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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, phenotypic 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 F,
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the 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 the 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 the 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, the 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. The
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, the development of
collaborative 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 3 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 are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes 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, physiology,
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pathology, entomology, nematology, crop production, biochemistry, and
obviously bioinformatics. It must be mentioned that information 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, the 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
particularly, Dr. Christina Eckey and Dr. Jutta Lindenborn for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside 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.

New Delhi, India Chittaranjan Kole



Introduction to the Lupin Genome

A major development over the last couple of decades has been the devel-
opment and influence of genomic approaches to help advance our under-
standing of many crop species; knowledge that in turn can greatly benefit
efforts to improve these crops. This book belongs to a book series by
Springer called the ‘Compendium of Plant Genomes’ that describes genomic
and related resources in many different crops. It focuses on lupins which are
grain legume crops. Legumes, which belong to the Fabaceae (or Legumi-
nosae) family, are widely distributed and form the third-largest land plant
family in terms of number of species. From an agricultural point of view,
they can occur as both grain crops, also known as pulses, and as fodder crops.
Lupins are important ecological ‘engineers’, able to colonise extremely
impoverished soils as well as thrive on low nutrient soils due to their ability
to fix atmospheric nitrogen in symbiosis with bacteria and take up phos-
phorus efficiently from soils.

Lupins belong to the genus Lupinus in the Genistoid clade of legumes,
which diverged early in Papillionoid legume evolution (Lavin et al. 2005).
Lupins are receiving considerable interest recently not only for their value for
sustainable farming as a break crop but also as a potential ‘superfood’ for
fighting major health issues around diabetes and obesity. The genus Lupinus
encompasses around 275 species that are widely distributed geographically,
primarily in the Mediterranean region and North and South America, and can
be found in a wide range of habitats (Drummond et al. 2012). Only a few
lupin species have been domesticated and today the most widely cultivated
species are L. angustifolius and L. albus, while L. luteus and L. mutabilis are
niche crops. Although production has fluctuated over the last 20 years, over a
million tonnes are produced every year. In 2017, the largest producers were
Australia (1,031,425 t), Poland (168,678 t) and the Russian Federation
(161,680 tonnes) (FAO 2017).

This volume on lupin genomics focuses primarily on narrow-leafed lupin
(L. angustifolius or NLL), which is the main lupin crop primarily grown in
Australia. Its genome has been recently sequenced with a focus on the
gene-rich space and this has helped lead to the development of new breeding
tools for the improvement of this and related lupin crops. This book describes
these developments and also has chapters that detail the genomic and related
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genetic and cytogenetic resources that have been developed for NLL and
how they are being used to help advance both fundamental and applied
research on NLL in areas ranging from its domestication to syntenic rela-
tionships between NLL and other legume crops. Additional chapters report
on genomic efforts being undertaken in other lupin crops. A brief outline
of the book follows:

Chapter 1 by Dr. Wallace Cowling entitled ‘Genetic diversity in
narrow-leafed lupin breeding after the domestication bottleneck’, and helps
set the scene well for the following chapters. Narrow-leafed lupin was not
fully domesticated until the 1950s in Australia and Dr. Cowling describes in
detail the breeding efforts that led to this achievement and the following
efforts to improve the crop. However, the breeding efforts to date have
resulted in genome diversity being much lower in domesticated accessions
compared with wild relatives, representing a severe domestication bottleneck.
Dr. Cowling suggests methods for improving genetic diversity and the
potential for long-term genetic gain, including the use of genomic informa-
tion now available for this crop.

In Chap. 2, entitled ‘Ecophysiology and phenology: genetic resources for
genetic/genomic improvement of narrow-leafed lupin’, Dr. Candy Taylor and
colleagues describe the extensive genetic resources available in lupins with a
focus on narrow-leafed lupin phenology. They describe how there are around
33,000 accessions of various lupin species that have been accumulated by
more than 20 substantially sized and independent gene banks across the
globe. They demonstrate how valuable these collections are as resources to
breeding programmes to introduce new variation for traits, by focusing on
examples related to phenology and in particular flowering time, and how
these have benefited crop adaptation in narrow-leafed lupin.

In Chap. 3, entitled ‘Overview of genomic resources available for lupins with
a focus on narrow-leafed lupin (Lupinus angustifolius)’, Dr. Karam B. Singh and
colleagues provide an overview of the genomic resources available for
narrow-leafed lupin with a focus on the current reference genome which
underpins many of the other resources. They also describe how the narrow-
leafed lupin reference genome has provided valuable insight into narrow-leafed
lupin evolution and important information on some of its key plant-microbe
interactions. The chapter also touches on some of the genomic resources that are
in the pipeline in narrow-leafed and some other lupin species and describes the
lupin genome portal, a web-based resource that houses genomic and related
information for narrow-leafed lupin.

In Chap. 4, entitled ‘Cytomolecular insight into lupin genomes’ Dr. Karolina
Susek and Dr. Barbara Naganowska summarise a large body of work that has
been conducted using cytogenetic approaches in lupins, where again the focus
has been on narrow-leafed lupin, which has served as a model for other lupin
species. They describe cytogenetic efforts to estimate genome size, identify the
number of chromosomes and integrative genetic and cytogenetic mapping in
narrow-leafed lupin and discuss how insight into chromosome rearrangements
has led to a hypothetical model of lupin karyotype evolution.

Preface to the Volume
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Chapter 5, by Dr. Lars G. Kamphuis and colleagues entitled “Transcriptome
resources paving the way for lupin crop improvement’ describes the transcrip-
tomic datasets that have been generated for lupin species from expressed
sequence tags (EST) libraries through to more recent next generation RNA
sequencing libraries. These datasets have been used to generate gene-based
molecular markers in lupins, assist with the annotation of the narrow-leafed lupin
genome and looked into specific global gene expression studies in different
tissue types to address specific research questions around, for example, alkaloid
biosynthesis, cluster root formation and organ abscission.

Chapter 6 by Dr. Michal Ksigzkiewicz and Dr. Huaan Yang is entitled
‘Molecular marker resources supporting the Australian lupin breeding pro-
gramme’ and provides a detailed overview of the different types of molecular
markers that have been used in the Australian and European narrow-leafed
lupin breeding programmes. It describes the implementation and accuracy of
current molecular markers for domestication traits such as flowering time,
seed permeability, pod shattering, alkaloid content, flower colour and disease
resistance such as anthracnose caused by Colletotrichum lupini and pho-
mopsis stem blight caused by Diaporthe toxica and concludes with the
opportunities that next generation sequencing has to offer to provide addi-
tional molecular markers linked to important traits for Iupin crop
improvement.

Chapter 7 by Dr. Steven Cannon is entitled ‘Chromosomal structure,
history, and genomic synteny relationships in Lupinus’ and capitalises on the
genome sequence of narrow-leafed lupin and utilises it to infer the evolu-
tionary history of narrow-leafed lupin relative to other legume species. Using
synteny analyses the chapter demonstrates that the ancestor of all lupin
species underwent a whole-genome triplication and that chromosome
breakages, fusions and independent duplications subsequently led to various
chromosome counts in lupin species. It also presents a detailed overview
of the online resources generated to view the NLL genome and compare and
contrast these to other legumes in various synteny viewers.

The next chapter (Chap. 8) by Dr. Matthew N. Nelson and colleagues
entitled ‘How have narrow-leafed lupin genomic resources enhanced our
understanding of lupin domestication?’ focuses on the domestication of lupin
species pre- and post- the genomic revolution. It highlights how advances in
genetic and genomic technologies have increased our understanding of lupin
domestication and how it has led to the identification of key genes that
control particular domestication traits such as flowering time and alkaloid
content. It also highlights that the domestication process of lupins has led to a
significant reduction in genetic diversity in both the Australian and European
breeding programs.

Dr. Candy Taylor and colleagues explore the molecular control of time to
flowering in narrow-leafed lupin in Chap. 9, which is entitled ‘Genomic
applications and resources to dissect flowering time control in narrow-leafed
lupin’. They describe how modification of phenology was fundamental to the
successful adaptation of narrow-leafed lupin to its key growing environments
in southern Australia and northern Europe. They go on to recount recent
advances in our understanding of the molecular mechanisms underlying these
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phenology changes, most notably the central role of a Flowering Locus T
homologue in narrow-leafed lupin.

Chapter 10 by Dr. Paolo Annicchiaricho and colleagues is entitled
‘Genetic and genomic resources in white lupin and the application of
genomic selection’. Genotyping-by-sequencing technology has enabled
cost-effective, accurate and high-density genotyping of white lupin. Two
genomic selection approaches were compared and both were able to predict
yield, architecture and phenology traits at moderate to high accuracy. The
authors then discuss how genomic technology can be applied more broadly to
other lupin crops.

In Chap. 11, Dr. Muhammad Munir Igbal and colleagues review recent
advances in ‘Genomics of yellow lupin (Lupinus luteus L.)’. As a niche crop,
yellow lupin has attracted little breeding effort or investment in genomic
resources. Recently, the first genetic map for this species was released as well
as transcriptomic resources. A genome sequencing project is underway for
yellow lupin. The authors discuss how these rapidly developing tools can be
used to help plant breeders overcome restraints holding back yellow lupin as
a more widely adapted crop.

Finally, in Chap. 12, Dr. Abdelkader Ainouche and colleagues conducted
a detailed analysis of the ‘The repetitive content in lupin genomes’. Focusing
on four closely related species with striking differences in chromosome
number and genome size, they found transposable elements accounted for
most of the genome size variation, while many tandem repeats were unique
to each species. The authors argue for a centralised resource to house the
growing information on the repeat compartment of lupin genomes.

Our hope is that this book will provide a valuable resource to
lupin/legume researchers and breeders to understand lupin genomes and a
guide on how best to use rapidly developing genomic resources to understand
and improve these fascinating legume species.

Wembley, Bentley, Perth, Australia Karam B. Singh
karam.singh @csiro.au

Wembley, Bentley, Perth, Australia Lars G. Kamphuis
lars.kamphuis @csiro.au

Wembley, Perth, Australia Matthew N. Nelson

matthew.nelson @csiro.au
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Wallace A. Cowling

Abstract

Narrow-leafed lupins (Lupinus angustifolius
L.) were fully domesticated as a valuable grain
legume crop in Australia during the
mid-twentieth century. Pedigree records are
available for 31 released varieties and 93
common ancestors from 1967 to 2016, which
provides a rare opportunity to study genetic
diversity and population inbreeding in a crop
following a domestication bottleneck. From
the 1930s—1960s, partially domesticated
germplasm was exchanged among lupin
breeders in eastern and western Europe,
Australia, and USA. Mutants of two founder
parents contributed to the first fully domesti-
cated narrow-leafed lupin variety “Uniwhite”
in 1967. Four Phases of breeding are proposed
after domestication in the Australian lupin
breeding program: Foundation (1967-1987),
First Diversification (1987-1998), Exploita-
tion (1998-2007), and Second Diversification
(2007-2016) Phases. Foundation Phase vari-
eties had only two or three founder parents

The original version of this chapter was revised:
Figure 1.1 has been updated with part figure. The
correction to this chapter is available at https://doi.org/
10.1007/978-3-030-21270-4_13

W. A. Cowling (IX)

The UWA Institute of Agriculture, The University
of Western Australia, 35 Stirling Highway,

Perth, WA 6009, Australia

e-mail: wallace.cowling@uwa.edu.au

following the domestication bottleneck and
high average coefficient of coancestry
(f=0.45). The First Diversification Phase
varieties were derived from crosses with wild
lupin ecotypes, and varieties in this Phase had
lower average coefficient of coancestry
(f = 0.27). Population coancestry increased
in varieties of the Exploitation Phase
(f=0.39). The rate of inbreeding (AF) be-
tween the First Diversification and Exploita-
tion Phase (10 years) was 0.09 per cycle,
which equates to 9% loss of alleles per cycle
due to random drift and low-effective popu-
lation size (N, = 5.4), assuming two 5-year
cycles. New genetic diversity was introduced
in the Second Diversification Phase varieties
(f = 0.24) following more crossing with wild
lupins. Genetic progress in Australian lupin
breeding so far has been substantial with
improvements in grain yield and disease
resistance, but narrow genetic diversity will
limit future genetic progress. The pedigree of
the latest varieties includes 39.1% from three
founder varieties in the domestication bottle-
neck and 48.3% from 9 wild ecotypes that
survived 50 years of selection. In terms of
conservation genetics, the Australian lupin
breeding program is a critically endangered
population, and subject to excessive random
drift. Migration of genetic diversity from wild
lupins or exchange with international breeding
programs will improve long-term genetic gain
and effectiveness of genomic selection.

© Springer Nature Switzerland AG 2020, corrected publication 2020 1
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1.1 Introduction

Narrow-leafed lupins (Lupinus angustifolius L.)
provide a rare opportunity to study the impact of
a recent domestication bottleneck on reducing
genetic diversity and its subsequent recovery in a
self-pollinating crop. Sweet narrow-leafed lupins
were fully domesticated in the mid-twentieth
century, following the discovery of domestica-
tion genes in different parts of the world and the
exchange of germplasm among breeders in
eastern and western Europe, USA, and Australia
(Gladstones 1970). Pedigree records are available
for 31 varieties released in Australia from 1967
to 2016 (Cowling 1999; IP Australia 2019), and
93 common ancestors. For more information on
the history and attributes of narrow-leafed lupin
breeding globally, readers are directed to several
extensive reviews on the subject (Clements et al.
2005; Cowling and Gladstones 2000; Cowling
et al. 1998b; Gladstones 1970, 1998; Swie;cicki
et al. 2015).

Genome diversity is much lower in domesti-
cated narrow-leafed lupins compared with their
wild relatives, and wild and landrace L. angusti-
folius ecotypes provide a wealth of genetic and
phenological diversity for potential use by lupin
breeders (Berger et al. 2012; Mousavi Derazma-
halleh et al. 2018; Cowling et al. 1998a). Wild
narrow-leafed lupins have contributed to
improved grain yield and disease resistance in
sweet domesticated varieties (Cowling and Glad-
stones 2000; Stefanova and Buirchell 2010). The
progeny of several wild x domesticated lupin
crosses were fully fertile and released as improved
varieties in the Australian lupin breeding program
in the 1980s (Cowling 1999). The best lines from
this round of crossing were recombined to pro-
duce high-performing varieties released in the
2000s (Stefanova and Buirchell 2010).

This chapter investigates genetic diversity and
population inbreeding in the Australian lupin
breeding program over 50 years from 1967 to
2016 based on pedigrees, and suggests methods
for improving genetic diversity and the potential
for long-term genetic gain, including the use of
genomic and pedigree information and optimal
contributions selection to achieve these goals.

W. A. Cowling

1.2 Analysis of Genetic Diversity
and Population Inbreeding

Pedigree records exist for 31 varieties released
from 1967 to 2016 including 93 common
ancestors in the pedigree (Cowling 1999; IP
Australia 2019, Dr. Bevan Buirchell pers.
comm.). This information was used to develop a
pedigree including founder lines, varieties, and
presumed or known common ancestors
(Table 1.1). The number of generations of selfing
in each line (“fgen”) was used to calculate the
level of inbreeding in each line. The value of
fgen was assumed to be “0” for F, progeny, “5”
for released varieties, and “10” for landraces or
wild ecotypes (Table 1.1).

These records were used to construct a
numerator relationship matrix (A-matrix) using
ASREML software (VSN International, UK),
and pedigrees were plotted in a pedigree chart
(Fig. 1.1). The most significant feature of the
lupin pedigree is the relatively small number of
individuals which contribute to variety develop-
ment over 50 years (total 124), compared with
animal breeding where thousands of animals in
the pedigree typically contribute to future per-
formance (Goddard and Hayes 2009).

1.2.1 Coefficient of Coancestry
and Inbreeding

Coefficient

From pedigree records (Table 1.1), the coefficient
of coancestry or kinship coefficient (f) between
each pair of lines was calculated as 2 the
numerator relationship value (a-value), which is
the proportion of additive genetic variance that
two individuals have in common. The coancestry
of two individuals is “the probability that two
gametes taken at random, one from each, carry
alleles that are identical by descent” (Falconer
and Mackay 1996), or put another way, the
chance that a randomly chosen allele in two
potential crossing parents is the same allele as in
the common ancestor. In L. angustifolius, com-
mercial varieties are homozygous at most loci,
and therefore identity by descent represents the
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Table 1.1 Pedigrees of Australian narrow-leafed lupin varieties during four Phases of variety release: Phase 1
(Foundation Phase, 1967-1987), Phase 2 (First Diversification Phase, 1987-1998), Phase 3 (Exploitation Phase, 1998—
2007), and Phase 4 (Second Diversification Phase, 2007-2016). Key contributing ancestors are shown together with
released varieties, indicated by date of release. Where parents are not known, the symbol “0” appears. “fgen” is the
number of generations of selfing in the line or variety. “Var. no.” is the number of the line or variety in temporal order
of the pedigree. Wild ecotypes from the Australian Lupin Collection are indicated by the suffix
Where numbers were not located in the records, these are replaced with “xx”, e.g. 62Axx1 is a line derived from a cross

made in 1962.

Name of line or variety
New Zealand Blue
Germany-iuc
Landrace-moll

Borre 1947

New Zealand Blue-le
New Zealand Blue-ta
New Zealand Blue-leuc
Borre-Ku

Borre-efl

62Axx1

62Axx2

64Axx2

64Axx1

Rancher

66A001

66Axx2

Uniwhite 1967
P20722w

P20723w

ABI12

Borre-efl/Uw
Borre-efl/Uh
65G-251

70A61

70A62

T1Axx1

65G-251/Uh
Pxxxx1w

P20639w

P22661w

T2Axx1

Uniharvest 1972
72A014

72A015

Unicrop 1973

Fest 1973

Female parent

0

0

0

Germany-iuc

New Zealand Blue
New Zealand Blue
New Zealand Blue
Borre 1947

Borre 1947

New Zealand Blue-leuc
New Zealand Blue-le
62Axx1

64Axx2

0

64Axx1

64Axx1

64Axx2

0

0

66Axx2

Borre-efl

Borre-efl

0

P20722w
P20723w
Borre-efl/Uw
65G-251

0

0

0

65G-251/Uh
64Axx1

66A001

T1Axx1

66Axx2

62Axx2

Male parent

0

0

0

Landrace-moll
New Zealand Blue
New Zealand Blue
New Zealand Blue
Borre 1947

Borre 1947

Borre 1947

New Zealand Blue-ta
New Zealand Blue-ta
62Axx2

0

Rancher

Borre-Ku

64Axx2

0

0

66Axx2

Uniwhite 1967
64Axx1

0

ABI12

ABI12

64Axx1

64Axx1

0

0

0

66A001

64Axx1

66Axx2

66A001

66Axx2

62Axx2

fgen
10
10
10
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—_ =
(=R}

bn O O O wnm O O N

Var. no

Vi
V2

V3

V4

Vs

V6

V7

V8

7

V10
Vil
V12
V13
vi4
Vi5
V16
V17
V18
V19
V20
V21
V22
V23
V24
V25
V26
V27
V28
V29
V30
V3l
V32
V33
V34
V35
V36

[TENE )

w”, e.g. P22750w.

Phase of release

Phasel

Phasel

Phasel
Phasel

(continued)



Table 1.1 (continued)
Name of line or variety
64A02
73Axx1
P22750w
P22872w
P22748w
P22721w
72A014-1
72A014-2
72A015-2
74Axx1
74A003
75A045
75A054
75A060
75A061
Unicrop-E
Marri 1976
CE2-1-1
76A106-31
76A106-32
76A6-11-3-1-2
79A078
Tllyarrie 1979
Yandee 1980
Chittick 1982
75A061-3
75A054-5
79A078-14-10
84A086
841.528-18
84L.551-13
75A054-5-8
75A061-3-1
84S019-96-2
P26672w
P22764w
84A086-12-17
84A086-73-10
Danja 1986
Wandoo 1986

Female parent
Uniwhite 1967
Borre-efl/Uh
0

0

0

0

72A014
72A014
72A015
T2Axx1
T4Axx1
P22872w
P22721w
P22748w
P22750w
Unicrop 1973
66A001
Pxxxx1w
Unicrop 1973
Unicrop 1973
Marri 1976
70A62
72A014-1
72A014-2
72A015-2
75A061
75A054
79A078
75A061
CE2-1-1
76A106-32
75A054-5
75A061-3
79A078-14-10
0

0

84A086
84A086
74A003
73Axx1

Male parent
P20639w
Uniharvest 1972
0

0

0

0

72A014
72A014
72A015
Unicrop 1973
Unicrop 1973
72A014-1
72A014-1
72A014-1
72A014-1
Unicrop 1973
66A001
72A014-1
P22661w
P22661w
Unicrop-E
70A61
72A014-1
72A014-2
72A015-2
75A061
75A054
79A078
CE2-1-1
76A106-31
76A6-11-3-1-2
75A054-5
75A061-3
84A086

0

0

84A086
84A086
74A003
64A02

[SSEREN-ENY RV RV RV BV B e RN E R« SAN S AN
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Var. no
V37
V38
V39
V40
V41
V42
V43
V44
V45
V46
V47
V48
V49
V50
V51
V52
V53
V54
V55
V56
V57
V58
V59
Al
Vo6l
V62
V63
Vo4
V65
V66
V67
V68
V69
V70
V71
V72
V73
V74
V75
V76

W. A. Cowling

Phase of release

Phasel

Phasel
Phasel
Phasel

Phasel
Phasel

(continued)
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Table 1.1 (continued)

Name of line or variety

83A025
Geebung 1987
Gungurru 1988
88L152-29
Yorrel 1989
Warrah 1989
75A045-10-8
Merrit 1991
84S019-96-2-11
84A086-73-10-37
84A041
83A008-71-41(sel)
84S035-48-2
84S035-48-4
90A050
95L335-17-15
845017
Myallie 1995
84S035-48-4-24
Wonga 1996
Kalya 1996
Tallerack 1997
84S017-50S-62
Tanjil 1998
Belara 1997
Moonah 1998
Quilinock 1999
90S085-107-33
90S085-107-39
91A047-58
97L122-1
01LF1 bulk
01L576-108
95L.256-17
97L182-5-7
03A013R
04A010

03LF1 bulk
Mandelup 2004

Female parent
75A061-3-1
73Axx1
75A061
Gungurru 1988
75A045
75A060
Yorrel 1989
Gungurru 1988
845019-96-2
84A086-73-10
Yorrel 1989
75A061-3-1
Yorrel 1989
Yorrel 1989
Merrit 1991
88L152-29
79A078-14-10
CE2-1-1
84S035-48-4
83A025
Warrah 1989
841.528-18
845017
Wonga 1996
845035-48-2
845017
845019-96-2
Tanjil 1998
Tanjil 1998
Tanjil 1998
91A047-58
90S085-107-39
P22764w
84A086-73-10-37
84S017-50S-62
951.335-17-15
97L182-5-7

0
84A086-12-17

Male parent
75A054-5-8
64A02
75A061
P26672w
75A045
75A060
Yorrel 1989
Gungurru 1988
845019-96-2
84A086-73-10
83A025
75A045-10-8
84A086
84A086
845035-48-2
845019-96-2-11
84A041
76A106-31
845035-48-4
83A025
79A078-14-10
841.551-13
845017
Wonga 1996
845035-48-2
845017
845019-96-2
90A050
90A050
84A086-12-17
Kalya 1996

0
83A008-71-41(sel)
Quilinock 1999
0

0

03A013R
95L335-17-15
84S035-48-2

#OOOUIOU\OMMUIUI_'—b—‘l\)UlUl-b-bOU\OUIOwaINO'—‘Nv—u‘u‘U\NU\OU?
[¢]
=

Var. no
V77
V78
V79
V80
V81
V82
V83
V84
V85
V86
V87
V88
V89
Voo
Vol
Vo2
Vo3
Vo4
Vo5
V96
V97
Vos8
Vo9
V100
V101
V102
V103
V104
V105
V106
V107
V108
V109
V110
V111
V112
V113
V114
V115

Phase of release

Phasel
Phase2

Phase2
Phase2

Phase2

Phase2

Phase2
Phase2
Phase2

Phase2
Phase3
Phase3
Phase3

Phase3
(continued)



Table 1.1 (continued)
Name of line or variety
01A019R-23
Coromup 2006
Jenabillup 2007
PBA Gunyidi 2012
PBA Barlock 2013
06AF1 bulk
PBA Jurien 2015
PBA Leeman 2016
PBA Bateman 2016

Female parent
Mandelup 2004
845035-48-4-24
95L.256-17
90S085-107-39
97L122-1
Jenabillup 2007
03LF1 bulk
01L576-108
01A019R-23

W. A. Cowling

Male parent fgen Var. no Phase of release
90S085-107-39 2 V116

84A086-73-10 4 V117 Phase3
95L.256-17 3 V118 Phase3

01LF1 bulk 5 V119 Phase4
90S085-107-33 5 V120 Phase4

04A010 0 V121

95L335-17-15 5 V122 Phase4
Coromup 2006 5 V123 Phase4

06AF1 bulk 5 V124 Phase4

“end of the road” in terms of allelic variation at a
locus. Progeny of a cross between two highly
selfed parents that share an allele that is identical
by descent will be fixed at that locus. The coef-
ficient of coancestry between two parents is
equal to the inbreeding coefficient (F) of their

progeny.

1.2.2 Four Phases of Lupin Breeding
Based on Coancestry

On the basis of average f-values, the 31 released
varieties in the Australian lupin breeding pro-
gram from 1967 to 2016 were allocated to four
Phases of breeding: 11 varieties in the Founda-
tion Phase (1967-1987), 9 varieties in the First
Diversification Phase (1987-1998), 6 varieties in
the Exploitation Phase (1998-2007), and 5
varieties in the Second Diversification Phase
(2007-2016) (Table 1.1 and Figs. 1.1 and 1.2).
The Foundation Phase is equivalent to breeding
cycles one and two in Stefanova and Buirchell
(2010), the First Diversification Phase to breed-
ing cycles three and four, and the Exploitation
Phase to breeding cycle five.

The average coefficient of coancestry in 11
varieties released during the Foundation Phase
was high (average f = 0.45) (Fig. 1.2), as
expected following a domestication bottleneck
involving three main founders: “New Zealand
Blue,” “Borre,” and “Rancher” (Fig. 1.1).
“Rancher” from USA was incorporated into the

breeding of several Foundation Phase varieties
(“Marri,” “Chittick,” “Illyarrie,” and “Yandee”).
“65G-251” from USA forms a small proportion
of the pedigree of “Danja” but did not contribute
to pedigrees beyond this Phase. The high level of
coancestry in the Foundation Phase varieties is
almost equivalent to the mating of a noninbred
individual with itself, that is, the first selfing of a
cross progeny assuming no prior inbreeding (f =
0.5). On average, for two randomly mated
foundation varieties in the Foundation Phase,
there is a 45% chance that a randomly chosen
allele is identical by descent, or put another way,
the progeny of this mating will be fixed for
ancestral alleles at 45% of loci by genetic drift
alone. Such high levels of random drift are typ-
ical of “domestication bottlenecks” and dramat-
ically reduce the potential for future genetic gain
by selection (Falconer and Mackay 1996). The
pedigrees of several varieties “Marri,” “Chittick,”
“Wandoo,” and “Danja” did not contribute
beyond the Foundation Phase.

The average coefficient of coancestry
decreased in the First Diversification Phase
(f=0.26) (Fig. 1.2), after intercrossing of
72A014 (the “Illyarrie” progenitor) with wild
lupin ecotypes (Table 1.1 and Fig. 1.1). This
level of coefficient of coancestry among varieties
is equivalent to full-sib or parent-offspring mat-
ing, assuming unrelated parents.

Intercrossing of high-performing lines from
the First Diversification Phase led to more pop-
ulation inbreeding in the Exploitation Phase, and
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P227210 Geebung 1987 Wandoo 1986
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76A106:31
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79A078-14-10 Myalie 1995 BaLs28-18

BaLs5113.

(4

Merrt 1991

r

BaL1s220

¥

75A061-31 035482 B4A0BBA2-17

Fig. 1.1 Pedigree diagram of Australian narrow-leafed
lupin varieties over four Phases of variety release,

14

Tallrack 1987

2

P22s61w

name. Female parents are indicated by red lines and male

parents as blue lines. Selfing is indicated by both red and
indicated by numerals 1, 2, 3, and 4 below the variety blue lines connecting from the parent
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Fig. 1.1 (continued)

average coefficient of coancestry among the
varieties in this Phase was again high (f = 0.39)
(Fig. 1.2). On average, progeny of crosses in the
Exploitation Phase were fixed for a common
ancestor’s allele at 39% of random loci. This
level of kinship severely limits the potential for
future genetic progress.

Another round of crossing with wild lupins
helped to reduce population coancestry in varieties
released during the Second Diversification Phase

B4S05484-24

W. A. Cowling
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(f = 0.24). Second Diversification Phase varieties
were based on three founder varieties ‘“New
Zealand Blue,” “Borre,” and “Rancher” and nine
wild lupins (Fig. 1.2 and Table 1.2). The pedigree
of varieties released in the Second Diversification
Phase was dominated by three founder varieties
“New Zealand Blue,” “Borre,” and “Rancher” and
three wild lupin ecotypes (those used initially
in formation of “Gungurru,” “Yorrel,” and
“Myallie”) (Fig. 1.2 and Table 1.2).
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Fig. 1.2 Heat map of coefficients of coancestry
(f) among 31 varieties released from the Australian lupin
breeding program allocated during four Phases (Phl to

1.2.3 Rate of Population Inbreeding

The rate of population inbreeding (AF) per cycle
from the First Diversification Phase to the
Exploitation Phase was calculated as follows
(Falconer and Mackay 1996):

F,—F,

AF = ———
1-F

From the data presented above for f (= F) in
these two phases, and assuming two breeding

Ph4) of variety release. Variety names associated with
“V” numbers are listed in Table 1.1

cycles between these phases, then the average
AF per cycle was 0.09, equivalent to 9% fixation
of alleles per cycle due to random drift.

The effective population size (N.) in the
Exploitation Phase was estimated in an idealized
population as follows (Falconer and Mackay 1996):

AF = —
2N,

With average AF per cycle equal to 0.09, N,
in the Exploitation Phase was estimated to be 5.4.
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The published values of N, in Thoroughbred
horses was close to 100 (Corbin et al. 2010) and
95 in the Meatlinc sheep breeding program in the
UK (Avendafio et al. 2003). The median effective
population size in zoo animals was 22.6, which
was considered low (Boakes et al. 2007). The
effective population size in Australian narrow-
leafed lupin breeding seems very low in compar-
ison to animal breeding programs. In genetic
conservation of endangered species, an effective
population size of less than 50 is considered
detrimental to long-term persistence; such popu-
lations are in danger of extinction (Rutledge et al.
2017). While self-pollinating crops are not in
danger of extinction (inbreeding depression is not
an issue), the rate of loss in genetic diversity of
narrow-leafed lupin breeding is very high and
detrimental to long-term genetic gain. The effi-
ciency of molecular genetic techniques such as
marker-assisted ~ selection, gene  mapping,
genome-wide diversity analysis and genomic
selection will decay rapidly as allelic diversity is
removed from the population by random drift.

1.2.4 Founders and Migrants
Contributing
to the Pedigree

Another approach to estimating effective popu-
lation size is to consider the number of founders
or migrants in the pedigree of crop varieties. In
varieties released during the Second Diversifi-
cation Phase of Australian narrow-leafed lupin
breeding (2007-2016), 68% of the pedigree was
based on three founders and three migrant wild
ecotypes (Table 1.2). This is similar to the situ-
ation reported in soybean in the USA, where five
introductions accounted for 55% of the pedigree
of public cultivars in the 1990s (Gizlice et al.
1994), and canola breeding in Australia, where
four founder parents in 1970 made up more than
50% of the pedigrees of varieties released in
2000, and 11 founders made up 98.7% of the
pedigree (Cowling 2007). The effective popula-
tion size in these self-pollinating crops is much
smaller than in animal breeding examples cited
above.

1.3 Characteristics of Varieties
Released in the Australian
Narrow-Leafed Lupin Breeding
Program 1967-2016

Narrow-leafed lupins are unusual because they
were domesticated in the mid-twentieth century,
and because pedigrees are mostly in the public
record for 31 varieties from the first domesticated
variety “Uniwhite” in 1967 to “PBA Bateman” in
2016 (Table 1.1 and Fig. 1.1). The history of
breeding in the Australian narrow-leafed lupin
breeding program is well documented (Glad-
stones 1970, 1975; Cowling 1999).

1.3.1 Domestication (Pre-1967)
International exchange of lupin germplasm in the
1950s and 1960s was very important for the
domestication of L. angustifolius and its suc-
cessful development as a competitive grain
legume crop (Gladstones 1970). Scientists in
eastern and western Europe, USA, and Australia
exchanged valuable germplasm and research
results, including domestication and disease
resistance genes, despite major geographical and
political barriers. Such international germplasm
exchange remains vitally important for increas-
ing the genetic diversity and future breeding
prospects of international lupin breeding
programs.

German researchers discovered a low-alkaloid
natural mutant iuc in the 1930s. This gene was
combined with a permeable seed natural mutant
moll in the Swedish sweet forage variety “Borre”
(1947) (Gladstones 1975). Ku, an early flowering
natural mutant discovered in Australia in
“Borre”, was important for adaptation of
narrow-leafed lupins to the climate of southern
Australia  (Gladstones 1970). A similar
early-flowering gene Julius (Jul) was identified
by Polish breeders in the Russian variety Kras-
nolistny (Mikotajczyk 1966), and this permitted
spring sowing of narrow-leafed lupins in north-
ern Europe. Recently, Jul and Ku were shown to
have unique deletions at the same LanFTcl locus
(Taylor et al. 2019). Other interesting deletion
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alleles were also discovered recently at this locus
in wild ecotypes of narrow-leafed lupin (Taylor
et al. 2019).

Gladstones (1970) also discovered natural
mutants for non-shattering pods (le, fa) and white
flowers and seeds (leuc) in the bitter fodder
variety “New Zealand Blue”. In effect, two
foundation varieties “New Zealand Blue” and
“Borre” contributed all the genes in the first fully
domesticated sweet narrow-leafed lupin varieties
“Uniwhite” (1967) (iuc, mollis, ta, leuc), “Uni-
harvest” (1971) (iuc, mollis, ta, le, leuc), and
Unicrop (1973) (iuc, mollis, ta, le, leuc, Ku)
(Table 1.1 and Fig. 1.1). Later varieties in the
Foundation Phase incorporated disease resistance
from USA variety “Rancher” (Gladstones 1975).

Global collaboration in lupin breeding
allowed the domestication of sweet narrow-
leafed lupins in Australia and in several other
countries in the 1960s and 1970s. This set the
stage for the Foundation Phase of narrow-leafed
lupin breeding in Australia.

1.3.2 Phase 1: Foundation
(1967-1987)

The Foundation Phase includes varieties released
from 1967 to 1987. This Phase includes the first
fully domesticated varieties “Uniwhite” (1967),
“Uniharvest” (1971), and “Unicrop” (1973)
(Fig. 1.1). Improved varieties “Marri” (1976),
“Illyarrie” (1979), “Yandee” (1980), and “Danja”
(1986) included contributions of disease resistance
and yield from “Rancher” and frost tolerant
germplasm “65G-251” from the USA. “Rancher”
has survived in the pedigree of recent varieties
(Figs. 1.1 and 1.2). A chemical mutant for
mid-season flowering time (efl) was selected from
“Borre” and used to breed mid-season flowering
“Chittick” (1982) and “Wandoo” (1986) (Cowling
1999); the latter variety was withdrawn immedi-
ately due to susceptibility to cucumber mosaic
virus (Cowling 1999). Finally, late-flowering
“Geebung” (1987) was released in eastern Aus-
tralia to replace “Uniharvest”. Several successful
varieties from the Foundation Phase, such as
“Marri,”  “Chittick,” and “Danja” did not
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contribute as parents to the First Diversification
Phase (Fig. 1.1).

1.3.3 Phase 2: First Diversification
(1987-1998)

The varieties of the First Diversification Phase
were mostly the progeny of 1975 crosses of
foundation variety 72A14-10 (the “Illyarrie”
progenitor) with wild lupin ecotypes (Table 1.1).
Domestication genes were reselected in the
selfed progeny of each cross, which required
substantial commitment inside the breeding pro-
gram to select for soft seeds, low alkaloids, white
flowers and seeds, and non-shattering pods. The
first variety to be released was “Gungurru” in
1988 followed by “Yorrel” (1989), “Warrah”
(1988), and “Merrit” (1991) (Cowling and
Gladstones 2000). At least two ecotypes con-
tributed to “Wonga” (1996), “Tanjil” (1998),
“Myallie” (1995), “Kalya” (1996), and “Taller-
ack” (1997). A late flowering variety “Jindalee”
was also registered for release in this Phase, but
has an unknown pedigree (IP Australia 2019). It
was not used in further cross-breeding and is not
included in this analysis.

Selection for disease resistance was a feature of
the First Diversification Phase. “Gungurru” (tested
as breeding code 75A61-3) was moderately
resistant to Phomopsis (Cowling and Wood
1989), and stubble derived from “Gungurru” dis-
played reduced lupinosis toxicity to sheep
(Cowling et al. 1988). Phomopsis resistance
removed a major impediment to the adoption of
lupins by farmers—prior to “Gungurru,” lupinosis
was a serious mortality risk to sheep grazing lupin
stubbles (Cowling and Gladstones 2000).

“Yorrel” and “Warrah” were progeny of
72A14-10 crossed to a different wild ecotype;
each showed unique attributes derived from the
wild parent, and each had improved resistance to
Phomopsis. “Merrit” (1991) was a reselection
from “Gungurru”.

Strong selection occurred in the First Diver-
sification Phase for anthracnose resistance,
“Wonga” and its single plant selection “Tanjil”
were resistant, “Kalya” was moderately resistant,
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“Gungurru” and “Merrit” were moderately sus-
ceptible, and “Myallie” was susceptible (Gar-
linge 2005).

Resistance to brown spot and Pleiochaeta root
rot were also selected during this Phase (Cowling
et al. 1997), and moderate resistance was found
in “Myallie,” “Kalya,” and “Tallerack” (Garlinge
2005).

Moderate resistance to seed transmission of
cucumber mosaic virus was found in “Danja,”
whereas “Yorrel” and “Gungurru” were moder-
ately susceptible and “Wandoo” was susceptible
(Jones and Cowling 1995).

Aphid susceptibility was found in some vari-
eties, and “Tallerack” was not promoted due to
its susceptibility.

Disease resistance and higher yield contributed
to the expansion of narrow-leafed lupin produc-
tion in Australia in the 1990s (Cowling 1999). In
2004, approximately one million tonnes of lupins
were produced in Western Australia, and 97% of
the lupin area was sown to First Diversification
Phase varieties (Garlinge 2005).

1.3.4 Phase 3: Exploitation
(1998-2007)

Varieties released in the Exploitation Phase
such as “Belara” (1997), ‘“Moonah” (1998),
“Quilinock” (1999), “Mandelup” (2004), “Cor-
omup” (2006), and “Jenabillup” (2007) were
derived from intermatings of high-yielding and
disease-resistant parents from the First Diversi-
fication Phase. Every variety in the Exploitation
Phase included ancestry of at least two wild lupin
ecotypes. However, several successful varieties
in the First Diversification Phase did not con-
tribute as parents to the Exploitation Phase
(Stefanova and Buirchell 2010) (Fig. 1.1).

Varieties released in this Phase showed sub-
stantial genetic improvements in grain yield,
resistance to anthracnose (Stefanova and
Buirchell 2010), and moderate tolerance of the
herbicide metribuzin was selected following
mutation breeding (Si et al. 2011). The exception
was “Quilinock” which was very susceptible to
anthracnose (Garlinge 2005).
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1.3.5 Phase 4: Second Diversification
(2007-2016)

Varieties released after 2007 such as “PBA
Gunyidi” (2012), “PBA Barlock” (2013), “PBA
Jurien” (2015), “PBA Leeman” (2016), and
“PBA Bateman” (2016) include new wild eco-
types in the pedigree and complex pedigrees.
Some of these varieties were selected for specific
traits such as moderate metribuzin herbicide
tolerance and disease resistance. There is some
missing pedigree information due to complex
pedigrees (Table 1.1 and Fig. 1.2). The missing
information is due to complex crossing within
the current pedigree, so the level of inbreeding is
most likely underestimated in this part of the
analysis.

1.3.6 Move to the Private Sector

Recently, the Australian narrow-leafed lupin
breeding program was transferred from the pub-
lic sector to the private sector, and no informa-
tion exists on the genetic diversity retained for
crossing in the private breeding program. This
follows a trend in Europe of privatization of
lIupin breeding into companies in Germany and
Poland. Genomic analysis could be used in future
to estimate coancestry and effective population
size, if relevant germplasm is made available to
researchers.

1.4 Genetic Progress in Lupin
Breeding

1.4.1 Australia

Substantial genetic progress has been achieved
for yield and disease resistance in narrow-leafed
lupin breeding in Australia during the 50 years of
this study. Improvements are evident in grain
yield, and resistance to Phomopsis, brown spot,
CMYV, and anthracnose (Cowling and Gladstones
2000). There was an 81% increase in grain yield
in 34 years from “Unicrop” (1973) to “Man-
delup” (2004) in trials of historical lupin varieties
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(Stefanova and Buirchell 2010), although the
yield improvement of new cultivars was only
evident at high seeding rates (Cowling et al.
1998b). Tolerance to the herbicide metribuzin
was included in the Second Diversification Phase
(Si et al. 2011; Stefanova and Buirchell 2010). It
appears that small-effective population size has
not limited genetic progress in lupin breeding.
This begs the question, then, why should we be
concerned about low-effective population size in
lupin breeding?

The number of breeding cycles during
50 years of this study was between 8 and 10
(range 4-8 years per cycle). There was a high
rate of population inbreeding between Phases 2
and 3 (2 cycles). The rapid rate of population
inbreeding (AF = 0.09) in this period suggests an
effective population size of approximately five,
and a rapid approach to a genetic improvement
plateau. It is also noted that a total of 15 “foun-
der” or “migrant” genotypes contributed to the
pedigree of released varieties after 50 years of
lupin breeding, and 7 of these genotypes con-
tributed to 73% of the pedigree in Phase 4
(Table 1.2). Compared with typical animal
breeding programs (Goddard and Hayes 2009),
very few individuals contribute to the lupin
pedigree.

The proportion of founder varieties in the
pedigree decreases over time as the proportion of
wild types increases. However, even in Phase 4,
the average coefficient of coancestry with foun-
der varieties is 0.391, or 39.1% of the alleles are
identical by descent to founder alleles
(Table 1.2).

The major reason for concern about the
small-effective population size in lupin breeding
is the limit this imposes on long-term genetic
progress. In a stochastic model of pea breeding
for several traits in an economic index (Cowling
et al. 2017), the model with high selection
pressure and truncation selection appeared to
have equal genetic gain as the model with opti-
mal contributions selection for the first 10 cycles.
After 10 cycles, equivalent to 40 or 50 years of
lupin breeding, the high selection pressure sce-
nario based on truncation selection reached a
premature plateau in genetic improvement. In the
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pea model with high selection pressure there
were 40 founder parents (Cowling et al. 2017),
but only 4 founder parents and 11 wild types
contributed to released varieties in the Australian
lupin breeding program during 50 years
(Table 1.2). Lupin breeding is therefore facing
the risk of a premature plateau in genetic
improvement, and new genetic diversity should
be incorporated into the program as soon as
possible.

1.4.2 Global Genetic Advances

A few narrow-leafed lupin breeding programs
exist globally, normally alongside other lupin or
pulse breeding programs.

There is renewed interest in lupin production
and breeding in Europe due to the need for
locally-grown plant protein and sustainable
cropping (Lucas et al. 2015). The focus of
breeding in northern Europe has been on early
maturing L. angustifolius (Murphy-Bokern et al.
2017). Active breeding and release of varieties
occurs in Germany at Saatzucht Steinach,
where the most recent variety is “Mirabor”
(www.saatzucht.de/english/grossleguminosen/
leguminosengross.html). In France, the com-
pany Jouffray-Drillaud (https://www.jouffray-
drillaud.com/accueil-en.html) lists two white
lupin (L. albus) varieties. An EU research
project “LIBBIO” is focused on selection in
Andean lupin, L. mutabilis (https://www.
libbio.net/).

In Poland, Poznan Plant Breeders (https://phr.
pl/en/) and HR Smolice (https://www.hrsmolice.
pl/pl/) have several varieties of narrow-leafed
and yellow lupin in their portfolios. Out of the
total grain legume acreage in Poland of
200,000 ha, yellow lupin occupies 15% and
narrow-leafed lupin 30% (Prof Wojciech
Swiecicki, pers. comm.).

In Russia, narrow-leafed lupin breeding is
carried out mainly by State institutions. The State
Register 2018 lists 25 varieties of L. angusti-
folius, 10 varieties of L. albus, and 10 varieties of
L. luteus (Dr. Galina Gataulina, pers. comm.).
Breeding institutes include the Former
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All-Russian Research Institute of Lupin (Briansk
region), The Russian State Agrarian University
—Moscow Timiryazev Academy, All-Russia
Research Institute of Grain Legumes and Groat
crops, and Leningrad Research Institute of
Agriculture. The sown area of lupin in the Rus-
sian Federation in 2017 amounted to 120,000
hectares, 5 times more than in 2012 (Dr. Galina
Gataulina, pers. comm.).

