL
mapping. An 8K array including 7322 SNP
markers was used to build an integrated genetic
map comprising 5764 SNPs and 1603 PCR

276 S. Liu and R. Snowdon

http://dx.doi.org/10.1007/978-3-319-43694-4_5


markers from four biparental segregating popu-
lations (Delourme et al. 2013). A 6K array
(Dalton-Morgan et al. 2014) allowed 631 and
1667 SNPs to be incorporated into two genetic
maps built by Raman et al. (2014) and Cai et al.
(2014), respectively. In 2012, an International
Brassica SNP Consortium designed a B. napus
60K SNP Infinium array with 52,157 SNPs,
which was manufactured by Illumina Inc., San
Diego, CA, USA (Edwards et al. 2013; Snowdon
and Iniguez Luy 2012; Clarke et al. 2016; Mason
et al. 2017). Using the array, the maps with *9K
or 11K SNPs were built (Liu et al. 2013; Zhang
et al. 2014) and many more thereafter. The
combination of SNPs from the various
high-density genotyping systems led to the con-
struction of an integrated genetic map comprising
41,001 markers mapped into 7287 genetic bins,
which was the most dense single genetic map
(Chalhoub et al. 2014).

With the availability of the reference genome,
more than 7300 QTLs and associated loci have
meanwhile mapped (Fig. 16.1; see details in
Chap. 3 by Delourme et al., this book), and the
efficiency of map-based cloning has improved
considerably. For gene cloning, fine mapping of
underlying genes for important traits is essential.
Using the results of fine mapping and targeted
regional association, Liu et al. (2015) identified
seven putative ORFs for a QTL, explaining ca.
30% of the phenotypic variation for seed weight
and silique length. Based on the genome
sequence of B. napus, the seven genes including
the upstream regulatory and coding regions were
cloned and their sequences were compared with
the two parental lines to exclude non-target
genes. Finally, an auxin response factor 18
(ARF18) with a 165-bp deletion was selected as
the target casual gene and subsequently was
further validated through gene expression and
over expression analyses (Liu et al. 2015). Other
trait loci such as those controlling plant height
(“dwarf” trait), disease resistance, Polima cyto-
plasmic male sterility (cms), genic male sterility
along with restoration loci were fine-mapped and
cloned for their target genes (Larkan et al. 2013;
Liu et al. 2010; Xia et al. 2016; Yi et al. 2010).

Although QTL map-based cloning and fine
mapping are often laborious with a low success
rate, combinations of high-throughput methods
are accelerating the process and will lead to
cloning of more and more genes.

For B. napus, genotyping with new
high-throughput SNP arrays is still cost-effective
compared to whole-genome re-sequencing. The
previous and present Illumina Infinium arrays
mentioned above were designed from
whole-genome re-sequencing of a small collection
of representative germplasm, and the SNPs called
were based on incomplete genome assembly, and
thus, some genomic regions are with no SNPs.
These arrays may not meet research requirement
that needs higher resolution and more reasonable
SNP distribution throughout the genome. A new
array should be designed based on SNPs called
with an updated and more complete genome
assembly and from a large and diverse B. napus
population and provide higher resolution of
genotyping, e.g., 120K or more SNPs, and more
rational SNP distribution throughout the genome.
Because many trait loci have been mapped, a new
array should incorporate these trait markers for
use in breeding selection. Smaller, custom
breeding arrays which incorporate trait markers
for use in molecular marker-aided selection and
genome-based design breeding are already in use
by commercial breeders.