In Chile, three breeding programs exist at
Campex Baer (L. angustifolius, L. albus, and L.
mutabilis), INIA Carillanca (L. albus), and
Centro de Gendmica Nutricional Agroacuicola
(CGNA, L. luteus). Minor breeding programs on
L. mutabilis occur in Peru, Ecuador, and Bolivia.
The salmon industry generates a strong demand
for lupin in Chile (Dr. Erik von Baer, pers.
comm.).

1.5 Technologies to Improve
Long-Term Genetic Gain

Four factors are important for long-term genetic
gain for several commercially-important traits—
genetic diversity, accurate prediction of breeding
values, moderate selection pressure based on an
economic index, and optimal mating designs
(Cowling et al. 2017). Accuracy of prediction of
breeding values has increased with the use of
best linear unbiased prediction (BLUP) and
GBLUP (genomic BLUP). However, while
BLUP selection accelerated genetic gain com-
pared with pre-BLUP breeding, it also increased
the rate of population inbreeding (Avendafio
et al. 2003). Independent culling on phenotype,
the most common method of selection in crop
breeding, is not conducive to long-term genetic
gain (Cowling and Li 2018). The best outcome in
the long run will be achieved with some form of
optimal contributions selection for an economic
index composed of weighted BLUP values for all
traits (Cowling et al. 2017).

The first challenge in lupin breeding is to
increase genetic diversity without reducing per-
formance in the elite breeding program.
Non-adapted germplasm may contain potentially
valuable alleles, but how can these alleles be
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accessed without reducing commercial value in
the breeding program through linkage drag? The
answer is to migrate a small portion at a time of
the genome of non-adapted lines into the elite
breeding program. A BC,-based migration
scheme was proposed for introducing small
portions of wild lupin genome into elite germ-
plasm (Cowling et al. 2009). This also permitted
selection of the key domestication traits during
the BC,-procedure. The scheme was introduced
into the Australian lupin breeding program where
it helped to increase protein content in near-elite
BC, lines from crosses with high protein wild
lupins (Buirchell 2008; Berger et al. 2013).

A major recommendation of this Chapter is
that small isolated breeding programs, such as
the Australian narrow-leafed lupin breeding
program, while achieving good genetic progress
after the domestication bottleneck, should
increase their effective population size through
migration from the large and diverse wild and
landrace germplasm pool (Berger et al. 2012) or
from contemporary breeding programs in other
countries. Without much larger allelic diversity
in the program, new technologies such as geno-
mic selection will be economically inefficient.
New genetic diversity should be incorporated
into the elite program in small proportions
(Cowling et al. 2009) to avoid reducing genetic
gain in the breeding program. This process will
be greatly assisted by optimal contributions
selection to optimize mating designs for
long-term genetic gain (Cowling et al. 2017,
Cowling and Li 2018).

1.6 Conclusions
and Recommendations

This Chapter describes population coancestry
during 50 years of breeding in the Australian
narrow-leafed lupin breeding program after the
domestication bottleneck in the mid-twentieth
century. In the Foundation Phase, immediately
after the domestication bottleneck (1967-1987),
the effective population size was very low (2 or 3
founder varieties in the pedigree). Several wild
ecotypes were crossed with Foundation Phase
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varieties, and this reduced population coancestry
in the First Diversification Phase (1987-1998).
Population coancestry increased in the Exploita-
tion Phase (1998-2007), and more wild lupins
were introduced in the Second Diversification
Phase (2007-2016). The genetic diversity avail-
able in the Australian narrow-leafed lupin
breeding program in 2016 is relatively low com-
pared with animal breeding programs, but similar
to other crop breeding programs such as canola
breeding in Australia. This raises a major chal-
lenge for lupin breeders—how to increase genetic
diversity and improve long-term genetic gain
without reducing the performance of the elite
breeding program? The most promising approach
is to use low rates of migration based on BC,-
derived progeny of crosses with wild lupins or
with breeding lines exchanged between interna-
tional breeding programs, and optimized mating
designs based on optimal contributions selection.

Collaboration and germplasm exchange
among lupin breeders and geneticists in the
mid-twentieth century promoted the domestica-
tion of narrow-leafed lupins. The three founder
varieties of Australian narrow-leafed lupin
breeding were from Europe and USA. Since the
domestication bottleneck, there is no evidence of
migration of germplasm from international
breeding programs. However, active narrow-
leafed lupin breeding continues in Germany,
Poland, Russia, and South America. It is highly
likely that all international lupin breeding pro-
grams have low-effective population size, but
most have unique genetics—hence, it would be
mutually beneficial for all programs to undertake
regular germplasm exchange. Even low levels of
international ~ germplasm  exchange would
improve long-term prospects for lupin genetic
improvement in the twenty-first century. Inter-
national exchange helped narrow-leafed lupins
through the domestication bottleneck, and inter-
national exchange is the key to the recovery of
effective population size after the domestication
bottleneck.
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Abstract

The narrow-leafed lupin (Lupinus angusti-
folius L.) is endemic to coarse-textured neutral
to acid sands across the Mediterranean basin,
distributed over temperature and rainfall gra-
dients leading to increasing N-S terminal
drought. L. angustifolius has a conservative
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reproductive strategy compared to other Old
World species, with relatively early phenol-
ogy, and a high proportion of physical
dormancy in the seed. Nevertheless, appropri-
ate phenology is the key adaptation to the
terminal drought stress gradient across the
species’ distribution, with flow on effects for
water use, stress onset and productivity.
Lupins have evolved early phenology in
low-rainfall environments of the Mediter-
ranean region, facilitating escape from the
annual summer drought, where the opportu-
nity cost of reduced fitness (yield potential) is
partially mitigated by higher reproductive
investment (harvest index). In high-rainfall
environments, ecotypes are later, producing
more biomass, leading to greater yield poten-
tial, associated with higher water use and
earlier stress onset under water deficit.
Domesticated lupins were selected for low or
no vernalisation requirement in northern
Europe and southern Australia, which mim-
icked the early, drought escape reproductive
strategy of low-rainfall ecotypes, but may
limit their yield potential in higher rainfall
environments of Mediterranean-type environ-
ments. Breeding options for later flowering
cultivars for long-season environments are
constrained by the vernalization response: all
late flowering cultivars (lanFTcl) are
vernalization-sensitive types and are very late
flowering in environments where the vernal-
isation requirement is not readily satisfied.
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The mutation efl provided a lower vernaliza-
tion requirement, but produced unreliable
yields. Potentially there are levers for delaying
flowering time that may be revealed in
phenological studies of wild L. angustifolius.
We have discovered alternative alleles at the
LanFTcl locus that varyies in vernalisation-
responsiveness, implying that there are other,
more subtle phenology regulators to be
uncovered in the species.

2.1 Adaptation and Phenology
Narrow-leafed lupin (Lupinus angustifolius L.)
presents a very strong case for appropriate phe-
nology as the key adaptive trait of Mediterranean
annuals, with evidence in both wild and domes-
ticated populations. L. angustifolius has a native
Mediterranean distribution along a clearly
defined north—south terminal drought stress gra-
dient from northern Iberia and southern France
through to northern Africa and the south-eastern
Mediterranean (Fig. 2.1 and Table 2.1). Vegeta-
tive phase temperatures rise along this stress
gradient, alongside decreasing (but increasingly
variable rainfall) particularly in the reproductive
phase (Table 2.1).

C. M. Taylor et al.

Wild L. angustifolius responds to this gradient
by flowering and maturing increasingly early as
rainfall decreases (Berger et al. 2017; Clements
and Cowling 1994; Gladstones and Crosbie 1979;
Lema et al. 2005). Moreover, there is a trade-off
between seed size, early vigour and phenology in
the species. Low-rainfall habitats have selected
for early flowering, large seed size, high early
vigour and high harvest index (and vice versa for
higher rainfall habitats) (Berger et al. 2017).
These are all ruderal traits sensu Grime (1979)
that facilitates drought escape through -early
establishment and completion of a short lifecycle,
whereby the opportunity cost of limited time for
biomass accumulation is defrayed by high
reproductive investment. Phenology appears to
play a key role in this trade-off.

Narrow-leafed lupins from high-rainfall habi-
tats delay flowering to escape frost (Table 2.1)
and to match the extended potential growing
season provided by high-rainfall climates. An
extended growing season allows the development
of competitive traits sensu Grime (1979), such as
extensive root systems and larger canopies, as
discussed below. In the Mediterranean climate,
late flowering even in high-rainfall habitats is
likely to result in variable, often relatively short
reproductive phases, given high, rising spring
temperatures (Table 2.1) and sandy, low

L. angustifolius habitats
wster 1 Annual rainfall (mm)
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Fig. 2.1 Narrow-leafed lupin collection sites cluster strongly along a north—south terminal drought stress gradient
around the Mediterranean basin. See also Table 2.1. Source Berger et al. (2008)
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water-holding soils. As a result, high-rainfall
ecotypes are subject to selection pressure for
smaller seeds, which will fill more quickly in
short, variable reproductive phases (Berger et al.
2017).

More detailed studies of lupin adaptation to the
aforementioned Mediterranean stress gradient
have elevated the role of phenology in specific
adaptation. In both yellow and narrow-leafed
lupin, the shorter vegetative phase of low-rainfall
ecotypes produces less above and below ground
biomass, and lower leaf area than high-rainfall
ecotypes (Berger and Ludwig 2014; Berger et al.
2018). As a result, low-rainfall ecotypes tend to
be less productive (lower seed yield and number)
than high-rainfall ecotypes, albeit with a greater
reproductive investment (higher harvest index).
Lower biomass and leaf area has ramifications for
water use and stress onset under water deficit. In
both yellow and narrow-leafed lupin, low-rainfall
ecotypes have lower transpiration rates and later
stress onset compared to high-rainfall ecotypes
(Berger and Ludwig 2014; Berger et al. 2018). In
L. luteus, which has higher rates of water use and
earlier stress onset than L. angustifolius, high-
rainfall ecotypes have additional specific adapta-
tion unrelated to phenology which allows them to
maintain higher leaf hydration at low leaf water
potential than low-rainfall ecotypes are able to
(Berger and Ludwig 2014). Presumably this
mitigates the profligate water use of high-rainfall
ecotypes in yellow lupin, reducing the impact of
self-induced transient drought between rainfall
events. There is no evidence for similar specific
adaptation in L. angustifolius, leading us to con-
clude that appropriate phenology is the key
adaptive trait to rainfall gradients in this species
(Berger et al. 2018).

These studies of wild germplasm reinforce the
need for breeders to match phenology with target
agricultural environments in order to minimize
risk of terminal drought, and maximize yield
potential in the crop. To date, breeders have
taken the conservative, early phenology
approach. Most modern yellow and narrow-
leafed lupin cultivars resemble low-rainfall
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ecotypes in terms of phenology, biomass pro-
duction and partitioning, water use and stress
onset (Berger et al. 2017, 2018; Berger and
Ludwig 2014).

Historically, there were good reasons for this.
Early attempts at lupin domestication in central
Europe failed because the indeterminate nature of
the late flowering, vernalization responsive
spring-sown crop delayed maturity, returning low
and variable yields (Hondelmann 1984). With no
terminal drought signal to end the summer
growing season, European lupin cultivation was
risky until the introduction of earlier maturing
yellow lupins (Hondelmann 1984). Earliness and
early vigour were quickly adopted as an enduring
European breeding criteria, as evidenced by the
important loci listed in Table 2.2, and in cultivar
names, such as Pflugs Allerfritheste (Plough’s
Earliest) (Gladstones 1970). Thus, the European
breeding strategy was to select for early flowering
to ensure timely maturity even in the absence of
terminal drought in autumn, following spring and
early summer sowing.

Early phenology was also a strong focus for
Australian lupin improvement (Table 2.2). The
Australian lupin industry is based in the south of
the country in Mediterranean-type climates, more
similar to the natural environment of the species
in the Mediterranean region. Sowing occurs in
autumn, with slow growth over a wet winter
before the onset of a warm spring and terminal
drought in late spring and early summer. Nev-
ertheless, Australian lupin production climates
differ from the Mediterranean region in one
important respect: Australian winters tend to be
warmer, particularly in Western Australia, where
most of the country’s lupin production occurs.
As a consequence, the vernalisation signal that
helps regulate flowering in many Mediterranean
legumes, including wild lupin species, was an
unreliable trigger in the Western Australian
farming system (Perry and Poole 1975). Flow-
ering time of vernalisation responsive cultivars
may vary by up to 40 days between years in the
same location, depending on winter timing and
temperature (Berger et al. 2012b). The discovery
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Table 2.2 An inventory of the known loci conferring phenological variation in the agriculturally significant old world

lupin species, narrow-leafed lupin

Locus name

Kulikup (Ku)*
Julius (Jul)?
efl

retardans (ret)

properans (prop)b

latifolius (lat)

procerus (proc)
Det/Rb1°°
Deter®

Rb2
mut-1/rb3°°

rb4
rb5
No upper branches

Phenotype

Early flowering and removal of vernalisation
requirement

Early flowering and removal of vernalisation
requirement

Intermediate flowering and reduction in vernalisation
requirement

Fast growth

Rapid growth, encourages branching on lower stem,
and pleiotropic effects on leaf morphology and
colouration

Rapid growth, encourages branching on lower stem,
and pleiotropic effects on leaf morphology and
colouration

Fast growth

Restricted branching growth habit
Restricted branching growth habit
Restricted branching growth habit

Restricted branching growth habit

Restricted branching growth habit
Restricted branching growth habit
Restricted branching growth habit

References

Gladstones and Hill (1969)
Mikotajczyk (1966)

Gladstones (1977), Anonymous
(1982)

Kepel (1952), Mikotajczyk
(1963), Swigcicki and Swigcicki
(1995)

Kepel (1952), Mikotajczyk
(1963), Swiecicki and Swiecicki
(1995)

Mikotajczyk (1963)

Mikotajezyk (1963), Swigcicki
and Swigcicki (1995)

Gladstones (1994), Adhikari
et al. (2001), Oram (2002)

Swiecicki and Swigcicki (1995),
Adhikari et al. (2001), Oram
(2002)

Adhikari et al. (2001)

Adhikari et al. (2001),
Oram (2002)

Adhikari et al. (2001)
Adhikari et al. (2001)
Oram (2002)

(nub)®

Primary and secondary
inflorescences only

(paso)*

Restricted branching growth habit

Oram (2002)

“The Ku and Jul loci are thought to be different alleles (or variants) of the same locus (Taylor et al. 2019)
"The lat locus is presumed to be the same as the prop locus
“The Det, Deter, mut-1, nub and paso loci are thought to be different alleles of the same locus (Adhikari et al. 2001;

Oram 2002)
9Det was renamed as Rb1 by Adhikari et al. (2001)
°mut-1 was renamed as rb3 by Adhikari et al. (2001)

and utilization of the vernalisation-silencing Ku
allele was the single most significant event in
Australian lupin breeding (see Sect. 2.2.2).
Without Ku, Australian lupin production would
be limited to the colder eastern regions, currently
accounting for approximately 15% of Australian
production (ABARES 2012), and southern
Western Australia.

Unsurprisingly, after the identification of Ku,
Australian lupin cultivars were almost exclu-
sively vernalisation insensitive (Berger et al.
2012b). While lupin breeders did release later
flowering varieties, such as Chittick (see subse-
quent discussion of efl in Sect. 2.2.2), Wandoo,
Geebung and Jindalee in the 1980s through to
2000s; these were generally not competitive with
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early flowering Ku genotypes (Cowling 1999;
Stefanova and Buirchell 2010). Subsequently,
newer Ku cultivars became earlier, harvest index
improved, and there was strong genetic gain in
the warm, short-season northern Western Aus-
tralian grainbelt (Berger et al. 2012a, 2012b). In
so doing, breeders turned the narrow-leafed lupin
into a vernalisation insensitive, highly tempera-
ture responsive crop. Indeed, modern Australian
lupin cultivars such as Mandelup are as temper-
ature responsive as southern Indian chickpea
(Berger et al. 2011), a crop designed by ICRISAT
breeders to flower in 4 weeks in their hot (mean
temperature = 23-26 °C), terminal  drought
prone climate. Genetic gain in eastern Australia
has been far less spectacular, and the difference
between older, vernalisation responsive cultivars
and modern Ku types is much smaller (Berger
et al. 2012a). This is important because eastern
Australia contains longer season environments
with higher yield potential (Berger et al. 2012a).
Similarly, within Western Australia,
narrow-leafed lupin has made few inroads to the
southern high-rainfall zone which offers greater
productivity from a longer growing season, but
which is prone to higher virus and fungal diseases
plus nutrient deficiencies. In the Western Aus-
tralian context, apart from the lower yielding
vernalisation responsive ku types, breeders cur-
rently have no later flowering, long-season culti-
vars to offer to growers. Nevertheless, modelling
suggests that these would be more productive in
this region (Chen et al. 2016, 2017).

Lupin breeding would benefit from an
improved understanding of phenology regula-
tion, beyond the off/fon vernalisation response
provided by Kwku. Our studies with wild
germplasm confirm that lupin species regulate
phenology very tightly along drought stress
gradients (Berger et al. 2017). To the best of our
knowledge, these germplasm are all vernalisation
responsive ku types, implying that there are
other, more subtle phenology regulators to be
uncovered in the species.

C. M. Taylor et al.

2.2 Germplasm Resources:
Phenotypic and Genetic
Variation for Flowering Time

Since the first reported collection of Lupinus
germplasm by Nikolai Vavilov in the 1920s,
approximately 33,000 accessions of various lupin
species (not accounting for duplicates) have been
accumulated by more than 20 substantially sized
and independent gene banks across the globe
(Berger et al. 2013). These collections serve as
invaluable resources to breeding programmes as
they seek to introduce new variation for traits,
including phenology. Here we describe the phe-
notypic and genetic variation for phenology,
particularly flowering time, present in current
global holdings of wild and domestic
narrow-leafed lupin germplasm, and its relation-
ship to crop adaptation.

2.2.1 Phenological Variation Found
in Wild Germplasm

Collections

Considerable phenotypic variation for phenology
and responsiveness to environmental signals
promoting flowering exists among the geneti-
cally diverse wild populations of narrow-leafed
lupin native to the Mediterranean region
(Fig. 2.2). This variation has been consistently
and significantly associated with different geo-
graphic and climatic variables, plus morpholog-
ical traits such as seed size, in several germplasm
evaluations (Clements and Cowling 1994;
Gladstones and Crosbie 1979; Lema et al. 2005)
and phenological and/or genetic studies (Berger
et al. 2017; Mousavi-Derazmahalleh et al. 2018;
Talhinhas et al. 2006).

There is a strong west—east Mediterranean
gradient of genetic diversity and phenology
across the natural Mediterranean distribution of L.
angustifolius  (Mousavi-Derazmahalleh et al.
2018). Portuguese and Spanish populations from
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Fig. 2.2 Representation of the genetic diversity and
phylogeny of wild narrow-leafed lupin accessions from
native habitats, including within Portugal (yellow), Spain
(red), France (pink), Italy (dark blue), Greece (purple),

the Iberian Peninsula in the western Mediter-
ranean have the latest phenology observed for
narrow-leafed lupins, with late flowering and low
early vigour (Berger et al. 2017). Additionally,
germplasm from these origins has the strongest
vernalisation requirement and/or inductive long
day photoperiod response (Lema et al. 2005).
These traits have evolved as mechanisms of
adaptation to long, wet and cold winter seasons
subject to severe frost events, particularly in
mountainous regions at higher latitudes. Simi-
larly, populations from the western and
south-western coasts of Italy and the Islands of
Sicily, Sardinia and Corsica are characterized by
generally late flowering and has strong require-
ments for vernalisation; though types with more
moderate flowering times can be found in coastal
regions. To the east of the Mediterranean, where
the species is believed to have spread in recent
evolutionary times (Mousavi-Derazmahalleh
et al. 2018), several populations have been iden-
tified with earlier flowering and lower

Turkey (sky blue), Cyprus (turquoise blue), Syria (dark
green), Israel (orange), Algeria (black) and Morocco (light
green). Source Mousavi-Derazmahalleh et al. (2018)

vernalisation response than their western
Mediterranean counterparts. In particular, germ-
plasm from low-lying coastal areas in Israel,
Greece and the Middle East have some of the
earliest flowering times observed in wild
narrow-leafed lupins to date (Clements and
Cowling 1994; Gladstones and Crosbie 1979) and
high early vigour. Evolution of this shift in phe-
nology is likely to have been driven by the cli-
mates and geology within these geographic areas,
particularly within the Balkan Peninsula and
Aegean Islands (Clements and Cowling 1994).
A strong north—south phenological gradient
across the species’ natural distribution is also
observed. In comparison to populations from the
north-western Mediterranean, those originating
from coastal areas in Morocco and Algeria in
Northern Africa have been shown to have greater
early vigour, earlier flowering and less demand
for vernalisation (Berger et al. 2017). This reflects
the strong selection for drought escape with
decreasing northern latitude. Interestingly,
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germplasm from the Anti-Atlas mountainous
region of southern Morocco has also been iden-
tified as early flowering (Gladstones and Crosbie
1979). This phenotype is relatively unique for
mountainous populations of narrow-leafed lupins
and is potentially explained by the unique
short-seasoned and dry yet cold climate of the
Anti-Atlas region (Gladstones and Crosbie 1979).

2.2.2 Phenotypic and Genetic
Variation Found in Fully-
and Semi-domesticated
Germplasm Resources

As discussed previously, early phenology was a
strong focus for both European and Australian
breeders (Table 2.2), and their focus was on
advanced lines in their breeding programmes.
While this has given us a good understanding of
flowering regulation in domesticated lupin, it has
provided no insight into the wild variation
required to further improve the crop.

In Australian breeding programmes of
narrow-leafed lupin, the most important pheno-
logical regulator for crop adaptation and grain
production was the Ku allele for early flowering
time. Ku is a natural spontaneous mutation that
was discovered by Dr John Gladstones in a sin-
gle plant within a Borre variety crop on a prop-
erty in Kulikup, Western Australia (Gladstones
and Hill 1969). The allele facilitates early flow-
ering by silencing the vernalisation requirement
of narrow-leafed lupin (Nelson et al. 2017). The
discovery of Ku has had enormous implications
for breeding both within Australia and Northern
Europe. Extensive trials by Gladstones and Hill
(1969) demonstrated that Ku advanced flowering
time by two to three weeks with autumn sowing
within the Western Australian grain belt,
enabling better adaption to the warm, short
growing season of the northern grain belt where
the vernalisation requirement had previously
been a limitation for reliable grain production.

In addition to modifying the vernalisation
response, the Ku allele may also influence other
environmental signalling pathways affecting
flowering time. From experience in both
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controlled growth cabinet and field-based envi-
ronments, accessions carrying Ku are less
responsive to photoperiod than recessive ku
types, in which time to flowering is reduced by
long day (>12 h) relative to short day (<12 h)
photoperiod treatments (Berger et al. 2012b;
Christiansen et al. 2008; Rahman and Gladstones
1972, 1974). Meanwhile, flowering time appears
to be controlled by accumulated thermal time
(degree-days) in Ku genotypes and, therefore,
flowering in these genotypes occurs more rapidly
under warmer temperatures (Berger et al. 2012b;
Reader et al. 1995). Interestingly, not all Ku-
bearing genotypes are equal: there are significant
differences in temperature response among Ku
types, with later releases tending to be earlier
(Berger et al. 2012b).

Shortly after Ku was discovered in Australia
in 1961, a second dominant allele for early
flowering was reported in Przebedowo, Poland
(Mikotajezyk 1966). The allele, named Julius
(Jul), was present in Krasnolistny, a Russian-
bred variety presumed to have been derived from
Palestinian or other eastern Mediterranean pop-
ulations, which at the time were a source of early
phenology for Polish and other European
breeders. Subsequent research by Rahman and
Gladstones (1972) revealed that the original Ku
mutant line and an introduction believed to be
Krasnolistny responded to photoperiod in a
near-identical manner and that neither accession
required vernalisation, suggesting that Ku and Jul
may, in fact, be variants of the same gene. Recent
genetic analysis assessing nucleotide sequence
conservation of the gene underlying Ku, named
LanFTcl, supports this hypothesis and indicates
that the Ku and Jul are indeed likely to be vari-
ants of the same gene (Taylor et al. 2019).

The third known locus for flowering time in
domesticated germplasm is the recessive locus,
efl. Unlike Ku and Jul, efl was derived by artifi-
cial mutation (Anonymous 1982; Gladstones
1977). Shortly after the discovery of Ku, research
commenced in Australia to seek alternative
sources of earliness due to concerns that Ku
varieties would potentially flower excessively
early with early autumn sowing and germination
in long-season production zones (Gladstones and
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Hill 1969). In the early 1960s, seed from cv.
Borre was treated with 0.24% aqueous ethylene
imine and the efl mutant was selected as the best
of 15 early mutant lines that survived the muta-
genesis treatment (Gladstones 1977). A desirable
outcome was achieved as efl reduced but did not
fully eliminate the vernalisation requirement and
advanced flowering time by roughly 10-14 days
relative to ku types, such as cv. Uniharvest. The
first released variety, Chittick, received glowing
initial reviews and was considered to have a
flowering time close to the described optimum
for much of the southern Western Australian
production region, in addition to the absence of
agronomic problems associated with early sow-
ing of Ku varieties, including reduced crop
height and increased vulnerability to abiotic and
biotic stresses caused by excessively early flow-
ering (Anonymous 1982). Nevertheless, efl has
only been selected in two mid-season Australian
varieties, Chittick and Wandoo, released in 1982
and 1986, respectively, (Cowling 1999; Ste-
fanova and Buirchell 2010). Although Chittick
(efl) has only half the vernalization requirement
of ku types such as Geebung, it has a relatively
low-temperature response (Berger et al. 2012b).
Accordingly, while efl provides a moderate 10—
15 day flowering time delay in cool environ-
ments (vegetative phase < 13 °C), in the warmer
northern grainbelt (>13 °C) flowering time can
be delayed by up to 40 days compared to tem-
perature responsive Ku types (Berger et al.
2012b). A breeding line (WL176) derived from a
cross between Australian cultivar Illyarrie and a
wild Moroccan accession, P22855, has been
suggested to contain a naturally occurring efl
mutation or allelic variant, though this has yet to
be validated (Landers 1995). Jindalee has a
slightly lower vernalization requirement than ku
types such as Geebung (Berger et al. 2012b), and
contains an unknown allele for later flowering
(Taylor et al., unpublished).

Several other loci resulting in early phenology
in narrow-leafed lupin, but which do not directly
impact upon floral signalling pathways, have also
been reported in the literature. One group of
these loci target growth rates. The retardans (ret)
locus promotes faster general growth in domestic

accessions than wild Mediterranean accessions
(Kepel 1952; Mikotajczyk 1963; Swigcicki and
Swiecicki 1995). Although it does not appear to
be actively selected, at least within the Australian
breeding programme, it appears that a number of
cultivars of European and Australian origin may
have inherited the character. Examples of vari-
eties carrying ret include: Miinchenberger Blaue
StiBlupine, from Germany; Danko, from Belarus;
Obornicki, Emir, Polonez, Saturn, Mirela, all
from Poland; and Unicrop, Uniharvest, Yandee,
Gunguru, Chittick and Yorrel, all from Australia
(Swiecicki and Swigcicki 1995). This gene has
not been confirmed independently to occur in
Australian varieties.

The second locus associated with growth rate,
named properans (prop) by Kepel (1952) and
Mikotajczyk (1963), facilitates rapid growth in
young plants and has pleiotropic effects, includ-
ing broadening and lightening the colour of
leaves, and encouraging branching on the lower
section of the main stem (Swiecicki and
Swifgcicki 1995). However, due to the rapid rate
of growth in young plants and the branching
character, genotypes with prop, such as Putawski
Rézowy Wcezesny (Poland), are susceptible to
lodging. For this reason, prop has rarely been
selected in European breeding programmes,
which have instead favoured other early pheno-
logical variation. The prop locus is thought to be
identical to the latifolius (lat) locus (Swi@cicki
and Swiecicki 1995).

The final locus associated with growth rate in
narrow-leafed lupin is procerus (proc). It is the
oldest of the three growth rate-related loci having
been first described in the mid-1920s (Swiecicki
and Swiecicki 1995). Later research by Miko-
fajczyk (1963) revealed that unlike prop, proc
results in a reduction of lateral branching, par-
ticularly on the upper main stem, and that the two
loci are epistatic. The proc allele has rarely been
selected in breeding programmes, though it has
been bred in a limited number of older varieties
from Germany (e.g. Giilzower Siifle Blaue Lupine
and Miinchenberger Frohwiichsige Blau-
blithende), Russia (e.g. Nemchynovskii 560 and
Skorospely) and Poland (e.g. Putawski Wysoki),
plus was additionally reported to be in Australian
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variety Danja (Swigcicki and Swigcicki 1995),
but this has not been confirmed independently.

The second group of loci that indirectly affect
phenology are those that affect plant architecture,
particularly growth habit and branching. Tradi-
tionally, lupin varieties are indeterminate like
their wild relatives. That is, after a raceme
develops on the main stem, vegetative growth
will continue in the form of branching at leaf
nodes (axils) on the main stem. These branches
are known as first-order branches and will also
terminate with a floral meristem. For indetermi-
nate lupin varieties, the apical first-order branches
that develop on the first three to four leaf nodes
beneath the main stem inflorescence are generally
the most important for yield (Dracup and Kirby
1996). Provided resources are adequate and the
growing season is long enough, it is possible for
several orders of branching to develop in an
indeterminate plant (Dracup and Kirby 1993).

During the 1970s, European breeders devel-
oped an interest in producing determinate varieties
with restricted branching (Swiecicki and Swieci-
cki 1995). The motive for this was to find alter-
native sources of early maturity that would ensure
completion of grain filling before favourable
environmental conditions cease each season.
Induced mutations that caused single flowers to
develop in the place of lateral shoot apices at leaf
axils on the upper main stem were observed in two
different instances, one occurring in Przebedowo
(Poland) and the other in Zodino (Belarus). The
Polish instance had been achieved in mutated seed
of the Turkus variety, and the recessive mutation
was named mut-1 (Swiecicki and Swiecicki 1995).
In the Belarussian instance, a rare dominant
mutation arose, named Deter, in the mutant line
later known as Lanedeks (Swigcicki and Swiecicki
1995). Naturally occurring mutations for restric-
ted branching have also been reported to occur
frequently in the literature. Perhaps most
well-known is the incompletely dominant muta-
tion, Det, which was observed in a breeding line of
Dr Ian Forbes from the United States of America,
and was documented by Dr John Gladstones
(Gladstones 1994).

In trying to consolidate knowledge of genetic
inheritance for restricted branching, Adhikari
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et al. (2001) conducted several crossing experi-
ments between accessions carrying the
above-described mutations in addition to several
new spontaneous mutants found in the Australian
Mlyarrie variety. Their results led them to con-
clude that mut-1 (which the authors renamed as
rb3), Det (which the authors renamed as RblI)
and Deter were distinct alleles of the same locus.
Additionally, three new-independent loci were
reported in spontaneous mutants of Australian
cultivar, Illyarrie: Rb2, rb4 and rb5.

A further study by Oram (2002) confirmed
through artificial mutagenesis that the locus
containing the mut-1/rb3, Det/Rbl and Deter
alleles is a common target for reduced branching
in narrow-leafed lupin. Additionally, two new
mutants, named nub (no upper branches) and
paso (primary and secondary inflorescences
only), were shown to have recessive alleles rel-
ative to the wild type. In terms of their relation-
ship to the other mutant alleles, nub was
considered dominant over paso, and in some
cases both alleles were dominant over RbI,
although this dominance was not always
observed. Clearly, the genetics underpinning
restricted branching is complex and yet to be
fully understood in narrow-leafed lupin.

In summary, a number of loci conferring early
phenology have been identified in fully- and
semi-domesticated narrow-leafed lupin germ-
plasm (Table 2.2). The most significant of these
in terms of breeding within Australian and Eur-
ope are those which facilitate early flowering by
reducing vernalisation requirement, including
Ku, Jul and efl. However, several other loci that
result in early phenology by modifying growth
rate and plant architecture, namely, branching
habit, have also been selected in breeding pro-
grammes to a limited extent. Although these loci
achieve early phenology, and thus crop adapta-
tion, through a variety of means, one common-
ality is noted: that all of these loci have been
known for some time, and have failed to find
traction in lupin breeding programmes by con-
tributing to ongoing cultivar development
(Table 2.2). This is likely to be a consequence of
the centre of lupin production and breeding
shifting from Central Europe to Australia, and a
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relatively insular approach in both regions which
has left potential candidate parents behind. For
crop adaptation to continue to improve, it is
important for breeders and researchers alike to
turn to our international germplasm collections to
identify new phenology regulating loci in order
to appropriately match cultivar phenology to
target environment to maximize yield potential.

2.3 Conclusions

Phenology arguably represents the most
influential trait for the adaptation of wild narrow-
leafed lupin populations to varying habitats
within the species’ natural distribution around the
Mediterranean and of domestic cultivars to
agricultural environments across the globe.
Flowering time is an incredibly important aspect
of phenology, and its regulation in response to
environmental and endogenous signals ensures
that plants flower at an appropriate time where
abiotic resources and conditions are conducive to
flower and grain production. Collections of wild
and domestic narrow-leafed lupins contain a
substantial amount of naturally evolved and, to a
lesser extent, artificially induced phenotypic and
genetic variation for traits directly or indirectly
affecting phenology, such as initial growth rate,
growth habit, flowering time, and receptiveness
to environmental signals inductive of flowering.
The genomic resources described elsewhere in
this book, for example, the draft reference gen-
ome (Sect. 3.3) and ongoing efforts to develop a
pan-genome for narrow-leafed lupin (Sect. 3.6.2)
are likely to be helpful in providing insight into
the underlying gene(s) that are contributing to
these important phenology related traits (outlined
in more detail in Chap. 9). Moreover, conserving
these valuable germplasm collections is funda-
mental to the future successful breeding of
adapted narrow-leafed lupin crops, as it is a
continued research to underpin the regulation of
more subtle phenological traits in order to
broaden the genetic selection for crop adaptation
beyond the current key early flowering time
genes.
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Abstract

Narrow-leafed lupin (Lupinus angustifolius) is
an important grain legume crop for some parts
of the world like Australia and parts of
Northern Europe where it can form an impor-
tant part of sustainable farming systems,
reducing the need for nitrogenous fertiliser,
providing valuable disease breaks and boost-
ing cereal yields. Through the genome revo-
lution and in particular rapid advances in
next-generation  sequencing technologies,
there are new powerful tools available to help
with gene discovery and to rapidly accelerate
pre-breeding and breeding programmes for

narrow-leafed lupin and other lupin crops. This
chapter provides an overview of the genomic
resources available for narrow-leafed lupin
with a focus on the current reference genome
which underpins many of the other resources.
The cultivar Tanjil was chosen as the reference
accession for narrow-leafed lupin and a
short-read sequencing approach coupled with
BAC-end sequence data was used to assemble
the first comprehensive reference genome for
the species. This genome assembly cap-
tured ~610 Mb of the estimated 921 Mb
genome of narrow-leafed lupin with an anno-
tated gene set of 33,076 genes. The narrow-
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leafed lupin reference genome has provided
valuable insight into narrow-leafed lupin evo-
lution and important information on some of
its key plant-microbe interactions. The chapter
also touches on some of the genomic resources
that are in the pipeline in lupins and describes
the lupin genome portal, a web-based resource
that houses genomic and related information
for narrow-leafed lupin.

3.1 Introduction

Until the last decade or so, genetic and related
molecular resources in plants were developed
primarily for a few ‘model’ systems such as
Arabidopsis and Medicago truncatula and for
major crops such as maize, rice and soybean. The
advent of the genomic revolution and in
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particular a suite of next-generation sequencing
technologies that are both high-throughput and
low cost has allowed plant scientists to do
research at a genomic scale for numerous plant
species. This has dramatically changed the plant
research and breeding landscapes. Many plants
previously considered ‘orphan crops’ from a
molecular and genomic points of view, have
become amenable to the development of geno-
mic resources at a scale that greatly facilitates
research and breeding efforts for these crops.
Underpinning these developments was the gen-
eration of a reference genome for each plant
species. This was needed to facilitate a range of
research and molecular breeding activities. This
includes being able to greatly expedite the
functional analysis of genes, for example,
through the application of approaches such as
exome capture and gene editing to help with gene
discovery and gene regulation. Comparative
genomic approaches have also helped to give
valuable insight into plant evolution including
the surveying of sequence diversity in a crop
species through large-scale sequencing of a range
of accessions including wild relatives.

On the breeding side, the development of a
high-quality reference genome for a crop species
is essential to be able to capitalise effectively on
modern breeding technologies that involve mar-
ker or even genotype selection coupled with rapid
progress in high-throughput phenotyping meth-
ods. Thus a good reference genome underpins the
development of molecular marker and genomic
selection approaches involving genotyping arrays
or direct sequencing of mapping populations,
both capable of allowing the screening of large
numbers of plants at an early stage of plant
growth (Crossa et al. 2017; Varshney et al. 2013).

A group of crop plants where the genomic
revolution has been quite impactful are legumes.
Many legume species are pasture or grain crops
and important for sustainable agriculture pri-
marily through their ability to fix nitrogen (and
thereby reduce the reliance on fertilisers) as well
as their ability to provide valuable disease breaks
when used in crop rotations. Lupins belong to the
genus Lupinus in the genistoids clade of
legumes, which diverged early in papillionoid
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legume evolution (Lavin et al. 2005). Lupins are
widely distributed geographically, primarily in
the Mediterranean region and North and South
America, and inhabit a wide range of habitats
(Drummond et al. 2012). Only a few lupin spe-
cies have been domesticated and the two major
lupin crops are white lupin (L. albus) and
narrow-leafed lupin. While the grain of
narrow-leafed lupin is still mainly used for ani-
mal feed, it has recently received strong interest
for its potential as a human food and food
additive due to the composition of the grain
which has very little starch but substantial
amounts of protein and fibre (Arnoldi et al. 2015;
Lee et al. 2006). A range of genomic resources
has been produced for lupins in the last few
years, primarily for narrow-leafed lupin and
many of these are described in this chapter and in
some of the following chapters.

3.2 BAC Libraries Provided Early
Insight Into The Narrow-Leafed
Lupin Genome

Among the first genomic resources produced in
lupins were two bacterial artificial chromosome
(BAC) libraries for narrow-leafed lupin. BAC
libraries, which typically have an insert size in
the range of 100 kb or more have been very
useful for a wide range of genetic and genomic
studies in many model and crop species. Of
particular importance has been their deployment
in BAC-end sequencing projects which has
allowed a range of molecular markers such as
SSRs to be identified that have helped with the
generation of genetic and physical maps
(Varshney et al. 2010).

The first BAC library in narrow-leafed lupin
was constructed for the cultivar Sonet using the
HindIll restriction enzyme and had 6x coverage
of the genome with an average insert size of
100 Kb (Kasprzak et al. 2006). As described in
detail in Chap. 4 by Susek and Naganowska,
BAC clones from this library were used in
fluorescent in situ hybridisation (BAC-FISH)
experiments for chromosome identification in
narrow-leafed lupin (Lesniewska et al. 2011) and


http://dx.doi.org/10.1007/978-3-030-21270-4_4

3 Overview of Genomic Resources Available for Lupins with a Focus ... 33

as tools for comparative chromosome mapping
among lupin species. The second BAC library
was constructed for cultivar Tanjil using the
BamHI restriction enzyme and had 12x coverage
of the genome, with an average insert size of
99.7 Kb (Gao et al. 2011). 9,600 randomly
selected BAC clones from this library were
sequenced at 5" and 3’ ends to give 13,985 bp of
BAC-end sequences with usable sequence data
and an average size of 683 bp which made up
approximately 1% of the narrow-leafed lupin
genome (Gao et al. 2011). These BAC-end
sequences gave valuable, early insight into the
composition of the narrow-leafed lupin genome
in terms of G:C content, repetitive sequences
(9,966 simple sequence repeat motifs were
identified) and helped to guide the approach
undertaken for sequencing the narrow-leafed
lupin genome of Tanjil, using NGS technologies.

3.3 Narrow-Leafed Lupin Genome
Sequences Including
the Current Reference Genome

Yang and colleagues (2013b) published a pre-
liminary draft narrow-leafed genomic assembly
for cultivar Tanjil using whole genome
sequencing approaches with short-read sequenc-
ing technology. This approach resulted in 26.9X
coverage of the genome. Typically a genome is
assembled where possible into contigs that rep-
resented contiguous genome sequences and
scaffolds which consisted of contigs and gaps.
A widely used criterion to judge the quality of a
genome assembly is the scaffold N50 value. This
value represents the median contig size of an
assembly such that half the genome assembly is
in contigs greater or equal to the N50 value. The
preliminary genome assembly reported by Yang
and colleagues (2013b) was quite fragmented
with a scaffold N50 of 7,319 scaffolds. The draft
genome assembly predicted 57,807 genes which
was considerably higher than subsequent lupin
assemblies. The draft assembly was useful in
generating 8,224 sequence-defined molecular
markers that were used to improve the
narrow-leafed genetic map.

A more comprehensive draft genome assem-
bly of narrow-leafed cultivar Tanjil, using a
range of different insert size libraries and
BAC-end sequencing data was generated by
Hane and colleagues (Hane et al. 2017) with a
162.8X coverage of the genome. This assembly
captured >98% of the gene content as demon-
strated by CEGMA analyses (Parra et al. 2007).
In addition 98.5-99.0% of reads from four tran-
scriptome datasets from different tissue types
were mapped back to the gene assembly. This
assembly was initially generated using
Paired-End Illumina data and then improved via
scaffolding with additional sequence data
obtained from larger Paired-End reads as well as
data from Mate-Pairs and the BAC-end
sequencing data described earlier. This gave an
assembly totalling 810 Mb which was close to
the estimated genome size. However, to min-
imise fragmentation and scaffolding errors,
scaffolds less than 200 bp were removed,
resulting in an assembly of 609 Mb and a scaf-
fold N50 of 232 and scaffold N50 length of
703 Kb. These figures for the narrow-leafed
genome assembly compared favourably with
other draft genome sequences available at the
time for legume crops (Hane et al. 2017), and the
assembly has provided a useful reference gen-
ome for narrow-leafed lupin and to a lesser
degree other lupin species.

Further analysis of the genome assembly
revealed that the genome is highly repetitive with
57% of the genome comprised of repetitive ele-
ments. A combination of approaches and datasets
were used to analyse the protein-coding genes
and a total of 33,076 gene/proteins were anno-
tated. 77% of the 610 Mb was assigned to a
linkage group using a dense reference genetic
map that was generated for the wild (P27255) x
domestic (83A:476) recombinant inbred line
(RIL) population (n = 150) (Hane et al. 2017).
This reference genetic map consisted of 9,965
markers which were a combination of
gene-based molecular markers (Kamphuis et al.
2015) supplemented with DArTSeq markers
(Hane et al. 2017). The combination of this dense
genetic map coupled with the Tanjil genome
made it possible to significantly narrow down the
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Table 3.1 Overview of the location of disease resistance genes and key domestication genes in the narrow-leafed lupin

(L. angustifolius) genome

Trait Locus name LG Region (Kb) ' Markers provided to the breeding programme
Anthracnose resistance | Lanrl NLL-11 388 yes

Phomopsis resistance® | PhtjR NLL-05 127.6 yes

Bitterness locus Tucundus NLL-07 746 yes

Flowering time Ku NLL-10 413 yes

Pod shattering Tardus NLL-01 517.6 yes

Pod shattering Lentus NLL-08 387.1 yes

Soft seededness Mollis NLL-17 119.5 yes

Flower colour Leucospermus | NLL-03  907.1 yes

“Molecular markers from (Yang et al. 2013a)

location of key domestication genes in root, flower, seed) for Tanjil, Unicrop (an early

narrow-leafed lupin as well as the two loci con-
trolling resistance to anthracnose and phomopsis
stem blight (see Table 3.1), as described in more
detail later in this chapter. Flanking and
co-segregating markers linked to these traits have
been provided to narrow-leafed lupin breeders.
In addition to the reference genome, two other
narrow-leafed lupin accessions were sequenced at
50X coverage (Hane et al. 2017). One was a wild
accession (P27255) and the other the early Aus-
tralian cultivar Unicrop. These datasets provided
a large number of molecular makers in the form of
indels and SNPs, and demonstrated that the wild
accession was significantly divergent across all
regions of the genome from Tanjil, while the two
domesticated accessions had much lower levels
of diversity. The reference genome and associated
datasets provided valuable insights into
narrow-leafed lupin evolution, as discussed in
Chap. 7 by Cannon. Yang and colleagues (Yang
et al. 2015) also performed whole genome
re-sequencing at lower coverage for nine Aus-
tralian lupin cultivars that were released from
1973 to 2007. A large number of SNPs were
identified through the various pair-wise compar-
isons and 207,887 molecular markers were
anchored on the narrow-leafed lupin genetic
map. Further details of the results of this study are
presented in Chap. 6 by Yang and Ksigzkiewicz.
To assist with the annotation of the Tanjil
reference genome, several transcriptome datasets
were generated for major tissue types (leaf, stem,

Australian cultivar) and P27255 (Foley et al.
2015; Kamphuis et al. 2015) as well as a
smallRNA dataset (DeBoer et al. 2019), as
described in detail in Chap. 5 by Kamphuis et al.

3.4 Insight from the Reference
Genome into Plant-Microbe
Interactions for Narrow-Leafed

Lupin

Legumes, like other plant species, have complex
interactions with other organisms including hos-
tile interactions with pathogens and pests, and
beneficial interactions with symbiotic organisms
including arbuscular mycorrhizal (AM) fungi and
the unique relationship legumes have with
nitrogen-fixing rhizobium bacteria. The associa-
tion between plants and mycorrhizal fungi, which
helps the plant with nutrient acquisition, is quite
ancient and involves signalling interplay between
the fungi and plant host to initiate the symbiosis
and then complex signalling pathways in both
the host and fungi to establish the symbiosis.
Excellent progress on the gene networks used by
the plant for a successful mycorrhizal symbiosis
has been achieved in a number of plant species,
including the model legumes M. truncatula and
Lotus japonicus (MacLean et al. 2017). Inter-
estingly in legumes, where the symbiotic rela-
tionship with rhizobium help fix nitrogen
evolved much later than with mycorrhizal fungi,
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there is strong evidence that many of the early
elements of the mycorrhizal fungi signalling
pathway were recruited for the rhizobium sym-
biosis resulting in what has been termed the
common symbiosis signalling pathway (Oldroyd
2013).

In contrast to most other legumes, lupins are
unable to form symbiosis with mycorrhizal fungi.
Using phylogenomic approaches, genes that are
associated with and essential for mycorrhizal
symbiosis were identified (Bravo et al. 2016).
The narrow-leafed lupin genome was screened
for the presence of mycorrhizal symbiosis genes,
and shown to possess 20 out of 33 characterised
mycorrhizal-association genes (Hane et al. 2017).
These included genes involved in
rhizobial-legume symbiosis, including genes also
involved in calcium spiking such as CCaMK and
cyclops, or biosynthesis, regulation or transport
of plant hormones. However, narrow-leafed lupin
lacked key genes required specifically for AM
symbiosis but not nodulation, including SbtM1,
SbtM3, HAI, EXO701, RAM2, PT4, STR1, STR2,
RAMI1, ERFI, RADI and DIP1 (Hane et al
2017). These included a number of grass tran-
scription factors such as Raml and Ram2 which
are required for arbuscular development, genes
important for deposition of the periarbuscular
membrane such as EXO7I and genes like PT4
important for nutrient transport between the
symbiont and the host plant (see MacLean et al.
(2017) and references within). Lupin species
manage to do without the mycorrhizal symbiosis
by employing a carboxylate-releasing strategy,
supplemented in some cases, such as L. albus,
with a P-mobilising cluster-root strategy, partic-
ularly during periods of low nutrient availability
(Lambers et al. 2013, 2018).

The genome sequence for narrow-leafed lupin
has also shed new light on the interaction with
rhizobium. During nodulation, lupins become
infected by rhizobia via intercellular penetration
that occurs at the junction between the root hair
base and adjacent epidermal cell rather than
through intracellular infection threads through
the root hair, as is the case with most other
legumes (Gonzalez-Sama et al. 2004). Moreover,
lupin nodules are indeterminate but have

characteristics that differ from other indetermi-
nate nodules, for example, the outer cortex is
important for their initiation and there are other
morphological differences (Gonzélez-Sama et al.
2004). Short infection-thread like structures have
been observed in cortical cells but their impor-
tance is not clear (Gonzalez-Sama et al. 2004;
James et al. 1997; Tang et al. 1992). Despite this,
all genes known to be required for rhizobial
infection were present in narrow-leafed lupin,
suggesting fundamentally conserved mechanisms
underlying different infection modes (Hane et al.
2017). However, an interesting feature of lupin
that distinguishes it from the model legumes M.
truncatula and L. japonicus, is the division of
infected cells which entails assortment of sym-
biosomes between daughter cells (Gonza-
lez-Sama et al. 2004). This presumably involves
elements of the cytoskeleton and their associated
proteins for the distribution and segregation of
symbiosomes. Hane and colleagues (Hane et al.
2017) speculated that the observed expansion of
microtubule binding protein families could play a
role in this phenomenon.

Legumes, like other plants, are under attack
from a wide range of pathogens and pests, and
deploy two major forms of defence responses to
deter these attacks (Ramirez-Prado et al. 2018).
These broadly speaking are a basal defence
pathway that has components that are constitu-
tively expressed as well as those induced by
pathogen associated molecular patterns and an
induced defence pathway, typically known as
effector-triggered immunity (ETI) and relies on
plant resistance (R) genes (Jones and Dangl
2006; Qi et al. 2011; Thomma et al. 2011). There
was a significantly lower number of classical
plant R genes of the nucleotide-binding site
(NBS) leucine rich repeats (LRR) type in
narrow-leafed lupin relative to other well studied
legumes such as Glycine max and M. truncatula
(Hane et al. 2017). To investigate this further,
consensus sequences for coiled-coil, Toll and
mammalian Interleukinl receptor-NBS-LRR
proteins, as well as NBS-LRR genes previously
identified in M. truncatula were used to identify
NBS-LRRs present in the narrow-leafed lupin
genome (Hane et al. 2017). This predicted a total
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of 68 genes and this number was considerably
less than those observed in other closely related
legumes such as M. truncatula (764), soybean
(506), pigeonpea (406) and chickpea
(187) (Ameline-Torregrosa et al. 2008; Varshney
et al. 2013).

The narrow-leafed lupin NBS domains identi-
fied above were compared with 32 NBS domain
sequences that were derived from PCR amplifi-
cation of the narrow-leafed lupin genome using
degenerate primers derived from M. truncatula
conserved NBS sequences (Foley and Singh,
unpublished observations), but this did not iden-
tify additional resistance gene homologs. This
supports the completeness of the narrow-leafed
lupin genome assembly and that further NBS-LRR
homologs were unlikely to have been missed. The
distribution of the NBS-LRR genes across the 20
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linkage groups of narrow-leafed lupin was also
examined as shown in Table 3.2 and found to be
well-spread across the narrow-leafed lupin gen-
ome with little evidence of clustering (Hane et al.
2017). Thus, of the 68 homologs, 56 were
anchored in pseudo-chromosomes and were dis-
tributed across all linkage groups but linkage
group 4. Clusters of three or more NBS-LRR
homologs on a single scaffold were identified on
linkage groups 2, 6, 8 and 13.

A major disease pressure on lupins, including
narrow-leafed lupin is anthracnose, caused by
Colletotrichum lupini (Talhinhas et al. 2016).
The cultivar Tanjil is resistant to anthracnose and
a single dominant resistance gene (Lanrl) was
mapped to linkage group 11 (Kamphuis et al.
2015; Yang et al. 2013b). Using the improved
genetic map (Hane et al. 2017) it was possible to

Table 3.2 Distribution of the 68 NBS-LRR genes across the 20 linkage groups of narrow-leafed lupin

Linkage group
NLL-01 1
NLL-02 11
NLL-03
NLL-04
NLL-05
NLL-06
NLL-07
NLL-08
NLL-09
NLL-10
NLL-11
NLL-12
NLL-13
NLL-14
NLL-15 -
NLL-16 -
NLL-17 1
NLL-18 -
NLL-19 4
NLL-20

Total 56

W

AN = W= W W= 0 W W

Unassigned 12
Total NBS-LRR genes 68

Number of resistance gene homologs

Clusters on a single scaffold

Two clusters of 6 and 3 genes

Two clusters of 4 and 2 genes

A cluster with 3 genes

A cluster with 3 genes
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define the location of Lanrl to a single scaffold
(Scaffold_133) on the reference genome that
spanned 388 Kb and contained 41 predicted
genes (Lup005013.1-Lup005054.1) including an
NBS-LRR resistance gene (Lup005042.1).
Alignment of Lup005042.1 amino acid sequence
from the four parents of the two RIL populations
for narrow-leafed lupin showed conserved
sequence for anthracnose resistant lines Tanjil
and its close relative 83A:476 compared to the
susceptible lines Unicrop and P27255, thus
making Lup005042.1 an excellent candidate for
Lanrl (Hane et al. 2017). Tanjil also has resis-
tance to phomopsis stem blight caused by Dia-
porthe toxica, which is controlled by the
dominant resistance gene PhtjR (Yang et al.
2013a). This locus was fine-mapped using mar-
ker sequences from Yang et al. (2013a) and
found to contain 12 predicted gene annotations.
However, unlike the Lanrl region, it did not
harbour any NBS-LRR genes (Kamphuis and
Singh, unpublished observations).

3.5 The Lupin Genome Portal

Many of the narrow-leafed genomic datasets
described in the preceding sections are housed at
the lupin genome portal (https://www.
lupinexpress.org) (Hane et al. 2017). The lupin
genome portal provides some useful background
information about lupins and narrow-leafed lupin
in particular. It also hosts a range of
narrow-leafed lupin genomic datasets, which can
also be queried by BLAST homology searching
as illustrated in Fig. 3.1. The narrow-leafed lupin
datasets include the reference genome including
the genome annotation, the genome scaffold
assembly and annotated gene sets and various
transcriptome assemblies for narrow-leafed lupin
as described in Chap. 5. These datasets can be
queried using a built-in and interactive BLAST,
GBrowse and CMap interfaces (Donlin 2009;
Priyam et al. 2015; Youens-Clark et al. 2009) as
illustrated in Fig. 3.2. The website also provides
links to a range of other legume genomic
resources to facilitate comparative genomic
analysis in areas such as syntenic relationships

and legume evolution. For example, syntenic
maps to other legume species are available via
the legume information system website (https://
legumeinfo.org/) with direct links available on
the lupin genome portal. A publication page on
the website presents a collection of recent lupin
publications under areas such as lupin genomic
resources, genetic mapping and synteny, diver-
sity and adaptation and molecular markers. Col-
lectively, the resources hosted in the website can
help with genomics-based breeding approaches.

3.6 What is in the Pipeline?
3.6.1 Generating a Gold Standard
Reference Genome

The current narrow-leafed lupin Tanjil assembly
was generated using a range of short-read
sequencing data coupled with some BAC-end
sequences, which represented best practice at that
time (Hane etal. 2017). The Singh group at CSIRO
is in the process of improving this draft assembly
by supplementing the short-read sequencing data
with >91 Gb of long-read sequence data gener-
ated using PacBio Sequel technology. This will be
augmented using High-C technology to provide
near contiguous chromosome sequences.

3.6.2 Generation of a Narrow-Leafed
Lupin Pan-Genome

The generation of a pan-genome can be an
important resource for a crop species where it can
help with both research and pre-breeding/breeding
activities. In crop plants, a pan-genome represents
the entire gene set for a representative set of
domesticated and/or wild accessions. It includes
the core genome containing genes present in all the
accessions sampled as well as an accessory gen-
ome that contains genes that are present only in
some accessions among the sampled set. To gen-
erate a pan-genome resource for narrow-leafed
lupin, the Singh group at CSIRO is in the process
of re-sequencing over 50 narrow-leafed lupin
accessions, representing genetically diverse lines


https://www.lupinexpress.org
https://www.lupinexpress.org
http://dx.doi.org/10.1007/978-3-030-21270-4_5
https://legumeinfo.org/
https://legumeinfo.org/
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Fig. 3.1 A screen shot from the lupin genome portal showing some of the datasets present on this website
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Fig. 3.2 A screen shot from
the lupin genome portal
showing the use of the
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of wild and domesticated narrow-leafed lupin
cultivars from Australian and European collec-
tions. While this project is still underway a pre-
liminary pan-genome has been assembled
(~ 885 Mb) with an annotated gene set of 40,117
genes. The majority of these genes were conserved
across all narrow-leafed lupin accessions exam-
ined to date in the draft pan-genome. The current
focus is on the further functional annotation,
variant calling and presence/absence analysis, and
adding more sequence information from addi-
tional lines of importance for narrow-leafed lupin
breeding. This pan-genome resource will lay the
foundation for a medium- to high-throughput
genotyping platform for pre-breeding research as
well as genomic selection in lupin breeding pro-
grammes through the discovery of evenly dis-
tributed SNPs across the narrow-leafed lupin
pan-genome.

3.6.3 Reverse Genetic Resources
to Exploit Genomic
Advances
in Narrow-Leafed Lupin

Reverse genetics has become a critical part of
biological research activities and is a way of
determining function for genes whose function
are unknown. Reverse genetic approaches are
varied but seek to generate a mutation(s) in a
gene(s) and the subsequent analysis of possible
mutant phenotypes. To facilitate reverse genetic
approaches in narrow-leafed lupin, efforts are
underway in the Singh group at CSIRO to
develop a lupin targeting induced local lesions in
genomes (TILLING) population in the cultivar
Tanjil background. TILLING combines a muta-
genesis approach to generate random mutations
in genes, with DNA screening approaches of
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increasing sophistication and throughput to
identify mutations in these genes. A TILLING
population consisting typically of thousands of
M2 individuals can be created with the DNA and
seed collected and catalogued for all the M2
individuals. The Tanjil TILLING population is
being created using ethyl methanesulfonate
(EMS), which causes C to T base transitions
randomly throughout the genome. To date ~ 600
M, lines have been generated, some of which
have interesting phenotypes in areas such as seed
biology and vegetative growth, and the genera-
tion of additional lines is underway.

The Tanjil TILLING population will be
screened for mutants in specific genes using
exome capture, a high-throughput screening
approach using next-generation sequencing to
identify mutations. Some of the other genomic
resources that have been or are being developed
for narrow-leafed lupin, such as the improved
reference genome and transcriptomic datasets
will be very helpful in the generation of a gene
probe set suitable for screening the Tan-
jil TILLING population using exome capture.
Thus, the Tanjil TILLING population will be a
powerful resource to identify mutants important
for lupin crop improvements, such as plants with
altered alkaloid content, reduced allergenicity,
improved seed composition, enhanced oil content
as well as other traits important to the lupin
breeding programs.

Another exciting development in the reverse
genetic space is gene editing. Gene editing is a
powerful technique that has been established in
many plant species and has great potential to
accelerate narrow-leafed lupin  pre-breeding
research by providing rapid proof-of-concept
information for genes linked to important traits
that can then be targeted by other approaches such as
TILLING. Gene editing involves editing nucleases
(‘molecular scissors’) that are used to insert, replace
or remove DNA in a specific region (Bak et al.
2018). The nuclease creates a double-stranded break
at a specific location in the genome (e.g. a specific
target gene) and then capitalises on the plant cells
endogenous machinery to repair in the induced
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break through either homologous recombination or
non-homologous end-joining. There are currently at
least four different classes of gene editing technol-
ogy with the CRISPR technology leading the way
(Wang et al. 2013). The establishment of this pow-
erful technology for narrow-leafed lupins, where
Agrobacterium-mediated transformation has been
established (Barker et al. 2016), would allow
researchers to precisely target genes of interest
(identified through genomic analyses described
above) and will help accelerate narrow-leafed lupin
pre-breeding research. Depending on the regulatory
outcomes in different jurisdictions where narrow-
leafed lupin is grown, it may eventually be used as a
direct breeding tool that can complement TILLING
populations and provide a wider range of useful
genetic changes.

3.6.4 A White Lupin (L. albus)
Reference Genome

While there are a number of transcriptomic
resources that have been developed in other lupin
species as described in some of the following
chapters (see, for example, Chaps. 6 and 12), the
most significant development we are aware of at
this stage in the lupin genome space is the
development of a L. albus genome assembly. L.
albus known also as white lupin is another
important domesticated lupin species that is
grown primarily in Europe. A striking feature of
L. albus is its ability to produce cluster roots and
it can therefore serve as an interesting model to
study root development (Gallardo et al. 2019;
Shane and Lambers 2005).

An initiative to sequence the L. albus genome
that is being led by the group of Benjamin Péret at
CNRS, France is well advanced as reported at the
12th Congress of the International Plant Molecular
Biology in Montpellier in 2018 and International
Legume Society meeting in 2019. The L. albus
genomic team are using a combination of short-
and long-read sequencing and the assembly is
being further improved through the use of high
resolution approaches, with optical and genetic
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maps. This has resulted in a final assembly of
451 Mb with nearly all of the assembly success-
fully mapped to the 25 pseudo-chromosomes of L.
albus. A total of 38,258 coding genes were iden-
tified and annotated as well as 3,129 ncRNAs. The
completeness of the assembly was further sup-
ported by BUSCO analysis against the Plan-
tae BUSCO dataset which identified 94.6% of the
genes in this dataset being present in the L. albus
genome assembly. Like its close relative,
narrow-leafed lupin, the L. albus genome con-
tained significant numbers of repetitive elements
as well as evidence for a substantial degree of gene
duplication. The Péret group also reported on
transcriptome datasets from ten organs of L. albus.
Once completed and published the L. albus gen-
ome assembly and associated datasets will be
valuable resources for lupin and legume biology in
many areas.

3.7 Conclusions

The recent domestication of narrow-leafed lupin
in major growing areas such as in Australia has
been successful, but the genetic base has been

Fig. 3.3 Schematic
representation showing some
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shown to be narrow (Berger et al. 2013). Diffi-
culties to broaden the genetic base through
crosses with wild accessions and the need to
retain the recessive domestication genes has held
back the crop and there are still many agronomic
limitations remaining (Berger et al. 2013). The
revolution in sequencing technologies and
high-throughput NGS genotyping in recent years
poses exciting opportunities to accelerate yield
gains for this important crop species and allows
researchers and breeders to tackle some key
adaptive, domestication and disease traits for
different growing regions. As shown in Fig. 3.3,
in the last few years there have been several
valuable genomic resources developed for
narrow-leafed lupin, and additional resources
such as the pan-genome and TILLING popula-
tion are under development. These genomic
resources will accelerate efforts by researchers
and breeders to improve narrow-leafed lupin and
other lupin crops to help provide more of the
valuable protein increasingly in demand globally
and facilitate the establishment of more sustain-
able cropping systems where lupins crops are/can
be grown.

Gene expression

of the genomic resources atlas
already developeq for. . Dense reference
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blue and some under // g 4 P
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and the arrows depicting how l p
these resources are User friendly /// Genome
interconnected to help web site 'd
advan_ce rese.ar.c.h and B Gene targets for
breeding activities | . .
improved agronomic Sy

Synteny with other
legumes

traits Reverse genetics

/’ l / population

Lupin breeding program




42

Acknowledgements Narrow-leafed lupin genomic work
in the authors group has been supported by Grains
Research and Development Corporation (GRDC),
CSIRO, Curtin University and the University of Western
Australia.

References

Ameline-Torregrosa C, Wang B-B, O'Bleness MS,
Deshpande S, Zhu H et al (2008) Identification
and characterization of nucleotide-binding site-
leucine-rich repeat genes in the model plant Medicago
truncatula. Plant Physiol 146:5-21

Amoldi A, Boschin G, Zanoni C, Lammi C (2015) The
health benefits of sweet lupin seed flours and isolated
proteins. J Funct Foods 18:550-563

Bak RO, Gomez-Ospina N, Porteus MH (2018) Gene
editing on center stage. Trends Genet 34:600-611

Barker SJ, Si P, Hodgson L, Ferguson-Hunt M, Khentry Y
et al (2016) Regeneration selection improves transfor-
mation efficiency in narrow-leaf lupin. Plant Cell
Tissue Organ Cult 126:219-228

Berger JD, Clements JC, Nelson MN, Kamphuis LG,
Singh KB et al (2013) The essential role of genetic
resources in narrow-leafed lupin improvement. Crop
Pasture Sci 64:361-373

Bravo A, York T, Pumplin N, Mueller LA, Harrison MJ
(2016) Genes conserved for arbuscular mycorrhizal
symbiosis identified through phylogenomics. Nat
Plants 2

Crossa J, Perez-Rodriguez P, Cuevas J, Montesinos-
Lopez O, Jarquin D et al (2017) Genomic selection in
plant breeding: methods, models, and perspectives.
Trends Plant Sci 22:961-975

DeBoer K, Melser S, Sperschneider J, Kamphuis LG,
Garg G et al (2019) Identification and profiling of
narrow-leafed lupin (Lupinus angustifolius) micro-
RNAs during seed development. BMC Genomics 20

Donlin MJ (2009) Using the generic genome browser
(GBrowse). Current protocols in bioinformatics
(Chap. 9: Unit 9.9-Unit 9.9)

Drummond CS, Eastwood RJ, Miotto STS, Hughes CE
(2012) Multiple continental radiations and correlates
of diversification in Lupinus (Leguminosae): testing
for key innovation with incomplete taxon sampling.
Syst Biol 61:443-460

Foley RC, Jimenez-Lopez JC, Kamphuis LG, Hane JK,
Melser S et al (2015) Analysis of conglutin seed
storage proteins across lupin species using transcrip-
tomic, protein and comparative genomic approaches.
BMC Plant Biol 15:106

Gallardo C, Hufnagel B, Casset C, Alcon C, Garcia F et al
(2019) Anatomical and hormonal description of
rootlet primordium development along white lupin
cluster root. Physiol Plant 165:4-16

Gao L-L, Hane J, Kamphuis LG, Foley R, Shi B-J et al
(2011) Development of genomic resources for the

K. B. Singh et al.

narrow-leafed lupin (Lupinus angustifolius): construc-
tion of a Bacterial Artificial Chromosome (BAC) li-
brary and BAC-end sequencing. BMC Genomics
12:521

Gonzalez-Sama A, Lucas MM, De Felipe MR, Pueyo 1J
(2004) An unusual infection mechanism and nodule
morphogenesis in white lupin (Lupinus albus). New
Phytol 163:371-380

Hane JK, Ming Y, Kamphuis LG, Nelson MN, Garg G
et al (2017) A comprehensive draft genome sequence
for lupin (Lupinus angustifolius), an emerging health
food: insights into plant-microbe interactions and
legume evolution. Plant Biotechnol J 15:318-330

James E, Minchin F, Iannetta P, Sprent J (1997) Temporal
relationships between nitrogenase and intercellular
glycoprotein in developing white lupin nodules. Ann
Bot 79:493-503

Jones JDG, Dangl JL (2006) The plant immune system.
Nature 444:323-329

Kamphuis LG, Hane JK, Nelson MN, Gao L, Atkins CA
et al (2015) Transcriptome sequencing of different
narrow-leafed lupin tissue types provides a compre-
hensive uni-gene assembly and extensive gene-based
molecular markers. Plant Biotechnol J 13:14-25

Kasprzak A, Safar J, Janda J, Dolezel J, Wolko B et al
(2006) The bacterial artificial chromosome (BAC) li-
brary of the narrow-leafed lupin (Lupinus angusti-
folius L.). Cell Mol Biol Lett 11:396-407

Lambers H, Clements JC, Nelson MN (2013) How a
phosphorus-acquisition strategy based on carboxylate
exudation powers the success and agronomic potential
of lupines (Lupinus, Fabaceae). Am J Bot 100:263-288

Lambers H, Albornoz F, Kotula L, Laliberte E,
Ranathunge K et al (2018) How belowground inter-
actions contribute to the coexistence of mycorrhizal
and non-mycorrhizal species in severely phosphorus-
impoverished hyperdiverse ecosystems. Plant Soil
424:11-33

Lavin M, Herendeen PS, Wojciechowski MF (2005)
Evolutionary rates analysis of Leguminosae implicates
a rapid diversification of lineages during the tertiary.
Syst Biol 54:575-594

Lee YP, Mori TA, Sipsas S, Barden A, Puddey IB et al
(2006) Lupin-enriched bread increases satiety and
reduces energy intake acutely. Am J Clin Nutr
84:975-980

Lesniewska K, Ksiazkiewicz M, Nelson MN, Mahe F,
Ainouche A et al (2011) Assignment of 3 genetic
linkage groups to 3 chromosomes of narrow-leafed
Lupin. J Hered 102:228-236

MacLean AM, Bravo A, Harrison MJ (2017) Plant
signaling and metabolic pathways enabling arbuscular
mycorrhizal symbiosis. Plant Cell 29:2319-2335

Oldroyd GED (2013) Speak, friend, and enter: signalling
systems that promote beneficial symbiotic associations
in plants. Nat Rev Microbiol 11:252-263

Parra G, Bradnam K, Korf I (2007) CEGMA: a pipeline to
accurately annotate core genes in eukaryotic genornes.
Bioinformatics 23:1061-1067



3 Overview of Genomic Resources Available for Lupins with a Focus ... 43

Priyam A, Woodcroft BJ, Rai V, Munagala A, Moghul 1
et al (2015) Sequenceserver: a modern graphical user
interface for custom BLAST databases. https://doi.org/
10.1101/033142.

Qi YP, Tsuda K, Glazebrook J, Katagiri F (2011) Physical
association of pattern-triggered immunity (PTI) and
effector-triggered immunity (ETI) immune receptors
in Arabidopsis. Mol Plant Pathol 12:702-708

Ramirez-Prado JS, Abulfaraj AA, Rayapuram N,
Benhamed M, Hirt H (2018) Plant immunity: from
signaling to epigenetic control of defense. Trends
Plant Sci 23:833-844

Shane MW, Lambers H (2005) Cluster roots: a curiosity
in context. Plant Soil 274:101-125

Talhinhas P, Baroncelli R, Le Floch G (2016) Antrhac-
nose of lupins caused by Colletotrichum lupini: a
recent disease and a succssful worldwide pathogen.
J Plant Pathol 98:5-14

Tang C, Robson A, Dilworth M, Kuo J (1992) Micro-
scopic evidence on how iron deficiency limits nodule
initiation in Lupinus angustifolius L. New Phytol 457—
467

Thomma BPHIJ, Nurnberger T, Joosten MHAJ (2011) Of
PAMPs and effectors: the blurred PTI-ETI dichotomy.
Plant Cell 23:4-15

Varshney RK, Glaszmann JC, Leung H, Ribaut JM
(2010) More genomic resources for less-studied crops.
Trends Biotechnol 28:452—460

Varshney RK, Song C, Saxena RK, Azam S, Yu S et al
(2013) Draft genome sequence of chickpea (Cicer
arietinum) provides a resource for trait improvement.
Nat Biotechnol 31:240-246

Wang HY, Yang H, Shivalila CS, Dawlaty MM,
Cheng AW et al (2013) One-step generation of mice
carrying mutations in multiple genes by CRISPR/
Cas-mediated genome engineering. Cell 153:910-918

Yang HA, Tao Y, Zheng ZQ, Shao D, Li ZZ et al (2013a)
Rapid development of molecular markers by
next-generation sequencing linked to a gene confer-
ring phomopsis stem blight disease resistance for
marker-assisted selection in lupin (Lupinus angusti-
folius L.) breeding. Theoret Appl Genet 126:511-522

Yang HA, Tao Y, Zheng ZQ, Zhang QS, Zhou GF et al
(2013b)  Draft genome sequence, and a
sequence-defined genetic linkage map of the legume
crop species Lupinus angustifolius L. PLoS One 8

Yang HA, Jian JB, Li X, Renshaw D, Clements J et al
(2015) Application of whole genome re-sequencing
data in the development of diagnostic DNA markers
tightly linked to a disease-resistance locus for
marker-assisted selection in lupin (Lupinus angusti-
folius). BMC Genomics 16:660.

Youens-Clark K, Faga B, Yap IV, Stein L, Ware D (2009)
CMap 1.01: a comparative mapping application for
the internet. Bioinformatics 25:3040-3042


https://doi.org/10.1101/033142
https://doi.org/10.1101/033142

Karolina Susek and Barbara Naganowska

Abstract

Lupins are a group within Genisteae interest-
ing from the point of view of their complex
evolutionary history, which is the result of
their paleoploid origin (Atkins et al in Lupins
as crop plants: biology, production, and
utilization. CAB International, pp 67-92,
1998; Gladstones in Lupins as crop plants:
biology, production, and utilization. CAB
International, pp. 1-36, 1998). Contemporary
species are characterised by a striking diver-
sity of chromosome numbers. Their genomes
vary in size and consist of many small and
similar length chromosomes. The Old World
lupins and New World lupins are different in
their cytological traits such as the basic and
somatic chromosome numbers. Here, we
summarise the cytogenetic research on gen-
ome size estimation, chromosome number
identification and integrative genetic and
cytogenetic mapping. The importance of
narrow-leafed lupin as a crop and the relative
wealth of data concerning its cytogenetic and
genetic characterisation have led to its role as
a useful model species within the genus
Lupinus and a reference for better understand-
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ing of legume genome evolution. Cytogenetic
comparative mapping, using L. angustifolius-
derived markers, has revealed the karyotype
variation in lupins. Insight into chromosome
rearrangements has led to a hypothetic model
of lupin karyotype evolution. This research
has established a starting point for the further
analysis of the structure and diversity of lupin
karyotypes in the facet of evolution.

4.1 Lupinus spp. Genome Sizes

and Chromosome Numbers

Until the year 2000, there were few reports con-
cerning the nuclear DNA content of lupins. Data
on genome size for a number of Lupinus spp.,
measured using cytophotometric methods and
later flow cytometry, is available at a constantly
updated database (https://data.kew.org/cvalues/
CvalServlet?querytype=2). The nuclear genomes
of lupins are small, only a few times larger than
that of the model plant Arabidopsis thaliana.
A complex analysis of the 2C DNA values for
Old World lupins (OWL) and New World lupins
(NWL) as well as an analysis of the relationships
among the taxa within the genus showed a similar
variation in the 2C DNA values in both groups
ranged from 0.97 pg to 2.44 pg and from 1.08 pg
to 2.68 pg, respectively (Naganowska et al. 2003,
2006). Furthermore, for the OWL species and
botanical forms, there was no significant corre-
lation between the DNA content and chromosome
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Table 4.1 Basic cytogenetic features of old world lupins based on Naganowska and Zielinska (2002), Hajdera et al.
(2003), Naganowska and Kaczmarek (2005) and Susek et al. (2016)

Group Species Chromosome Genome size Loci tDNA
number (2n) (pg/2C DNA) 458 5

Malacospermae L. angustifolius 40 1.89 1 1
(smooth-seeded) L. cryptanthus 40 1.86 2 2

L. linifolius 40 1.88 - -

L. albus 50 1.16 1 1

L. graecus 50 1.13 - -

L. termis 50 1.14 - -

L. vavilovi 50 1.14 - -

L. luteus 52 2.44 1-2 1

L. hispanicus 52 2.15 1-2 1

L. micranthus 52 0.98 1 1

L. princei 38 0.97 1-2 1
Scabrispermae L. atlanticus 38 1.42 2 1
(rough-seeded) L. digitatus 36 137 2 1

L. cosentinii 32 1.61 3 lor3

L. pilosus 42 1.36 1-2 1

L. palaestinus 42 1.39 2 1
number. The ‘Homogeneous groups’ that were content on large samples have not been
determined by a statistical analysis coincided with  undertaken.

the OWL taxonomic sections (Naganowska et al.
2003; Table 4.1). An interesting exception was
found for the rough-seeded L. princei, which had
the lowest 2C DNA value that was closer to the
smooth-seeded species. Generally, the results
confirmed the heterogeneous character of the
smooth-seeded group of OWL and were inter-
preted as being a trace of several independent
evolutionary  lineages from the ancient
rough-seeded stock. As to the NWL, an analysis
of the 2C DNA content for 38 species and
accessions (Naganowska et al. 2006), annuals and
perennials (from different ‘complexes’—Dunn
1984) revealed a relationship between genome
size and the type of life cycle. However, the
limited sampling of the NWL as well as their
insufficiently defined taxonomy did not allow
further conclusions on interspecific relationships
in that group to be made. To the best of our
knowledge, further analyses of the lupin DNA

Cytological analyses of the karyotypes in the
OWL group, which comprises just over a dozen
herbaceous annuals, revealed seven different
somatic chromosome numbers: 2n = 32, 36, 38,
40, 42, 50 and 52 as well as different basic
chromosome numbers x = 5-9 and x = 13. In
contrast to the OWL, the NWL are a large group
of several hundred species (including multifoli-
olate or unifoliolate species that are considered to
be more primitive), herbaceous or shrubby and
annual, biennial or perennial species. This group
has a low diversity of somatic chromosome
numbers and their basic chromosome number is
X = 6. Most species from western North America
and the Andes have 2n = 48 (96) and the group
of lupins from the eastern parts of North and
South America mainly have 2n = 36. Lupins
from the Florida region are exceptional with
2n = 52 that is typical for OWL (see review in
Wolko et al. 2011).
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4.2 Chromosome Markers
for Cytogenetic Mapping
of Lupinus Species

The development of molecular cytogenetics has
enabled a deeper insight into the plant genome.
One widely applied method that is used to study
plant chromosomes is fluorescence in situ
hybridisation (FISH). In lupins, FISH has been
adapted in order to provide additional information
about their genome organisation and chromo-
some identification. The first chromosome
markers were established using double-target
FISH, which permitted the chromosomes that
carry the rDNA loci (clusters of rRNA genes), to
be identified. Cytogenetic mapping revealed
variation in tDNA loci among OWL and NWL
(Hajdera et al. 2003; Kaczmarek et al. 2009;
Naganowska and Zielinska 2002; Susek et al.
2016). The 45S rDNA markers have shown
diverse loci numbers that range from one locus in
L. albus (2n = 50), L. angustifolius 2n = 40), L.
micranthus (2n = 52) and L. mutabilis (2n = 48),
one to two loci in L. hispanicus (2n = 52), L.
luteus (2n = 52), L. princei (2n = 38) and L.
pilosus (2n = 42), two loci in L. atlanticus
(2n = 38), L. cryptanthus (2n = 40), L. digitatus
(2n = 36) and L. palaestinus (2n = 42) and up to
three loci exclusively in L. cosentinii (2n = 32).
Conversely, 5S rDNA has only been observed at
one locus in 12 lupins that have been analysed
(Naganowska and Kaczmarek 2005), Hajdera
et al. (2003) and two loci in L. cryptanthus (Susek
et al. 2016). No correlation between the numbers
of tDNA loci and chromosome numbers was
observed. Moreover, the signal of the 18-25S
rDNA probe in lupin chromosomes was extre-
mely large and covered most of the chromosome,
including the nucleolar organiser region (Naga-
nowska and Zielinska 2004). These two obser-
vations, together with overall low rDNA loci
numbers, were interpreted as possibly being
connected with the ancient origin of polyploidy in
Lupinus spp., which caused different types of
multiple chromosome rearrangements. The rela-
tively low number of the polymorphic loci of both
rDNA markers allowed the identification of a few
chromosomes. A maximum of six pairs of 32
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chromosomes in L. cosentinii (Hajdera et al.
2003; Naganowska and Zielinska 2002) and two
pairs of 52 chromosomes, e.g. in L. micranthus,
were identified (Naganowska and Zielinska
2002). Thus, additional markers were required to
continue lupin molecular karyotyping in order to
determine a chromosome-based phylogeny and
evolution.

The progress of the genomic era has provided
new approaches for cytogenetic mapping studies.
For lupins, the first bacterial artificial chromo-
some (BAC) library of the L. angustifolius
nuclear genome (Kasprzak et al. 2006) was an
important tool at this stage. BAC clones from this
library were used for FISH (BAC-FISH) exper-
iments which allowed them to be mapped on the
chromosomes of L. angustifolius. It was shown
by the nature of the hybridisation signals
obtained that the BACs represented either single
locus or multiple loci on the chromosomes.
However, while both BAC types contributed to a
general characterisation of the L. angustifolius
genome, only the single-locus BACs were
informative for chromosome identification.
These chromosome-specific cytogenetic BAC
markers established a foundation for assigning
the genetic linkage groups (LGs) to the chro-
mosomal maps of L. angustifolius (Lesniewska
et al. 2011). Among the twelve clones that pro-
duced single-locus signals, eight were localised
on three chromosomes. Based on BAC-end
sequences, the genetic markers were generated
and these chromosomes (Lang06, Lang08 and
Langl7) were assigned to three linkage groups
(NLL-06, NLL-08 and NLL-17, respectively) of
the genetic map that was published by Nelson
et al. (2010). Importantly, complementary
genetic and cytogenetic mapping illustrated the
powerful approach to hook the genomic regions
carrying important genes, such as the SymRK
gene (Lesniewska et al. 2011). Combined map-
ping of narrow-leafed lupin genome resulted in
the generation of 18 BAC-derived cytogenetic
chromosome markers that identified a further
nine chromosomes (Ksiazkiewicz et al. 2015).
Later, more chromosome markers were generated
as part of research whose goal was to characterise
the important processes or metabolic pathways in
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L. angustifolius, and these markers were intro-
duced into the genome map. The BACs analysed
were carrying sequences connected with Pho-
mopsis stem blight resistance (Ksiazkiewicz et al.
2013), sequences of genes of flowering induction
(Ksiazkiewicz et al. 2016; Nelson et al. 2017)
and genes of chalcone isomerase (Przysiecka
et al. 2015).

4.3 Cytogenomic Map
of L. angustifolius as a Basic
Tool for Comparative Studies

Cytogenetic mapping of L. angustifolius genome
provided a comprehensive, integrated genome
map (Fig. 4.1) with all chromosome pairs iden-
tified with specific markers and assigned to
narrow-leafed lupin linkage groups (Wyrwa et al.
2016). Specific chromosomes were identified by
BAC-FISH through cross-hybridisation with one
to twelve BACs. In addition, the comprehensive
map provided information on the linkage map-
ping of the 5S and 45S rDNA loci in NLL-02 and
NLL-16, respectively. Thus, a nucleolar organ-
iser was localised as well (Wyrwa et al. 2016).
Finally, the map of the narrow-leafed lupin
genome (Wyrwa et al. 2016) was precisely
re-integrated based on assignment of chromo-
somes to pseudomolecules using whole BAC
sequences (WBS). The newly obtained WBS
(PacBio) along with other BAC sequences (NGS
platform, Illumina) available for lupins in the
NCBI database have expanded the cytogenomic

Fig. 4.1 Ideogram of L. angustifolius chromosomes
(Lang01 to Lang20). The karyotype was created based
on reciprocal assignment to the whole genome of L.
angustifolius. The BAC clones are indicated by rectangles
with a unique colour, according to their position in the
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resources. This established an efficient set of
tools for integrating chromosomal maps and
pseudomolecules. Seven chromosomes were
assigned to other pseudomolecules or were sat-
urated by additional BAC markers in comparison
to Wyrwa et al. (2016). Integrative mapping also
enabled the mapping of clones that had not yet
been assigned to linkage groups, e.g. the inclu-
sion of a previously unassigned cluster group
(Cluster-2) containing markers of agronomic
traits, i.e. the flowering time to pseudomolecule
NLL-20 (Susek et al. 2019).

4.4 Karyotype Variation
and Rearrangements
Among Lupins

Comparative genome mapping using FISH has
aimed to identify various chromosomal rear-
rangements within the species of the genus
Lupinus, using the L. angustifolius karyotype as
a reference. The first comparative BAC-FISH
mapping was performed for four wild OWL,
namely L. cryptanthus (2n = 40), L. micranthus
(2n = 52), L. pilosus (2n = 42) and L. cosentinii
(2n = 32) and one wild NWL, L. multiflorus
(2n = 36) (Susek et al. 2016). This approach
revealed different patterns of BAC-FISH signals
on the chromosomes as a single locus and/or a
single hybridisation signal with additional signals
obtained with BAC clones containing repetitive
sequences. It is noteworthy that some clones
were not able to yield detectable signals, e.g. in

genome. The overlapping rectangles are shown overlap-
ping BAC positions in L. angustifolius. All of the
chromosomes are drawn to scale, whereby the Mb units
refer to the L. angustifolius genome sequence (Susek et al.
2019)
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L. cosentinii. These differences in the arrange-
ment of the BACs in the chromosomes of the
wild species exposed various sequence reshuf-
flings in the lupin genomes. For example, the
highest level of similarity of the BAC pattern
was found between L. angustifolius and L.
cryptanthus. This result reflects the high genome
homology between these two species as L.
cryptanthus is considered to be a wild botanical
form of L. angustifolius (Naganowska et al.
2003). In other species, the chromosome rear-
rangements were more variable, thus suggesting
that multiple structural reshufflings may have
occurred in their karyotypes during their evolu-
tion. These rearrangements along with BAC
sequence analyses shed light on a complex evo-
lutionary history, which possibly involved chro-
mosomal changes such as fusions/fissions and
repetitive sequence amplifications. To determine
chromosome variation within OWL species, and
propose the model of their karyotype evolution,
twelve species and/or wild botanic forms were
analysed. These were: L. angustifolius (2n = 40)
and L. cryptanthus (2n = 40), L. luteus (2n = 52)
and L. hispanicus (2n =52) and L. albus
(2n = 50) and L. graecus (2n = 52), as well as
other wild species such as L. micranthus
(2n = 52), L. atlanticus (2n = 38), L. digitatus
(2n = 36), L. cosentinii (2n = 32), L. pilosus
(2n =42) and L. palaestinus (2n = 42) were
analysed. Of the 52 L. angustifolius markers, the
ones between 19 and 41 were developed for a
particular species (Susek et al. 2019). Develop-
ment of chromosomal markers for these species
enabled tracking chromosomal rearrangements
across OWL. Based on the different localisation
of BACs in the studied lupins, in comparison to
L. angustifolius, four types of chromosome
changes were identified. For example, one L.
angustifolius chromosome (Lang06), carrying
three clones in the arm A and two clones in the
arm B, was represented by two chromosomes in
related lupins. The clones from the arm A
hybridised to one chromosome of L. luteus, L.
albus and L. graecus. By contrast, one clone
from the arm B was observed in other chromo-
somes of these three species, respectively.
Additionally, several BAC markers allowed
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cultivated species to be distinguished from their
wild forms (Susek et al. 2019).

Comparative analyses of the OWL at the
chromosome level revealed an evolutionary
diversification of their genomes, but the direction
of these changes can only be deduced from their
phylogeny. The hypothesis on the course of the
evolution of the lupin karyotype was discussed
(Susek et al. 2016, 2019). It was assumed from
the phylogenetic trees (Drummond et al. 2012)
that the karyotype with 52 chromosomes, which
corresponded to the L. micranthus one, may have
evolved by numerous fusions (~7.5 MYA) that
led to the intermediate karyotype with 40 chro-
mosomes of the L. angustifolius type (~4.5
MYA), which was followed by a further reduc-
tion to 32 chromosomes (L. cosentinii, ~4.0
MYA). However, fission events cannot be ruled
out, for example, the karyotypes with 32 chro-
mosomes (L. cosentinii) could have arisen from
the karyotypes with 42 chromosomes (L. pilosus,
~3.0 MYA) assuming that one of the L.
cosentinii chromosomes would correspond to
two chromosomes of L. pilosus. These hypothe-
ses were also supported by the genetic mapping
by Kroc et al. (2014), who concluded that L.
angustifolius underwent a duplication and/or
triplication of the genome and by the reference
genome assembly (Hane et al. 2017) as discussed
in Chap. 7.

A model of chromosomal rearrangements was
also proposed that illustrated the changes in the
number and/or structure of the chromosomes. It
was assumed that these differences occurred as a
result of the loss or insertion of DNA sequences
through numerous deletion, insertion and dupli-
cation mutations. Chromosome reduction from
2n = 52 to 2n = 36 might shape the lupin gen-
omes. Species with 2n = 52 chromosomes could
have evolved from an ‘ancestral’ species with a
chromosome number of 2n = 54. Species with a
lower number of chromosomes have probably
undergone three rounds of Whole Genome
Duplication (WGD), as a result of which, species
with a chromosome number of 2n = 48, 2n = 42
and 2n =36 evolved, and the accompanying
events of aneuploidy led to the formation of
karyotypes with the number of chromosomes of
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2n =52, 50, 40, 38, 32 such as L. luteus
(2n = 52), L. albus (2n = 50), L. angustifolius
(2n = 40), L. atlanticus (2n = 38) and L. cosen-
tinii (2n = 32). The hypothesis also assumes that
the basic number of chromosomes in the Old
World lupins is x = 6 (Susek et al. 2019).

Comparative cytogenetic observations were
also implemented in the analyses of the rela-
tionships between L. angustifolius and two other
crops, L. albus and L. luteus. FISH using cen-
tromeric BAC probes showed that the cen-
tromeric regions are more similar between L.
angustifolius and L. luteus than between L.
angustifolius and L. albus. However, the cen-
tromeric sequence composition (short AGG and
GATAC repeats) can be different in L. angusti-
folius and L. luteus since the organisation of a
centromere-specific region may have diverged in
the Lupinus genus (Wyrwa et al. 2016).