16.4 Genome Evolution

Numerous studies have clearly indicated that
angiosperm plants experienced several cycles of
polyploidization events (whole-genome duplica-
tions, WGD, or triplication, WGT). For example,
the Brassica lineage includes the following: (1) the
Zeta event before the divergence between gym-
nosperms and angiosperms, (2) the Epsilon event
occurred in the angiosperm plant ancestor, (3) the
Gamma event occurred in the eudicot plant
ancestor (The French–Italian Public Consortium
for Grapevine Genome Characterization 2007;
Jiao et al. 2011; Amborella Genome Project
2013), (4) the Beta and Alpha events occurred in
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the Brassicaceae ancestor (Bowers et al. 2003;
Lyons et al. 2008; Vision et al. 2000), (5) the
triplication event shared by Brassicaceae species
(Liu et al. 2014; Lysak et al. 2005; Parkin et al.
2005; Wang et al. 2011), and (6) Brassica
allopolyploids (Chalhoub et al. 2014). Why have
so many cycles of polyploidization events occur-
red in flowering plants? It is commonly observed
that polyploids have many advantages such as
vigor (heterosis or bigger biomass), adaptation,
and many others (Comai 2005; Dubcovsky and
Dvorak 2007; Jackson and Chen 2010; Masterson
1994), and it is considered that polyploidization
events enabled species radiation/burst which con-
sequently have had a profound impact on the earth
ecological system (Ainouche and Jenczewski
2010; Soltis and Soltis 2003; Van de Peer 2011).
The timing of many ancient polyploidization
events was estimated to be after dramatic climate
changes in the earth surface (Beilstein et al. 2010;
Kagale et al. 2014). Therefore, the study on the
mechanisms of plant polyploid genome evolution
is a core part for understanding of the mechanisms
of plant genome evolution, a frontier area in plant
science.

The B. napus genome contains three clearly
detectable events of whole-genome duplication
or triplication (polyploidization events): Alpha
(around 5500 gene pairs shared in A. thaliana, B.
rapa, B. oleracea, and B. napus A or C genome),
triplication (about 16,300 gene pairs or triplets
shared in B. rapa, B. oleracea, and B. napus A or
C genome), and duplication (hybridization of B.
rapa and B. oleracea to form B. napus). Genes
that originated from ancient shared WGD events
can also be traced, from the Beta duplication
event prior to Alpha to the Gamma triplication
event represented by the basal eudicot V. vinifera
(The French–Italian Public Consortium for
Grapevine Genome Characterization 2007), and
some of the genes can even be traced for syntenic
relationships with the basal angiosperm genome
of Amborella trichopoda. Together with rich A.
thaliana information on genome structure, evo-
lution, and gene functions, this knowledge makes
B. napus an excellent and unique model to
address questions of crop allopolyploid genome
evolution, particularly for duplicated genes when

compared to A. thaliana, B. rapa, and B. oler-
acea. Besides the traceable shared WGD events
and their syntenic genes, this unique model is
represented by a reasonable evolutionary time
frame: paleo- (A. thaliana), meso- (B. rapa and
B. oleracea), and neo- (B. napus) polyploidiza-
tion events occurring *35 million years, *15
million years, and *7500 years ago, respec-
tively, along with a clear lineage relation
including the two direct progenitors to the
allopolyploid B. napus.

Comparative studies on the A and C genomes
of B. rapa, B. oleracea, and B. napus led to a
hypothesis that evolution of the subgenomes is
symmetrical, and such asymmetry is a molecular
mechanism driving Brassica allopolyploid gen-
ome evolution. Here asymmetry means diver-
gence or differentiation, imbalance,
disproportion, and unparallel genome or dupli-
cated gene evolution, all related to structure
determinants. The symmetrical evolution of the
A and C genomes can be observed in several
layers: (1) Asymmetrical transposable element
(TE) amplification between least fractionation
(LF), mid-fractionation (MF1), and most frac-
tionation (MF2) within A or C, and between A
and C, where there are more TEs in LF than MF1
and MF2, and more in C than A (Chalhoub et al.
2014; Liu et al. 2014; Lysak et al. 2005; Parkin
et al. 2005; Wang et al. 2011); (2) asymmetrical
tandem duplication amplification between the
genomes A and C (Liu et al. 2014); (3) asym-
metry in gene loss/deletion and HE, PAV, and
CNV between LF, MF1, and MF2, and between
A and C (Chalhoub et al. 2014; Liu et al. 2014;
Lysak et al. 2005; Parkin et al. 2005; Snowdon
et al. 2015; Stein et al. 2017; Wang et al. 2011);
(4) divergence of duplicates’ DNA sequences
between LF, MF1, and MF2, and between A and
C (Chalhoub et al. 2014; Liu et al. 2014; Lysak
et al. 2005; Parkin et al. 2005; Wang et al. 2011;
unpublished data); (5) asymmetrical divergence
of duplicates’ expression and alternative splicing
variants (Chalhoub et al. 2014; Liu et al. 2014;
Lysak et al. 2005; Parkin et al. 2005; Wang et al.
2011); (6) asymmetry in epigenetics–methyla-
tion, ncRNA (unpublished data); (7) recombina-
tion dominance of LF over MFs and An over Cn
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(unpublished data); and (8) asymmetry in trait
QTLs and selection (unpublished data).