4.5 Variation in Chromatin
Modifications Within Lupins

Studies of epigenetic variation at the level of
chromosomes are of particular interest for the
species that are recognised as polyploids (Wendel
etal. 2016). The variation of epigenetic changes in
lupins was divulged by characterisation of the
methylation profiles of the genomic DNA of the
crop and wild lupins, which indirectly illustrates
the genomic changes that have resulted from
evolution and/or adaptation. The chromosomal
pattern of DNA methylation demonstrated a vari-
able distribution in all the Iupins studied, which
suggests that there were various changes in DNA
methylation and genome reorganisation that
affected the SmC signal in lupins (Susek et al.
2017). In addition, an examination of the chemical
modifications of DNA and the histone chromatin
composition revealed differences among the lupin
genomes at chromosome level. The distribution of
these modifications was cytogenetically compared
between L. angustifolius and both of its crop rel-
atives, i.e. L. albus and L. luteus as well as with the
model legume M. truncatula. The euchromatin-
specific marker H3K4me2 was identified in all of
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the metaphase chromosomes of the analysed spe-
cies. Its distribution pattern was diverse, especially
in the terminal parts of the chromosome arms.
However, the distribution of H3K4me2 was
restricted to the terminal regions of both chromo-
some arms in L. angustifolius and M. truncatula,
while in L. albus and L. luteus, this histone mod-
ification was mostly observed within one chro-
mosome arm. Furthermore, immunodetection of
the heterochromatin specific marker H3K9me2
showed a similar pattern of distribution along the
distal and proximal regions of both chromosome
arms with weaker immunofluorescence signals
around the centromeres in L. angustifolius and M.
truncatula but only in the distal parts of the chro-
mosome arms in L. albus. Surprisingly, no histone
modification of H3K9me2 was observed in the L.
luteus chromosomes. It could be hypothesised that
this species established a unique complex chro-
matin modification system during evolution.
(Susek et al. 2017).

4.6 Conclusion

The significant development of Lupinus spp. cyto-
genetics has mainly been due to the use of L.
angustifolius chromosome-specific BAC markers
(Fig. 4.2a). This enabled the identification of
chromosome regions harbouring genes of interest
and assigned linkage groups/pseudomolecules to
their corresponding chromosomes. The integration
of whole genome sequence and chromosome maps
was an effective and comprehensive research
strategy in determining the correctness of the L.
angustifolius genome sequence. The cytogenomic
map of L. angustifolius and chromosomal markers
are also tools in studies of the evolutionary pro-
cesses in lupins and other Genisteae. Lupin kary-
otypes underwent various and numerous
chromosomal rearrangements during evolution.
The variation in the number and structure of chro-
mosomes might be a result of whole genome
duplication/triplication events along with aneu-
ploidy events, where a reduction in chromosome
number seems to be the basic trend of chromosomal
changes in the OWL. Further comparative
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(b)

Fig. 4.2 Comparative FISH using BAC clones from the
L. angustifolius chromosome Langl7 (a) that hybridises
to the chromosomes of L. albus (b), L. luteus (c) and L.
digitatus (d). BAC1 and BAC2 localisation in three crop

cytogenetic analyses may facilitate an understand-
ing of the mechanisms that were involved in shap-
ing legume chromosomes.
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Abstract

A range of transcriptomic resources have been
generated for lupins from expressed sequenced
tag (EST) libraries to the more recent next
generation RNA sequencing libraries. This
chapter will describe these resources and how
they have been utilized to (a) generate
gene-based molecular markers, (b) assist with
the annotation of the reference genome for
narrow-leafed lupin (Lupinus angustifolius),
and (c) addressed specific research questions
that assess global expression under different
conditions and/or tissue types. For white lupins
(L. albus) these include transcriptome studies
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using RNA sequencing libraries to investigate
cluster root formation and the plants phosphate
uptake status, for narrow-leafed lupins inves-
tigations into smallRNAs, seed storage protein
and alkaloid content in the grain, and for
yellow lupin (L. luteus) investigations into
organ abscission. While transcriptomics in
lupins is still in its infancies compared to
larger pulse crops, lupin transcriptome
resources will no doubt grow and lay strong
foundations for lupin crop improvement.

5.1 Background

Lupins are a minor agricultural crop around the
globe, with the majority of crop production
occurring in Australia, where they are grown in
rotation with wheat, barley, and canola. This
provides the other crops a break from various
diseases. The other rotational benefit of lupins is
that they have the ability to fix atmospheric
nitrogen through their beneficial interaction with
rhizobia (Berger et al. 2012b). Four lupin species
can be considered fully domesticated, which
include pearl lupin (Lupinus mutabilis), yellow
lupin (L. luteus), white lupin (L. albus), and
narrow-leafed lupin (L. angustifolius) (see
Chap. 8). Domestication of narrow-leafed lupins
is relatively recent when compared with other
broadacre crops, with breeding commencing in
the 1900s and the first domesticated varieties
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being released in Australia in the 1960s. Narrow-
leafed lupin is currently the most widely grown
lupin species and current varieties have a very
narrow genetic base where a strong focus has been
on adaptation to short-season environments
(Berger et al. 2012a). The majority of narrow-
leafed lupin crop production is used for animal
feed, however in recent years the crop has
attracted attention for use in aquaculture and
human consumption. This is because the narrow-
leafed lupin grain is high in protein (~30%) and
dietary fiber, low in starch and is gluten free
(Foley et al. 2015). While the current genetic base
of modern narrow-leafed lupin varieties is narrow,
there is a wealth of genetic diversity present in
lupin germplasm collections, thus offering
tremendous potential to increase yield and resis-
tance to both the biotic and abiotic stresses that
this crop faces (Mousavi-Derazmahalleh et al.
2018).

The age of genomics has offered opportunities
to decode crop genomes and investigate specific
research questions in the crop directly, rather than
through the use of model plant systems such as
Arabidopsis thaliana and Medicago truncatula.
DNA sequencing commenced in the 1970s with
the Sanger chain termination method being the
first approach to sequence DNA in a reliable and
reproducible manner (Zimmermann et al. 1988).
This led to the production of the so-called “first
generation” sequencing instruments from 1987
onward (McGinn and Gut 2013). In 2005 the
Genome Analyser instruments were released,
significantly increasing the sequencing through-
put as the short read massive parallel sequencing
initiated the “next generation sequencing”
(NGS) era in genomics (McGinn and Gut 2013).
Since 2005, the data output of NGS instruments
more than doubled each year providing vast
datasets to broaden our understanding of struc-
tural and functional genomics of crop plants.
NGS has rapidly led to extensive genome projects
for important pulse crops such as soybean (Sch-
mutz et al. 2010) and chickpea (Varshney et al.
2013) and while similar efforts have been made
and are ongoing in lupins, the investment in these
projects is reflected by the size of the crop when
compared to other pulses. For narrow-leafed lupin
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survey genome sequences were generated in 2013
and 2015 (Kamphuis et al. 2015; Yang et al.
2013), followed by a more comprehensive draft
genome assembly in 2017 (Hane et al. 2017)
reviewed in Sect. 3.3 and a genome sequencing
project for white lupin is currently underway
(Benjamin Péret, pers comm; Sect. 3.6.4). Third
generation single cell sequencing will likely offer
opportunities to improve genome assemblies in
pulse crops even further. NGS technologies have
also proven to be effective for whole transcrip-
tome sequencing also known as RNA sequencing
or RNASeq. RNASeq has allowed a more precise
and sensitive method to determine gene expres-
sion levels compared to older array-based tech-
niques such as oligo- and microarrays. This book
chapter will focus on and summarize the use of
sequencing-based gene expression studies in
lupin species and how these have been utilized to
address research questions that aid lupin crop
improvement.

5.2 The Use of Transcriptomics
in Lupins

Research that involves looking at global gene
expression in a species is often referred to as
transcriptomics. Such studies in the early days of
cDNA/gene sequencing involved  Sanger
sequencing of specific cDNA products, termed
“expressed sequence tags”, ESTs. Another
approach, albeit not used in lupins, is oligo or
microarrays, where picomolar amounts of speci-
fic gene sequences are placed on a slide as probes
to which cDNA samples from a specific library
are hybridized. The successful hybridization of
expressed genes in libraries are visualized with
fluorescent labels. More recently, sequencing-
based methods (RNASeq) have become the norm
to investigate expression patterns by sequencing
RNA libraries using NGS technologies. RNA
sequencing data can be used for a variety of
applications, and in lupins they have been used to
assist genome annotations, develop gene-based
molecular markers as well as investigate specific
research questions from a global gene expression
level through the comparison of different
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accessions and or treatments. The latter is called
differential gene expression analysis and such
studies have been conducted in a few different
lupin species (Table 5.1). These RNA sequenc-
ing datasets are commonly deposited in the
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NCBI GenBank as short read archives (SRAs)
and studies to date and their associates SRAs are
summarized in Table 5.1. The subsequent para-
graphs will outline transcriptome studies in var-
ious lupin species.

Table 5.1 Overview of published next generation sequencing (NGS) derived transcriptome datasets in the various

lupin species and their associated GenBank BioProject or Short Read Archive identifiers

Authors Year Species Transcriptome dataset BioProject ID ' Short read archive
Parra-Gonzalez 2012 Lupinus Young leaves, buds, flowers, - SRA055806
et al. luteus and seeds
O'Rourke et al. 2013 Lupinus Leaves, roots, and cluster roots | PRINA144943 @ SRX087928-SRX087939
albus
Wang et al. 2014 Lupinus Root tips, juvenile cluster Roots, ' — -
albus and mature cluster roots
Secco et al. 2014 Lupinus Root tips, immature cluster - SRA145661
albus Roots, and mature cluster roots
Cannon et al. 2015 Lupinus Leaves PRJEB8056 ERX651085
angustifolius
Cannon et al. 2015 Lupinus Leaves PRIJEB8056 ERX651026
polyphyllus
Kamphuis et al. 2015 Lupinus Root, stem, leaf, flower, and PRINA248164 SRX547928-SRX547934
angustifolius | seed
Foley et al. 2015 Lupinus Seed PRINA271721 # SRX832018-SRX832021
albus
Foley et al. 2015 Lupinus Seed PRINA271721  SRX832022-SRX832027
angustifolius
Foley et al. 2015 Lupinus Seed PRINA271721 = SRX832028,
cosentinii SRX832029
Foley et al. 2015 Lupinus Seed PRINA271721 # SRX832030,
luteus SRX832031
Foley et al. 2015 Lupinus Seed PRINA271721 @ SRX832032,
mutabilis SRX832033
Fischer et al. 2015 Lupinus Infected leaf tissue with - -
angustifolius = Colletotrichum lupini
Nevado et al. 2016 Several Stem and leaves - SAMNO04869551-
Lupinus spp. SAMNO04869616
Glazinska et al. 2017 Lupinus Flowers, pods, and flower PRINA285604 SRX1069734
luteus pedicels
Yang et al. 2017 Lupinus Small pods, large pods without | PRINA386115 SRX3415722
angustifolius  seeds, seeds, flowers, pedicels,
leaves, stems, and roots
Ksiazkiewicz 2017 Lupinus Young leaves, floral buds, and PRINA380248 SRX2663946,
et al. albus developing pods SRX2663947
Kroc et al. 2019a,  Lupinus Leaves PRINA389154 SRR5723679-
b angustifolius SRR5723682
Venuti et al. 2019 Lupinus Roots under Fe and P deficiency = PRINA445290 < SRX3832719-
albus SRX3832730
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5.2.1 Development of Gene-Based
Molecular Markers

in Narrow-Leafed Lupin

Some of the early use of ESTs was to convert
these expressed sequences into gene-based
molecular markers. The rationale behind this
approach is that molecular markers in genes
could lead to the identification of perfect markers
that control traits of interest. One approach is to
obtain ESTs for two different lupin lines, identify
polymorphisms between the two for expressed
genes, design primer sequences that span the
polymorphism, and genotype them by poly-
merase chain reaction (PCR), Sanger sequencing
and/or restriction digests and gel electrophoresis.
Such markers have been successfully employed
for L. albus (Croxford et al. 2008), L. luteus
(Parra-Gonzalez et al. 2012), and L. angustifolius
(Fischer et al. 2015; Nelson et al. 2006, 2010).
An alternative approach is to identify
length-based polymorphisms from ESTs which
was used by Fischer et al. (2015) where ESTs
were subjected to a simple sequence repeat finder
and ESTs with such repeats converted into
length-based polymorphic PCR markers. This
approach yielded 17 expressed sequence
tags-simple sequence repeat (EST-SSR) markers
that were genotyped on an F, population segre-
gating for anthracnose resistance (Fischer et al.
2015), where one such marker (LIM7_1) is
tightly linked to resistance. The study by Nelson
et al. (2010) generated 42 primer pairs which
were designed on the basis of sequence infor-
mation of M. truncatula and Pisum sativum EST
sequences using an intron-targeted strategy to
amplify legume-wide conserved single or low
copy genes. While the efforts by Fischer and
Nelson were based on ESTs from other legumes,
Tian and associates (2009) generated a cDNA
library for the white lupin cultivar “Lupro 2085
from roots obtained at 5, 10, 15, and 20 days
after planting, where equal amounts of RNA for
each time point were pooled to generate the
cDNA library. A total of 8,000 clones were
sequenced and after quality and vector sequence
removal a total of 5,150 ESTs remained. These
were assembled into 540 contigs and 1,915
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singletons totaling 2,455 unigenes. Of these
white lupin root ESTs 82 were converted to SSR
markers for diversity assessments in white lupin
(Tian et al. 2009).

5.2.2 Development of Gene-Based
Molecular Markers
in Yellow Lupin

The first published transcriptome data for yellow
lupin was a set of cDNA libraries generated from
young leaves, buds, flowers, and seeds of the
accession “A25 Variation” (Parra-Gonzalez et al.
2012). Two distinct tissue pools were generated
for cDNA library construction with the first
containing young leaves, flowers, and buds and
the second seed from different developmental
stages. Both cDNA libraries were sequenced on a
Roche 454-sequencer, which yielded 205 and
530 Mb of sequence data for the respective
libraries. The young leaves, flowers, and buds
library produced 604,869 reads that were
assembled into 26,975 contigs, whereas the seed
library generated 1,345,892 reads assembled into
43,674 contigs. When the data from both librar-
ies were pooled this resulted in the assembly of
71,655 contigs. Since the different libraries were
likely to contain transcript and alternative splice
variants the contigs were clustered into 55,309
isotigs, where 38,200 translated into proteins
with 8,741 being full-length proteins. Subse-
quently, the authors determined which isotig
sequences contained simple sequence repeats and
identified 2,572 of these with di-, tri-repeats
being the most frequent totaling 83.1% of all
repeats identified in the EST sequences. To
convert these sequences into molecular markers
the list of ESTs was narrowed down further to
375 by selecting EST-SSRs with at least seven
repeat units and sufficient flanking sequences for
primer design. Of these 222 were polymorphic
across a set of six genetically diverse L. luteus
accessions, 130 were monomorphic and 23 failed
to amplify. Of the 222 polymorphic markers a
subset of 50 EST-SSRs were used to genotype a
population of 64 yellow lupin accessions from
Poland, Ukraine, Russia, Spain, Germany,



5 Transcriptome Resources Paving the Way for Lupin ...

Morocco, Belarus, Portugal, Netherlands, Israel,
Hungary, and Chile and assess their diversity.
Phylogenetic analysis did not show any clear
geographical patterns but at least six distinct
clades were formed (Parra-Gonzalez et al. 2012).
The lack of clear geographical patterns is not
surprising given the intermingled breeding his-
tory of material that was assessed and the fact
that yellow lupin has a broad distribution across
the Mediterranean region.

5.2.3 Using Molecular Markers
to Generate Genetic Maps
in Lupins

While the study by Parra-Gonzalez and colleagues
focused on genetic diversity assessment, these
EST-SSRs can also be utilized to generate genetic
linkage maps and this has been achieved for var-
ious lupin species including narrow-leafed lupin
(Nelson et al. 2006, 2010) and white lupin (Phan
et al. 2007). Often times these EST-SSRs are also
transferrable ~ across  lupin  species  and
Parra-Gonzalez et al. (2012) observed that
EST-SSRs from yellow lupin also amplified PCR
fragments in two other lupin species in L. his-
panicus and L. mutabilis with 33 and 14 of the 50
EST-SSR primers tested amplifying in the
respective species. The genetic maps from white
lupin (Phan et al. 2007) and narrow-leafed lupin
(Nelson et al. 2006, 2010) have EST-derived
markers that amplify in both species. The
gene-based PCR primers used in these studies
were generated to anneal to conserved exon
sequences identified from Lupinus species and M.
truncatula ESTs and span across intron regions
predicted based on the M. truncatula genome
sequence. A total of 2,492 Lupinus EST sequen-
ces were assessed and 280 were identified as
having conserved exons between the species and
spanning introns (Nelson et al. 2006). Of the 280
primer pairs, 230 amplified single amplicons in
narrow-leafed lupin, while 28 had more than one
amplicon. The single amplicons were sequenced
on the parents of a recombinant inbred line
(RIL) population (83A:476 x P27255), where
75 were successfully converted into single
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nucleotide polymorphism (SNP) markers and nine
were length polymorphic markers. The remaining
2,192 Lupinus ESTs were assessed for the pres-
ence of simple sequence repeats and 28 were
successfully converted of which 14 were geno-
typed on the RIL population (Nelson et al. 2006).

An updated genetic map published in 2010
added an additional set of 19 previously unpub-
lished EST-derived Sequence-Tagged_Sites
(STS) markers to the genetic map (Nelson et al.
2010) and an additional 54 gene-based PCR
markers were added in 2014 (Kroc et al. 2014).
In white lupin EST-derived markers have also
been utilized to generate a genetic map for a RIL
population derived from an Ethiopian landrace
“P27174” and the “Kiev mutant” (Phan et al.
2007). A total of 626 intron spanning markers
were tested including the 280 primers tested in
the study by Nelson et al. (2006) on the parents
of the white lupin RIL population. Of the 626
markers that were tested, 378 produced single
amplicons of which 112 were determined as
polymorphic between the parents and 105 were
successfully placed on the genetic map (Phan
et al. 2007). More recently, a total of 3,597
transcriptome derived markers were added to this
genetic map, which allowed the genetic mapping
of four key agronomic traits in resistance to
anthracnose, resistance to phomopsis stem blight,
seed alkaloid content, and vernalization require-
ment (Ksigzkiewicz et al. 2017).

As the cost of NGS sequencing started to
come down, a number of projects commenced
generating RNA sequencing datasets to generate
gene-based molecular markers. The first parallel
sequencing-based approach was described earlier
where 454 sequencing of cDNA libraries was
employed by Parra-Gonzélez et al. (2012) in
yellow lupin. The first comprehensive NGS
sequencing approach in narrow-leafed lupin
generating [llumina RNA TruSeq libraries was
employed by Kamphuis et al. (2015). The
authors generated tissue-specific libraries for
root, stem, leaf flower and different development
seed stages for the reference cultivar “Tanjil”, a
closely related cultivar “Unicrop” and a wild
accession “P27255”. In addition to these libraries
a lower density RNA TruSeq library from leaf
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tissue of the accession “83A:476”, a sister line of
cultivar “Wonga” was utilized in this study
which was generated as part of the 1000 Plants
initiative (https://www.onekp.com; Cannon et al.
2015). Together these four narrow-leafed lupin
lines form the parents of two recombinant inbred
line populations and the datasets generated were
employed to identify gene-based polymorphisms
for molecular marker design: A de novo tran-
scriptome for reference cultivar “Tanjil” was
assembled comprising 104,766 sequences with a
total length of 51.6 Mb, where 63,271 discrete
genes were predicted. Interestingly, the leaf and
stem tissue showed highly similar expression
patterns, whereas 52 tissue-specific transcripts
were identified for the flower (28), seed (17) and
roots (7). Reads of the RNA sequencing libraries
from lines “Unicrop”, “P27255”, and “83A:476”
were aligned to the “Tanjil” transcriptome
assembly, which identified around two million
SNPs and around 100,000 insertion—deletion
(indel)  polymorphisms across the four
narrow-leafed lupin lines. Here the wild acces-
sion “P27255” had the most polymorphisms
relative to “83A:476” which form the parents of
a “wide cross” compared to the more closely
related parents of the “narrow cross” cultivars
“Tanjil” and “Unicrop”. When aligning the
identified polymorphic SNPs and indels for both
RIL populations to the survey assembly the
authors demonstrated that the in silico designed
markers were evenly distributed across the gen-
ome (Kamphuis et al. 2015), which would help
in their use in narrow-leafed lupin breeding
efforts.

To generate high-quality gene-based molecu-
lar markers, very stringent primer design criteria
were used which resulted in a total of 63,269
standard PCR-based in silico primers, of which
57,615 were SNPs and 5,654 were length poly-
morphisms (Kamphuis et al. 2015). This in silico
list was reduced by identifying those markers
that are polymorphic for both RIL populations.
While 838 indel sites were polymorphic between
both parent pairs (with 239 having a >2 bp
indel), 11,149 SNPs were polymorphic. Since the
breeding program (at the Department of
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Agriculture and Food of Western Australia) at
the time was utilizing the Fluidigm SNP geno-
typing platform, efforts were made to convert the
SNPs into Fluidigm assays, which resulted in
13,517 bi-allelic assays in silico. To validate
these gene-based molecular markers a set of 96
Fluidigm SNP markers and a set of 239 indel
markers were genotyped using the Multiplex
Ready PCR approach (Hayden et al. 2008),
optimized and described in Gao et al. (2011) for
narrow-leafed lupin SSR markers. This resulted
in 88 (92%) Fluidigm SNP markers and 170
(81%) indel markers being successfully geno-
typed on 152 individuals of the 83A:476 x
P27255 reference genetic map (Table 5.2). An
additional 381 RNA sequencing derived SNP
markers were placed on the genetic map by Hane
et al. (2017). The addition of the gene-based
markers to the genetic map resolved the place-
ment of two clusters that were not assigned to a
linkage group. Furthermore, the gene-based
markers were linked to traits of interest such as
anthracnose resistance and alkaloid content
(Kamphuis et al. 2015).

Fischer and colleagues generated in-depth
RNA sequencing datasets of two different
narrow-leafed lupin lines, which differ in their
resistance to anthracnose, caused by the
hemi-biotrophic pathogen Colletotrichum lupini
(Fischer et al. 2015). These included the sus-
ceptible L. angustifolius cultivar “Arabella” and
the resistant breeding line “Bo7212”, where
conidial spore suspensions of C. lupini were
sprayed on the plants and leaf material was col-
lected at 4, 8, 24, and 48 h post inoculation.
These samples were pooled for RNA extraction
and subsequent sequencing. Subsequently, SNP
polymorphisms between transcripts of the two
narrow-leafed lupin lines were identified and
converted into molecular markers using high
resolution melt (HRM) analysis for linkage
association with anthracnose resistance. A total
of 92 RNASeq derived HRM markers were
successfully genotyped on a segregating F2
population derived from lines “Arabella” and
“B07212”. The authors identified that resistance
to anthracnose in “Bo7212” was located on
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Table 5.2 Overview of gene-based molecular markers across different lupin species derived from either expressed

sequenced tags (ESTs) or RNA sequencing data

Author Year | Species Marker Number of new Number of new markers
derived from | markers generated | placed on a genetic map

Nelson et al. 2006 | L. angustifolius | ESTs 112 98

Phan et al. 2007 | L. albus ESTs 112 105

Tian et al. 2009 | L. albus ESTs 82 -

Nelson et al. 2010 | L. angustifolius | ESTs 42 19

Parra-Gonzalez et al. | 2012 | L. luteus ESTs 222 -

Parra-Gonzalez et al. | 2012 | L. hispanicus ESTs 33 -

Parra-Gonzalez et al. 2012 | L. mutabilis ESTs 14 -

Kroc et al. 2014 | L. angustifolius  EST 54 54

Fischer et al. 2015 | L. angustifolius | ESTs 17 17

Fischer et al. 2015 L. angustifolius  RNASeq data 2 92

Kamphuis et al. 2015 L. angustifolius | RNASeq data | 335 258

Hane et al. 2017 | L. angustifolius | RNASeq data 384 381

Ksiazkiewicz et al. 2017 L. albus RNASeq data | 4,830 3,597

linkage group NLL-11 and subsequently utilized
three RNASeq indel markers from the Kamphuis
et al. (2015) study for further fine-mapping and
investigation to determine if the source of
anthracnose resistance present in cultivar “Tan-
jil” conferred by Lanrl is the same locus as
resistance conferred to anthracnose identified in
the “Bo7212” genetic background. The authors
determined that the resistance in Bo7212 is
caused by a distinct locus from Lanrl and hence
named the anthracnose resistance locus identified
in the “Bo7212” background LanrBo (Fischer
et al. 2015).

In summary, a number of EST and RNASeq
derived molecular markers exist for various lupin
species for genetic diversity assessment and
generation of genetic maps for linkage associa-
tion. For narrow-leafed lupin, a total of 427
RNASeq derived molecular markers exist and
171 EST-derived markers of which 258 and 117
have been placed on the reference genetic map,
respectively (Kamphuis et al. 2015; Table 5.2).
For white lupin a total of 194 EST-derived
molecular markers exist of which 98 have been
placed on a genetic map (Phan et al. 2007,
Table 5.2), whereas 4,830 transcriptome-derived
markers were generated or which 3,597 were

placed on the genetic map (Ksigzkiewicz et al.
2017). Some of the markers amplify successfully
across lupin species as shown for markers across
L. luteus, L. hispanicus and L. mutabilis
(Parra-Gonzalez et al. 2012) as well as markers
for L. angustifolius and L. albus (Nelson et al.
2006; Phan et al. 2007). With NGS sequencing
becoming more affordable RNASeq-derived
molecular markers will complement other NGS
sequencing strategies to generate dense genetic
maps paving the way for markers associated with
traits and subsequent gene identification to gen-
erate perfect molecular markers for breeding
programs.

5.2.4 Use of Transcriptome Data
for Annotation
of the Narrow-Leafed
Lupin Genome

RNA sequencing has emerged as a powerful
technique for genome-wide detailed analysis of
the transcriptionally active genes and as such has
been utilized in narrow-leafed lupin for gene
annotation of the most recent genome assembly
(Hane et al. 2017). The first assembly released in
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2013 had no RNA sequencing data to assist the
annotation process and relied on gene identifi-
cation through homology to the Arabidopsis and
soybean (Glycine max) annotated gene sets
(Yang et al. 2013). The latter resulted in the
prediction of 57,807 genes with an average
transcript length of 2,038 bp and coding
sequence of 1,033 bp. This is a significantly
higher number of predicted genes compared to
other annotated legume genomes (Schmutz et al.
2010, 2014; Varshney et al. 2012, 2013; Young
et al. 2011) and the current narrow-leafed lupin
genome assembly that has a total of 33,076
protein coding genes. The current assembly uti-
lized EST and RNAseq datasets, proteome data
as well as in silico prediction using homology to
proteins of Arabidopsis, chickpea, common bean,
medicago, pigeonpea, and soybean (Hane et al.
2017). The RNA sequencing datasets provided
support through the alignment of this expression
data to the gene annotation where the transcrip-
tomes of the different tissue types including root,
stem, leaf, flower, and seed from cultivars
“Tanjil” and “Unicrop” and wild accession
“P27255” were used. The 33,076 genes have an
average transcript length of 3,673 bp and an
average coding sequence of 1,289 bp. Further-
more 80.4% (26,580 genes) have a functional
annotation  assigned and  genes  with
tissue-specific expression were identified (Hane
et al. 2017). The combination of using gene
prediction tools and EST, RNASeq and proteome
support thus has significantly improved the
annotation of the narrow-leafed lupin genome,
with efforts to improve the assembly and anno-
tation further currently underway (Kamphuis,
Foley and Singh, unpublished data).

5.2.5 Identification of Seed Storage

Proteins in Lupins

One of the key attributes of the lupin grain is its
high protein content, an important source of
nutrition for animal feed, aquaculture, and more
recently human consumption. Therefore, efforts
have been undertaken to identify the key proteins
in the lupin grain. The major seed proteins in
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pulses are storage proteins which accumulate
during seed development which are rapidly uti-
lized during seed germination as a source of
nitrogen and carbon during early seedling growth
(Duranti et al. 2008).

Foley and colleagues generated a cDNA
library derived from seeds of the L. angustifolius
cultivar “Tanjil”, 20-26 days post anthesis,
which resulted in a library of approximately one
million clones with an average insert size of
1800 bp (Foley et al. 2011). A total of 2,395 of
these clones yielded high-quality Sanger
sequence data and these EST sequences were
compared to seed storage protein sequences in
the NCBI database. This resulted in the identifi-
cation of three alpha, seven beta, two gamma,
and four delta conglutin seed storage proteins,
which included 11 novel conglutins. These 16
conglutins showed strong homology to known
seed storage proteins from other legumes and
validation by quantitative PCR showed that these
conglutins were all expressed during seed
development (Foley et al. 2011).

A more in-depth transcriptome study was
initiated thereafter where RNA sequencing
libraries were developed for maturing seed
between 20 and 26 days post anthesis for five
different lupin species to gain insight into the
complexity of the conglutin family in lupins,
with regard to their phylogeny, gene structure,
expression during maturation, and protein abun-
dance in fully mature lupin grain (Foley et al.
2015). The maturing seed transcriptomes for
three narrow-leafed lupin accessions, “Tanjil”,
“Unicrop”, and “P27255” were aligned to the
survey genome and de novo transcriptome
(Kamphuis et al. 2015), which confirmed the
presence of the previously identified 16 cong-
lutins in narrow-leafed lupin and their presence
in all three accessions, albeit with some nucleo-
tide sequence differences. No additional cong-
lutin genes were identified in the narrow-leafed
lupin transcriptome datasets. A consensus
narrow-leafed lupin sequence for each of the 16
conglutins was generated and the reads of the
other lupin species (two white lupin accessions,
one yellow and pearl lupin accession, and one
wild lupin species L. cosentinii) aligned to obtain
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sequence information and diversity of the cong-
lutins in the other species. In all species homol-
ogous gene sequences were identified, which
allowed subsequent phylogenetic comparisons.
These showed that for the alpha conglutins there
are three subgroups that have duplicated and
diverged prior to speciation, which is also the
case in other legumes such as medicago, pea,
peanut, and soybean (Foley et al. 2011). The
same was observed for gamma conglutins with
the “Old World” lupins where two subgroups
exist, whereas “New World” lupin L. mutabilis
gamma are more closely related to one another.
The phylogenetic relationship among both the
beta and delta conglutins was not as clear cut
when compared to the alpha and gamma cong-
lutins. While some beta and delta conglutins
have diverged prior to lupin speciation others
appear to have diverged after speciation (Foley
et al. 2015).

Subsequently, the expression levels of the
conglutins across the different species were
investigated and it was found that within a spe-
cies similar RNA expression levels were
observed for each of the conglutins across the
accessions, whereas distinct expression levels
were observed between lupin species. For
example, over 60% of conglutin transcripts in L.
luteus and L. cosentinii were delta conglutins,
whereas gamma conglutin expression was high-
est in L. albus and L. cosentinii. In contrast beta
conglutin expression was low in L. cosentinii
compared to all other species. On an individual
conglutin expression profile, differences were
observed between species. These differences
raised the question whether this translates to
differences in protein abundance in the mature
lupin grain, as protein abundance can be affected
by a number of factors such as transcription,
translation and protein turnover. Therefore, the
protein concentration of mature seed was deter-
mined and total protein content across the dif-
ferent species ranged from 30 to 44%. Strong
correlation between gene expression levels of
maturing seed and protein content in mature
grains were observed for the species L. albus, L.
angustifolius and L. luteus, while this was not the

case for L. cosentinii and L. mutabilis. L.
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cosentinii had the lowest percentage of protein
content and the highest level of conglutin tran-
script abundance in maturing seed, while L.
mutabilis was the opposite. The generation of
antibodies to the different conglutins demon-
strated that conglutin proteins are present only in
the seed and that they accumulate during seed
development with low levels detected between 4
and 20 days after anthesis, thereafter increasing
in amount till the mature seed stage (Foley et al.
2015).

Further work is required to investigate the
protein composition of the mature lupin grain
and to determine whether translation regulation,
post-translation modification, or other factors
determine the final composition of a mature lupin
grain. With a narrow-leafed lupin Targeting
Induced Local Lesions in Genomes (TILLING)
population under development, it would also be
worth determining what effect knocking out
individual conglutin genes will have on the
overall protein content in a mature lupin grain.
Future work could thus allow one to alter the
protein composition in the lupin grain, removing
those conglutins that cause allergenicity (such as
the beta conglutins) and increase those that are
optimal and beneficial for both animal and
human nutrition (such as the gamma conglutins).

5.2.6 Cluster Root Formation
and Phosphorus
Acquisition in White
Lupin

One of the special features of white lupin is the
formation of cluster roots to increase the root
surface area and more efficiently take up phos-
phorus. Phosphorus (or orthophosphate, the form
which is taken up by plants) is often considered
one of the most limiting nutrients restricting plant
growth and development. Therefore cluster root
biology in white lupin has become a model
system to investigate orthophosphate uptake
(Cheng et al. 2011). To date, four transcriptome
sequencing studies have been conducted to
investigate the regulatory network of cluster root
development and the uptake of orthophosphate



62

(O’Rourke et al. 2013; Secco et al. 2014; Venuti
et al. 2019; Wang et al. 2014).

The study by O’Rourke and associates (2013)
investigated the genome-wide expression profiles
in cluster roots, normal roots, and leaves under
orthophosphate rich and in orthophosphate defi-
cient scenarios. Since no genome sequence for
white lupin was available the authors generated a
de novo transcriptome assembly using the trip-
licate libraries of leaf and root samples under
orthophosphate sufficient and deficient condi-
tions, totaling ~ 368 million reads. The samples
were collected 16 days after emergence, meaning
that the phosphate deficient samples would have
formed and developed functional cluster roots.
Combined with 8,441 publicly available ESTs,
the assembly generated 125,821 unique tran-
scripts spanning 145 Mbp with an average length
of 1,155 bp. This resource was the first gene
index for white lupin increasing the available
gene sequence for the species ~ 14-fold with
63% of transcripts assigned a putative functional
annotation. Subsequently, the authors conducted
a differential expression analysis where 2,128
transcripts were differentially expressed in
response to orthophosphate deficiency, where
1,342 and 904 were differentially expressed in
leaves and roots (e.g., normal roots vs cluster
roots), respectively. In the leaves 987 transcripts
were upregulated in orthophosphate sufficient
conditions versus 355 in orthophosphate defi-
cient conditions. Of the 904 transcripts differen-
tially expressed between normal roots and cluster
roots, 396 were upregulated in the normal roots
in orthophosphate sufficient conditions, whereas
535 transcripts were upregulated in orthophos-
phate deficient cluster roots. Among the differ-
entially regulated transcripts in deficient
conditions were transcription factors (110) and
high-affinity phosphate transporters (155), which
exhibited distinct patterns between leaves and
roots. A total of 23 transcription factor families
were differentially regulated, with the bHLH
(14) and AP2_EREB (17) transcription factor
families the largest two responding to the
orthophosphate deficiency in the roots, whereas
the MYB transcription factor family with 33
transcripts was the largest in the leaves.
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Furthermore, transcripts associated with reactive
oxygen species produced under orthophosphate
deficient conditions were identified, including
glutathione S-transferase, glutathione peroxidase,
glyoxalase, ferritins, and NADPH-oxidase tran-
scripts. Comparisons of the white lupin tran-
scriptome to orthophosphate deficient libraries
from Arabidopsis and potato identified 12 con-
served transcripts that are differentially expressed
across all three species, making them perfect
biomarkers to monitor the phosphorus status of
lupin plants.

While the initial study by O’Rourke et al.
(2013) looked at differential responses in white
lupins 16 days after emergence in cultivar
“Ultra”, Wang and colleagues (2014) generated
samples from tissues of the cultivar “Feodora”
20 days after planting under orthophosphate
deficient conditions. They harvested tissue from
different developmental segments of the roots,
which included pre-emergent root segments of
the first-order laterals without root tips, juvenile
cluster roots that had not reached their final
length and mature cluster roots located basal to
juvenile cluster roots. The three libraries yielded
approximately 147 million reads and were
aligned to the white lupin transcript database
generated and described by O’Rourke et al.
(2013). This resulted in 103,147 unique tran-
scripts, which were subjected to differential
expression analysis in the three different root
segments. While no details were provided in
regards to the number of differentially expressed
transcripts between the different root samples, the
authors showed that ethylene plays a key role in
cluster root maturation, whereas transcripts rela-
ted to abscisic and jasmonic acid were upregu-
lated in mature cluster roots, while auxin and
cytokinin receptors were most strongly expressed
during cluster root initiation (Wang et al. 2014).
This is in accordance with a previous study that
found that transcripts involved in ethylene
biosynthesis and auxin metabolism and sensing
were upregulated in orthophosphate deficient
cluster roots, and that cytokinin degradation is
essential for cluster root development (O’Rourke
et al. 2013). The importance of cytokinin
degradation was demonstrated in two ways,
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firstly through exogenous application of syn-
thetic cytokinin which inhibited cluster root for-
mation and secondly through RNA interference
of a cytokinin oxidase which was highly upreg-
ulated in orthophosphate deficient cluster roots,
which altered cluster root formation patterns
(O’Rourke et al. 2013). The importance of auxin
has been demonstrated through the identification
of highly expressed transcripts involved in auxin
homeostasis in the RNA sequencing study by
O’Rourke et al. (2013) and Secco et al. (2014).
When auxin is applied exogenously to white
lupins it promotes cluster root formation,
whereas addition of auxin-influx or -efflux
transport inhibitors to growth media suppresses
cluster root formation (Meng et al. 2013).

In terms of metabolic changes during cluster
root development upregulation of transcripts
involved in orthophosphate recycling, such as
transporters and enzymes involved in the syn-
thesis of sulfolipids and down-regulation of
orthophosphate dependent glycolytic pathways
for carbohydrate catabolism were observed
(Wang et al. 2014). Metabolic pathways involved
in biosynthesis of organic acids were upregulated
resulting in root exudates for phosphorus mobi-
lization, while down-regulation of enzymes in
the TCA cycle enzymes, suggesting citrate
accumulation and exudation is important, the
accumulation of citrate in mature clusters was
confirmed by formazan staining. Another organic
compound that is known to accumulate to facil-
itate phosphorous mobilization is malate. The
transcript encoding malate dehydrogenase was
highly upregulated in juvenile clusters and
declined during cluster root maturation, whereas
a phosphoenolpyruvate carboxylase was highly
expressed in mature clusters supporting the
exudative burst of malate to mobilize phosphorus
(Wang et al. 2014).

A third white lupin RNA sequencing study
was conducted by Secco and associates (2014)
who generated datasets of root tips and mature
roots of orthophosphate sufficient plants and root
tips, immature cluster roots and mature cluster
roots of orthophosphate deficient plants using the
cultivar “Kiev mutant”. This yielded ~ 133
million paired-end reads which were de novo
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assembled (46,383 transcripts with an average
length of 896 bp) and subsequently merged with
the white lupin gene index to generate an
improved gene index for white lupin with a total
of 65,097 transcripts. The improved white lupin
gene index totals a length of ~105.8 Mbp and
the transcripts have an average length of
1,625 bp and is named LAGIO2 (Secco et al.
2014). The five different libraries generated were
subsequently aligned to the new gene index and
differential expression analysis conducted, where
28,915 transcripts were expressed in all five
samples and a total of 835 were differentially
expressed by eightfold or more in at least one
pair-wise comparison, which were the focus of
further analysis. The study showed that phos-
phate deficiency induced changes in gene
expression were very similar when comparing
root tip and mature roots of sufficient and defi-
cient orthophosphate treatments, respectively. In
contrast, tissue-specific differences related to
different developmental stages of cluster root
formation were observed. Like the previous two
studies these included transcripts associated with
the TCA cycle and glycolysis leading to the
production of organic acids. Interestingly, their
data suggest that the root tip is not producing and
exporting malate and citrate. The study further-
more confirmed the role of auxin and certain
transcription factors in the initiation and forma-
tion of cluster roots (Secco et al. 2014).

The fourth study by Venuti and colleagues
(2019) identified features in common between
iron and phosphorus acquisition mechanisms in
white lupin. Here, white lupin plants were grown
under phosphorous or iron-deficient conditions
for 32 days and samples harvested for RNA
sequencing from the apex of control and
iron-deficient roots, as well as phosphorus-
deficient and iron-deficient cluster roots. This
identified 1,623-5,416 differentially expressed
transcripts for the different treatments relative to
the control apex root sample. Most enriched
categories in the iron and phosphorous deficient
samples were related to metabolic reprogram-
ming such as glycolysis, the TCA cycle, amino
acid synthesis, secondary metabolism, and cell
wall synthesis. Further dissection of the
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differentially expressed genes showed that genes
involved in the iron acquisition were upregulated
in both iron and phosphorous deficient roots
(Venuti et al. 2019).

In summary, the four white lupin RNA
sequencing studies are all centric to cluster root
research and the generated expression atlas
resulting from these studies form the foundation
to investigate the intricate network of signaling
components involved in cluster root initiation,
development, and maturation. It will allow the
development of plants with improved phospho-
rus uptake, where white lupin cluster roots will
continue to play an essential role as a model
system to investigate this further. These will be
aided by the development of additional white
lupin genomic resources such as the generation
of a reference genome assembly, which is cur-
rently underway (Benjamin Péret, pers. comm.;
Sect. 3.6.4).

5.2.7 Alkaloid Biosynthesis
in Narrow-Leafed Lupin

Quinolizidine alkaloids are secondary metabo-
lites produced in all lupin species, which are
detrimental to animal and human health but
provide the plant protection from herbivore pre-
dation. In the 1930s the first low-alkaloid lupin
varieties were produced and these “sweet” vari-
eties led to the adoption of lupin in both Europe
and Australia predominantly for animal feed
(Frick et al. 2017). Modern-day “sweet” varieties
generally have a low alkaloid content, however
they are not alkaloid-free. As such an industry
threshold of 0.02% alkaloid content in the lupin
grain has been put in place in Australia and some
European countries, and the grain must remain
below this threshold in order for it to be used for
higher-value food and feed purposes (Cowling
and Tarr 2004). While in most growing seasons
narrow-leafed lupin crops remain below this
threshold, at times “sweet” varieties exceed the
threshold. Which environmental factors cause
this spike in alkaloids has been focus of recent
research, where transcriptome investigations
have been utilized (Frick et al. 2017).
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Transcriptome studies in narrow-leafed lupin
have aided the generation of gene-based molec-
ular markers (Kamphuis et al. 2015) and assisted
the annotation of the current genome assembly
(Hane et al. 2017). In addition, the transcriptome
resources described by Kamphuis et al. (2015)
have been utilized to investigate the genetic
control of alkaloid biosynthesis in narrow-leafed
lupin (Frick et al. 2018; Yang et al. 2017) by
comparing bitter to sweet transcriptome datasets.
The study by Yang et al. (2017) generated cDNA
libraries with RNA isolated from large pods, large
seeds, flowers, pedicels, leaves and roots of the
bitter variety “Oskar” to generate both Illumina
short reads and PacBio long reads (Yang et al.
2017). A de novo assembly of the PacBio reads
resulted in 10,661 transcripts after which the short
reads were aligned to these transcripts and the
unaligned reads de novo assembled into 181,904
contigs. The combined bitter transcriptome for
cultivar “Oskar” thus has 192,565 transcript
sequences with an average transcript length of
1,564 bp, totaling 175.9 Mb of sequence (Yang
et al. 2017). The bitter transcriptome of “Oskar”
was subsequently compared to the sweet tran-
scriptome of cultivar Tanjil using the raw data
from Kamphuis et al. (2015). Since genes
involved in secondary metabolism are often
co-expressed, co-expression analysis was utilized
to compare the transcript profiles of known
alkaloid biosynthesis genes such as LaLDC, a
lysine decarboxylase gene, to other transcripts
which resulted in the identification of 33 genes
with similar expression profile, including one
gene with homology to a copper amine oxidase.
This copper amine oxidase was named LaCAO
and qRT-PCR data confirmed co-expression of
this gene with LaLDC. Subsequently, the
sequence of LaCAO was aligned to other copper
amine oxidases involved in secondary metabo-
lism and this revealed strong conservation of the
motifs and residues which interact with copper
ions suggesting it is an active enzyme. Localiza-
tion studies through transient expression of a
fused green fluorescent protein to the LaCAO
protein and the use of a peroxisomal fluorescent
marker showed that LaCAO targets the peroxi-
some. Lysine decarboxylase (LDC) is the first
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enzyme in the alkaloid biosynthetic pathway
(Bunsupa et al. 2012), which converts lysine into
cadaverine. This thus raised the question whether
the identified copper amine oxidase (LaCAO)
could oxidize cadaverine into 1-piperideine effi-
ciently and this was indeed demonstrated through
GC-MS studies with purified LaCAO protein
(Yang et al. 2017). The second enzyme in the
narrow-leafed lupin alkaloid biosynthesis path-
way has thus been identified and characterized.
Of the other genes that were co-expressed with
LaLLDC and LaCAO were potential biosynthetic,
regulatory, and transporter genes such as a
geraniol 8-hydroxylase-like gene, a myb and
bHLH transcription factor and several lipid
transporters. An independent study by Frick et al.
(2018) also identified LaCAO as co-expressed
with LaLDC in the bitter accession “P27255”.
These authors utilized transcriptome datasets of
bitter and sweet varieties to identify additional
candidate genes involved in alkaloid biosynthesis
(Table 5.3). This resulted in the identification of a
berberine bridge-like enzyme (LaBBE-like) two
major latex-like proteins (LaMLPl and
LaMLP?2), which were co-expressed with LaLDC
(Frick et al. 2018). Two additional MLP-like
genes located adjacent to LaMLP2-like in the
narrow-leafed lupin genome also displayed sim-
ilar expression patterns. The expression of these
transcripts and two other known alkaloid
biosynthesis genes (LaHMT/HLT and LaAT)
(Bunsupa et al. 2011) were validated in sweet and
bitter lines by qPCR. LaLDC, LaCAO, LaAT, and

Table 5.3 Overview of
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three of the LaMLP-like genes showed similar
expression patterns in the bitter line compared to
the sweet cultivars, with strongest expression
observed in the bitter green tissue (leaf and stem)
(Frick et al. 2018). LaHMT/HLT, LaBBE-like,
and LaMLP3-like displayed separate expression
patterns to the other alkaloid biosynthesis genes
and for LaBBE-like and LaMLP3-like expression
in leaf, stem, flower, and developing seed was
observed. This strong expression of the identified
transcripts of LaLDC, LaCAO, LaAT, and three of
the LaMLP-like genes (Table 5.3) in the leaf and
stem tissue of the bitter accession compared to
sweet cultivars correlated with the total alkaloid
content in the grain at harvest (Frick et al. 2018).
The unchanged expression for the majority of
these genes in the seed during seed development
between bitter and sweet accessions furthermore
suggests that in narrow-leafed Iupin the majority
of the alkaloids are transported to the grain rather
than produced within the seed.

The expression patterns of the functionally
characterized genes LalDC, LaCAO, and
LaHMT/HLT were subsequently investigated
following applications of both abiotic stresses
such as drought and temperature (Frick et al.
2018) as well as biotic stress from aphid preda-
tion (Frick et al. 2019). Both drought and
increased temperature as well as their combina-
tion had a cultivar specific effect on alkaloid
production when three different cultivars,
“Danja”, “Tanjil”, and “Tallerack” were investi-
gated. For cultivar “Danja” grain alkaloid content

: - Gene/Locus Lupin gene ID Scaffold ID Linkage
characterized and candidate .o group
genes involved in alkaloid
biosynthesis in LalL.DC or Lup009726.1 Scaffold_190 NLL-15
narrow-leafed lupin (L. Lal/ODC
angustifolius), their gene LaCAO Lup000530.1 Scaffold_10_8 NLL-15
identifier, scaffold and
chromosome location in the  LAHMT JHLT Lup002250.1/Lup002251.1 Scaffold_423 NLL-04
Tanjil genome (Hane et al.  LaAT Lup021586.1 Scaffold_40_1 NLL-16
2017) LaBBE-like Lup003016.1 Scaffold_12_32  NLL-07

LaMLP1-like Lup019334.1 Scaffold_336 NLL-10
LaMLP2-like Lup015922.1 Scaffold_29_1 NLL-06
LaMLP3-like Lup015921.1 Scaffold_29_1 NLL-06
LaMLP4-like Lup015923.1 Scaffold_29_1 NLL-06
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increased under increased temperature, whereas
increased temperature affected grain alkaloid
content for cultivar “Tanjil”. For the third culti-
var “Tallerack” neither temperature, nor drought
had an effect on grain alkaloid content. While
LaLDC expression has been demonstrated as a
good indicator for alkaloid content between bitter
and sweet lines (Frick et al. 2018; Yang et al.
2017), its expression did not correlate with
alkaloid grain content under the abiotic stress
treatments in the three different sweet cultivars
(Frick et al. 2018). In fact, under the different
stresses the expression of LaLDC and other
alkaloid biosynthetic genes appears to decrease
relative to control plants. Therefore the mecha-
nisms that increase alkaloid content in cultivars
under drought/temperature stress warrants further
investigation.

Since alkaloids protect lupin plants from
insect herbivory, the expression and alkaloid
accumulation from aphid predation were also
investigated (Frick et al. 2019). The jasmonate
signaling pathway regulates the production of
secondary metabolites such as alkaloids and
plays a role in defense against aphid predation in
legumes (Edwards et al. 2003; Kamphuis et al.
2013; Wasternack and Hause 2013; Wink 1992).
Jasmonate responsive genes in narrow-leafed
lupin were identified and these included two
lipoxygenase genes (LaLox4-like, LaLox5-like)
and a proteinase inhibitor (LaPI-like) gene and
these genes as well as alkaloid biosynthetic genes
LaLDC, LaCAO, and LaAT were all upregulated
in bitter accession “P27255” following exoge-
nous methyljasmonate treatment. The jasmonate
inducible genes were also upregulated following
exogenous methyljasmonate application in the
sweet cultivar “Tanjil”, but in contrast to the
bitter accession “P27255”, the alkaloid biosyn-
thetic genes LaLDC, LaCAO, and LaAT were not
(Frick et al. 2019). Wounding experiments also
demonstrated that the jasmonic acid responsive
genes were induced in both sweet and bitter
lines, but the alkaloid biosynthetic genes were
not. In a final experiment using two
narrow-leafed lupin cultivars with varying levels
of aphid resistance, the response of the jasmonate
and alkaloid biosynthesis genes was investigated
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following green peach aphid (Myzus persicae)
predation. The two cultivars “Kayla” and
“Tallerack” did not exhibit changes in gene
expression of the alkaloid biosynthesis genes,
nor was a change in grain alkaloid content
observed following aphid predation in either
cultivar (Frick et al. 2019).

Alkaloid levels in the narrow-leafed lupin grain
are controlled by the iucundus locus, which has
been mapped to a 746 Kb region on pseudochro-
mosome NLL-07 (Hane et al. 2017). To identify
candidate genes for iucundus, a transcriptomic
analysis was conducted by Kroc and colleagues
(2019a, b) comparing differentially expressed
genes in leaves of high- and low-alkaloid narrow-
leafed lupin accessions. The authors identified
an APETALA2/ethylene response transcription
factor (RAP2-7) and a 4-hydroxy-tetrahydro-
diplicolinate synthase (DHDPS) in the region of
interest from 1,489 differentially expressed tran-
scripts in bitter versus sweet accessions. The
expression profile of both RAP2-7 and DHDPS
were similar to that of known alkaloid biosyn-
thesis genes LaLDC, LaCAO, and LaAT (Kroc
et al. 2019b). When comparing the coding
sequence of both candidate proteins, RAP2-7 had
two amino acid substitutions between bitter and
sweet accession (M48V and S196R), whereas a
frameshift leading to a deletion of a guanine dis-
tinguished the sweet from bitter accession for the
DHDPS protein sequence. Subsequently, Kroc
and colleagues investigated the alkaloid content of
199 narrow-leafed lupin accessions and showed
that an alkaloid content of greater than 0.9% total
alkaloid content of the seed dry weight correlated
with the bitter RAP2-7 sequence, whereas a total
alkaloid content less than 0.5% correlated with the
sweet RAP2-7 sequence thus making this the
likely candidate gene controlling alkaloid content
in narrow-leafed lupin (Kroc et al. 2019a).

In summary, thanks in part to transcriptomic
studies, a picture is starting to emerge of the
genes involved in alkaloid biosynthesis and
regulation as well as candidate alkaloid transport
genes (Frick et al. 2017, 2018; Kroc et al. 2019b;
Yang et al. 2017). Investigations using gene
expression studies to determine which environ-
mental factors influence alkaloid content in sweet
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cultivars are also starting to emerge. Wounding
and aphid predation in the sweet cultivars
assessed to date does not appear to induce genes
involved in alkaloid biosynthesis, nor do they
increase the overall alkaloid content in the grain.
In contrast abiotic stresses such as increased
temperature and drought appear to influence
alkaloid grain content in a cultivar dependent
manner, although expression of alkaloid biosyn-
thesis genes did not correlate with the increased
alkaloid content following these abiotic stress
treatments. With a changing climate, abiotic
stress caused by increased temperature and
drought in the lupin growing areas is likely to
increase and therefore investigation into the
regulation of alkaloid biosynthesis and transport
throughout the plant under these stresses war-
rants further investigation.

5.2.8 Organ Abscission in Yellow
Lupin

To date, two parallel sequencing approaches have
been used to generate transcriptome data for
yellow lupin (Glazinska et al. 2017; Parra-
Gonzélez et al. 2012). The first study used 454-
sequencing to generate transcriptome data to
generate gene-based molecular markers as
described in Sect. 5.2.1 (Parra-Gonzalez et al.
2012), whereas the second study focuses on organ
abscission (Glazinska et al. 2017). Lupins pro-
duce inflorescences with numerous flowers,
which are initiated when the shoot apex becomes
a conical structure rather than the rounded dome
seen in the vegetative stage. The number of
flowers in an inflorescence varies and up to 40 can
be formed on the main stem, yet approximately
90% of flowers shed and only a few set pods. Pod
abscission thus has a major influence on seed
formation and an economic impact in terms of
lupin crop productivity, yet the mechanisms that
control this in lupins are not well understood. To
gain more insight in pod abscission, Glazinska
et al. (2017) generated Illumina RNA sequencing
libraries of flowers, pods, and flower pedicels of
the yellow lupin cultivar “Taper”. These included
non-abscising versus abscising flowers and their
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respective separately collected pedicels from
54-day-old plants, and non-abscising versus
abscising pods from 75-day-old plants, collected
with their pedicels containing an inactive abscis-
sion zone and an active abscission zone, respec-
tively. This yielded between 46,619,042 and
56,784,288 reads per library which were de novo
assembled into 219,514 contigs with an average
length of 774 bp. Subsequently, differential
expression analysis was conducted to investigate
the molecular changes during organ abscission,
where the transcriptomes of abscised flowers and
non-abscised flowers, abscised flower pedicels
and non-abscised flower pedicels, and abscised
pods and non-abscised pods were compared. This
identified 1,343, 2,933, and 1,491 changes in
transcripts for flower, flower pedicels, and pods,
respectively. Changes in transcript expression for
genes associated with cell wall metabolism,
metabolic pathways and hormone signaling were
identified, where a total of 11 transcripts were
validated by qPCR. Changes in 27 transcripts
associated with cell wall metabolism were
observed, where 22 were upregulated and 5
down-regulated in non-abscising flowers. A sig-
nificantly higher number of cell wall metabolism
genes were differentially regulated in flower
pedicels and pods, where 81 were upregulated
and 32 down-regulated in non-abscising flower
pedicels and 7 were upregulated and 69
down-regulated in non-abscising pods. These
changes appear to be a combination of the process
of abscission as well as organ development of the
organs that did not shed (Glazinska et al. 2017).

Transcriptional changes were also observed in
key plant hormone signaling pathways including
the auxin, ethylene, and gibberellin signaling
pathways. Auxin and ethylene appear to be
important regulators of floral abscission in yellow
lupin with decrease in expression observed in
genes involved in auxin biosynthesis and release
of auxin from its conjugates and an increase of
auxin transporters and ethylene biosynthesis
genes and ethylene response factors (Glazinska
et al. 2017). In addition, changes in gibberellin
associated transcripts were observed, where
transcripts involved in gibberellin biosynthesis
were mostly down-regulated across the different
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abscised samples. Transcripts involved in gib-
berellin catabolism were upregulated in abscised
flowers and flower pedicels and down-regulated
in abscised pods. This thus shows that gibberellin
plays a role in retaining the pods on the plants.

In conclusion, the yellow lupin abscission
transcriptome study made a start in the elucida-
tion of the biological mechanisms that control
floral abscission in lupins. While further valida-
tion by qPCR and functional characterization
will dissect the molecular control of organ
abscission, the observed transcriptional changes
are aligning with observations made in other crop
systems. Future research will lead to insights that
will allow improved flower and pod set in lupin
cultivars.

5.2.9 SmallRNAs in Narrow-Leafed
Lupin

A recent study generated smallRNA sequencing
datasets to identify differentially expressed
smallRNAs during seed development in narrow-
leafed lupin (DeBoer et al. 2019). A total of 43
conserved miRNAs belonging to 16 families, and
13 novel narrow-leafed lupin-specific miRNAs
were identified from foliar and root and five seed
development stages. Members of the miRNA
families miR167, miR399, miR156, miR319, and
miR164 were upregulated in lupin seeds, which
were confirmed by gRT-PCR for miR156,
miR166, miR164, miR1507, and miR396 during
five developmental seed stages (DeBoer et al.
2019). To determine whether any of these upreg-
ulated miRNAs during seed development regulate
processes important for protein content and seed
maturation, target predictions were conducted.
Forty-nine putative unique targets were identified
for the conserved miRNAs of which 40.4%
encoded transcription factors, with the other pre-
dicted targets involved in various cellular pro-
cesses. For the novel miRNAs, 20 unique target
genes were identified, where in contrast to the
conserved miRNAs only 20% of the targets
encode for transcription factors. Subsequently, the
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authors were able to validate the target prediction
for two miRNAs, where miR399 mediated
cleavage of Lup029358.1, a  putative
Ubiquitin-conjugating E2 enzyme, involved in
maintenance of phosphate homeostasis in other
plant species and miR159 mediated cleavage of
Lup032338.1, a putative MYB transcription fac-
tor. In addition to the identification of conserved
and novel miRNAs in narrow-leafed lupin the
authors identified AGO and DCL genes important
for the biogenesis of miRNAs. The highly abun-
dant miRNAs during seed development predom-
inantly targeted transcription factors, some of
which have known roles in gene regulation in
other crops during seed development and future
investigations offer novel opportunities to increase
the quality of the lupin grain, as a high protein,
gluten-free, non-GMO human food.

5.3 Conclusion

While compared to other legume species the
number of gene expression studies in lupins have
been limited, the current datasets lay the founda-
tion for lupin crop improvement. This can be
achieved through the adoption of gene-based
molecular markers in the construction of genetic
maps for targeted trait discovery in segregating
populations and the continued improvement of
lupin genome annotations using the generated
transcriptome datasets for the various lupin spe-
cies. While currently, a genome assembly is only
available for narrow-leafed lupin, a genome
assembly for white lupin is underway and with the
cost of genome sequencing still coming down,
additional lupin genome sequences will be gen-
erated. Likewise, additional transcriptome data-
sets will be generated across the lupin species to
investigate key agronomic traits. Current tran-
scriptome datasets have generated a gene expres-
sion atlas for narrow-leafed lupin (Kamphuis et al.
2015) and a transcript index for both white
(O’Rourke et al. 2013; Secco et al. 2014) and
yellow lupin (Glazinska et al. 2017). In addition,
specific transcriptome studies have investigated
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specific traits such as disease resistance (to
anthracnose; Fischer et al. 2015), alkaloid
biosynthesis and regulation (Frick et al. 2018;
Kroc et al. 2019b; Yang et al. 2017), seed storage
proteins (Foley et al. 2015), cluster root develop-
ment and phosphorus acquisition, (O’Rourke et al.
2013; Secco et al. 2014; Venuti et al. 2019; Wang
et al. 2014) and floral abscission (Glazinska et al.
2017) in lupins. Taken together additional tran-
scriptome studies will further aid lupin crop
improvement, providing opportunities for more
durable and stable crops resulting in improved
yields and grower confidence.
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Abstract

Over the last 60 years the Australian lupin
industry has emerged to become the largest
producer in the world, accounting for 85% of
global lupin seed market. This progress was
achieved by the rapid domestication process of
the narrow-leafed lupin (Lupinus angustifolius
L.) as a grain legume crop. Narrow-leafed
lupin improvement has been based on the
identification of donors carrying desirable
alleles conferring particular agronomic traits
and, subsequently, their orchestrated transfer
by classical genetic approaches into domesti-
cated germplasm. These traits include, among
others, reduced pod shattering, low alkaloid
content, seed water permeability, early flow-
ering, and resistance to diseases caused by
pathogenic fungi: anthracnose (Colletotrichum
lupini) and Phomopsis stem blight (Diaporthe
toxica). Moreover, some of these traits are
related with recessive alleles requiring addi-
tional breeding effort. To facilitate selection of
desirable genotypes in the progenies and cross
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derivatives, molecular markers linked to par-
ticular trait loci were developed and imple-
mented in Australian breeding program.

6.1 Introduction

During the process of narrow-leafed lupin (Lupi-
nus angustifolius L.) domestication numerous
advantageous agronomic traits were identified and
transferred into current breeding materials and
cultivars. Many of these traits are conferred by
recessive alleles, requiring additional crossing
effort to maintain the homozygote state, whereas
some of them depend on two or more unlinked
genes. Intensive domestication process of the
narrow-leafed lupin, which have occurred during
the recent 60 years, has reduced the genetic
diversity and constrained adaptation of industri-
alized germplasm to such extent that further
improvement of the species as a crop will require
extensive exploitation of wild stocks (Berger et al.
2012). Incorporation of novel potentially valuable
alleles from wild or non-adapted accessions into
elite germplasm without the aid of molecular
selection tools could require several years of
pre-breeding crossing efforts to leverage all these
traits (Cowling et al. 2009). To address this issue
numerous sequence-defined markers matching
major domestication traits were developed and
subsequently implemented in narrow-leafed lupin
breeding program run by the Department of
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and Food, Western Australia wasmerged into Department of Primary Industries

(DAFWA) and the Grains Research and Devel- and Regional Development (DPIRD), whereas the

opment

Corporation (GRDC) (Table 6.1). lupin breeding program was fully licensed to the

Recently, DAFWA with two other departments Australian Grain Technologies (AGT) company.

Table 6.1 Marker implemented in the narrow-leafed lupin breeding programs

Trait
Tardus

Tardus

Tardus

Tardus

Lentus

Lentus

Lentus

Tucundus

Mollis

Mollis

Ku
Julius

Ku
Julius

Ku
Julius

Lanrl

Lanrl

Lanrl

Lanrl

Lanrl

Marker

TaM1
2.1 cM

TaM2
3.7 cM

TaM3
4.0 cM

TaLi
1.4 cM

LeM1
2.6 cM

LeM2
1.3 cM

LeLi
~6 cM

TucLi
0.9 cM

MoA
~0.0 cM

MoLi
~0.0 cM

KuHM1
~0.0 cM

LanFTcl
INDEL1
candidate
gene

LanFTcl
INDEL2
candidate
gene

AntjM1
3.5cM

AntjM2
2.3 cM

AnSeq3
09 cM

AnSeq4
09 cM

DAFWA213
~0.0 cM

Primers Detection | Products

F: AACAGAGGATTGCAAATC PCR ta 227 bp

R: ATTGGGTCTCTCTCTCTCTC Ta 226 bp or 219 bp

F: TTTTGCTAGTCTTTGGATGAGC PCR ta 203 bp

R: CTCAAACCAGCCTACCAAA Ta 222 bp or 241 bp

F: CATCTTCTTGCTTGCACATA CAPS, ta 410 bp and 190 bp

R: GTTGCCAGATTCATTCAGA Dral Ta 410 bp, 100 bp and
90 bp

F: GATCTGAAAAGGAATATGAAG PCR ta 511 bp

R: ATCCTACTAAATCCTGGTACAG Ta 6 alleles, ~250-320 bp

F: TTAACGAACCTACCATTTG PCR le 126 bp

R: GGGAACAACAACAAC Le no product

F: AGAAAAAGATGAATGCACG PCR le 204 bp

R: GTCTAACAACAACAACAAC Le no product

F: CCCACAGCTAAAATTATACC PCR le 251 bp

R: GGCAGGATGTAAGTTTAGG Le 247 bp

F: TCTTAGATGTATGATGAGTATGG PCR iuc 291 bp

R: CCAGGATAAATTAGTTGTGTC Iuc 8 alleles, 274-309 bp

F: GAAGCATTCGATGAATTC SSCP mol 199 bp (44T, 170A)

R: TAACATCAACAAGGTGAGAATC Mol 199 bp (44A, 170 T)

F: TTAAAGCTCCTCCGGGAG PCR mol 314 bp

R: CTTATACTATTAGACTAACGCC Mol 281 bp, 294 bp or
300 bp

F: CAAAAACAATAATAACGACAAC PCR ku 287 bp

R: AGACATACCTTGTATGCGG Ku 280 bp (Jul not tested)

F: AGCATGCGAGAAAACAACG PCR ku 2277 bp

R: CAGCTTACTCCATAGTTCAAAGCA Ku 854 bp
Ku* (P22660) 1069 bp
Jul no product

F: TCATATGGCTGCAACCTGAA PCR ku 5969 bp

R: GCTTCCTTCCTTTGCCTTCT Ku 4546 bp
Ku* (P22660) 4761 bp
Jul 757 bp

F: CATCCTCACATATGAAGC PCR lanrl 273 bp or 270 bp

R: CCCATTGTTGTTGTTG Lanrl 276 bp

F: TCATCTCTAAATCCTATCTCAG PCR lanrl 212 bp

R: GTAGAAAATATCATTGCAGAAAAG Lanrl 217 bp

F: GAATTCAGAGACAGGACTC SSCP lanrl 93 bp (45C)

R: AGTTTTTTTGGTTATCTAG Lanrl 93 bp (45T)

F: GAATTCTGATGTGAAACAAC SSCP lanrl 93 bp (67G)

R: CTCCTGGCTGAGCTTTG Lanrl 93 bp (67A)

F: AGTACCTTCATTTGTATGCTCCAC|C/T] Fluidigm  lanrl 92 bp 68C

R: CTCCCAATTTTGACAGAGAAGAACTGG Lanrl 92 bp 68T

(continued)
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Table 6.1 (continued)

75

Trait Marker Primers Detection | Products
AnMan AnManM1 F: TTGAGCTTGGTATATAAACG PCR anMan 216 bp or 218 bp
5.1 cM R: TCGAGCAATAAATGATATG AnMan 228 bp
LanrBo BoSeq196 F: CACCCAACATTCCAGCTCTG HRM Reference line Bo7212
13.7 cM R: CTTCAGCCAAGGAAAAGAAGTC
Phrl Ph258M1 F: TCCAGACTGACTATATTCTTAG PCR phrl 303 bp
7.8 cM R: CAGGCACATATATCTTTATACC Phrl 254 bp
Phrl Ph258M2 F: GAACCATTGTAACTAAATCC PCR phrl 206 bp
5.7 cM R: GGGAACAACAACAAC Phrl 203 bp
PhtjR PhtjM4 F: GAATTCAACCAACGTGG SSCP phtjR 92 bp (33C)
1.1 cM R: GTGGATACAACCTCACTGTC PhtjR 92 bp (33A)
PhtjR PhtjM5 F: GAATTCCATATGCAATGG SSCP phtjR 90 bp (19C)
2.1 cM R: CTTAATTGTTAATTTGTTATTTGC PhtjR 90 bp (19T)
PhtjR PhtjM7 F: CTTTTTAGCTTACTTCAATTAGC SSCP phtjR 88 bp (41G)
1.1 cM R: CTAATTCAATGAGCTTCTCTT PhijR 88 bp (417T)
PhtjR InDel2 F: GATAAAGTATATCTAAATTATGTTTGC PCR phtjR 122 bp
R: CTATATTTTGTATCAATTATAACAAATT PhtjR 134 bp
PhtjR InDel10 F: GTTAAGTGGTAAATTGACTCATG PCR phtjR 102 bp
R: GTTTTRCATTCTTGCAAAGATAAAATTAG PhtjR 94 bp

6.2 Methods Applied
for Development of Molecular
Markers

The studies on marker-assisted selection in
narrow-leafed lupin were initiated in the late
1990s, when no information of the genome
sequence, nor even the position of agronomic trait
loci on the linkage map, was available (Brien
et al. 1999). Indeed, the first linkage maps of the
species being under development at that time
were very simple and carried random amplified
DNA polymorphisms (RAPDs) or other arbitrary
markers, hardly reproducible among laboratories
and unsuitable for molecular selection (Kruszka
and Wolko 1999; Wolko 1995). The marker-
assisted selection concept required rapid devel-
opment of large number of reliable markers to
increase a chance of finding polymorphic loci
matching important agronomic traits improved
during the domestication process. To facilitate the
production of new markers applicable for future
narrow-leafed lupin genotyping, various molec-
ular methods have been harnessed.

The first approach was to target microsatellite
simple sequence repeats (SSRs), which are highly
polymorphic and abundant in eukaryotic genomes
(Litt and Luty 1989). Some PCR-based methods
tagging SSRs were already established at that
time. Those included a random amplified
microsatellite polymorphism (RAMP), being a
combination of a SSR-anchor primer technique
and RAPD, as well as an amplified fragment
length polymorphism (AFLP), based on restric-
tion digestion of genomic DNA and subsequent
PCR amplification from primers complementary
to adaptors ligated to the sticky ends of restriction
fragments (Vos et al. 1995; Wu et al. 1994). AFLP
method was sufficient to generate a high number of
polymorphic markers during preliminary narrow-
leafed lupin screening (Brien et al. 1999), how-
ever, their hypothetical subsequent conversion to
sequence-specific PCR-based applications was
found to be very inconvenient and ineffective
(Shan et al. 1999). Therefore, a modification of the
existing methods, by replacing one of the AFLP
primers with a microsatellite-anchor primer, was
proposed as a solution enabling further sequenc-
ing of an amplified band. Moreover, additional
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digestion of DNA with frequently cutting enzyme,
Haelll, was introduced before PCR amplification
step to reduce the number of bands in
high-resolution sequencing gel used for product
separation (Yang et al. 2001). The method was
named microsatellite-anchored fragment length
polymorphism (MFLP) and successfully imple-
mented to generate the first linkage map of the
species comprising 21 linkage groups (Boersma
et al. 2005). Indeed, further exploitation of MFLP
approach yielded numerous sequence-specific
markers linked to various agronomic traits
including pod shattering (Boersma et al. 2007c,
2009; Li et al. 2010, 2012b), alkaloid content (Li
et al. 2011), seed water permeability (Boersma
et al. 2007a; Li et al. 2012a), vernalization
responsiveness (Boersma et al. 2007b), and
resistance to diseases caused by pathogenic fungi:
anthracnose (Buirchell and Yang 2006; Yang et al.
2004, 2008, 2010; You et al. 2005), Phomopsis
stem blight (Yang et al. 2002), and lupin rust
(Sweetingham et al. 2006).

To enable comparative mapping and targeting
particular genes, including those putatively con-
ferring important agronomic traits, primers were
anchored in exon sequences to produce
sequence-defined, gene-based markers. Such
markers were being developed and introduced on
a linkage map of the species, comprising a single
linkage group for each of the 20 chromosomes,
and successively updated on a case-by-case basis
(Kroc et al. 2014; Ksigzkiewicz et al. 2013,
2015; Lesniewska et al. 2011; Narozna et al.
2017; Nelson et al. 2006, 2017; Przysiecka et al.
2015; Wyrwa et al. 2016). This approach pro-
vided markers anchored in candidate genes
underlying vernalization responsiveness in
flowering and low alkaloid content as well as one
gene-based marker tightly linked to white flower
color locus (Kroc et al. 2019a, 2014; Nelson
et al. 2017; Przysiecka et al. 2015; Taylor et al.
2019).

The progress on high-throughput sequencing
chemistry and equipment observed during the
recent decade opened new opportunities for
large-scale DNA fingerprinting and rapid
cost-effective marker development. These novel
methods, harnessed in narrow-leafed lupin

M. Ksigzkiewicz and H. Yang

applied research, included restriction-site-
associated DNA sequencing (RADseq), Diver-
sity Arrays Technology (DArTseq) as well as
transcriptome and  whole-genome  shotgun
sequencing and assembly (Hane et al. 2017;
Kamphuis et al. 2015; Mousavi-Derazmahalleh
et al. 2018a, b; Yang et al. 2012, 2013a, b,
2015a, b; Zhou et al. 2018). These studies
yielded numerous sequence-defined markers
co-segregating or tightly linked to several agro-
nomic traits as well as provided valuable infor-
mation on the contrast in genetic and adaptive
diversity between domesticated and untapped
narrow-leafed lupin germplasm. DArT sequenc-
ing was also used to generate high number of
markers, which facilitated linkage map improve-
ment and pseudochromosome assembly refine-
ment (Hane et al. 2017). Moreover, DArTseq was
applied for genome-wide association studies tar-
geting phenotypic traits, such as flowering time,
flower color, hard/soft seededness, alkaloid sta-
tus, pod dehiscence, height at maturity, and
100-seed weight. Some associations were found
between markers and four traits, however, after
applying false discovery rate p-value adjustment
of these associations, only two SNPs associated
with pod dehiscence remained highly significant
(Mousavi-Derazmahalleh et al. 2018a, b).

6.3 Detection Methods

The MFLP method generates a high number of
amplified products with a relatively small length
difference between particular amplicons (Yang
et al. 2001). Therefore, such markers were
amplified with y**P radiolabeled primers and
visualized by sequencing gel (5% acrylamide,
7M urea) electrophoresis using Protean II
(Bio-Rad) or similar vertical electrophoresis unit
(Yang et al. 2002). The same approach was
applied for MFLP-derived, PCR-based markers
for many years in Australian narrow-leafed lupin
breeding programs. Routine implementation of
this procedure revealed to be relatively
cost-effective, as up to 768 plants could be
genotyped using a single 96-well polyacrylamide
denaturing sequencing gel and eight multiple
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loadings in 10 min. intervals (Li et al. 2012b).
Marker bands were detected by autoradiography
with overnight exposure of the X-ray film to the
dried gel (Boersma et al. 2007a).

Gene-based SNP markers used for linkage
mapping (Kroc et al. 2014; Ksigzkiewicz et al.
2013, 2015; Narozna et al. 2017; Nelson et al.
2017; Przysiecka et al. 2015; Wyrwa et al. 2016)
have been scored mainly by the Cleaved Ampli-
fied Polymorphic Sequence (CAPS) (Konieczny
and Ausubel 1993) or derived CAPS (dCAPS)
(Neff et al. 1998) approaches. Restriction sites
and dCAPS primers were identified using dCAPS
Finder 2.0 (Neff et al. 2002). Digestion products
were separated by simple agarose gel elec-
trophoresis. However, CAPS and dCAPS meth-
ods have not been widely implemented into the
Australian marker-assisted narrow-leafed lupin
selection programs (Boersma et al. 2009).

High-throughput sequencing methods applied
to the narrow-leafed lupin genome provided
numerous single nucleotide substitution markers,
having identical lengths of both alleles. These
markers have been resolved using several dif-
ferent methods. Initially, marker-assisted selec-
tion exploited single-stranded conformation
polymorphisms (SSCP) (Sunnucks et al. 2000)
on 6% acrylamide gel using a sequi-gen CT
sequencing cell (Bio-Rad) (Yang et al. 2013a).
However, it was a tedious and time-consuming
approach, hardly scalable to address the principle
of molecular breeding, i.e., genotyping of all
plant material before the initiation of flowering to
enable further crossing of lines carrying desired
pattern of alleles.

To tackle the emerging challenge of
large-scale genotyping, automated methods of
polymorphic PCR product screening have been
exploited. Therefore, some RADseq polymor-
phic sequences derived from NGS platform
Nlumina Hiseq2000 were transformed to
PCR-based markers and subjected to the high
resolution melting (HRM) using Light Cycler
(Yang et al. 2015a). HRM was also implemented
in Poland for the incorporation of sequence-
tagged site intergeneric legume markers into the
narrow-leafed lupin linkage map, highlighting
the applicability of this method for resolving

SNPs from high-throughput sequencing data.
Nevertheless, non-negligible difficulties in opti-
mization procedure have been encountered for
several markers (Kamel et al. 2015). Recently, a
Fluidigm system has been adopted to provide
high-throughput genotyping platform for selected
array of SNP markers, both for linkage map
improvement and marker-assisted selection
(Hane et al. 2017; Kamphuis et al. 2015; Yang
et al. 2013b). Moreover, a KASP assay has been
designed for 40 markers and successfully
implemented for two narrow-leafed lupin
recombinant inbred line mapping populations,
Australian “83A:476 x P27255” and Polish
“Emir x LAE-1" in Poland (Kozak et al. 2017).

6.4 Traits Subjected to Molecular
Selection

6.4.1 Pod Shattering

Pod shattering is a natural adaptation enabling
better distribution of the seeds and expansion of
the growing area of plants. It became the highly
undesired trait in mechanized agriculture, which
requires the ability of the crop to retain its seed
until pod harvesting at full maturity. Two major
genes were subjected to molecular selection,
Lentus and Tardus. The recessive lentus (le) allele
modifies the orientation of the sclerified endocarp
in the pod, substantially reducing torsional forces
after drying (Gladstones 1967). Additionally, /e
allele changes a pod pigmentation, resulting in a
purplish hue of an immature pod and a bright
yellowish-brown color on the internal surface of a
mature pod. Therefore, a discrimination between
Le and le may be performed by phenotype
observation. The recessive rardus (ta) allele
affects the sclerenchyma strips of the dorsal and
ventral pod seams, greatly increasing the fusion
of two pod halves and moderately impeding their
separation during desiccation (Gladstones 1967).
Scoring for Ta/ta is very difficult as this gene does
not confer any other visible plant phenotype. Pod
shattering observations must be compared with
the knowledge on the Le/le genotypes to dis-
criminate between Ta and ta alleles (Boersma
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et al. 2009). Both genes were targeted in Aus-
tralian breeding program. Recessive alleles of
both genes were first combined in the Australian
Uniharvest (1971) cultivar providing
non-shattering  phenotype (Cowling 1999).
However, under extreme conditions of drought
and high temperatures even genotypes carrying
both recessive genes revealed a certain level of
pod dehiscence (Swigcicki and Swiecicki 1995).
One MFLP marker linked to the Tardus gene
(2.1 cM) was converted to a codominant
PCR-based TaM1 marker (Boersma et al. 2009).
Moreover, the first sequence-based linkage map
of the species contained two markers linked to the
Tardus trait: UWA244 (RFLP, 3.7 cM) and
Lup001 (CAPS, 4.0 cM) (Nelson et al. 2006).
These markers were converted to a codominant
PCR-based TaM2 marker and a CAPS TaM3
marker having restriction sites in both alleles to
provide internal control of enzymatic cleavage
(Boersma et al. 2009). In the panel of wild and
landrace accessions (n = 33) these markers
revealed 51-61% of predictive ability of the Ta
phenotype, being applicable together to ~70% of
accessions. To improve the selection process,
another PCR-based marker was developed, Tal.i,
yielding one fa allele and six Ta alleles. 94% of
correlation (n = 150) was observed between Ta/
ta phenotypes and Tali genotypes (Li et al.
2010). A pair of dominant MFLP markers linked
to the Lentus gene (located at genetic distances of
1.3 and 2.6 cM from the gene) was converted to
the presence (le) /absence (Le) PCR markers,
LeM2 and LeMl, respectively (Boersma et al.
2007c). Validation revealed high number of
false-positive scores, narrowing the selection
applicability of LeM1 and LeM2 markers to
approximately 35% of pod shattering landrace
accessions (n = 36). Furthermore, a codominant
LeLi PCR-based marker was designed and
revealed to be positively correlated with the trait
for ~55% of core collection lines (n = 125) (Li
et al. 2012b). Whole-genome sequencing effort
provided 26 markers within £1 cM from the
Tardus as well as 18 SNP markers within £1 cM
from the Lentus, including 6 co-segregating,
(Hane et al. 2017). Moreover, a new ultra-high-
density map carries 23 markers within &1 cM
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distance from the Tardus trait and 15 markers
within &2 cM distance from the Lentus (Zhou
et al. 2018). These markers can now be imple-
mented in narrow-leafed lupin breeding pro-
grams, but require validation.

6.4.2 Alkaloid Content

Three natural low alkaloid recessive alleles were
identified early in narrow-leafed lupin, namely
depressus, esculentus, and iucundus (von Seng-
busch 1942). These recessive genes influence the
total alkaloid content in the grain, decreasing the
total seed dry weight alkaloids to ~0.01-0.06%:
depressus has the highest impact on the alkaloid
content, whereas iucundus the lowest (Hackbarth
and Troll 1956). From these genes only iucundus
was widely exploited for NLL breeding (Glad-
stones 1970). Incorporation of this gene into
European breeding programs in the initial stage of
the narrow-leafed lupin domestication process
(years 1928-1947) (Cowling 1999) resulted in a
sharply decreased content of seed alkaloids in
modern cultivars, even below 0.01% of dry weight
(Kamel et al. 2016). The esculentus and depressus
genes were introduced into some former German
breeding materials (St. 415 and St. 14, respec-
tively) and further abandoned (Swiecicki and
Swigcicki 1995). To target iucundus in Australian
breeding, a codominant PCR markers IucLi has
been developed (Li et al. 2011). The marker is
difficult to score because it has numerous luc
alleles differing from the iuc allele by 1-
18 bp. However, IucLi revealed 86.4% accuracy
in core collection (n = 125) constituting a versa-
tile tool for molecular screening. Linkage map
improvements provided LaSSR_025 marker at a
distance 0.4 cM from iucundus (Hane et al. 2017,
Kamphuis et al. 2015) and another 16 markers
within =1 cM distance from the trait (Zhou et al.
2018). The potential applicability of these markers
in modern breeding has not yet been confirmed.
Recently, a Polish transcriptome-based study
yielded a PCR-based dCAPS marker iuc_RAP2-7
matching a candidate gene for iucundus, an
APETALAZ2/ethylene response transcription fac-
tor (Kroc et al. 2019a, b; see Sect. 5.2.7).
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6.4.3 Soft Seededness

Physical dormancy is a common agronomic trait
in legumes. It is related with the development of
a water-impermeable seed coat (Miao et al.
2001), likely caused by the presence of phenolics
and, hypothetically, suberin-impregnated layers
of palisade cells as observed in pea and soybean
(Smykal et al. 2014). Recessive allele mollis
confers water-permeable testa at maturity (Forbes
and Wells 1968; Mikolajczyk 1966). Despite the
sequencing of the genome (see Sect. 3.3) and
mapping flanking markers, no candidate gene
underlying mollis in narrow-leafed lupin has
been identified (Hane et al. 2017; Zhou et al.
2018). As the permeability of seed coat is
maternally determined, mollis is considered as
the most difficult gene for selection by phenotype
observation. To enable molecular selection in
Australian breeding program, a MFLP marker
from the linkage map (Boersma et al. 2005)
co-segregating with the mollis trait has been
converted to the SSCP marker MoA, carrying 2
SNP sites and showing 100% correlation with the
trait across wild and domesticated germplasm
(n = 76) (Boersma et al. 2007a). As the SSCP
procedure is tedious and hardly scalable, another
PCR-based marker tightly linked to gene mollis
has been designed, MoLi, yielding one mol and
three different Mol alleles. The marker MoLi has
been successfully validated in 91.3% of lines
tested (n = 150) (Li et al. 2012a).

6.4.4 Early Flowering

Wild lupins require a period of low temperature
during seed germination and early plant growth to
promote flowering (Adhikari et al. 2012; Landers
1995). This phenomenon, known as vernalization
responsiveness, is a natural adaptation to tem-
perate climate preventing from flowering in the
season with harsh weather, however, it is an
undesired trait in agriculture, significantly
reducing applicability of this species as a crop in

late spring sowings or in warm climate zones.
Two natural dominant mutations, both removing
vernalization requirement, were found during
domestication process, Ku in 1961 (Gladstones
and Hill 1969) and Julius few years later (Miko-
lajczyk 1966). Based on the phenotyping of par-
ticular cross derivatives, Ku was hypothesized to
be identical with Julius (Gladstones et al. 1998;
Rahman and Gladstones 1972). Glasshouse tests
revealed that the vernalization is essential
requirement for normal flowering in most geno-
types not containing the Ku allele (Landers 1995).
Ku reduces the vegetation period of spring sow-
ings in the climate of central Europe by 14—
16 days as plants undergo partial vernalization in
field conditions (Swigcicki and Swigcicki 1995).
Ku was widely introduced to breeding programs
in Australia and in Europe (Cowling 1999; Ste-
fanova and Buirchell 2010) whereas Julius was
exploited mainly in Poland (Taylor et al. 2019)
and the current knowledge of flowering time
control is reviewed in detail in Sect. 9.1. A dom-
inant MFLP marker co-segregating with Ku on
the linkage map (Boersma et al. 2005) has been
converted to a PCR-based, codominant KuHM1
marker (Boersma et al. 2007b). Development of
the linkage map with sequence-defined markers
(Nelson et al. 2006) provided an opportunity to
search for candidate genes by synteny to a
sequenced genome, like Medicago truncatula.
This approach yielded two markers anchored in a
candidate gene: dFTc (Kroc et al. 2014) and
LanFTcl_INDEL (Nelson et al. 2017). Codomi-
nant PCR marker LanFTcl_INDEL amplified
854 bp (Ku) and 2,277 bp (ku) products and
revealed 100% correlation with the Ku/ku phe-
notype in wild and domesticated germplasm
(n = 216). However it did not amplify any pro-
duct in few early lines carrying a Julius allele.
Recently, another INDEL marker to genotype
these lines has been developed, flanking a
Julius 5,162 bp deletion and overlapping also
Ku LanFTcl_INDEL (Taylor et al. 2019),
which allows the differentiation of the Ku and
the Julius promoter sequence variants.
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6.4.5 Anthracnose Resistance

Susceptibility to anthracnose, a disease caused by
the pathogenic fungus, Colletotrichum lupini
(Bondar) Nirenberg, Feiler & Hagedorn, is a
major issue hampering worldwide lupin cultiva-
tion (Nirenberg et al. 2002). The resistance to
anthracnose in the narrow-leafed lupin is con-
trolled by several single dominant genes that
were discovered in different germplasm resour-
ces, namely, Lanrl in cv. Tanjil, AnMan in cv.
Mandelup, and LanrBo in the breeding line
Bo7212 (Fischer et al. 2015; Ruge-Wehling et al.
2009; Yang et al. 2004, 2008). First, an
MFLP-derived PCR marker AntjM1 was gener-
ated, having one Lanrl (resistant) and two lanrl
(susceptible) alleles. However, this marker,
located 3.5 cM from the Lanrl gene, produced
many false-positive results due to high recom-
bination rate between AntjM1 and Lanrl loci
(You et al. 2005). The marker was applied to
screen F, breeding populations from only 32 and
61 crosses from approximately 400 crosses in
2003 and 2004 (Yang et al. 2015b).
Nucleotide-binding site GLPL-A motif has been
used to develop the PCR codominant AntjM2
marker. Marker AntjM2 was revealed to have
only 3% false-positive rate (n = 53) enabling
widespread implementation in Australian lupin
breeding program (You et al. 2005). Next, with
the aid of the RADseq, two markers, Anseq3 and
Anseg4, both flanking Lanrl locus by 0.9 cM,
were generated. Resistance and susceptibility
alleles had the same lengths (93 bp) but differed
by SNP variants (Yang et al. 2012). SSCP
method was used for marker scoring. Moreover,
two SNP markers co-segregating with the Lanrl,
DAFWA213 and DAFWAS5820, were identified
in the whole-genome sequencing study (Yang
et al. 2013b). DAFWAZ213 was confirmed to be
applicable to marker-assisted selection using
Fluidigm system. Another Lanrl candidate
diagnostic marker, Indel_23269, has been
developed recently (Yang et al. 2015b). More
recently, the dense reference genetic map nar-
rowed down the region of interest for Lanrl to a
388 Kb area on chromosome 11 (NLL-11),
where six sequence-based markers co-segregate
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with Lanrl (Hane et al 2017). The presence of
resistance alleles in domesticated germplasm
resulted in high effectiveness of anthracnose
resistance breeding (Fischer et al. 2015; Yang
et al. 2012). Development and implementation of
truly selective markers into breeding programs
greatly contributed to this success, increasing
from 50 to 98% the proportion of breeding lines
showing disease resistance in field trials with
simultaneous reduction by 80% the size of field
disease screening trials and working time spent
by pathologist and technical officer (Yang et al.
2015b). It means that with the same effort the
lupin breeding team has been developing twice
as many resistant breeding lines as they used to
do before implementation of diagnostic markers
into selection procedures.

The two other genetic anthracnose resistance
resources, conferred by AnMan and LanrBo
genes, have been exploited to a lesser extent than
Lanrl. To support Australian breeding, just one
codominant PCR marker, AnManM1, has been
developed for AnMan resistance gene from
Mandelup (Yang et al. 2008). The marker is
located ~5 cM from a resistance gene and was
shown to have ~5% of false-positive score rate
in domesticated germplasm (n = 23). Attempts
have been also undertaken in Germany (Julius
Kiihn-Institut and Saatzucht Steinach GmbH) to
develop molecular markers tagging the last
unexplored major narrow-leafed lupin anthrac-
nose resistance gene, LanrBo (Ruge-Wehling
et al. 2009). A sequence-defined, HRM marker
BoSeq196 has been developed, however, due to
large distance from the gene (13.7 cM) its
applicability in marker-assisted selection is lim-
ited (Fischer et al. 2015).