Of the structure variations, the present studies
have highlighted important roles of HE in varia-
tions of genome structure and phenotypes (see
Chap. 2 by Chevre et al., Chap. 4 by Sun et al. and
Chap. 7 by Samans et al., this book). Segmental
exchanges between homoeologous chromosomes
are frequent and widespread throughout the B.
napus genome. Earlier mapping studies with
RFLP markers revealed both the loss and the
duplication of homoeologous loci in mapping
populations of natural accessions and
re-synthesized polyploids (Gaeta et al. 2007;
Osborn et al. 2003; Parkin et al. 1995; Pires et al.
2004; Sharpe et al. 1995; Udall et al. 2005), but
their extent was showed to be much lower in
natural B. napus than in re-synthesized lines
(Chalhoub et al. 2014; Gaeta et al. 2007;
Rousseau-Gueutin et al. 2016; Song et al. 1995). It
was considered that re-synthesized lines are
specifically prone to homoeologous rearrange-
ments, including deletions, duplications, and
translocations (Gaeta et al. 2007; Szadkowski
et al. 2010; Xiong et al. 2011). Similarly, com-
parative genome analyses among extant B. oler-
acea, B. rapa, and B. napus have found little
evidence for extensive rearrangement in genome
microstructure (Rana et al. 2004). In large-scale
genome sequencing projects, however, these HEs
and caused genetic and phenotypic variation have
had stronger evidence at the DNA sequence and
expression levels (Chalhoub et al. 2014; Delourme
et al. 2013; He et al. 2017; also see Chap. 4 by
Sun et al. and Chap. 7 by Samans et al., this book).
Chalhoub et al. (2014) detected a large number of
HEs in eight genotypes including one re-synthetic
line; of them, 17 HEs are large. Sequences from
these genotypes revealed both shared and specific
segmental HEs. HE sizes varied, and most fre-
quent occurrence is between chromosomes
An1-Cn1, An2-Cn2, and An9-Cn9. In total, there
are more than 1300 genes involved in these HEs,
particularly those carrying a replacement of Cn2
genomic fragment with FLC homologs by An2 in
the Asian semi-winter oilseed forms Yudal and
Aburamasari and a replacement of Cn9 by An10

in late-flowering swedes. These loci correspond to
important QTLs for vernalization requirement and
flowering time. By combining genetic maps and
QTLs with parental re-sequencing data, multiple
trait loci have involved in HEs where genetic
positions may be different from their actual
physical positions when compared to the Darmor-
bzh reference genome (Chalhoub et al. 2014; Stein
et al. 2017). The first clear example of HE in B.
napus directly impacting a trait was that a
translocation between A9 and C8 resulted in two
copies of an A9 allele, affecting seed fiber content
(Liu et al. 2014; Stein et al. 2017). The native
bnaA.ccr1.A9 alleles in some accessions are a
functional mutant possibly affecting amino acids
near the enzyme active sites expected to impair the
enzyme activity. The fragment carrying the bnaA.
ccr1.A9 alleles replaced the C08 homoeolog
accompanied with a frameshift mutation that
resulted in complete loss of function of the gene
on C08 due to a stop codon in exon 1 (Liu et al.
2012). For expression divergence of duplicated
genes, the published (Chalhoub et al. 2014) and
unpublished data from the whole genome-wide
studies all showed that the majority of An and Cn
homoeologous pairs have similar expression
levels, and different tissues showed a portion
(around 20%) of total genes with higher expres-
sion for An homoeologs than Cn homoeologs or
vice versa. There is obvious subgenome domi-
nance in gene expression as observed in many
fractionated subgenomes including triplicated
subgenomes in An and Cn and other old sub-
genomes in other plants (Liu et al. 2014; Schnable
et al. 2011; Wang et al. 2011). Gene expression is
generally inversely related to CpG, CHG, and
CHH cytosine DNA methylation. Methyl bisulfite
sequencing in Darmor-bzh showed 4–8% higher
methylation in Cn genes than in their homoeolo-
gous An genes, and other several genotypes have
similar trends (unpublished data), possibly
because of greater transposon density in the Cn
subgenome. Of the *3100 gene pairs with dif-
ferential gene body and/or untranslated region
methylation between An and Cn homoeologs in
both roots and leaves, 51% were equally expres-
sed. Only *34% showed higher expression for
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the less methylated homoeologs, and the remain-
ing *15% showed the opposite pattern. Effects of
DNA methylation within or near genes on gene
expression has been highlighted for its importance
because emerging 24-nt RNA-directed DNA
methylation mechanism might be of significance
when considering that Cn carries more TE and
produces much more 24-nt RNA which may act as
a trans-factor to affect An gene expression (un-
published data).