6.4.6 Phomopsis Stem Blight
Resistance

Phomopsis stem blight is caused by a pathogenic
fungus, Diaporthe toxica Will., Highet, Gams &
Sivasith, anamorph Phomopsis leptostromiformis
(Kiihn) Bubak (Jago et al. 1982; Williamson et al.
1994). At the latent stage of stem infection of
susceptible  plants the fungus produces



6 Molecular Marker Resources Supporting the Australian Lupin ... 81

phomopsins, which are a serious threat for animals
grazing on lupin stubble (Cowley et al. 2014).
Methods of screening for Phomopsis stem blight
rely on observations of percentage surface area on
senescent stems covered with lesions (Cowling
et al. 1987) or microscopic examination of sub-
cuticular coralloid structure of infected stems
(Williamson et al. 1991). Nondestructive glass-
house infection test can be performed by inocu-
lation of lateral branch regenerating from the
second main stem node after topping the main
stem above this node (Shankar et al. 2002).
Resistance in L. angustifolius is expressed as a
slower saprophytic colonization of host tissue
(Shankar et al. 1996). There are at least three dif-
ferent genetic sources of D. foxica resistance in L.
angustifolius, all originating from the Australian
lupin collection currently housed at Agriculture
Victoria in Horsham. Reference germplasm
resources for these genes are breeding line
75A:258 (Phrl gene) and cultivars Merrit (Phr2)
and Tanjil (PhtjR). With the use of the molecular
fragment length polymorphism (MFLP) tech-
nique, markers linked to the hypothetical Phrl
resistance gene were designed, Ph258M1
(7.8 cM) and Ph258M2 (5.7 cM) (Yang et al.
2002). The markers revealed 10% of false-positive
rate during validation step (n = 21). Next gener-
ation sequencing of restriction-site-associated
DNA fragments was exploited to develop the set
of single nucleotide polymorphism (SNP) markers
linked to PhtjR gene, namely PhtjM4, PhtjM5, and
PhtjM7 showing 100% correlation with the PhtjR
phenotype (n = 26) (Yang et al. 2013a). Recently,
whole-genome resequencing approach was har-
nessed to develop new set of markers tagging
PhtjR gene, including two INDEL PCR markers,
InDel2 and InDel10, proved to be diagnostic for all
Australian commercial cultivars (n = 27) (Yang
et al. 2015a). 8 co-segregating RADseq markers
were identified recently (Zhou et al. 2018).

6.4.7 Lupin Rust Resistance

Lupin rust, caused by pathogenic fungus Uro-
myces lupinicolus Bubak, has been observed on
narrow-leafed lupin cultivars and landraces in

Europe as early as in the 1920s and 1930s
(Klinkowski 1939; Poeverlein 1936). A source of
resistance was identified in domesticated germ-
plasm, including cultivars Tallerack and Jindalee.
Four MFLP markers were identified as linked to
the rust resistance gene from Tallerack and one
of these markers was sequenced and converted
into a PCR-based marker for future screening if
the need arises (Sweetingham et al. 2006).

6.5 Adoption of Molecular Markers
in European Breeding Programs

The history of molecular marker-assisted selec-
tion in narrow-leafed lupin breeding dates back
to years 2002-2004 when the first molecular
markers linked to disease resistance loci were
published (Yang et al. 2002, 2004). Despite the
consecutive development and public release of
markers linked to all major domestication traits
which are essential for the improvement of this
species as a crop worldwide, their implementa-
tion into marker-assisted selection was limited
only to Australian breeding programs. Recently,
some European breeders and scientists have
launched initial molecular screening procedures
for particular traits. To identify potential sources
of anthracnose resistance for Russian and
Belarussian breeding programs, four anthracnose
resistance markers, AntjM1, AntjM2, Anseq3,
and Anseq4, were surveyed and found to be
potentially useful for selection of germplasm
(n = 50) originating from Belarus, Russia,
Poland, and Australia (Grishin et al. 2015).
Moreover, the bunch of molecular markers tag-
ging the mollis (MoLi, MoA), tardus (Tali,
TaM1, TaM?2), lentus (LeLi, LeM1, LeM2), Ku
(LanFTcl1_INDEL), Lanrl (AntjM1, AntjM2,
Anseq3, Anseq4), AnMan (AnManM1), Phrl
(Ph258M1, Ph258M2), and P#R (PhtjM4,
PhtjM5, PhtjM7, Indel2, Indell0) genes was
used to explore the genetic content of selected
narrow-leafed lupin lines (n = 202) from the
Polish Lupinus Gene Bank maintained by Poz-
nan Plant Breeding Ltd. (Bielski et al. 2016;
Ksigzkiewicz et al. 2016, 2019). Recently, a
marker iuc_RAP2-7 targeting low alkaloid
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iucundus gene was validated in Polish Lupinus
Gene Bank collection (n = 202) and revealed
100% correlation with bitter phenotype and
97.1% with the sweet one (Kroc et al. 2019a).

6.6 Conclusion

The last 20 years have witnessed progress in
applied research targeting domestication genes of
narrow-leafed lupin. Exploited techniques and
methods followed current trends in molecular
sciences at the time. The implementation of MFLP
protocol (Yang et al. 2001) provided polymorphic
bands linked to all major agronomic traits. These
bands were subsequently being converted by
Sanger sequencing on one-by-one basis to
PCR-based markers (Table 6.1) released from
2002 to 2012 (Boersma et al. 2005, 2007a, b, c¢; Li
et al.2010, 2011, 2012a, b; Lin et al. 2009;
Sweetingham et al. 2006; Yang et al. 2002, 2004,
2008, 2010; You et al. 2005). MFLP-derived
markers were typically mapped 1-5 cm from the
target locus and revealed non-negligible ratios of
false-positive and false-negative scores in valida-
tion germplasm surveys. However, their use in
selection was revealed to be beneficial for a rela-
tively wide range of crosses.

Gene-based markers have been published
since 2006 by research groups from several
countries, predominantly Australia and Poland.
These markers were generated using PCR-based
Sanger sequencing to saturate a linkage maps or
to localize studied genes without any substantial
improvement around domestication loci (Kroc
et al. 2014; Ksigzkiewicz et al. 2013, 2015;
Lesniewska et al. 2011; Narozna et al. 2017;
Nelson et al. 2006, 2010; Przysiecka et al. 2015;
Szczepaniak et al. 2018; Wyrwa et al. 2016).
However, the combination of genome assembly
data and gene expression profiling targeting
particular traits provided PCR-based markers
anchored directly in candidate genes underlying
two important agronomic loci (Ku/Julius and
iucundus), constituting a versatile tool for
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marker-assisted selection (Kroc et al. 2019a;
Nelson et al. 2017; Taylor et al. 2019).

The exploitation of high-throughput sequenc-
ing technology for germplasm genotyping yielded
numerous SNP markers tagging the vast majority
of narrow-leafed lupin domestication traits (Hane
et al. 2017; Kamphuis et al. 2015; Yang et al.
2012, 2013a, b, 2015a, b; Zhou et al. 2018) and
current flanking or co-segregating markers for
these traits range from low-throughput SSCP,
CAPS/dCAPS, and HRM  assays to
high-throughput Fluidigm SNP and DArTseq
assays. These sequence-based molecular markers
can be converted to suit an individual lupin
breeding programs genotyping platform/approach
of choice. Successful conversion to PCR-based
markers from sequencing data, can be achieved by
aligning the sequences to a genome or transcrip-
tome assembly, and this has been successfully
applied in white lupin for markers linked to early
flowering, anthracnose resistance, and low alka-
loid content (Ksigzkiewicz et al. 2017; Rychel and
Ksigzkiewicz 2019; Rychel et al. 2019).
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Abstract

The genome assembly of narrow-leafed lupin
(NLL, Lupinus angustifolius) provides critical
information for inferring the evolutionary
history of NLL relative to other species in
the large genistoid clade and to other crop and
model legumes. Based on analyses of genomic
synteny, phylogenetic reconstructions, gene
families, and chromosome counts, it is appar-
ent that the ancestor of all lupin species
experienced a whole-genome triplication
approximately 20-30 million years ago; and
that multiple chromosomal breakages, fusions,
and independent duplications have subse-
quently led to various chromosomal counts in
Lupinus. In comparison with other sequenced
crop and model legume species, substantial
genomic synteny is evident, frequently extend-
ing tens of megabases. Such synteny is useful
information when looking for orthologous loci
that may share functions identified in other
legume species. At the same time, the early
triplication in Lupinus and subsequent rear-
rangements in the genistoid and other legume
lineages have scrambled the respective gen-
omes at the chromosomal level; and the
evolutionary distance to other crop and model
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legumes is substantial, with an estimated ~ 56
million years to the common ancestor.

7.1 Introduction

The genus Lupinus is large, diverse, and relatively
old, with c. 220-230 species (Lavin et al. 2005), and
distinct Old-World and New-World species groups
(Hughes and Eastwood 2006; Naganowska et al.
2003). The diversity of species in the genus provides
information for better understanding evolution of
the Lupinus genomes—and then for understanding
evolution of Lupinus in comparison to the many
other crop and model legume species. With genome
assemblies available for most such species, includ-
ing for narrow-leafed lupin (NLL; Lupinus angus-
tifolius L.), synteny comparisons also provide maps
of correspondences between genome assemblies—
at both macro scales (e.g., chromosome regions) and
micro scales (e.g., genes and regulatory elements).
This chapter will also briefly review online tools that
can help researchers access and explore genomic
data for NLL and to examine corresponding regions
in other well-studied legume species.

7.1.1 Chromosomal Background

and NLL Assembly

New-World species include the food legume
L. mutabilis Sweet (tarwi or perl lupin), and
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Old-World domesticated species include L. albus
L. (white lupin), L. albus L. (yellow lupin), and
L. angustifolius L. Haploid chromosome counts
range from 16 to 25 for Old-World species, and
from 22 to 26 for New-World species (Naga-
nowska et al. 2003).

The haploid genome size of NLL has been
estimated, using flow cytometry, to be ~924 Mb
(Kasprzak et al. 2006; Naganowska et al. 2003).
The genome assembly reported in Hane et al.
(2017) spans 609 Mb in scaffolds larger than
200 bp, with 470 Mb in pseudomolecule
assemblies and 139 Mb in remaining, unplaced
scaffolds. Scaffolds were placed into pseudo-
molecules using a dense, high-resolution genetic
map of 9,972 markers (Gao et al. 2011; Kam-
phuis et al. 2015; Kroc et al. 2014). Although the
proportion of sequence represented in the pseu-
domolecule assemblies is only approximately
half the estimated total genome size, the assem-
bly captures the large majority (98%) of core
eukaryotic genes in the CEGMA gene set (Hane
et al. 2017; Parra et al. 2007), and more than 98%
of transcriptome assemblies from diverse NLL
tissues mapped to the assembly (Hane et al.
2017). These are indications that the 2016 NLL
assembly can serve as a useful reference for most
NLL genes.

Genomic structural analyses of the 2016 NLL
assembly also indicate that the pseudomolecules are
sufficiently complete and well-ordered for the
assembly to serve as the basis for evaluating the
structural history of the genome. A plot of the
genetic map compared with the physical assemblies
(Fig. 7.1) shows generally smooth ordering of
genomic sequence on all chromosomes, as well as
features that are common in genetic-by-physical
plots in other species: namely, high rates of recom-
bination at chromosome ends (indicated by steep
slopes) and regions of low recombination in peri-
centromeric regions (indicated by shallow slopes).

Of 105 Lupinus species with chromosome
counts in the Chromosome Counts Database
(Rice et al. 2015), the largest number of species
have 1 N (haploid) counts of 24 (64 species) or
18 (19 species). There are small numbers of
species with other counts: 4@16, 19@18,2@19,
1@20, 3@21, 64@24, 3@25, 7@26, 2@48. The
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haploid chromosomal count of 20 for NLL is,
therefore, atypical for the genus—and the counts
across the genus are generally higher than for
other crop and model legumes. For example, the
most frequent 1 N count in the Phaseoleae tribe
is 11. This tribe includes bean (Phaseolus) and
cowpea (Vigna), and soybean (Glycine), as well
as less commonly known crop species such as
winged bean (Psophocarpus) and Bambara
groundnut (Vigna subterranea). Among these,
only Glycine has a higher count—of 20 chro-
mosomes, resulting from a whole-genome
duplication (WGD) ~10 Mya (Schmutz et al.
2010). Similarly, the 1 N counts for many
cool-season legume are lower than for Lupinus: 8
for Medicago and Cicer and Vicia, 7 for Lotus
and Pisum. Cultivated peanut, in the dalbergioid
clade, has 20 chromosomes—but this is a recent
allotetraploid, derived from the merger of two
10-chromosome diploid Arachis progenitors
(Bertioli et al. 2016). What explains the higher
chromosome counts in Lupinus—and the atypi-
cal count in NLL?

7.1.2 Phylogenetic and Synteny
Evidence Indicate
a Whole-Genome
Triplication in Lupinus

The first report of polyploidy in NLL was by
Kroc et al. (2014), primarily on the basis of
comparisons synteny between an NLL genetic
map and genome sequence from Medicago
truncatula. There are now several additional
lines of evidence that clarify the timing and the
nature of the polyploidy. These indicate that
lupin underwent a whole-genome triplication
(WGT) within the genistoid clade, approximately
20-30 Mya, on top of the older (~55 Mya)
WGD that predated the papilionoid radiation
(Cannon et al. 2015). Briefly outlining these lines
of evidence:

e First: Synteny comparisons with legumes
such as Lotus japonicus and Phaseolus vul-
garis generally show three-to-one synteny
relationships for any given region in the
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Fig. 7.1 Plot of genetic map (Y-axis) by physical
sequence (X-axis) for narrow-leafed lupin (NLL). The
genetic map consists of 2959 framework markers from a

comparison species—or six-to-two relation-
ships if the comparisons are relaxed to
include older syntenic matches.

e Second: gene families frequently show trip-
licated lupin paralogs, deriving after the split
with other (non-genistoid) legume species.

e Third: chromosome counts are consistent
with tripling from 9 chromosomes in the basal
genistoid species, to 27, followed by moder-
ate reduction to ~20-25 chromosomes.

high-resolution cross (Hane et al. 2017; Kroc et al. 2014).
The physical map consists of the chromosomal pseudo-
molecule assemblies for NLL

Synteny evidence of a WGT is illustrated in
Fig. 7.2, which shows comparisons of NLL
chromosome 13 with the common-bean genome
(Phaseolus vulgaris) and with the rest of the
NLL genome, from the Legume Information
System (https://legumeinfo.org; Dash et al.
2016). Colored blocks indicate conserved syn-
teny (runs of genes that are generally in the same
order in both genomic regions). In the compar-
ison with Phaseolus, most NLL regions have
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Fig. 7.2 Genomic synteny between NLL chromosome
13 and common bean (Phaseolus vulgaris) and with the
rest of the NLL genome. Colored blocks of a given color
represent synteny (blocks of genes that occur in the same

correspondences with two Phaseolus regions. In
the comparison with NLL, most NLL regions
also have correspondences with two other NLL
regions (often large), as well as additional frag-
mented correspondences.

The correspondence with two regions in
Phaseolus is consistent with a whole-genome
duplication shortly predating the origin of the
Papilionoideae subfamily. Because the genistoid
clade diverged early in the Papilionoideae from
the clade containing the Phaseoleae and the
cool-season legume crops, the evolutionary dis-
tances are similar from NLL to either duplicate in
Phaseolus, so there are generally two syntenic
regions for any NLL region. For example, in
Fig. 7.2, the first half of NLL chromosome 13
(NLL-13) matches Pv05 (red) and Pv11 (brown)
—albeit with fragmentation.

The correspondences of NLL to itself are also
consistent both with a genistoid WGT and with
the pre-papilionoid WGD. The expected pattern
for a WGT is for the reference chromosome (in
this case, NLL-13) to match two other chromo-
somes, for a total of three corresponding chro-
mosomes. For example, the left side of NLL-13
matches NLL-07 (red) and NLL-08 (orange).
Evidence of the pre-papilionoid WGD is seen in
the other, more fragmented matches—for

order in both genomic regions). Pointed ends in the blocks
indicate the relative direction of the alignments in the two
regions

example, NLL-03, -06, and -10, from the left side
of the reference chromosome, NLL-13.

The second line of evidence for a WGT in
Lupinus comes from gene families. Many legume
gene families show clusters of paralogous genes
in NLL. One such gene family is shown in
Fig. 7.3—which provides evidence both for the
pre-papilionoid WTD and the genistoid WGT.

In the two clusters of three NLL genes, each
gene comes from a different chromosome or
scaffold, indicating that these gene duplications
result from a genome-wide event rather than
local duplications. Note two nearly complete
clades of the represented legume species, deriv-
ing from the pre-papilionoid WGD, and an
additional gene duplication affecting Glycine and
a WGT affecting Lupinus.

The third line of evidence for a WGT in
Lupinus is the combined phylogenetic and
chromosomal count data in Lupinus and other
genistoid species.

A selection of species from the large genistoid
clade, combined with the modal 1 N chromosome
counts for genera (Fig. 7.4), illustrates that the
most parsimonious basal chromosome count for
the clade is 9, but following the split of Dilchius
from the sister clade containing Lupinus, the most
frequent 1 N chromosome counts are 24
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Fig. 7.3 Legume gene family L_36MFSW (an unchar-
acterized protein) from Legumelnfo, https://legumeinfo.
org/search/phylotree. Genes are colored by species.
Five-letter prefixes are composed of the three first letters

(8 genera), 25 (3 genera), and 26 (2 genera). This
is consistent with a genome triplication, increas-
ing the 1 N count from 9 to 27, at around 20 Mya,
based on the legume phylogenetic timings of
(Lavin et al. 2005). The phylogenetic tree is cal-
culated based on an alignment of the maturase K
(matK), from (LPWG 2017).

Following the WGT in the genistoid clade, a
series of further genomic rearrangements, splits,
and fusions have resulted in varying chromo-
some counts in Lupinus. Examples of these
changes can be seen in Fig. 7.5, which shows the
comparison of a white lupin (WL) genetic map
(Ksiazkiewicz et al. 2017) by the NLL genomic
sequence. The 25 WL linkage groups (repre-
senting the 25 WL haploid chromosomes) gen-
erally correspond with the 20 NLL chromosomes
fairly directly, but with various fusions, splits,
and rearrangements. For example, NLL-01 cor-
responds with WL-12 and WL-13, albeit with
apparent rearrangements on both sides. NLL-02
corresponds with WL-04, albeit with an apparent
large inversion in one of the species.

@ WtiaLj 160.1
{) cicar.CDCFrontier.Ca_11903.1
@ medr 005230.1
pr.

arahy.124Y0D.1
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of the genus and the first two letters of the species epithet,
e.g., “glyma” for Glycine max or “lupan” for Lupinus
angustifolius

7.2 Online Resources for Lupin
Genetic and Genomic Research

Several online repositories have tools that should
be useful to lupin researchers. The Lupin Gen-
ome Portal at https://www.lupinexpress.org has
genomic sequences for NLL, including sequence
download, genetic map viewer, and BLAST
search tools. The Legume Information System at
https://legumeinfo.org (Dash et al. 2016) also has
genome viewers (GBrowse and JBrowse; see
Fig. 7.2 for example), gene and genome
sequences for download, a gene family viewer,
BLAST search, an annotation service for anno-
tating submitted sequences, and a microsynteny
viewer. The microsynteny viewer (‘“Context
Viewer”), accessed via https://legumeinfo.org/
lis_context_viewer, displays corresponding gene
sets from available sequenced legume genomes.
The Gene Tree Viewer (see Fig. 7.3 for exam-
ple), the Context Viewer, and BLAST sequence
search all provide methods that enable a
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Fig. 7.4 Species tree, calculated from matK sequences
(LPWG 2017), for species in the genistoid clade and
selected other legume species. Numbers following each
species are the haploid chromosome counts typical for
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that genus, from the Chromosome Counts Database (Rice
et al. 2015). Large asterisk marks hypothesized transition
from 9 chromosomes to 27. The tree is rooted with
sequences from the Caesalpinioideae subfamily
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Narrow-leafed lupin (genomic)

Fig. 7.5 Plot of white lupin (WL) genetic map (Y-axis)
by narrow-leafed lupin (NLL) physical sequence (X-axis).
The genetic map consists of 3624 framework markers in a
high-resolution cross (Ksiazkiewicz et al. 2017). Linkage
groups in the WL genetic map have been reordered to
correspond (approximately) with the order of the NLL

researcher to identify genes and regions that
correspond across many legume species. This
can be useful for investigating orthologs in other
legumes, starting from lupin sequences with

genome. The WL linkage group names have this format:
nll02-w104f, where “nll02” indicates correspondence with
NLL chromosome 2, “wl04” is the WL linkage group,
and the terminal “f” indicates that the linkage group has
been flipped for correspondence with respect to NLL

suspected function, and for discovering lupin
sequences with homology to genes in other
legumes for which functions have been
determined.
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Abstract

Lupins provide an insightful model for plant
domestication with five species domesticated
over a wide range of time and geography. The
most intensively studied species is narrow-
leafed lupin, a twentieth-century domesticate
where the addition of each successive domes-
tication trait was documented in the scientific
literature. Foundational to the advances made in
our understanding of lupin domestication was
the availability of excellent genetic resources:
Well-annotated wild seed collections, pub-
lished pedigrees of Australian narrow-leafed
lupin cultivars and a suite of wild x domesti-
cated cross populations. Rapid developments in
genomic technologies culminating in the refer-
ence genome for narrow-leafed lupin have
greatly increased our understanding of the
origins of domesticated lupins, how diversity
has been profoundly affected and the molecular
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control of domestication genes. This chapter
provides an overview of our current under-
standing of lupin domestication and how this
knowledge can equip lupin breeders to create
more diverse and productive cultivars.

8.1 Background

The legume genus Lupinus is special in many
respects, not least its extraordinary history of
domestication of several species across a wide
range of time and geography. Lupinus encom-
passes around 275 species distributed across the
Mediterranean region and North Africa (‘Old
World’ lupins) and the Americas (‘New World’
lupins) (Hughes and Eastwood 2006). While Old
World lupins represent just 13 of those 275
species, four Old World species can be consid-
ered fully domesticated, while several others
show signs of historic cultivation and selection
(Swiecicki and Swiecicki 1995). The oldest fully
domesticated species is white lupin (L. albus L.).
There is clear evidence that white lupin was
cultivated in Egypt by 300 BC and possibly as
early as 2000-1000 BC (Wolko et al. 2011).
Three further Old World species are more mod-
ern domesticates: Narrow-leafed Iupin (L.
angustifolius L.), yellow lupin (L. luteus L.) and
West Australian blue lupin or sandplain lupin (L.
cosentinii Guss.; often mistaken for L. digitatus
Forsk.). Despite the majority of Lupinus species
being from the New World, just one—Andean
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lupin (L. mutabilis Sweet)—has been domesti-
cated, likely 3000—4000 years ago.

Today, the most widely cultivated species are L.
angustifolius and L. albus, while L. luteus and L.
mutabilis are niche crops, and L. cosentinii is not
currently cultivated to our knowledge. The pro-
duction of lupin seeds as an agricultural product
still occurs mainly in Australia but also in parts of
Europe, Africa and South America. Although
production has fluctuated over the last 20 years,
over a million tonnes are produced every year. In
2017, the largest producers were Australia
(1,031,425 t), Poland (168,678 t) and the Russian
Federation (161,680 tonnes) (FAO 2017).

It is easy to understand why lupins attracted
the attention of early farmer and hunter-
gatherers: their seeds are large and highly nutri-
tious with protein contents of around 30-45%,
comparable to soybean (Lucas et al. 2015). Wild
types and landraces are high in bitter quino-
lizidine alkaloids but humans quickly learned to
remove most of the alkaloids by soaking and
rinsing in water. As a snack food some residual
bitterness in the lupin seeds provides a pleasant,
distinctive flavour, which remains popular in
Spain (‘altramuces’), Italy (‘lupini’), Ethiopia
(‘gibto’), Egypt and Sudan (‘termes’) and South
America (‘tarwi’ or ‘chocho’). Naturally low
alkaloid, ‘sweet’ cultivars have been developed,
which now represent most of the lupins culti-
vated worldwide. Sweet cultivars are grown
primarily for grain for animal feed but increas-
ingly as a healthy adjunct to the human diet in
breads and pastries, or to provide a gluten-free
alternative to wheat flour (Gresta et al. 2017).

The Lupinus genus has been the subject of
genomic studies since the late 1990s (Wolko
et al. 2011). Most extensive genomic research
has focused on the most widely cultivated spe-
cies L. angustifolius, which culminated in the
publication of a high-quality reference genome
(Hane et al. 2017). This chapter explores how the
genomic resources in L. angustifolius are
enabling a greater understanding of lupin
domestication, which is becoming an increas-
ingly insightful model for crop domestication
and species evolution more generally.

J. L. Taylor et al.

8.2 Multiple Lupin Domestications
Spanning Time and Space

Domestication can be defined as the taming of
wild plants and animals to become more pro-
ductive for humans, enabling the development of
trade specializations and burgeoning human
populations (Diamond 2002). It involved pro-
gressively accumulating domestication traits that
made the plants increasingly more useful and
productive to people. The founding father of the
discipline, Nikolai Vavilov, described this as the
‘homologous series in inherited variation’ (Vav-
ilov 1951) and which is now known as the ‘do-
mestication syndrome’ (Hammer 1984). These
traits included reduced fruit dehiscence, increased
apical dominance, removal of seed dormancy,
altered time of flowering and maturity, and
reduced bitter compounds in seeds (Doebley et al.
2006). The domestication of lupin occurred sev-
eral times throughout human history and across
wide geographical regions (Gladstones 1998).

8.2.1 Ancient Lupin Domestication

The first records that suggest lupin had been
adopted and adapted for use within human cul-
ture are from Greek and Roman texts. However,
it is believed that lupins had been cultivated
around the Mediterranean much earlier, having
spread from the place of initial cultivation, Egypt
(Gladstones 1974). Archaeological remains of L.
albus have been found in Greece and Cyprus
dating from around the Bronze Age (Zohary
et al. 2012). It is believed that it was white lupin
that the ancient Greek writers Hippocrates (400—
356 B.C) and Theophrastus (372-288 B.C)
record, discussing soil type and harvesting
requirements for the crop. The Roman writer, the
elder Cato (243-149 B.C) referred to its use as a
cattle feed and as a green manure, and the poet
Virgil writes of its use in crop rotation with
cereals (Hondelmann 1984). It was at some point
during this early cultivation that the initial
domestication of white lupin would have occur-
red, selecting the permeable seed coats to aid
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even germination and non-shattering pods to
reduce wastage during harvest (Gladstones
1970). The history of lupin use and domestica-
tion in the ‘New World’ is harder to follow as
there are fewer records. The early cultivation of
L. mutabilis in the Andes of South America has
been dated to around 700 B.C. (Hondelmann
1984). Later, it was the Incas who used lupin
extensively in crop rotations until the Spanish
conquest in the early sixteenth century (Wolko
et al. 2011). Similar traits as those in L. albus
would have been selected for in the early
domestication and adoption of L. mutabilis into
South American agriculture, and there are no true
wild lines remaining without these domestication
traits (Eastwood and Hughes 2008).

Lupin cultivation and domestication under-
went a renaissance in the eighteenth century.
This was by royal decree in Prussia as a means of
soil improvement using L. albus. This species did
not thrive in the Northern European climate and
was replaced successfully with L. luteus, which
was used for seed production for animal feed as
well as soil improvement in crop rotations
(Wolko et al. 2011; Hondelmann 1984). L.
angustifolius was also introduced to Europe over
the following 100 years and along with L. luteus
was taken up by farmers in Northern Europe as
both species had good frost tolerance and suit-
able maturity timing compared to L. albus
(Wolko et al. 2011).

8.2.2 Modern Lupin Domestication

The driver for the modern era domestication of
lupins was to find sweet varieties which were low
in alkaloids (Hondelmann 1984). Up to this point,
all lupins were bitter and the consumption of seed
was only possible after soaking the seeds for a
period of time in water. If sweet varieties could be
developed, then it could open up a greater use of
the crop for animal feed as well as for humans
without the risk of toxicity. The first recorded
discovery of sweet plants for both L. luteus and L.
angustifolius was in the late 1920s by German
scientist and plant breeder Dr. Reinhold von
Sengbusch. This was only possible after the

development of a simple, high-throughput assay
to detect the presence of alkaloids (Hondelmann
1984; Gladstones 1970). The identification of
sweet types of L. albus was subsequently
achieved and this, along with breeding for early
maturity, was carried out in 1930-1940s in
northern Europe leading to varieties such as
Nahrquell being released post-war in West Ger-
many (Gladstones 1970).

At the same time, other key seed traits—in-
dehiscence, water permeability (soft seededness)
and white colouring—were included in the
selection and proved successful in L. luteus.
Lupin breeding also began in Poland in the
1930s, focused mainly on L. luteus and L.
angustifolius but it was not until after the Second
World War that interest for lupins grew, partic-
ularly in the Mediterranean, Australasia and
South Africa. In the 1950s, a breeding pro-
gramme was established in Western Australia for
L. angustifolius where the full domestication of
this species was achieved by incorporating
domestication genes from several sources
(Gladstones 1977) (Table 8.1). A L. angustifolius
breeding programme was also set-up in the USA
in the 1940s and continued to the 1960s with
advances made in disease resistance, particularly
to anthracnose and grey leaf mould. These vari-
eties and knowledge were then combined into the
Australian breeding programme (Gladstones
1977). Yield improvements then became the
focus for the breeding efforts as the domestica-
tion process had been completed.

L. mutabilis was another lupin species for
which von Sengbusch produced sweet types in
the 1930s, as other domestication traits such as
non-shattering were already in place. Mutation
breeding for sweetness using ethyl methanesul-
fonate (EMS) was also attempted later on, low-
ering alkaloid levels to around 0.2-0.3%
(Clements et al. 2008; Williams et al. 1984).
However, it was breeding work based on a natural
mutant by von Baer and Gross in Chile that led to
the production of an extremely low-alkaloid cul-
tivar, Inti (Gross et al. 1988). Breeding was then
continued in Western Australia from 1999,
focusing on flowering time and male sterility. The
Australian Lupin Collection containing a number
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Table 8.1 Key domestication genes in narrow-leafed lupin
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Domestication = Gene name Dominant | Description Chromosome, | Origin and
trait or interval size” | reference
recessive
Low alkaloid iucundus Recessive  Reduced level of NLL-07, Discovered by Von
quinolizidine alkaloids in 746 Kb Sengbusch in 1928
the plant. Possibly (Hackbarth 1957;
controlled by RAP2-7 gene Von Sengbusch
(Kroc et al. 2019) 1942)
Soft mollis Recessive = Water permeable seed NLL-17, Unknown origin in
seededness allowing immediate 119.5 Kb 1930 (Mikolajczyk
germination 1966; Forbes and
Wells 1968)
White flowers  leucospermus | Recessive | Anthocyanin pigments are NLL-03, Natural variant
and seeds suppressed leading to white | 907.1 Kb (Hallqvist 1921;
flowers and seeds, and no Hackbarth and
purple colouring in leaves Troll 1959)
and stems
Non-shattering  tardus Recessive | Pod seams are fused NLL-01, Discovered in 1960
pods together, reducing shattering ' 517.6 Kb (Gladstones 1967)
Non-shattering  lentus Recessive | Endocarp cells in the pod NLL-08, Discovered in 1960
pods walls lose their parallel 387.1 Kb (Gladstones 1967)
orientation, reducing
shattering
Early flowering = Ku Dominant | Loss of vernalization NLL-10, Discovered by
requirement for flowering 413 Kb Gladstones in 1961

leading to early flowering in
warmer environments.
Controlled by a Flowering
Locus T (FT) homologue
(Nelson et al. 2017)

(Gladstones and
Hill 1969)

“Hane et al. (2017)

of L. mutabilis accessions with differing charac-
teristics provided additional traits, which could be
combined into breeding programmes for the
continual improvement of L. mutabilis cultivars
(Clements et al. 2008).

L. cosentinii domestication and breeding was
undertaken by Gladstones in the 1950s, around a
century after it had been initially introduced to
the country for flour production. It was a good
choice for domestication as it had naturalized
well into the Western Australian environment
and thrived on infertile, sandy soils as well as
having some drought tolerance (Gladstones
1970). By this time, it was used mainly for soil
improvement and sheep feed. Domestication

traits that were targeted for L. cosentinii
improvement were low-alkaloid seed (from arti-
ficial mutagenesis), non-shattering pods, early
flowering and soft seededness, from natural
mutations (Gladstones and Francis 1965; Glad-
stones and Hill 1969; Gladstones 1958, 1967).
All of these were incorporated into the cultivar
‘Erregulla’. However, it was not widely taken up
due to problems with deformed seeds and
reduced seed filling (Cowling et al. 1998). While
this species is not currently grown to any
appreciable extent, it may provide a useful
legume rotation crop in a drying climate, as there
is anecdotal evidence of drought tolerance in this
species (Gladstones 1970).
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8.3 Genetic and Genomic Resources
Supporting Domestication
Research in Lupin

Lupins provide an excellent model for under-
standing domestication genes due to the multiple
independent domestications across wide spatial
(Europe, South America and Australia) and
temporal (from 4000 to 50 years ago) ranges.
Two crucial features supporting domestication
studies are the availability of extensive and
well-annotated seed collections made for Lupinus
species, and the relatively small diploid genomes
(2C = 1.16-2.44 pg, equivalent to around 600—
1200 Mbp per haploid genome; (Naganowska
et al. 2003)), which makes them tractable to
genomic analyses.

8.3.1 Genetic Resources

Lupin breeders and researchers are blessed with
excellent germplasm resources, especially for the
domesticated species, L. angustifolius, L. albus,
L. luteus and L. mutabilis. The value of seed
collections is not only related to the number of
accessions (estimated to be over 36,000 in the
largest 40 collections (Wolko et al. 2011)), but
also to the geographic spread and annotated
passport data (which is very good for a large
proportion of accessions). The largest and best
characterized collection is located in Perth,
Australia, the majority of which is currently
being transferred to the Australian Grain Gene-
bank in Horsham, Australia for long-term con-
servation (Sally Norton, pers. comm.). These
international collections cover both Old World
and New World species, wild and landrace types
as well as many breeding lines. These seed col-
lections are an invaluable resource for under-
standing plant domestication as well as a source
of genetic variation for important agronomic
traits such as abiotic and biotic stress tolerance
(Berger et al. 2017).

Recombinant inbred line (RIL) populations
have been created for L. angustifolius, L. albus
and L. luteus (Berger et al. 2013), which are
valuable for investigating the genetic basis of

domestication traits. RIL populations are pro-
duced by crossing contrasting parental lines to
produce an F; hybrid, which is self-pollinated to
produce a large F, population. Each F, individual
is then subjected to inbreeding by a process of
single seed descent to generate an inbred popu-
lation (typically Fg generation) in which traits of
interest have segregated. The value of RIL pop-
ulations is the capacity to generate unlimited seed
for replicated phenotyping and sharing with
research collaborators. The main reference RIL
populations for L. angustifolius, L. albus and L.
luteus were generated from wide crosses at the
Department of Primary Industries and Regional
Development (DPIRD, Perth, Australia) (Wolko
et al. 2011; Berger et al. 2013). All three popu-
lations segregate for domestication traits as they
were generated by crossing a domesticated parent
with a wild (L. angustifolius and L. luteus) or
partially domesticated landrace (L. albus) parent.

The L. angustifolius RIL population devel-
oped from a cross between 83A:476 (an Aus-
tralian breeding line) and P27255 (a Moroccan
wild accession) has been particularly instrumen-
tal for wunderstanding lupin domestication,
through the provision of genetic maps to locate
domestication genes (Boersma et al. 2005; Nel-
son et al. 2006, 2010; Kroc et al. 2014; Kam-
phuis et al. 2015; Zhou et al. 2018) and
ultimately as the genetic backbone for the first
lupin reference genome (Hane et al. 2017), a key
resource for domestication gene discovery. The
L. albus and L. luteus RIL populations are now
being used to further our understanding of
domestication in those species (Matthew N.
Nelson et al. unpublished data).

8.3.2 Genomic Resources

As the most widely grown lupin species, geno-
mic resources are most advanced for L. angus-
tifolius. Starting from humble beginnings with
protein isozyme markers (Wolko and Weeden
1989), genomic resources for L. angustifolius
have grown in scale and complexity as technol-
ogy has evolved. Transcriptomic (that is, sets of
expressed gene sequences) resource development
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began with cloning and sequencing genes
expressed in seed tissues (Nelson et al. 2006),
then exploded in scale with the advent of next
generation sequencing (NGS) platforms, result-
ing in comprehensive transcriptomes for seed,
leaf, flower, pod, stem and root organs (Kam-
phuis et al. 2015; Foley et al. 2011, 2015; Can-
non et al. 2015; Kroc et al. 2019; Yang et al.
2017). For a detailed review of lupin transcrip-
tome studies, see Chap. 5. Two genomic bacte-
rial artificial chromosomes (BAC) libraries based
on cultivars Sonet (from Poland; (Kasprzak et al.
2006)) and Tanjil (from Australia; (Gao et al.
2011)) proved to be useful tools for gene dis-
covery before the availability of whole genome
surveys (based on Tanjil; (Kamphuis et al. 2015,
Yang et al. 2013)) and then comprehensive
Tanjil genome assemblies (Zhou et al. 2018;
Hane et al. 2017). The Tanjil genome assembly is
currently  being  improved  with  long
sequence-read technology, and a pan-genome is
also being developed that will represent
species-wide genome diversity through incorpo-
rating portions of the L. angustifolius genome
that are absent in Tanjil but present in domesti-
cated and wild accessions (Karam B. Singh, pers.
comm.; Sect. 3.6.1).

While not yet as comprehensive as for L.
angustifolius, genomic have also
rapidly developed for other lupin species (see
Chaps. 3 and 5). Indeed, the first lupin tran-
scriptomic resources were generated to explore
L. albus cluster roots (Uhde-Stone et al. 2003),
which was followed up later with richer next
generation datasets (O'Rourke et al. 2013; Wang
et al. 2014; Secco et al. 2014). Other L. albus
transcriptomes were produced to explore seed
storage proteins and for genetic marker devel-
opment (Foley et al. 2015; Ksigzkiewicz et al.
2017). Transcriptome sequences were used for
marker discovery and exploring organ abscission
in yellow lupin (Parra-Gonzalez et al. 2012;
Glazinska et al. 2017), and its chloroplast gen-
ome was sequenced (Martin et al. 2014). In the
broadest sampling reported yet, Nevado et al.
(2016) sequenced transcriptomes from 55 New
World lupin species in order to understand
adaptive evolution of rapidly speciating lupins in

resources
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the New World. One of those species—L. poly-
phyllus—had been sequenced earlier by Cannon
et al. (2015) as part of the 1000 Plants
(Leebens-Mack et al. 2019).

High-quality reference genomes are being
prepared using long sequence-read technologies
and optical mapping for L. albus (Hufnagel et al.
2019) and L. luteus (Joshua Udall, pers. comm.).
These are expected to be as useful as the L.
angustifolius genome has already proven to be.
Taken together, these genomic resources provide
powerful tools for lupin domestication gene
discovery.

8.4 Lupin Domestication Gene
Discovery
8.4.1 Lupinus angustifolius
Identifying the genes controlling domestication
traits is important for basic understanding of
plant evolution but also for improving crops
through plant breeding. One of the key con-
straints in accessing trait diversity in wild rela-
tives for breeding purposes is the poor agronomic
performance of early generations of progeny
from crosses between breeding lines and wild
relatives (Cowling et al. 2009). The availability
of diagnostic molecular markers based on
domestication genes transforms the speed and
efficiency of the conversion of wild material into
a suitable domesticated background in which the
agronomic value of wild alleles can be measured.
Understanding how domestication genes operate
may also help to refine and improve the domes-
tication genes themselves, either through
prospecting for natural allelic diversity in those
genes or by biotechnological intervention
through transgenics or targeted mutation. For
example, a modified set of phenology genes
could be used to expand the adaptation of crops
to new or changing climatic regions (Mousavi-
Derazmahalleh et al. 2019; Taylor et al. 2019).
Our most advanced understanding of lupin
domestication genes comes from studies of L.
angustifolius. This twentieth-century domestica-
tion is special in that each event was recorded at
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the time in the scientific literature (Table 8.1).
There are five domestication traits controlled by
six major genes: soft seededness (mollis), seed
indehiscence (lentus and tardus), low alkaloid
(iucundus), early flowering through removal of
vernalization requirement (Ku and Julius) and
white flower/green vegetative organ pigmenta-
tion (leucospermus) as a marker for domestica-
tion (wild types having blue flowers and a purple
or red tinge throughout the vegetative organs)
(Nelson et al. 2006; Taylor et al. 2019). Several
studies have mapped each of the six domestica-
tion genes to the 83A:476 x P27255 reference
genetic map with increasing resolution as marker
technology improved and the size of the RIL
population expanded (Boersma et al. 2005, 2009;
Hane et al. 2017; Kamphuis et al. 2015; Kroc
et al. 2014; Nelson et al. 2006, 2010; Zhou et al.
2018). These studies shed light on the chromo-
somal location of domestication genes but fell
short of identifying the causal genes underlying
the domestication traits.

The first clue about the identity of a lupin
domestication gene was found by Kroc et al.
(2014). Alignment of the L. angustifolius genetic
map to the genome of the model legume Med-
icago truncatula revealed a cluster of three
homologues of the flowering time gene, FT, on
Chromosome 7 of M. truncatula at the equivalent
map position as the Ku locus in L. angustifolius.
Kroc et al. (2014) developed FT gene-based
markers and mapped them back into L. angusti-
folius. One of the FT markers (FTc) mapped
precisely to the Ku locus. This lead was followed
up by Nelson et al. (2017) who were able to
confirm that the FT homologue LanFTcI not only
mapped perfectly to the Ku locus but a 1.4 kb
deletion in its promoter region was perfectly
correlated with vernalization responsiveness in a
panel of 216 wild and domesticated accessions of
L. angustifolius. Of four FT homologues found in
the L. angustifolius, only LanFTcl showed ele-
vated gene expression across a range of organ
types in response to vernalization treatment in the
vernalization responsive accession P27255. Tay-
lor et al. (2019) were then able to demonstrate
conclusively that the 1.4 kb deletion was the
causal variant responsible for the loss of

vernalization responsiveness, presumably due to
a loss of regulatory sequence(s) that represses
LanFTcl expression. This explanation was sup-
ported by the discovery of a smaller, partly
overlapping 1.2 kb deletion in the LanFTcl pro-
moter region of a wild accession from Israel that
showed an intermediate flowering time pheno-
type. This discovery offers the exciting prospect
of an allelic series of LanFTc! that can be used as
a simple breeding tool for targeting lupin varieties
to specific climatic regions and flowering time in
lupins (see Chap. 9 for more detailed discussion).

The low-alkaloid trait is another important
target for gene identification for breeding in all
lupin crop species. Quinolizidine alkaloids
(QA) are responsible for the bitterness found in
the Lupinus genus but the specific QAs differ
between each of the species. In L. angustifolius,
the major QA is lupanine (Frick et al. 2017;
Wink et al. 1995). While several low-alkaloid
genes have been discovered in L. angustifolius,
only one 1is wused in cultivars: iucundus
(Table 8.1). It was first discovered by Von
Sengbusch in 1928 and found to be a single
recessive gene (Hackbarth 1957; Von Sengbusch
1942). However, it was not until the development
of genetic tools that the iucundus region could be
explored and the alkaloid biosynthesis pathway
further understood. Li et al. (2011) identified
markers linked to iucundus, which could be used
for marker-assisted selection in wild x domes-
ticated introgressive crossing programmes for
broadening genetic diversity in breeding pools.
Even more useful would be a perfectly predictive
marker based on the causal gene mutation
underlying iucundus. The iucundus gene was
mapped to a 746 Kb region on chromosome
NLL-07 (Hane et al. 2017). Kroc et al. (2019)
used a transcriptomic approach to identify a
strong candidate gene for iucundus in this inter-
val: RAP2-7, an ethylene responsive transcription
factor. A less promising candidate gene in the
same region could not be fully ruled out:
DHDPS, a 4-hydroxytetrahydrodipicolinate syn-
thase gene. Further validation work will be
required to confirm the causal mutation under-
lying iucundus. Three other alkaloid biosynthesis
genes genetically unlinked to iucundus have been
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identified in L. angustifolius. The first step in the
alkaloid biosynthesis pathway was found to be a
lysine decarboxylase (LDC; Bunsupa et al.
(2012)) and more recently the second step was
identified as a copper amine oxidase (CAO; Yang
et al. (2017)). A third gene, which role is not yet
fully understood, is an acyl transferase (LaAT;
Bunsupa et al. (2011)). The quinolizidine
biosynthetic pathway has yet to be elucidated in
any species, but most progress achieved to date
has been in L. angustifolius, which functions as a
model for other species. In this regard there has
been recent progress made on the genetic factors
affecting the biosynthetic pathway and how it
responds to some biotic (Frick et al. 2019) and
abiotic stresses (Frick et al. 2018) in L.
angustifolius.

8.4.2 Lupinus albus

The reference mapping population for L. albus
(Kiev Mutant x P27174 RIL population) segre-
gates for just two domestication traits: low alkaloid
(controlled by the pauper locus) and early flow-
ering. The first genetic map for L. albus mapped at
low resolution the pauper locus and two quanti-
tative trait loci (QTL) for flowering time (Phan
et al. 2007). This map was modestly improved by
Vipin et al. (2013) although this did not provide
more insight into the domestication traits. More
recently, Ksigzkiewicz et al. (2017) used geno-
typing by sequencing (GBS) in the same RIL
population to generate a much improved,
high-resolution map. They located pauper in a
well-defined interval on linkage group ALB18 and
identified a candidate gene residing in that region
—LaAT, a gene previously identified in L.
angustifolius by Bunsupa et al. (2011). The two
flowering time QTL previously identified by Phan
et al. (2007) were confirmed and furthermore were
demonstrated to be involved in the vernalization
responsive (Ksigzkiewicz et al. 2017). One of
these QTL may respond to the previously reported
brevis locus (Gladstones 1970) but this has yet to
be confirmed. An additional weak QTL was
identified, which was not vernalization related.
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The improved L. albus genetic map was aligned to
the L. angustifolius reference genome but inter-
estingly none of the mapped loci corresponded to
the positions of the equivalent iucundus and Ku
loci in L. angustifolius. However, the L. angusti-
folius genome provided candidate genes for the
flowering time QTLs, as subsequently described
by Rychel et al. (2019). This example illustrates
both the value and limitations of the L. angusti-
folius reference genome sequence for domestica-
tion gene research in other legume species. The
reference genome for L. albus based on the cultivar
Amiga (Hufnagel et al. 2019) is helping identify
the genes underlying pauper and other
low-alkaloid mutant loci in an international col-
laboration between France, Denmark, Poland, UK
and Australia (Nelson et al. unpublished data).

8.4.3 Lupinus luteus

The reference RIL population for L. luteus was
developed from a cross between the Australian
cultivar Wodjil (a selection from the Polish cul-
tivar Teo) (French et al. 2001) and P28213 (wild
accession from the Azores) (Igbal et al. 2019).
This population segregates for the complete suite
of domestication traits: soft seededness, seed
indehiscence, vernalization responsiveness in
flowering, alkaloid content and flower colour
(yellow versus orange). The first map for L.
luteus was recently released (Igbal et al. 2019)
and analysis of domestication traits is underway
(see Chap. 11). Domestication gene discovery
will be greatly facilitated by the availability of a
reference genome, which is currently under
development (Joshua Udall, pers. comm.).

8.4.4 Other Lupin Species

To our knowledge, little progress has been made
in other lupin species to identify domestication
genes. Foundational resources such as RIL pop-
ulations should be developed between wild and
domesticated accessions of both L. mutabilis and
L. cosentinii. Mining of available transcriptomic
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datasets (see above) may provide some initial
leads to follow-up in more comprehensive
experiments.

8.5 Genetic Consequences
of Domestication on Genome
Diversity

The domestication of grain crops involves a
series of population bottlenecks as new domes-
tication alleles undergo extreme selection pres-
sure (Doebley et al. 2006). This leads to a
reduction in genetic diversity, which takes time
to recover through gene flow from wild popula-
tions and spontaneous mutations. It is therefore
to be expected that the genetic diversity of a
young, twentieth-century domesticate such as L.
angustifolius will have very depleted diversity
compared to its wild ancestors. This was indeed
found to be the case in a diversity analysis of
1,248 wild and 95 domesticated accessions using
low-resolution Diversity Arrays Technology
(DArT) genotyping (Berger et al. 2012). Fig-
ure 8.1 graphically illustrates the small portion of

Fig. 8.1 Domesticated
cultivars of L. angustifolius
contain a small proportion of
species diversity. This
multidimensional scaling plot
was based on diversity
measured at 137 DArT
marker loci in 1,248 wild
(black crosses) and 95
domesticated (Australian
varieties represented by red
circles and European varieties
represented by blue triangles)
accessions. Redrawn from
data presented by Berger et al. ¥
(2012)
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diversity captured in Australian and European
cultivars compared to wild accessions collected
across the Mediterranean Basin. This highlighted
the need to understand where useful genetic
diversity can be found among wild accessions
(Berger et al. 2013).

A detailed analysis of 142 wild accessions
using high-resolution single nucleotide polymor-
phism (SNP) genotyping revealed that accessions
from the western Mediterranean region were more
diverse and that there had been an historic eastward
migration during which there was a shift in phe-
nological adaptation to warmer, lower rainfall
environments (Mousavi-Derazmahalleh et al.
2018a). This provides valuable guidance for lupin
breeders to identify untapped sources of genetic
and adaptive diversity for lupin improvement.
Mousavi-Derazmahalleh et al. (2018b) went fur-
ther to demonstrate that the western Mediterranean
region provided the founder populations for the
domestication of lupin, which had been suspected
previously based on morphological observations
(Gladstones 1998). Another important finding was
the much higher linkage disequilibrium evidence
in domesticated compared to wild accessions,
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meaning that plant breeder efforts to accumulate
beneficial alleles will be hampered by unwanted
linkage to unfavourable alleles (Mousavi-
Derazmahalleh et al. 2018b). Only by introduc-
ing wild diversity into breeding programmes will
such unwanted linkages be broken up over time.
Interestingly, a search for footprints of selection
around domestication trait loci proved inconclu-
sive, which may have been due to the recentness of
L. angustifolius domestication.

Less is known about the impact of domesti-
cation on the genome diversity of other lupin crop
species. Gilbert et al. (1999) investigated the
genetic diversity present in 40 L. albus accessions
using ISSR-PCR. The small sample size, the
repeatability of the marker technology limitations
and lack of useful passport information accom-
panying accessions severely limited the conclu-
sions that could be drawn from this study. In a
more comprehensive study of 94 landrace and
cultivar accessions, Raman et al. (2008, 2014)
found that L. albus landraces clustered separately
from modern cultivars and that within landraces,
Ethiopian landraces were the most distinct.
Annicchiarico et al. (2010) investigated agro-
nomic and phenological diversity in a more
globally representative collection of L. albus
landraces. Current work is underway to extend
this work wusing high-resolution genotyping
(Paolo Annicchiarico, pers. comm.). Igbal et al.
(2012) used AFLPs to investigate diversity,
population structure and linkage disequilibrium.
They found that there was some clustering among
the accessions, but this could not be related to
geographic origin due to lack of information and
the probable high rate of transfer of germplasm
across the world. Their findings also showed a
weak population structure and a low level of
linkage disequilibrium, which can be helpful for
follow on experiments such as association map-
ping. In more focused analyses, Atnaf et al.
(2015) and Atnaf et al. (2017), explored agro-
nomic, phenological and low-resolution marker
diversity in Ethiopian landraces. So far, no study
has included wild accessions, which can now
only be found in Greece (known as graecus types;
(Gladstones  1998)).  Currently, we are
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investigating molecular and phenological diver-
sity in a large global collection of wild, landrace
and cultivar accessions from 15 countries, which
we believe will provide insights into the origin
and genetic consequences of L. albus domesti-
cation (M. Nelson, unpublished data).

8.6 Closing Remarks

The genomics revolution has provided powerful
new tools to answer basic questions about crop
domestication, an insightful model for species
evolution. The reference genome sequence of L.
angustifolius provides a valuable resource for
identifying domestication genes and under-
standing the effects of domestication on
genome-wide diversity in lupin crop species.
These discoveries provide the knowledge and the
genetic tools needed by lupin breeders and
pre-breeders to introduce much-needed genetic
and adaptive diversity into lupin crops.
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Abstract

Flowering time is a highly influential pheno-
logical trait for crop adaptation, and in the
case of narrow-leafed lupin (Lupinus angus-
tifolius L.), has been one of the most eco-
nomically significant traits for crop production
in both Australia and Europe. Given the
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importance of this trait, understanding the
genetic basis of flowering time has become an
important goal for pre-breeding. In this chap-
ter, we report the current achievements made
to dissect the control of flowering in
narrow-leafed lupin using a variety of genetic
and genomic approaches, and discuss how
new and emerging resources will continue to
shape our understanding of these complex
genetic regulatory networks.

9.1 Genetic Mapping
and Accounting
for the Phenotypic Contribution

of Flowering Time Loci

Since the early 2000s, the extensive collections
of germplasm described in Sect. 2.3 have been
utilised in several studies exploring narrow-
leafed lupin (Lupinus angustifolius 1..) genetics
and genomics. The predominance of narrow-
leafed lupin in genetic mapping studies reflects
its relatively important agricultural status rela-
tive to other lupin species, particularly within
Australia. Below, we outline the progress made
as the first step to dissect and better explore the
regulation of flowering time: mapping and
quantifying the phenotypic effect of major
genes and other QTLs for flowering time
using bi-parental and association mapping
populations.
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9.1.1 Bi-parental Mapping
Populations

The most widely used bi-parental population for
linkage mapping in narrow-leafed lupin was
derived from crossing 83A:476 (maternal par-
ent), an Australian breeding line, and P27255
(paternal parent), a wild type from Morocco.
Development of the population began in 1997
with the intention of mapping and deriving
markers for several key domestication genes
(iucundus, low seed alkaloid content; tardus and
lentus, reduced pod shattering; mollis, water-
permeable seed coat; and leucospermus, colour
indicator on the flowers, seeds and cotyledons),
and the Ku early flowering time locus (Nelson
et al. 2006), which has been of paramount
importance for crop adaptation in Australia (see
Chap. 2). The F, generation was initially used to
construct a partial linkage map using Amplified
Fragment Length Polymorphism (AFLP) mark-
ers (Brien et al. 1999). However, the first fully
completed linkage map (Boersma et al. 2005)
and all subsequent revisions (Hane et al. 2017;
Kamphuis et al. 2015; Kroc et al. 2014; Nelson
et al. 2010, 2006; Zhou et al. 2018) have been
assembled using the Fg or Fy populations of
Recombinant Inbred Lines (RILs) developed by
single seed descent from the F, generation.

The location of Ku has been refined with each
progressive revision of the narrow-leafed lupin
linkage map based on the 83A:476 x P27255 RIL
populations. Initially, it was assigned to LG17,
one of 21 linkage groups in the first completed
map, which was constructed using 522 mostly
dominant Microsatellite-Anchored ~ Fragment
Length Polymorphism (MFLP) markers (Boersma
et al. 2005). The first gene-based map, which
incorporated 359 predominantly codominant
Sequence-Tagged Site (STS) markers across 20
linkage groups, later resolved Ku within LGO1
(Nelson et al. 2006). A more comprehensive
linkage map, including markers from previous
map versions and further saturated with 200 new
mostly gene-based STS markers, saw the assign-
ment of Ku change to NLL-10 following the
absorption of LG01, LG19 and a small cluster into
a single linkage group (Nelson et al. 2010). The
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location of Ku has remained on NLL-10 in two
further revised linkage maps (Kamphuis et al.
2015; Kroc et al. 2014), which have added an
additional 353 and 275 diverse markers, respec-
tively. More recently, the location of Ku was
delimitated to a413 Kb region between molecular
markers LaDArT_SNP01240 and LaSNP_499
following the addition of 469 Fluidigm SNP assay
and 8,666 DArTseq markers during the construc-
tion of a physical map for narrow-leafed Iupin
based on the Tanjil variety (Hane et al 2017). It is
important to note that marker density is no longer
the limiting factor in an age of plentiful molecular
markers, but instead the size of the mapping
population. So far, Hane et al. (2017) provide the
best available resolution having used 153 RILs
compared to other studies that used as few as 87
RILs (e.g. Zhou et al. 2018).

To date, only one study has yet examined the
phenotypic contribution of Ku in the 83A:476 x
P27255 Fg RIL population. Boersma et al. (2008)
demonstrated that the allele possessed both an
additive effect, reducing time to flowering by
approximately 10.5 days, and a small GxE effect
of approximately £0.6 days in two consecutive
winter-sown field experiments in Western Aus-
tralia. Importantly, Ku was shown to account for
roughly 81% of total phenotypic variation in that
study. This outcome validates conclusions that
Ku and the vernalisation response dominate the
regulation of flowering time in narrow-leafed
lupin cultivars (Rahman and Gladstones 1972).
Not surprisingly, a second QTL study in prepa-
ration has also found Ku to have an enormous
contribution to phenotypic variation in the same
population in a number of controlled environ-
ments with variable ambient temperatures and
photoperiods, explaining over 95% of flowering
time variation in non-vernalising conditions
(Matthew N. Nelson unpublished data).

In addition to Ku, the 83A:476 x P27255 Fy
RIL population has also enabled as many as nine
other minor flowering time QTLs to be mapped
across six different linkage groups (Boersma et al.
2008). In contrast to Ku, these loci are relatively
minor in nature, individually influencing flower-
ing time by less than 2 days and explaining less
than 2.5% of the total phenotypic variation. These
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results indicate the importance of Ku in the
domesticated gene pool and underline the
importance of adding new variation from wild
germplasm in order to expand flowering times
and the target environment range of the crop.

A new bi-parental mapping population is
currently in development to map the eff locus for
intermediate flowering time (Candy Taylor, per-
sonal comm.). This population was derived from
crosses between Chittick (maternal parent), the
original variety carrying the efl mutation, and
Geebung (paternal parent), an Australian variety
with the ku allele (Cowling 1999). Two hundred
F, individuals were used to rapidly broad-map efl
via a bulked segregant analysis approach incor-
porating whole-genome re-sequencing data, ter-
med QTLseq (Zhou et al. 2018). Approximately
180 F¢ RILs have simultaneously been devel-
oped using an in vivo Accelerated Single Seed
Descent (aSSD) method that optimises light
quality and spectrum for rapid generation cycling
(Croser et al. 2016). This latter population of
RILs is currently being used to fine-map efl via
linkage mapping with a high density of DArTseq
markers.

Lastly, a third bi-parental RIL population has
been developed between Australian varieties,
Marri (ku) and Quilinock (Ku), to map QTLs for
thermal responsiveness (Berger et al. 2013). No
phenotypic analyses or genetic mapping with this
population have yet been reported.

9.1.2 Association Mapping
Populations

As has been demonstrated using the 83A:476 x
P27255 Fg and Fy narrow-leafed lupin RIL pop-
ulations, linkage mapping in bi-parental popula-
tions is useful for locating major loci associated
with domestication and/or broader adaptation,
like the Ku locus. However, this mapping
approach also has limitations that prevent it from
being a highly efficient method for broadly sur-
veying genetic variation for a particular trait
within a species. Firstly, the development of
bi-parental populations, such as F, backcross,
RIL, Near Isogenic Line (NIL) or Doubled

Haploid (DH) populations, involves a significant
investment of time and other resources. For
example, it took 6 years to progress from the
initial crossing between 83A:476 and P27255 to
the harvest of the Fg RIL seed (Nelson et al.
2006). This factor alone often inhibits the devel-
opment of multiple populations, unless a rapid
generation or speed breeding system, such as
aSSD, can be utilised. Secondly, though more
importantly, the capacity to detect QTLs for a trait
depends upon both the phenotypic and genetic
variation of the parents, which represents only a
small fraction of the total species diversity
(Huang and Han 2014). Also, bi-parental popu-
lations are generally restricted to two alleles per
locus (or up to four alleles in an outcrossing
population strategy), whereas the species may
contain several functional alleles per locus.
Thirdly, bi-parental populations lack genetic res-
olution due to limited opportunity for meiotic
recombination.

An alternative genetic mapping method which
overcomes these limitations and makes it possible
to efficiently conduct broader surveys of genetic
variation for quantitative traits is genome-wide
association mapping (Brachi et al. 2011; Huang
and Han 2014; Korte and Farlow 2013). Here,
populations of unrestricted size comprising
diverse individuals of various origins are assem-
bled from germplasm collections, meaning that a
greater breadth of the total species diversity can
be assessed. Given that the no new major loci for
flowering time have been identified in narrow-
leafed lupin for several decades (see Chap. 2,
Table 2.2), and that our genetically diverse
international collections of wild germplasm
remain largely unexplored and unmined for
flowering time diversity, association mapping is a
useful approach for identifying new loci for
breeding in future.

Recently, three marker-trait association anal-
yses were conducted in narrow-leafed lupin. All
three analyses benefited from the extensive
germplasm resources at the Australian Lupin
Collection (South Perth, Australia). In the first
study, Chen et al. (2016b) used 191 DArT
(array-based) markers to screen 111 wild acces-
sions that were phenotyped for root trait
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diversity, identifying several statistically signifi-
cant associations. It should be noted, however,
that few of these markers had known genomic
locations and that the proportion of phenotypic
variation explained by marker associations was
modest. In a more comprehensive, genome-wide
association study, Mousavi-Derazmahalleh et al.
(2018a) assembled a panel of 142 wild acces-
sions originating from 11 Mediterranean coun-
tries, including Algeria, Morocco, Portugal,
Spain, France, Italy, Greece, Cyprus, Turkey,
Israel and Syria. The association study combined
11,690 SNP markers derived from DArTseq
genotyping by sequencing technology and
anchored to the Tanjil reference genome (Hane
et al. 2017) and used phenotypes for flowering
time that were produced during the field evalu-
ations by Gladstones and Crosbie (1979) and
Clements and Cowling (1994). In addition,
Mousavi-Derazmahalleh et al. (2018a) incorpo-
rated into their analysis climatic data from
WorldClim, which corresponded to the geo-
graphical coordinates for germplasm collection
sites. Unfortunately, no significant associations
between markers and flowering time were evi-
dent. This outcome may potentially be attributed
to the phenotypic data used in the study, as
flowering times were scored for subsets of
germplasm over several years in different field
environments, and this may reduce the power to
detect QTLs. However, two markers from link-
age groups NLL-07 and NLL-05 were found to
be significantly associated with precipitation in
the driest month/quarter of the year and mean
annual temperature, respectively. As both of
these climatic variables are strong drivers for
adaptive phenological diversity, this result may
indicate areas of the genome facing evolutionary
pressure in wild populations of narrow-leafed
lupin and which may contain other phenology-
associated traits, as demonstrated by (Berger
et al. 2017). Lastly, in a third study, Mousavi-
Derazmahalleh et al. (2018b) incorporated an
additional 85 domesticated accessions to their
existing panel of 142 wild accessions. Several
associations between SNP markers derived from
DArTseq genotyping and flowering times in the
Australian Lupin Collection were found to be at
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the threshold of significance. Potentially, con-
trolled environment studies of flowering time in
narrow-leafed lupin, with controlled vernalisa-
tion, may increase the significance of such
associations.

An expanded Genome-Wide Association
Study (GWAS) to identify QTLs for flowering
time in narrow-leafed lupin is currently in pro-
gress (Candy Taylor, unpublished data). Over
350 accessions are included in the panel, with
additional wild types and domesticated material
from the Australian Lupin Collection (South
Perth, Australia), the Plant Breeding Station
(Wiatrowo, Poland) and selected European seed
providers supplementing the original panels of
Mousavi-Derazmahalleh et al. (2018a, b).
Phenotyping was conducted in a controlled
environment with strong and mild vernalisation
treatments to identify vernalisation responsive
QTLs, and thermal time to flowering QTLs,
respectively. DArTseq genotyping has also been
completed and the research is now in the associ-
ation analysis phase. The aims for the study are:
(1) to detect previously unidentified QTLs for
flowering time, including intermediate and late
flowering variation, which has been suggested to
be more adaptive and profitable for long-season
environments (see Sect. 2.2) (Chen et al. 2016a,
2017); and (2) to determine whether any alleles
other than Ku, Jul and efl are involved in medi-
ating the vernalisation response in narrow-leafed
lupin, which would have implications both for
breeding lupins and our understanding of the
evolution of this pathway within the genus.

9.2 Identifying Candidate Genes
for Major Flowering Time Loci
and Understanding

the Evolution of Genetic
Networks for Flowering Time

Regulation in Lupinus

Knowledge of the genes within the genetic
pathways for floral initiation in narrow-leafed
lupin would help improve understanding of how
this important trait is regulated and may be
manipulated to improve crop adaptation.
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Additionally, the identification of the genes
involved in flowering time pathways has impor-
tant implications for understanding the evolution
of this important adaptive trait within the Lupi-
nus genus and the Papilionoideae subfamily of
legumes. Below, we outline genetic and genomic
approaches and resources used to identify can-
didate genes for major flowering time loci in
narrow-leafed lupin, and to study gene families
known to be involved in floral regulation of
model species. Additionally, we discuss the
prospects of future candidate gene discovery with
continual improvement and availability of vari-
ous genetic and genomic tools.

9.2.1 Identification of Candidate
and Causal Genes
for Flowering Time Loci
9.2.1.1 Involvement of the FT Gene

Family

in the Narrow-Leafed

Lupin Vernalisation

Pathway
In Arabidopsis thaliana, FLOWERING LOCUS T
(FT) is an important member of the phosphatidyl
ethanolamine-binding protein (PEBP) domain
gene family, integrating signals from the vernali-
sation, photoperiod and autonomous pathways,
and at the appropriate time, promoting floral ini-
tiation by upregulating floral meristem identity
genes (Kim et al. 2009; Turck et al. 2008).
Although the PEBP domain family is broadly
distributed within the Tree of Life, including
within the Plant Kingdom, the FT group is exclu-
sive to and widespread among angiosperms
(Klintenés et al. 2012; Wickland and Hanzawa
2015). Likewise, FT is a floral integrator and
produces a mobile signal known as ‘florigen’
which promotes flowering, and is well conserved
among flowering plants (Turck et al. 2008). Vari-
ations to the expression and functionality of FT
homologues are known to result in phenological
diversity in numerous lineages (Laurie et al. 2011;
Ogiso-Tanaka et al. 2013; Schwartz et al. 2009).

Recently, an FT homologue named LanFTcl

was identified as a candidate gene for the Ku
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locus, which is a key component in the vernali-
sation response pathway in narrow-leafed lupin.
The initial identification was made by Kroc et al.
(2014), who, in an effort to further saturate the
reference genetic map for the species, used
Expressed Tag Sequences (ESTs) from legumes
and gene sequence information from Arabidopsis
to design new markers for flowering related
homologues. These included: FTa and FTc
homologues of the floral integrator gene, FT
(Kim et al. 2009); SOCI, a second Arabidopsis
floral integrator gene (Moon et al. 2003); TFLI, a
transcriptional repressor of genes activated by FT
in Arabidopsis (Hanano and Goto 2011); VIN3, a
gene involved in establishing repression of
FLOWERING LOCUS C (FLC) during vernali-
sation and subsequent de-repression of FT (Sung
and Amasino 2004); VIP3, a protein complex
forming scaffold that also inhibits FLC (Zhang
et al. 2003); and VRN, a third repressor of FLC
(Levy et al. 2002). Linkage mapping in the
83A:476 x P27255 Fg RIL population revealed
that the FTc-derived marker mapped to the same
position as Ku on linkage group NLL-10. This
same region was also shown through compara-
tive analysis to have extensive marker
collinearity with a proportion of M. truncatula
linkage group Mt-7 containing three F7 homo-
logues, one of which is involved in creating an
early flowering phenotype in the absence of
vernalisation in M. truncatula (Jaudal et al. 2013;
Laurie et al. 2011).

Convincing evidence to validate LanFTcl as
the causal gene for not only Ku, but also the
European early flowering time gene Julius (Jul),
has subsequently been gathered by Nelson et al.
(2017) and Taylor et al. (2019) using a variety of
complementary genetic and genomic approaches
and resources. The full-length LanFTcl sequence
was initially obtained from the cultivar Sonet
(Ku) Bacterial Artificial Chromosome (BAC)
clone library (Kasprzak et al. 2006) and used as
the reference to assemble LanFTcl in the
83A:476 (Ku) and P27255 (ku) RIL parents using
short paired-end whole-genome sequence reads
and overlapping targeted Sanger sequence reads
(Nelson et al. 2017). Alignment of these
sequences with those from the Sonet BAC library
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(Kasprzak et al. 2006) and Tanjil genome survey
sequence and unigene assembly (Gao et al. 2011;
Kamphuis et al. 2015) revealed a number of
polymorphisms, including a very distinctive
1,423 bp deletion in the promoter of LanFTcl in
accessions with the Ku genotype. Short-read
sequencing data were later generated for an
additional 41 genetically diverse narrow-leafed
lupins and mapped to the LanFTcl reference
sequences from the P27255 wild type (Nelson
et al. 2017) and Tanjil reference genome assem-
bly (Hane et al. 2017; Sect. 3.3), which revealed
two additional deletions of 1,208 bp and
5,162 bp overlapping the same region of the
promoter (Taylor et al. 2019). PCR-based poly-
morphism length genetic markers similarly iden-
tified the 5,162 bp deletion genotype in several
European varieties containing the Jul allele for
early flowering, including the original Jul variety,
named Krasnolistny (Mikotajczyk 1966).

A combination of phenotypic and gene
expression analyses was used to demonstrate that
the series of deletions in the promoter is signifi-
cantly associated with reduced response to ver-
nalisation, earlier flowering, and de-repressed
expression of LanFTcl in the absence of ver-
nalisation (Nelson et al. 2017; Taylor et al.
2019). The 1,423 bp and 5,162 bp deletions
representing the Ku and Jul alleles resulted in
similar levels of expression of LanFTcl and
flowering times, which together with genetic
sequence data, strongly supports the hypothesis
that they are functionally equivalent alleles of the
same gene (Rahman and Gladstones 1972).
Meanwhile, the 1,208 bp deletion facilitated an
intermediate level of expression during early
growth, but which rapidly rose to levels similar
to the Ku and Jul alleles prior to floral initiation.
This resulted in an intermediate flowering time
phenotype, including a moderate reduction in
vernalisation requirement relative to the ku wild
type (Taylor et al. 2019), both of which may be
useful in breeding. Similar analyses in a subset of
28 Fg RILs were used to confirm that the gene
expression profiles segregating between Ku and
ku genotypes result from the 1,423 bp deletion
which affects cis-regulation of LanFTcl (Nelson
et al. 2017). The 1,208 bp deletion provides
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novel and useful flowering diversity and provides
encouragement that other, yet undiscovered,
novel allelic diversity exists for flowering time in
narrow-leafed lupin.

Lastly, linkage and association analyses have
strengthened the case that LanFTcl underlies the
Ku and Jul early flowering time alleles, and that the
series of deletions in the promoter region of
LanFTcl are the causal mutations. Nelson et al.
(2017) were able to demonstrate a rapid decay of
linkage disequilibrium within 75 Kb upstream and
downstream of LanFTcl, and that the only two
other genes within the immediate genomic region
do not appear to have plausible roles in the floral
initiation pathway. Complementing this finding,
the 1,423 bp deletion and all three deletion geno-
types scored as a single multiallelic polymorphism
were the only genetic sequence variants within
7 Kb upstream and 2 Kb downstream of LanFTcl
that were both highly significantly associated and
perfectly linked with vernalisation responsiveness
and flowering time in 42 genetically diverse
narrow-leafed lupins (Taylor et al. 2019).

9.3 The Evolution of Flowering
Time Genetic Control in Lupinus
and the Fabaceae

9.3.1 A MADS-Box Transcription

Factor Clade Key

to the Vernalisation

Pathway

in the Brassicaceae is

Absent in Lupinus

The MADS-box gene family consists of a large
group of transcriptional regulators for develop-
mental processes in the animal, fungi and plant
kingdoms (De Bodt et al. 2003). Common to all
MADS-box genes is a sequence of approximately
180 bp in length known as the MADS-box
domain (De Bodt et al. 2003). This domain is
present within the DNA-binding domain towards
the N-terminus of the protein and is essential for
binding to regulatory regions of targeted genes at
conserved motif sequences, CC(A/T)sGG, called
CArG boxes (CC-A-rich-GG) (Theissen et al.
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2000). Additionally, the MADS-box domain has
roles in dimerization and binding of accessory
factors (Shore and Sharrocks 1995). Although
MADS-box genes have a variety of develop-
mental roles in plants, ranging from root growth
(Tapia-Lopez et al. 2008; Yu et al. 2014) to fruit
development (Gu et al. 1998; Liljegren et al.
2000), many of the most commonly known
MADS-box genes are those involved in the
determination of flowering time and floral
meristem and organ identity (De Bodt et al.
2003).

Analysis of the draft Tanjil genome assembly
(Hane et al. 2017) revealed that many of the
MADS-box genes involved in flowering time
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coordination in other dicotyledonous species are
also present in narrow-leafed lupin (Table 9.1).
Some of these genes include, but are not limited
to, homologues of: (1) SOCI, involved in inte-
grating signals from the photoperiod, vernalisa-
tion, autonomous and gibberellin-dependent
pathways in Arabidopsis (Moon et al. 2003), and
found on linkage group NLL-13 and an unmap-
ped scaffold in narrow-leafed lupin; (2) numer-
ous AGAMOUS-LIKE (AGL) repressor genes,
such as AGLI5 and AGLI8, which act upstream
of FT (Adamczyk et al. 2007), and AGL activa-
tors, including AGL19, involved in vernalisation
responsiveness (Schonrock et al. 2006); and
(3) SVP, a repressor of flowering involved in

Table 9.1 A list of prominent MADS-box genes in dicotyledon species indicated as being present or absent in
narrow-leafed lupin (Lupinus angustifolius L.), adapted from Hane et al. (2017) to include narrow-leafed lupin scaffold

and pseudochromosome coordinates

Gene Medicago truncatula ID | Lupinus
angustifolius 1D
AG 28017865, 83087860 Lup005280
Lup011389
AGLIS5 000350590 Lup015658
Lup017483
AGLIS8 15053070 Lup016817
AGL19/14  4g102530 Lup020546
AGL6/13 | 78075850, 88033270 Lup011089
Lup014750
AGL71/72 | Not present Not present
ANRI 58031000, 2009890 Lup009010
clade
ANRI Lup020683
clade
AP1 85066260, 58046790 Lup006876
Lup021855
Lup024348

Narrow-leafed lupin scaffold
coordinates

Scaffold_136: 699182-701468

Scaffold_412: 191853-193923

Pseudochromosome
coordinates

NLL-16: 5448773—

5451059
Scaffold_213: 247859-249474 NLL-04: 5376700—
5378315
Scaffold_280: 586046-589775 NLL-02: 5896396—
5900125
Scaffold_30_7: 2998082-3001083 = NLL-13: 258393—
261394
Scaffold_3_48: 141213-145185  NLL-08: 13196454—
13200426
Scaffold_377: 208011-225295 NLL-06: 13786882—
13804166
Scaffold_21_21: 79616-82322 NLL-09: 13200016—
13202722
Scaffold_276_3: 29702-33375 Not on
pseudochromosome

Scaffold_180: 684618-692667  NLL-19: 17467146—

17475195

NLL-18: 12850825-
12851549

NLL-02: 14347554—
14351974

NLL-11: 7189302-
7191372

NLL-05: 20548584—
20553125

Scaffold_38: 973205-973929

Scaffold_152: 923071-927491

Scaffold_491: 5979664337

(continued)
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Table 9.1 (continued)

Gene Medicago truncatula 1D

AP3 5021270, 3g113030

FLC clade = Not present

FULa/b 4g109830, 2g461760

FULc 78016630

PI 35088615, 18029670

SEP1/2 7g016600, 6g015975

SEP3/4 85097090, 38084980,
4109810

SHP 3g452380

SocC1 78075870, 83033250

STK 3005530

SVPa 55032150, 5g032520,
48093970

Lupinus
angustifolius 1D
Lup022019
Lup022831

Not present
Lup018485

Lup023253

Lup029962

Lup011754

Lup011756

Lup019933

Lup001397

Lup029963

Lup007613

Lup018484

Lup021854

Lup024347

Lup026304

Lup029632

Lup019040

Lup014751

Lup024911

Lup017516
Lup015985

Lup025549

Narrow-leafed lupin scaffold
coordinates
Scaffold_42_79: 187564—189087

Scaffold_44_2: 693863-695336

Scaffold_32_11: 918478-921988

Scaffold_454: 139468-152826

Scaffold_75_88: 306596-311518

Scaffold_22_1: 214383-217313

Scaffold_22_2: 11763-13420

Scaffold_357_9: 248391-250123

Scaffold_105_5: 410921-415660

Scaffold_75_88: 317393-322687

Scaffold_161_23: 431548-442587

Scaffold_32_11: 898871-901239

Scaffold_412: 162178-183861

Scaffold_491: 18533-27384

Scaffold_56: 1800372-1802053

Scaffold_73: 1513925-1516118

Scaffold_33: 2371132-2373649

Scaffold_276_3: 44505-54633

Scaffold_50_31: 959650-967364

Scaffold_30_7: 3225105-3237172
Scaffold_29_1: 956508-959816

Scaffold_53: 1390130-1393883

C. M. Taylor et al.

Pseudochromosome
coordinates

NLL-17: 1459212—
1460735

NLL-06: 1396226—
1397699

NLL-01: 1047437-
1050947

NLL-09: 1327366—
1340724

NLL-08: 11058137—
11063059

NLL-15: 16651639—
16654569

Not on
pseudochromosome

NLL-15: 16640236—
16641968

NLL-20: 19794209-
19798948

NLL-08: 11068934—
11074228

NLL-01: 30909796—
30920835

NLL-01: 1027830-
1030198

NLL-11: 7199364—
7221047

NLL-05: 20507321—
20516172

NLL-12: 18239214-
18240895

NLL-11: 610866—
613059

NLL-02: 23765342—
23767859

Not on
pseudochromosome

NLL-13: 14317859—
14325573

NLL-13: 22304-34371

NLL-06: 4741768—
4745076

NLL-17: 4688394—
4692147

(continued)
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Table 9.1 (continued)

Gene Medicago truncatula ID | Lupinus
angustifolius 1D

SVPc 58066180 Lup012854
Lup032504

TTi6 18038300 Lup010795
Lup018771

ambient temperature signalling and interaction
with FLC (Kim et al. 2009; Lee et al. 2007),
found on linkage groups NLL-06, NLL-09, and
NLL-17 in narrow-leafed lupin.

Notably, representation of the FLC clade is
absent in narrow-leafed lupin based on searches
for homologous genes in the genome assembly
(Hane et al. 2017). In the Brassicaceae, FLC
represses flowering (Michaels and Amasino
1999) by inhibiting transcription of floral inte-
grator genes, including FT and SOC1. While this
repression can be alleviated through the autono-
mous pathway in late developmental stages
(Adrian et al. 2009), FLC is primarily silenced
through exposure to vernalising conditions,
which result in epigenetic modification of the
chromatin surrounding FLC.

Hecht et al. (2005, 2011) have similarly
reported the absence of FLC-like genes in
numerous species from the Hologalegina (gale-
goid) clade, which comprises cool-season
legumes, including the Lotus, Medicago, Pisum,
Vicia, Cicer, Lens, Trifoloium and Melilotus
genera (Cardoso et al. 2013; Wojciechowski
et al. 2004). Within the Papilionoideae, the lar-
gest of the six Fabaceae subfamilies (Azani et al.
2017), FLC has only yet been reported in soy-
bean (Glycine max L.) (Jung et al. 2012). How-
ever, this orthologue is thought to be
non-functional and present only in the capacity
as an ancestral remnant (Weller and Ortega
2015). This seems likely to be the case given
phenology is principally modified by the pho-
toperiod pathway in soybean (Weller and Ortega
2015). Overall, the absence of FLC-like genes in
the narrow-leafed lupin genome adds to

Narrow-leafed lupin scaffold Pseudochromosome
coordinates coordinates
Scaffold_233_1: 261215-265246  NLL-11: 3209056—
3213087
Scaffold_94_15: 191335-195356  NLL-09: 18775616—
18779637
Scaffold_203_1: 312996-320875 NLL-15: 2970837—
2978716
Scaffold_329: 70703-72785 NLL-14: 523113
525195

mounting evidence that, similar to the Poaceae
(Bliimel et al. 2015), the vernalisation response
in the Fabaceae differs to that in the model
Arabidopsis, and that the vernalisation pathway
has likely evolved independently in parallel
among different angiosperm families (Ream et al.
2012).

9.3.1.1 Divergence of the

Phosphatidyl Ethano

lamine-Binding Protein

(PEBP) Family Within

the Lupinus Genus

and from Other Legumes
The PEBP gene family is an extremely old group
of proteins widely conserved among the tree of
life, and though involved in numerous biological
processes, is commonly found to act in a regu-
latory capacity for growth and differentiation
(Karlgren et al. 2011). Within higher plants,
duplication and divergence have resulted in three
clades evolving within the PEBP family,
including the MOTHER OF FT and TFLI
(MFT)-like, FT-like, and TERMINAL FLOWERI
(TFLI)-like clades (Chardon and Damerval
2005; Kobayashi et al. 1999). Having been found
in basal plants, such as moss, MFT-like is
believed to be the oldest and ancestral clade
(Hedman et al. 2009), and has roles in seed and
embryo development. Following the divergence
of the lycophytes, duplication of an MFT-like
gene is thought to have led to an FT/TFLI-like
group (Hedman et al. 2009), marking the first
stage of PEBP family evolution within the plant
kingdom. Phylogenetic analysis between PEBP
genes in gymnosperms and angiosperms suggests
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that further duplication of the FT/TFLI-like
group was then responsible for the subsequent
development of distinctive FT-like and TFLI-
like clades after divergence of the angiosperms
(Klintends et al. 2012; Wickland and Hanzawa
2015). Although sharing a remarkable level of
amino-acid sequence identity, residues at posi-
tions 134 and 138 have been critical to differ-
entiating the roles of FT and TFL genes
(Klintenéds et al. 2012), and while TFLI-like
genes have taken on roles of repressing floral
development, FT-like genes have instead become
indispensable in promoting the transition from
vegetative to floral growth.

Whole-genome and tandem duplication events
have continued to shape the PEBP family in
angiosperm lineages, including the Fabaceae
family, and the recent availability of the
narrow-leafed lupin genetic and genomic
resources has enabled substantial progress in
resolving the phylogeny and expansion of PEBP
genes, including F7, within legumes. Previously,
phylogenetic analysis had resolved three FT
homologue clades within model organisms of the
Fabaceae: FTa, FTb and FTc (Hecht et al. 2011).
While the total number of FT homologues varies
widely among species (Ksiazkiewicz et al. 2016),
and as few as three homologues have been found
in Lotus japonicus (Yamashino et al. 2013), an

C. M. Taylor et al.

average of six FT homologues have been iden-
tified per species in 11 legumes studied to date
(Table 9.2). In general, the three FT clades are
represented in all legume species. Until recently,
the only exception to this generalisation was FTc,
which was shown by Yamashino et al. (2013) to
be absent in Lotus japonicus, and more recently
by Ksigzkiewicz et al. (2016) in pigeon pea
(Cajanus cajan). However, utilising the genome
survey sequence and unigene assembly resources
for narrow-leafed lupin (Kamphuis et al. 2015),
Nelson et al. (2017) have also shown an absence
of the FTb clade for the first time in an agricul-
turally important legume species. Micro-synteny
analyses by (Hane et al. 2017) also confirmed
this to be the case, and have additionally high-
lighted the absence of representation of the FTal
subclade of FTa homologue in narrow-leafed
lupin (Table 9.3).

In addition to variation in representation of the
PEBP family in terms of FT clade
presence/absence, Nelson et al. (2017) were also
able to demonstrate an unusual copy number for
the FTc clade in narrow-leafed lupin. Typically, a
singular FTc homologue is observed in most
legume species. However, two copies are present
in both soybean and narrow-leafed lupin
(Table 9.2). While the PEBP family in soybean
has  undergone multiple = Whole-Genome

Table 9.2 A summary of the number of FT homologues identified in 11 legume species, adapted from Ksigzkiewicz

et al. (2016)

Species FTa FTb  FTc  Total FT
Arachis duranensis 3 4 1 8
Arachis ipaensis 4 4 1 9
Cajanus cajan 2 2 0 4
Cicer arietinum 3 1 1 5
Glycine max 4 4 2 10
Lotus japonicas 1 2 0

Lupinus 2 0 2 4
angustifolius

Medicago truncatula 3 2 1 6
Phaseolus vulgaris 2 2 1 5
Pisum sativum 2 2 1 5
Vigna radiate 2 4 1 7
Average 25 2.5 1.0 6.0

Reference

Ksigzkiewicz et al. (2016)

Ksigzkiewicz et al. (2016)

Ksigzkiewicz et al. (2016)

Ksigzkiewicz et al. (2016)

Kong et al. (2010), Ksiazkiewicz et al. (2016)
Yamashino et al. (2013), Ksigzkiewicz et al. (2016)
Ksigzkiewicz et al. (2016), Nelson et al. (2017)

Laurie et al. (2011), Ksigzkiewicz et al. (2016)
Ksigzkiewicz et al. (2016)

Hecht et al. (2011)

Ksigzkiewicz et al. (2016)
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Table 9.3 A list of phosphatidyl ethanolamine-binding protein (PEBP) genes in dicotyledonous species indicated as
being present or absent in narrow-leafed lupin (Lupinus angustifolius L.), adapted from Hane et al. (2017) to include
narrow-leafed lupin scaffold and pseudochromosome coordinates

Gene Medicago truncatula Lupinus Narrow-leafed lupin scaffold Pseudochromosome
ID angustifolius ID  coordinates coordinates
BFT 00205120 Lup020111 Scaffold_36: 2152852-2153927 A NLL-07: 8911179—
8912254
FTal/2 | 7084970, 7g085020 | Not present
FTa3 65033040 Lup021189 Scaffold_398: 267518-270764  NLL-20: 21506464—
21509710
a Scaffold_135: 877169-874226  NLL-08: 12283657—
12280714
FTb 78066630, 73066690  Not present
FTc 78085040 Lup005674 Scaffold_14_1: 3314711-3317999 | NLL-17: 19284328-
19287616
Lup015264 Scaffold_276_44: 10823-18144 NLL-10: 8023843—
8031164
MFT 8106840 Lup021954 Scaffold_42_76: 333256-335047 | NLL-06: 9683689—
9685480
TFLI 18060190, 2g086270, | Lup001307 Scaffold_104_5: 981187-982389 | NLL-06: 29611068—
7¢104460 29612270
Lup019608 Scaffold_347: 151124-153204  NLL-05: 24312971-
24315051
Lup025777 Scaffold_54_99: 3824-4144 Not on
pseudochromosome
Lup026028 Scaffold_557: 1988821452 NLL-19: 5733078-
5734642

#One of two FTa3 homologues in narrow-leafed lupin was identified by Ksigzkiewicz et al.

(2017).

Duplication (WGD) events in addition to recent
tandem duplication (Wang et al. 2015) and the
second FTc homologue in this species is highly
likely to have arisen during the most recent
WGD event roughly 11-13 million years ago
(mya) (Hane et al. 2017; Schmutz et al. 2010),
two independent macro- and micro-syntenic
analyses with several Papilionoideae legumes
suggest that the second F7c¢ homologue in
narrow-leafed lupin was derived through a much
smaller scale duplication event (Hane et al. 2017;
Ksigzkiewicz et al. 2016). In both of these
studies, the genomic region containing LanFTcl
was found to show conservation and collinearity
with regions containing F7c homologues in other
legume species (Fig. 9.1). However, the genomic
region containing LanFTc2 had a distinctly dif-
ferent syntenic pattern, and instead shared a high

(2016) and Nelson et al.

degree of collinearity with separate regions
lacking any FT representation, additionally
indicating that this is the more recently derived
homologue in narrow-leafed lupin (Ksigzkiewicz
et al. 2016; Hane et al. 2017).

As previously discussed, convincing genetic
linkage mapping, gDNA sequencing and gene
expression data have recently implicated the
LanFTcl homologue in the vernalisation signally
pathway and as the causal gene for the Ku early
flowering time locus in narrow-leafed lupin
(Nelson et al. 2017; Taylor et al. 2019). This has
been an important discovery within the Papil-
ionoideae, shedding light on the evolution of
functional roles of the three FT clades in this
subfamily of legumes. Until now, the vernalisa-
tion pathway was largely thought to be mediated
by the FTa clade in cool-season, long-day
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Fig. 9.1 A schematic representation of the shared
collinearity of FTcl/2 and FTal/2 homologues in
narrow-leafed lupin (L. angustifolius) barrel medic (M.

legumes based on findings in M. truncatula
(Laurie et al. 2011). Additionally, this discovery
provides evidence that the FTc clade, which is
known to have the most divergent coding
sequence relative to most FT genes (Weller and
Ortega 2015), has taken on diverse functions
throughout the Papilionoideae lineage, similar to
FTa (Laurie et al. 2011). Previously, an FTc
homologue (GmFT5a/GmFTcl) has been shown
to be important for responsiveness to short-day
inductive photoperiods in soybean (G. max)
(Kong et al. 2010), and while the specific roles
are still yet to be determined in M. truncatula and
pea (Pisum sativum), the singular FTc homo-
logues in these galegoid species appear to cross
regulate F'T or other integrators upstream of floral
meristem identity genes (Hecht et al. 2011;
Laurie et al. 2011).

In addition to the genetic and genomic
resources for narrow-leafed lupin, the recent
release of the revised white lupin genetic map
(Ksiazkiewicz et al. 2017) has also enabled fas-
cinating insight into PEBP family divergence
within the Lupinus genus. Previously, phyloge-
netic analysis between narrow-leafed lupin and

7=Fla
8=Fc

11 = Phosphatase
12 = Pentatricopeptide repeat [PPR) protein

truncatula), chickpea (C. arietinum), common bean
(Phaseolus vulgaris), and soybean (G. max). Source
Hane et al. (2017)

L. polyphyllus indicated that the WGT event
specific to the Genisteae tribe within the Papil-
ionoideae subfamily is estimated to have occur-
red prior to the divergence of the New and Old
World lupins (Cannon et al. 2015). This result
may have given reason to believe that the PEBP
family may be relatively similar between the Old
and New World lupin groups. However, there is
also substantial research to indicate that not only
do the two geographic groupings of lupins vary
considerably in terms of genome size and chro-
mosome number, but that significant variation
also exists within these two groups (Wolko et al.
2011). Therefore, it seems reasonable to assume
that significant diversification of the PEBP fam-
ily and flowering mechanisms would have
occurred within the Lupinus genus.