Extremely narrow genetic diversity is expec-
ted in modern rapeseed breeding pools due to
genetic bottlenecks from the small number of
founder allopolyploidization events during the
origin of B. napus (Allender and King 2010),
strong adaptive selection in strict eco-geographic
gene pools, and intensive agronomic selection
during recent breeding for essential seed quality
traits (Snowdon et al. 2015). Therefore, use of
the diploid progenitor species harboring impor-
tant variation particularly for disease resistance
(Rygulla et al. 2007a, b; Werner et al. 2007) or to
enhance heterotic pools, has become a focus in
which large numbers of re-synthetised allote-
traploid B. napus accessions were produced.
However, very few of these re-synthetics were
bred into elite commercial varieties due to gen-
erally weak performance including low fertility
and vigour. Cytogenetic and sequencing analysis
revealed that re-synthesized oilseed rape can
have extreme structural variation, particularly
HE, causing chromosome instable and less
adaptive. However, the parents B. rapa and B.
oleracea for re-synthetics should have more
divergence in their genomes than those of extant
natural oilseed rape, and thus, the former
genomes/chromosomes should be less stable than
the latter in terms of meiosis behavior. Therefore,
it is reasoned that natural selection plays an
important role in the establishment and mainte-
nance of fertile natural allopolyploids that have
stabilized chromosome inheritance and a few
advantageous chromosomal rearrangements
(Gaeta and Pires 2010). In fact, there were dif-
ferences in structural variation in re-synthetic
lines, e.g., 16.2 and 41.5% of the genome
affected by the genomic rearrangement events in
the two synthetic lines 1012-98 and R53,

respectively, while 8% in the natural accession
Express 617 (Stein et al. 2017). This suggests
that selection may be a key to determine which
structural variants are retained in successful B.
napus allopolyploids. On the other hand, how-
ever, natural germplasm of oilseed rape presents
rich genetic variation such as SNPs, small Indel,
large segmental deletions, and duplication, and
many present alleles are linked to traits among
different varieties (Snowdon et al. 2015; unpub-
lished data). Furthermore, polyploids have great
plasticity that allows high-pressure selection to
create new phenotypes. In other words, it is
hypothesised that oilseed rape genetic diversity is
harbored by genome structural plasticity waiting
for selection. In summary, based on genome data
and knowledge, taking advantage of polyploid
plasticity, re-synthetics and introgression with a
focus on breaking of “silencing” Cn will open a
door to broaden genetic diversity.

As mentioned above, allopolyploid B. napus is
an excellent model to study polyploid genome
evolution, particularly in relation to structural
variation such as asymmetry and HE generation.
Structural variation is a genetic/genomic founda-
tion of polyploid evolution and biodiversity for-
mation. However, detailed structural variation
study needs a “gold standard” pan-genome to
enable exact detection of large-scale and
small-scale structural variation and both reciprocal
and non-reciprocal HE events. Given that struc-
tural variations such as HE, intra-genomic con-
version, and deletion, are mediated by
recombination, a detailed landscape of recombi-
nation rate along whole genome needs to be
defined, in which heterozygosity existing in gen-
omes should be resolved in calculating recombi-
nation rate and other related parameters such as
LD block and haplotype structures. To explore
reasons or molecular mechanisms of structural
variation, 3D genomics or spatial structure studies
are promising emerging approaches to uncover
how or why structural variation is generated, for
example, whether and how sequence similarity
can promote genome fragmentation or HE, and
what selection force are involved. Allopolyploids
like B. napus carry two relative but distinct sub-
genomes, and thus, their different genetic
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components may comprise trans-factors function-
ing in subgenome interaction, such as 24-nt small
RNA-directed DNA methylation, which may
affect chromatin status and gene expression.
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