Insights gained from synteny analysis
between narrow-leafed lupin and white lupin
support this latter hypothesis. Although all five
QTLs for vernalisation responsive early flower-
ing in white lupin are located in regions with
shared collinearity to narrow-leafed lupin, none
of these QTLs are found in a region syntenic to
that of NLL-10 containing the Ku locus in



9 Genomic Applications and Resources to Dissect Flowering Time ...

narrow-leafed lupin (Ksigzkiewicz et al. 2017).
Furthermore, whereas an FTc homologue
(LanFTcl) underlies the main locus for vernali-
sation responsive early flowering in narrow-
leafed lupin (Ku), the F7a homologue (corre-
sponding to LanFTal in narrow-leafed lupin;
(Hane et al. 2017; Nelson et al. 2017)) has
instead been identified as a candidate for the brev
early flowering time locus in white lupin
(Ksigzkiewicz et al. 2017). Interestingly, an ear-
lier analysis of phloem exudate in white lupin
revealed the presence of an FTc homologue,
suggesting a role for FTc in floral initiation sig-
nalling in this species (Rodriguez-Medina et al.
2011). Taken together, these lines of evidence
clearly illustrate that PEBP family has continued
to evolve within the Lupinus genus and suggests
that the roles of the FT clades in integrating
exogenous signals for flowering have diverged.
Similarly, evolution of the PEBP family within a
legume genus is also evident in Arachis dura-
nensis and A. ipaensis, the progenitors of culti-
vated peanut (Bertioli et al. 2016), which have
differing copy numbers for the FTa clade and
TFLI PEBP family groups (Ksiazkiewicz et al.
2016). Despite this divergent FT clade evolution
among Old World lupins, it is interesting to note
that flowering time varies similarly across rainfall
gradients in these species (Berger et al. 2017),
suggesting that similar selection pressures have
impacted upon divergent genomic regions.

At this stage, our greatest understanding of the
PEBP family in the Fabaceae surrounds the FT
homologues, which integrate signals from vari-
ous responses, including the vernalisation path-
way. However, it is still largely unclear which
genes upstream of FT are involved in transmit-
ting these signals in this family and through
which mechanisms they do so, particularly in
Lupinus. In Arabidopsis, the FLC and
SHORT VEGETATIVE PHASE (SVP) proteins
are well documented to inhibit FT expression
prior to vernalisation by binding to motifs within
the first intron of FT (Gregis et al. 2013; Helli-
well et al. 2006; Searle and Coupland 2004; Tao
et al. 2012). However, FLC is broadly absent in
the Papilionoideae legumes (Hecht et al. 2005,
2011), including narrow-leafed lupin (Hane et al.
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2017), and so an alternative gene must instead be
repressing FT-like genes until the arrival of
vernalising conditions.

In soybean, a rather unique mechanism for
regulation of FT homologues has been observed.
Through gene expression analyses, Zhai et al.
(2014) provide evidence that an F7bh homologue
(GmFT4) inhibits flowering time via antagonistic
repression of two FT homologues, GmFT2a and
GmFT5a/GmFTcl, which promote flowering
time under inductive short-day photoperiods
(Kong et al. 2010). A similar mechanism has
been famously reported only once before in sugar
beet (Beta vulgaris ssp. vulgaris) by Pin et al.
(2010), indicating the novelty of this mechanism.
As gene expression profiles generated through
quantitative PCR (qPCR) have revealed that
none of the four FT homologues are down reg-
ulated  with  vernalisation treatment in
narrow-leafed lupin (Nelson et al. 2017), it is
highly unlikely that another FT homologue is

repressing LanFTcl in the absence of
vernalisation.
Recently, a VERNALISATION2 (VRN2)

homologue has been identified in M. truncatula as
a repressor of the vernalisation and photoperiod
responsive FT homologue, MtFTal (Jaudal et al.
2016). In Arabidopsis, VRN2 is involved in stably
repressing FLC transcription following vernali-
sation (Gendall et al. 2001) by forming a complex
with  POLYCOMB-GROUP REPRESSIVE
COMPLEX (PRC2) (Berry and Dean 2015).
Although it is still unclear exactly how MtVRN2
functions, it appears to repress upregulation of
MtFTal mediated through the vernalisation
pathway, and Mrvrn2 mutants are able to flower
early in long days without fulfilling vernalisation
(Jaudal et al. 2016). Potentially, a similar mecha-
nism could exist in the Lupinus genus, whereby
FThomologues are directly regulated by repressor
proteins rather than indirectly through suppression
of repressors, like FLC. The availability of the
narrow-leafed lupin draft reference genome (Hane
et al. 2017) provides a great resource to further
explore this possibility.

Lastly, the upcoming release of a narrow-
leafed lupin pan-genome assembly (Gagan Garg,
Lars G. Kamphuis and Karam B. Singh,
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unpublished data) has recently provided a unique
opportunity to further explore regulation of the
PEBP family, specifically LanFTcl. Screening
for polymorphisms in this pan-genome panel
recently revealed two independent deletions of
1,208 bp and 5,162 bp in the promoter region of
LanFTcl (Taylor et al. 2019), both of which
overlap the location of 1,423 bp deletion associ-
ated with the Ku allele (Nelson et al. 2017).
Similar to the 1,423 bp deletion, the 5,162 bp
deletion  was  associated  with  early,
vernalisation-insensitive flowering and
de-repressed expression of LanFTcl in the
absence of vernalisation. Meanwhile, the
1,208 bp deletion was associated with an inter-
mediate flowering time, response to vernalisation
and level of relative LanFTcl gene expression in
the absence of vernalisation as a young seedling.
As these deletions overlap the 1,423 bp deletion
in the 5’ regulatory region of LanFTcl, this series
has refined which parts of the promoter are critical
for mediating the vernalisation response at the
molecular level. However, it remains unclear how
this is achieved and further research, such as
methylation studies or genome editing for
example by the CRISPR/Cas-9 system (Bortesi
and Fischer 2015), will be required to elucidate
whether this critical region facilitates promoter
element proximity or contains binding sites for
transcription factors or proteins related to chro-
matin modification in the wild-type. Release of
the pan-genome assembly will allow new oppor-
tunities to explore the regulation and potential
involvement of members of the PEBP family and
others in flowering time control in narrow-leafed
lupin.

9.3.1.2 Representation of the Basic
Region/Leucine Zipper
(bZIP) Transcription
Factors Involved in Floral
Integration in Narrow-
Leafed Lupin Indicate
Earlier Evolution of this
Gene Family
in the Fabaceae
A gene family closely connected to the PEBP
family in angiosperms through their role in floral

C. M. Taylor et al.

integration is the basic region/leucine zipper
(bZIP) transcription factor family. This group of
genes are characterised by the DNA-binding
domain of their encoded proteins, which com-
prise two structures: firstly, a basic region
responsible for nuclear localization and DNA
contact; and secondly, a region containing leu-
cine and other hydrophobic amino acids that
result in an amphipathic o-helix secondary
structure, which is essential for the interaction of
two bZIP proteins to form a ‘zipper’ complex for
DNA binding (Jakoby et al. 2002). One of the
most widely known bZIP proteins is FD (some-
times referred to as FLOWERING LOCUS D,
e.g. (Turck et al. 2008)), which is preferentially
expressed in the shoot apex of Arabidopsis (Abe
et al. 2005). Here, FD is targeted by FT proteins
and forms an FI/FD complex, which is then
involved in induction of floral meristem identity
genes, including APETALAI (API) (Abe et al.
2005; Wigge et al. 2005). Similarly, FD is also
targeted within the shoot apex by TFL1, forming
a TFL1/FD complex, which contrastingly works
to maintain vegetative meristematic growth by
repressing the upregulation of AP/ and other
floral identity genes (Hanano and Goto 2011).
The draft Tanjil reference genome (Hane et al.
2017) has revealed that narrow-leafed lupin
possesses a single FD homologue (Table 9.4).
Within the galegoid and phaseoloid tribes of
legumes, three subclades of FD genes have
recently been identified: FDa, FDb and FDc
(Sussmilch et al. 2015). FDc homologues have
so far only been found in phaseoloid species
(Sussmilch et al. 2015), including soybean and
common bean, indicating that this subclade arose
from a duplication event in the lineage ancestral
to the phaseoloid tribe. Contrastingly, the FDa
and FDb subclades are present in species from
both the phaseoloid and galegoid (Sussmilch
et al. 2015), suggesting that these two subclades
evolved from a duplication event prior to the
divergence of the two tribes, which is estimated
to have occurred approximately 54 mya (Lavin
et al. 2005). However, as the FD homologue
present in the narrow-leafed lupin genome cor-
responds to the FDa clade, it provides new evi-
dence that at least the FDa subclade arose a lot
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Table 9.4 A list of basic region/leucine zipper (bZIP) transcription factor genes involved in floral integration in
dicotyledon species indicated as being present or absent in narrow-leafed lupin (Lupinus angustifolius L.), adapted from
Hane et al. (2017) to include narrow-leafed lupin scaffold and pseudochromosome coordinates

Gene | Medicago Lupinus Narrow-leafed lupin scaffold Pseudochromosome
truncatula 1D angustifolius ID  coordinates coordinates
FDa 5022780 Lup018024 Scaffold_31_17: 522527-523786 A NLL-18: 15951182-15952441
FDb  8g075130 Not present
LFY  3g098560 Lup006312 Scaffold_164_51: 13037-16573 NLL-01: 25488325-25491861
Lup012198 Scaffold_226_15: 146454-147680 | NLL-11: 19627585-19628811
Lup027481a Scaffold_61_29: 605238-610275 A NLL-12: 14564590-14569627

earlier within the Papilionoide subfamily lineage,
prior to the divergence of the genistoid tribe
estimated to have occurred roughly 56 mya
(Lavin et al. 2005).

9.3.1.3 Homologous Genes Related

to Light Detection,

Signalling and Response

to the Photoperiod

Pathway

in Narrow-Leafed Lupin
The detection of light and an internal circadian
clock, plus the interaction between the two,
contribute to the photoperiodic signalling path-
way for floral promotion in Arabidopsis (Andrés
and Coupland 2012; Song et al. 2013). In this
model species, light perception relies on a num-
ber of different gene families and genes to detect
different wavelengths in the electromagnetic
spectrum, including: the PHYTOCHROME
(PHY) family, for detection of red/far-red light
and daylength (Fankhauser 2001); the CRYP-
TOCHROME (CRY) and PHOTOTROPIN
(PHO) families, and ZEITLUPE (ZTL) and
FLAVIN-BINDING, KELCH REPEAT, F-BOX
(KFKI) genes, all of which detect blue light
(Ahmad et al. 1998; Briggs et al. 2001; Imaizumi
et al. 2003; Kim et al. 2007); and lastly, the UV
RESISTANCE LOCUS 8 (UVRS) gene involved
in detection of ultraviolet light (Christie et al.
2012). Similarly, a number of genes are involved
in regulating the circadian clock, including: the
EARLY FLOWERING gene family and
LUX-ARRHYTHMO (LUX), which together form
an evening complex (EC) that regulates the

evening loop of the circadian clock and addi-
tionally have some influence on flowering time
given that mutants show early flowering pheno-
types  (Nusinow et al. 2011); the
PSEUDO-RESPONSE REGULATOR (PRR)
gene family, which is involved in stabilising the
expression of photoperiodic genes, such as
CONSTANS (CO), that upregulate the floral
integrator gene, FT (Hayama et al. 2017); and
GIGANTEA (GI), which regulates circadian
rhythms and is involved in upregulating CO and
FT (Mizoguchi et al. 2005; Sawa and Kay 2011).

Relative to M. truncatula, the draft Tanjil
reference genome (Hane et al. 2017) has revealed
that narrow-leafed lupin contains an abundance
of photoreceptor and circadian clock-related
homologues (Table 9.5), including PHYA,
PHYB, CRYI, ZTL, URVS, LUX, ELF4, PRR59a,
and GI. Particularly interesting is that
narrow-leafed lupin has multiple PHYA and
PHYB homologues and an absence of PHYE
representation. While the role of PHYE is still not
completely understood in Arabidopsis, phye
mutants have a subtle phenotype and it is likely
that the gene is not an essential photoreceptor
(Fankhauser 2001). The absence of PHYE in
narrow-leafed lupin could suggest that this
homologue also has a limited role, if any, within
the Fabaceae. Contrastingly, PHYA appears to
have a very important role in the photoperiod
induction of flowering in long-day and short-day
legumes, such as pea (Weller et al. 1997) and
soybean (Liu et al. 2008), and there is evidence
for functional variation in these genes being
associated with modified FT homologue
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transcription profiles (Kong et al. 2010; Weller
and Ortega 2015). It will be interesting in future
to discover whether any of the PHYA homo-
logues in narrow-leafed lupin have a similar
capacity to moderate flowering time by regula-
tion of any of the FT homologues.

The draft reference genome (Hane et al. 2017)
additionally indicates that, relative to M. trun-
catula, narrow-leafed lupin also possesses a high
number of CO-like homologues mediating pho-
toperiod responsiveness, including 21 homo-
logues from all three of the major COL family
groups: Group I (COLa-COLd), Group II (COLi
and COLj), and Group III (COLe-COLh, COL)).
A total of 11 CO-like homologues are present in
M. truncatula. While some CO-like genes are
thought to be important in the photoperiodic
responsiveness of the short-day legume, soybean
(Wu et al. 2014), a similar functional role has not
been found in the long-day legume, M. truncat-
ula (Wong et al. 2014). Future investigation into
the functionality of CO-like genes in
narrow-leafed lupin will undoubtedly help us to
improve our understanding of the role and evo-
lution of this gene family in the Fabaceae.

9.3.2 Future Prospects of Improved
Adaptive Genetic
Variation Discovery
with New and Improved
Genetic and Genomic
Resources
9.3.2.1 Genetic Maps, Genome
Assemblies
and Transcriptome
Resources
Continual improvements to the reference genetic
map and cultivar Tanjil reference genome
assembly will greatly benefit studies of all
agronomic and adaptive traits in narrow-leafed
lupin, including flowering time. The ability to
place scaffolds which are currently unmapped in
the most recent genome assemblies (Hane et al.
2017; Zhou et al. 2018; Sect. 3.3) onto pseu-
dochromosomes will allow new opportunities for
genetic and association mapping. For instance,
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fewer genetic markers generated through geno-
typing by sequencing technologies, such as
DArTseq, would be filtered out during the early
stages of some mapping analyses as a result of
lacking known mapping coordinates for the ref-
erence genome assembly. A greater abundance of
genetic markers with a more even distribution
throughout the genome would likely lead to
improved candidate gene discovery, for example
by increasing the chances of finding positive
associations between genotypes and flowering
time in GWAS studies, or increasing the reso-
lution for genetic mapping of known loci for
phenology.

The upcoming construction of a pan-genome
assembly incorporating more than 40 diverse
domesticated and wild narrow-leafed lupin
accessions (Gagan Garg, Lars G. Kamphuis and
Karam B. Singh unpublished data; Sect. 3.6.2)
will similarly open up new opportunities to study
flowering time control. One key advantage of a
pan-genome assembly over a reference assembly
generated from a single accession is the ability to
assess large-scale polymorphisms and structural
variations, including presence—absence variants
(PAV; i.e. genomic sequences that are present in
one individual but missing in another) and copy
number variants (CNV; i.e. genomic sequences
that are present in different numbers of copies
between individuals) (Saxena et al. 2014). Such
polymorphisms are gaining recognition for their
importance in reflecting species genomic diver-
sity (Scheben et al. 2016) and have been linked
to phenotypic diversity for adaptive traits,
including flowering time. For example, Gdh7, a
known repressor of flowering under long-day
conditions (Xue et al. 2018), was shown to be
absent in two of 66 diverse rice (Oryza sativa and
O. rufipogon) accessions (one landrace and one
modern cultivar) within the recently developed
pan-genome for rice species (Zhao et al. 2018).
In addition to gene PAV or CNV, structural
variations in regulatory elements can also be
identified. For example, the usefulness of the
upcoming narrow-leafed lupin pan-genome has
already been demonstrated through the discovery
of two new large (>1 Kb) deletions in the pro-
moter of LanFTcl, a major flowering time gene,
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which reduces vernalisation responsiveness and
results in early flowering time (Taylor et al.
2019). Lastly, pan-genomes also provide an
opportunity for improved genotyping efficiency
by enabling read mapping and variant calling in
variable genome regions containing PAVs
(Hurgobin and Edwards 2017). Again, this
would serve to increase the number of genetic
markers for mapping studies, thus potentially
enhancing candidate gene discovery.

Lastly, current and future transcriptomes
(Chap. 5) represent important complementary
resources for flowering time candidate gene dis-
covery and functional genomics. In particular,
tissue and accession specific transcriptomes
(Kamphuis et al. 2015) enable a greater capacity
to dissect differential regulation and expression
of flowering time genes, including those (if any)
which may not be currently assembled or anno-
tated in reference genome assemblies (Hane et al.
2017; Zhou et al. 2018). The development of
future transcriptomes for plants grown under
different environmental conditions would simi-
larly be beneficial for teasing apart the biological
role of candidate genes and their connection to
other genes within the photoperiodic, vernalisa-
tion and autonomous pathways, as demonstrated
in Arabidopsis thaliana (Torti et al. 2012).

9.3.2.2 TILLING and EcoTILLING
Populations and Tools

A new resource being developed that may in
future assist in dissecting the biological role(s) of
candidate genes, plus aid the discovery of new
polymorphisms in known flowering genes that
result in novel phenotypic effects, is a Targeting
Induced Local Lesion In Genomes (TILLING)
population. TILLING is a reverse genetics
approach whereby a large population containing
thousands of random mutations throughout the
genome is created by chemical mutagenesis, and
amplification of the pooled DNA from multiple
individuals is used to detect mismatches in
heteroduplexes  (i.e. the formation of
double-stranded DNA) established between wild
type and mutant genotypes for selected genes
(Colbert et al. 2001; Till et al. 2006). These
heteroduplex mismatches are revealed via plant
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endonucleases; enzymes, such as CEL I, that
cleave DNA at the sites of mismatches in
double-stranded DNA to produce two or more
fragments. Following the detection of one or
more heteroduplex mismatches, DNA from the
individual(s) carrying the mutation(s) are used to
sequence the gene of interest to identify the
specific mutation(s) (Colbert et al. 2001; Till
et al. 20006).

Such populations have proved to be useful in
better understanding the role of flowering-related
genes in major crop species. For example, in
tetraploid wheat (Triticum turgidum), a TILLING
population comprising 1,368 individuals was
used to characterise VRNI; a vernalisation
responsive gene that de-represses flowering
(Chen and Dubcovsky 2012). A preliminary M,
narrow-leafed lupin TILLING population has
recently been developed in the cultivar Tanjil
background through mutagenesis with ethyl-
methanesulphonate (EMS) (Rhonda C. Foley and
Karam B. Singh, unpublished data) and can now
be used for high-throughput screening of SNP
mutations, including G/C to A/T transversions
typically produced by EMS (Colbert et al. 2001),
in known flowering pathway genes. However,
due to the dominant nature of the Ku allele in
Tanjil, it may be difficult to discern the pheno-
typic effect of any mutations identified in this
TILLING population.

An adaptation of TILLING that is capable of
overcoming this potential issue is Eco-
type TILLING (EcoTILLING). Here, naturally
occurring SNP and INDEL mutations are
screened for in genes of interest within natural
populations of unrestricted size, origin and
domestication status (Till et al. 2006). This
approach has the benefit of surveying
species-wide genetic diversity, provided that the
population size is sufficiently large and repre-
sentative of the species. EcOTILLING has been
successfully used to identify new variants of
vernalisation and photoperiod pathway genes
that are significantly associated with flowering
time and bolting in cereals, including hexaploid
wheat (T. aestivum) (Chen et al. 2011) and rice
(Oryza sativa) (Du et al. 2017), plus sugar beet
(Frerichmann et al. 2013). With growing
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phenotypic datasets for large collections of wild
and domestic narrow-leafed lupins from
field-based trials (e.g. from the Australian Lupin
Collection) and controlled environments under
vernalising and non-vernalising conditions (e.g.
from an upcoming GWAS study for
narrow-leafed lupin (Candy Taylor, unpublished
data)), EcoTILLING presents itself as an attrac-
tive option for future allele mining of flowering
time variation for known genes, such as
LanFTcl, and the validation of new candidate
genes.

9.4 Using Genomic Information
and Resources to Shape
Adaptive Flowering Time
Diversity in Domestic
Narrow-Leafed Lupins

Pre-breeding efforts to identify novel, adaptive
phenotypic diversity and to elucidate the genetic
pathways for flowering time in narrow-leafed
lupin generate valuable knowledge for breeding
purposes. Below, we discuss how this knowledge
can be applied to improve the efficiency of
crosses and selections within breeding pro-
grammes using two current and emerging tech-
nologies, including marker-assisted selection
(MAS) and genome editing.

9.4.1 Marker-Assisted Selection
to Improve Breeding

Efficiency

Identifying the genes involved in coordinating
flowering time has significant implications for
narrow-leafed lupin breeding as it presents an
opportunity to improve the efficiency of plant
selections and crossings using MAS. (For more
information on MAS, please see Chap. 6). This is
especially the case when the underlying causal
polymorphisms for variations in gene function or
expression which affect phenotypes can also be
determined. For example, the recent discoveries
of a series of INDEL polymorphisms in the
promoter of LanFTcl that reduce or eliminate
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vernalisation requirement and which underlie the
Ku and Jul loci (Nelson et al. 2017; Taylor et al.
2019) will enable perfect markers to be used
within breeding programmes to select for these
economically important loci. Molecular genetic
markers may initially appear to be of limited
value for flowering time, which is not only a
relatively easy trait to score, particularly for the
dominant Ku and Jul loci that are favoured in
Australian and European narrow-leafed lupin
breeding, but also a qualitative trait under the
control of several loci. However, the importance
of genetic markers becomes more apparent when
the desirable variation is for a singular recessive
allele that is easily masked by dominant loci, and
is therefore more likely to be lost during the early
stages of a breeding cycle. The PCR-based
marker designed by Nelson et al. (2017) to
assay INDELSs in the promoter of LanFTcl will
serve as a valuable tool to select for a rare and
valuable variant identified in an Israeli accession
(P22660) that facilitates a sought-after interme-
diate flowering time for long-season environ-
ments (Taylor et al. 2019). In addition, genetic
markers for flowering time also provide certainty
of genotype irrespective of environmental inter-
actions during phenotyping, enabling single plant
selections for homozygotes at an early stage of
plant development, plus can be used to identify
parents with valuable combinations of genotypes
for one or more flowering time genes for crossing
(Collard and Mackill 2008; Jung and Miiller
2009). This again improves the efficiency of
selection and crossing within breeding pro-
grammes. Continuation of the efforts to identify
genes in the flowering time pathway will provide
more opportunities and options to breeders for
introducing and retaining valuable adaptive
variation within breeding programmes, and
should remain an important pre-breeding
research objective.
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9.4.2 Future Genome Editing
for Rapid Germplasm
Improvement

Candidate gene identification and functional
genomics to decipher gene function and regula-
tion also present opportunities to drastically
improve breeding efficiency and increase adap-
tive genetic variation within elite domesticated
germplasm through genome editing. Genome
editing is a modern genetic modification
(GM) approach that makes use of programmable
endonuclease enzymes to induce site-specific
double-stranded DNA breaks, which are subse-
quently repaired (Scheben et al. 2017). Although
several genome editing technologies exist,
including zinc finger nucleases (ZFNs) (Urnov
et al. 2010) and transcription activator-like
effector nucleases (TALENs) (Sun and Zhao
2013), the most widely known and adopted is the
clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated protein
(Cas) system.

The CRISPR/Cas system originally evolved
as an immune defence against viruses and plas-
mids in archaea and bacteria to silence foreign
DNA (Gasiunas et al. 2012; Jinek et al. 2012).
However, in recent years, it has been adapted to
facilitate genome editing within higher eukary-
otic organisms, including plants. Very simply,
the adapted system relies on a synthetic
single-guide RNA (sgRNA) containing a
sequence (termed a spacer) of approximately 20
nucleotides to direct an associated Cas nuclease
to targeted sites within the genome comprising
complementary DNA sequences. Where the tar-
geted sequences are adjacent to short protospacer
adjacent motif (PAM) sequences, which are
recognised and then bound by the Cas enzyme, a
double-stranded break is introduced. These
breaks are repaired by one of two endogenous
repair mechanisms. The most dominant of these
repair pathways is Non-Homologous
End-Joining (NHEJ), in which the ends of the
double-stranded break are ligated together in an
efficient yet error-prone manner, frequently
introducing small INDELs (Ran et al. 2013).
This can result in a range of mutations, including

frame-shifts or premature stop codons in gene
coding sequences, therefore loss-of-function
mutations. The second repair mechanism is
Homology Directed Repair (HDR), which gen-
erally occurs only in dividing cells and is where
an exogenous template is required for
high-fidelity homologous recombination (Ran
et al. 2013). While the 5’ and 3’ ends of the
template must contain sequences homologous to
those adjacent to the break (i.e. homology arms),
the composition of the intermediate sequence is
unrestricted, meaning that desirable deletions,
insertions or point mutations can be specified. As
the spacer in sgRNAs can easily and cheaply be
synthesised to target any desired sequence (pro-
vided it is adjacent to a PAM), and a number of
Cas nucleases originating from different
prokaryotes can be utilised for different targeting
specificity (Ran et al. 2013; Tang et al. 2017) and
editing applications (Tang et al. 2017; Zetsche
et al. 2017), CRISPR/Cas is an extremely ver-
satile tool for genome editing.

In terms of application to breeding,
CRISPR/Cas technology has tremendous poten-
tial to assist with rapid germplasm improvement
and enhanced breeding efficiency. Unlike tradi-
tional GM approaches, whereby transgenes (i.e.
genes from unrelated species) conferring desir-
able traits are inserted at indiscriminate locations
within the genome, genome editing makes it
possible to not only introduce transgenes or
variable genes from the same species at specific
positions but to also modify existing genetic
sequences such that they mimic natural alleles or
represent novel variation (Scheben et al. 2017).
Additionally, CRISPR/Cas can be used to break
the genetic linkage between loci for domestica-
tion or essential agronomic traits with adverse
traits (Scheben et al. 2017), and the capacity to
multiplex targets means that the homozygous
fixation of several favourable genotypes (which
is particularly useful for modifying quantitative
traits, such as flowering time) can be achieved
within a single generation (Cong et al. 2013).
These features ultimately mean that new breed-
ing lines and varieties can be generated in a much
reduced time frame compared to conventional
breeding pipelines, as the introduction of
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potentially deleterious alleles through crossing
with certain germplasm (including wild types) is
prevented and repeated backcrossing to
re-establish elite domestic backgrounds is no
longer necessary (Scheben et al. 2017). Further-
more, genome editing surpasses earlier GM
approaches  for crop  improvement as
transgene-free crops can be bred (Schaeffer and
Nakata 2015). Most commonly, first-generation
mutants (T) are made hemizygous (i.e. contain a
single copy) for CRISPR/Cas constructs through
stable transformation methods, such as
Agrobacterium tumefaciens-mediated transfor-
mation. Selfing or crossing the T, mutants
therefore allows for the selection of plants lack-
ing the CRISPR/Cas transgene in subsequent
generations (Schaeffer and Nakata 2015; Sche-
ben et al. 2016). Alternatively, transient trans-
formation methods in which the CRISPR/Cas
constructs do not even integrate into the genome,
such as preformed ribonucleoprotein complexes
(Woo et al. 2015), ensure that the T, generation
of mutants is transgene-free. The ability to pro-
duce transgene-free, improved crops through
genome editing is highly beneficial in terms of
potentially reshaping consumer and farmer con-
cerns regarding GM improved crops and relaxing
strict ~ governmental  regulations  towards
genome-edited crops in some jurisdictions
(Scheben et al. 2017; Wolter and Puchta 2017).

The power of CRISPR/Cas to successfully
engineer new flowering time phenotypes has
recently been demonstrated in several crop spe-
cies from diverse plant families. The first repor-
ted case was in tomato (Solanum lycopersicum),
where mutations of the SELF PRUNING 5G
(SP5G) floral repressor gene were created using
CRISPR/Cas9 to firstly verify the role of SP5G
within the photoperiod induction pathway, and
secondly, to demonstrate the capacity to create
day-neutral, early flowering and high-yielding
cherry tomato mutants within a single generation
(Soyk et al. 2017). Similarly, CRISPR/Cas9 was
used in soybean to induce frameshift mutations
in GmFT2a, a photoperiod responsive FT
homologue responsible for floral induction under
short-days, which were shown to delay flowering
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time in the T and T, generations under long- and
short-day conditions (Cai et al. 2018). Lastly,
CRISPR/Cas9 has been used to delay flowering
time in green bristlegrass (Setaria viridis) by
creating loss-of-function mutants of the maize
(Zea mays) INDETERMINATEI (IDI) homo-
logue (Jaganathan et al. 2018).

Future use of the CRISP/Cas system and other
genome editing technologies in narrow-leafed
lupin could similarly open up new opportunities
to manipulate flowering time for breeding pur-
poses. One potential application is to replicate
functionally  desirable mutations identified
through future TILLING or EcoTILLING stud-
ies, or alternatively the 1.2 Kb deletion in the
LanFTcl promoter region of P22660 (Taylor
et al. 2019), to immediately introduce novel
phenotypes within an elite, domestic back-
ground. Additionally, genome editing can be
used as another tool to engineer new alleles
within known flowering genes, such as LanFTcl,
on a trial and error basis in pre-breeding research.
The continuation of candidate gene discovery
within the flowering pathways of narrow-leafed
lupin and functional genomic research to uncover
the function and regulation of candidate genes
will certainly increase the potential use of gen-
ome editing technology for improved crop
adaption.

9.5 Conclusions

Phenology arguably represents the most
influential trait for the adaptation of wild
narrow-leafed lupin populations to varying
habitats within the species’ natural distribution
around the Mediterranean and of domesticated
cultivars to agricultural environments across the
globe (see Chap. 2). Flowering time is a crucial
aspect of phenological adaptation, and its regu-
lation in response to environmental and
endogenous signals ensures that plants flower at
an appropriate time where abiotic resources and
conditions are conducive to flower and grain
production. Manipulation of this trait has been
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pivotal to the success of narrow-leafed lupin crop
production in both Australian and Europe.

Initiatives to develop bi-parental mapping
populations in breeding programmes have enabled
genetic mapping, estimation of the phenotypic
contribution to flowering time, and the identifi-
cation of LanFTcl; the gene underlying Ku and
Jul, the two main flowering time alleles conferring
early, vernalisation-insensitive flowering in
domesticated varieties of narrow-leafed lupin.
However, little advances have yet been made to
map other loci for flowering time and phenology-
related characteristics (e.g. growth habit, early
vigour, time from flowering to grain maturity),
particularly in wild germplasm, and this should be
a strong focus for future lupin crop adaptation
research. The continual emergence of new geno-
mic technologies and their decreasing costs will
continue to assist the improvement of current and
development of new genetic resources (e.g. the
narrow-leafed lupin genetic map and reference
pan-genome assembly) and techniques (e.g. gen-
ome editing). These resources and methodologies
will be invaluable for further dissecting the genetic
pathways affecting phenology, which is an
important objective not only from a breeding
perspective (e.g. for genetic marker development
and the introduction of valuable genetic variation
into a domesticated background), but also in terms
of building knowledge of the genetic regulation of
flowering time in Lupinus and the Papilionoideae
subfamily of legumes.
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Abstract

Landraces represent extremely valuable and
largely untapped genetic resources for white
lupin improvement. The development of
high-throughput, relatively low-cost genotyp-
ing techniques, such as genotyping-by-
sequencing (GBS), has allowed to develop
dense genetic maps and to explore the applica-
tion of genomic selection to predict breeding
values of inbred lines or germplasm accessions
for complex polygenic traits. We provide an
unprecedented assessment of genomic selec-
tion in lupins, by assessing the ability of two
selection models (Ridge regression BLUP and
Bayesian Lasso) to predict grain yield and other
traits of 83 landraces from nine historical
cropping regions and eight varieties of white
lupin that were autumn-sown in Northern Italy.
GBS was applied to 3—4 genotypes per landrace
and two genotypes per variety, analyzing
cultivar allele frequencies for 6,578 polymor-
phic SNP markers. The two selection models
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displayed similar predictive ability. Predictions
proved highly accurate for grain yield, winter
survival and onset of flowering, which dis-
played predictive abilities of 0.865, 0.852 and
0.838, respectively, based on cross-validation
results. Moderately high predictive ability
(0.626-0.495) emerged for pod fertility, indi-
vidual seed weight, plant height, leaf size, and
mainstem proportion of seeds and number of
leaves. Genomic selection holds high promise
for white lupin based on these results.

10.1 White Lupin Cultivation

and Breeding Targets

White lupin (Lupinus albus L.) was seemingly
domesticated in Ancient Greece from the locally
occurring wild type var. graecus, spreading
thereafter eastward, southward and westward
(Gladstones 1998). It was a major food legume in
the Roman Empire, and has a long history of
cultivation in the Mediterranean basin, East
Africa and the Atlantic islands of the Northern
hemisphere (Buirchell and Cowling 1998; Kur-
lovich 2002).

The current white lupin cropping area exceeds
the threshold of 10,000 ha in just a few countries
(Chile, Australia, Morocco), also because of
small investment in the crop improvement. An
increasing interest in this crop, which is justified
by its outstanding seed protein content and
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protein quality (Duranti et al. 2008) and its
suitability as a component of healthy (Arnoldi
et al. 2015) or vegetarian food products, is
leading to new breeding efforts, particularly in
Europe. White lupin displayed greater grain yield
potential and protein production per unit area
than other lupin species in various temperate-
climate, moderately favourable environments,
such as those of Southern Europe in Annic-
chiarico (2008) and of Chile in Mera and Alcalde
(2019).

White lupin breeding efforts are mainly aimed
to overcome the economically insufficient crop
grain yield (Gresta et al. 2017), also by means of
greater tolerance to abiotic and biotic stresses.
Besides the grain yielding ability per se, other
key breeding targets are represented by: (i) im-
proved adaptation to calcareous soils (Kerley
et al. 2001; Annicchiarico and Thami-Alami
2012); (ii) greater winter-hardiness, which is
aimed to expand autumn sowing in cold-prone
regions (Huyghe and Papineau 1990; Annic-
chiarico and Iannucci 2007); (iii) greater toler-
ance to drought (Rodrigues et al. 1995;
Annicchiarico et al. 2018a); and (iv) greater
resistance to anthracnose (Colletotrichum lupini),
which is very important for cultivation in Central
Europe and a few other regions (Jacob et al.
2017; Adhikari et al. 2013). Phenology as
determined by vernalization requirement has
crucial importance for plant adaptation to specific
cropping regions (Huyghe 1997; Annicchiarico
et al. 2010). Novel plant architectures that exploit
dwarfing genes and/or a semi-determinate habit
may increase the tolerance to lodging, harvest
index and/or yield stability of the crop (Julier
et al. 1993; Harzic et al. 1995; Annicchiarico
et al. 2018b).

10.2 White Lupin Genetic
Resources

Genetic resources for white lupin breeding are
largely represented by cultivated landraces,
because of the limited distribution of var. grae-
cus (Gladstones 1998). They are limited to the
primary gene pool, because of effective genetic
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barriers to interspecific hybridization (Atkins
et al. 1998).

The main germplasm collections listed in
Buirchell and Cowling (1998) hold over 6300
white lupin accession. Major regional landrace
plant types were described by Buirchell and
Cowling (1998) and Kurlovich (2002). The
multi-environment evaluation of a world white
lupin landrace collection including material from
all historical growing regions revealed remark-
able genotype X environment interaction across
three contrasting growing regions of Europe
(Annicchiarico et al. 2010). An ecological
grouping of landrace germplasm based on the
observed adaptive responses and major agro-
nomic traits was defined by Annicchiarico et al.
(2011), to integrate earlier descriptions of regio-
nal plant types and to support the incorporation
of exotic genetic resources in breeding programs
as a function of the targeted agro-climatic
conditions.

Farm landraces represent extremely valuable
and largely untapped genetic resources for white
lupin improvement. The multi-environment
comparison of landrace vs. elite variety germ-
plasm highlighted the outstanding grain yielding
ability of different landrace germplasm pools for
specific agro-climatic conditions (Annicchiarico
et al. 2010). The molecular characterization of
the same material revealed a trend for variety
germplasm to be fairly distinct from landrace
material, suggesting that just a minor portion of
the available genetic diversity has been exploited
by breeders (Annicchiarico et al., unpublished
data). The choice by breeders to exploit mainly
sweet-seed variety germplasm as a genetic
resource may have contributed to this diversity
bottleneck.

10.3 White Lupin Genomic
Resources

Until recently, white lupin genomic resources
included a transcriptome assembly (O’Rourke
et al. 2013; reviewed in detail in Sect. 5.2.6), two
mapping populations with associated low-density
linkage maps (Phan et al. 2007; Croxford et al.
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2008; Vipin et al. 2013) and sequence-tagged site
(STS) markers linked to low alkaloid content
(PauperM1) and  anthracnose  resistance
(WANRI1, WANR?2 and WANR3) (Lin et al. 2009;
Yang et al. 2010). In addition a white lupin ref-
erence genome assembly project is currently under-
way (Benjamin Péret, pers. comm.; Sect. 3.6.4).
The main recombinant inbred line mapping popu-
lation, developed from the cross Kiev Mutant x
P27174, segregates for agronomic traits such as
onset of flowering, alkaloid content and profile,
plant height, pod shape, restricted branching and
resistance to anthracnose and Phomopsis stem
blight (Diaporthe toxica) (Phan et al. 2007).
Most of these traits were localized on white lupin
linkage maps (Phan et al. 2007; Vipin et al. 2013;
Cowley et al. 2014; Raman et al. 2014) but
quantitative trait loci (QTL) mapping efforts were
hindered by low marker density.

The development of next-generation
sequencing techniques has allowed to geno-
type large germplasm sets by thousands of
single-nucleotide polymorphism (SNP) markers
at a relatively low cost. While array-based
procedures require prior knowledge of target
sequences, genotyping-by-sequencing (GBS;
Elshire et al. 2011) and RAD sequencing
(Hohenlohe et al. 2010) skip sequence discov-
ery and explore SNP polymorphism in DNA
fragments cut by a restriction enzyme. Their
efficient multiplexing procedure allows for
lower genotyping costs than array-based
techniques.

The study by Ksigzkiewicz et al. (2017)
confirmed the ability of GBS to generate thou-
sands of polymorphic SNP markers also for
white lupin. It produced a high-density linkage
map, and mapped various QTL for vernalization
responsiveness, resistance to anthracnose and
Phomopsis, and seed alkaloid content. Inciden-
tally, this study revealed no coincidence of these
QTL with those previously mapped in
narrow-leafed lupin (L. angustifolius L.), high-
lighting a limit for synteny-based approaches and
the importance of QTL investigation in the target
species. However, probably the greatest oppor-
tunity offered by novel high-throughput geno-
typing techniques is the application of genomic
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selection to predict breeding values of inbred
lines or germplasm accessions for complex
polygenic traits.

10.4 Potential Adoption
of Genomic Selection in White
Lupin

Genomic selection may enable breeders to pre-
dict breeding values of plant material for grain
yield or other complex traits by means of a sta-
tistical model constructed from genome-wide
marker information (Meuwissen et al. 2001). The
genomic selection model is developed by the
joint analysis of phenotyping and genotyping
data of a germplasm sample well representing the
target genetic base. Following its successful
validation on independent material of the same
genetic base, the model can be applied to large
germplasm sets, thereby reducing largely the
phenotypic evaluation effort (Heffner et al. 2009;
Lorenz et al. 2011). Simulation and empirical
studies, performed essentially on cereal crops,
proved that genomic selection is superior to
conventional marker-assisted selection based on
limited marker numbers for prediction of breed-
ing values for complex traits such as crop yield
(Bernardo and Yu 2007; Heffner et al. 2011).
Genomic selection has represented a break-
through for dairy cattle improvement (Wiggans
et al. 2017). However, its requirement for high
marker numbers delayed its application to plant
breeding until recently, when new techniques have
allowed to genotype large sets of genotypes by
large SNP marker numbers at a relatively low cost.
Pioneer genomic selection studies were encour-
aging for prediction of breeding values for yield in
legumes. Predictive ability values (assessed as
Pearson’s correlation between genome-enabled
modelled and observed data) were in the range of
high to moderately high (r > 0.40) for soybean
(Jarquin et al. 2014; Ma et al. 2016; Duhnen et al.
2017), pea (Annicchiarico et al. 2017a) and chick
pea (Roorkiwal et al. 2016), and moderate
(r = 0.30) in a second pea study (Annicchiarico
et al. 2019a). Predictive ability values in the range
0.30-0.40 were found in alfalfa (Annicchiarico
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et al. 2015a), which can be viewed as quite
favourable when considering the crop outbreeding
system. Most importantly, various studies sug-
gested greater efficiency of genome-enabled
selection over phenotypic selection in terms of
predicted genetic gain per unit time and/or unit cost
in legume crops (Annicchiarico et al. 2015a,
2017a, 2017b, 2019a), as well as in various cereal
crops (e.g., Heffner et al. 2010).

Genomic selection could be exploited not
only for selection of inbred lines but also for
identification of promising genetic resources in
germplasm collections, as showed by results in
Jarquin et al. (2016) for the USDA collection of
soybean. Germplasm collections, including white
lupin ones, have limited opportunities for thor-
ough germplasm evaluation, owing to limited
budgets. While the ecological grouping of lan-
drace germplasm could provide a first criterion
for the choice of exotic genetic resources in white
lupin breeding programs (Annicchiarico et al.
2011), the development of genome-enabled
models with good ability to predict key agro-
nomic traits of germplasm accessions could
provide a sharper criterion for selecting promis-
ing genetic resources, when considering that
decreasing genotyping costs may soon allow for
the genotyping of entire germplasm collections.

Because of its high perspective interest, this
paper aims to provide a preliminary assessment
of the ability of GBS marker-based genomic
selection to predict grain yield and several major
agronomic traits of white lupin germplasm
accessions. Genomic predictions concerned a
large subset of the world landrace collection and
the elite varieties that were evaluated by Annic-
chiarico et al. (2010) in Northern Italy. The
agronomic traits included, inter alia, winter sur-
vival and onset of flowering, whose adaptive
importance was anticipated; pod fertility, which
displayed special importance as a component of
seed yield (Annicchiarico et al. 2010); the pro-
portion of pod wall on pod biomass, which was
associated with higher crop grain yield in various
studies (Lagunes-Espinoza et al. 1999; Mera
et al. 2006); and the number of mainstem leaves,
which depends on vernalization and is associated
with the number of first-order branches (Julier
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and Huyghe 1993). Trait predictions were
assessed using two major statistical models,
namely, Ridge regression BLUP (rrBLUP;
Meuwissen et al. 2001; Searle et al. 2009) and
Bayesian Lasso (BL; Park and Casella 2008).

10.5 Case Study of White Lupin
Genomic Selection—Materials
and Methods

We used phenotypic data for 83 landraces and
eight French varieties of white lupin that were
evaluated by Annicchiarico et al. (2010) in Lodi,
Northern Italy (45°19' N, 9°30" E, 81 m a.s.L).
The landraces belonged to nine historical crop-
ping regions, i.e. Egypt, Italy, Portugal, Spain,
Turkey, Maghreb (Algeria and Morocco), East
Africa (Ethiopia, Kenya and Sudan), West Asia
(Syria, Lebanon, Israel and Jordan) and North
Atlantic islands (Canaries and Madeira). Each
region was represented by five to fourteen lan-
draces. The material was evaluated in a rain-fed
experiment sown on 14 October 2004, which was
designed as a randomized complete block with
three replications. Each plot was sown with 36
seeds, adopting a sowing density of 23.5
seeds/m®. The test environment was character-
ized by 78 frost days and —9.0 °C absolute
minimum temperature, and received 492 mm
rainfall over the period October 2004 to June
2005.

Detailed information on the experiment man-
agement and the recorded traits was provided in
Annicchiarico et al. (2010). Genomic predictions
were investigated for dry grain yield recorded on
a plot basis and 10 agronomic traits, namely:
winter plant survival; onset of flowering (as days
from 1 January to flowering of 50% of the
plants); plant height at onset of flowering; num-
ber of leaves on the main stem; leaf size (mea-
sured on the first leaf below the primary
reproductive branch); harvest index; proportion
of seeds on the main stem; number of seeds per
pod; individual seed dry weight; and proportion
of pod wall on pod biomass (measured on pods
of the main stem). We used phenotyping data for
the total number of entries (91 landraces or
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varieties) for grain yield, winter plant survival
and onset of flowering, and data for a subset of
69 entries (62 landraces and seven varieties)
featuring high winter survival for the other traits
(whose reliable assessment required the avail-
ability of a sizeable number of plants per plot).
The data were transformed into best linear
unbiased prediction (BLUP) values according to
DeLacy et al. (1996) before using them for
genomic model construction.

The molecular characterization was performed
on three to four individual plants per landrace
(given some degree of expected within-landrace
diversity), and two plants per variety (given the
expected genetic homogeneity of this material).
In general, DNA isolation and GBS library
construction and sequencing were performed as
described by Annicchiarico et al. (2017a) with
respect to DNA samples of pea, which implied
the adoption of Elshire et al.’s (2011) GBS pro-
tocol based on ApeKI DNA digestion with
modifications in the PCR. These modifications,
adopted also for lupin, included the use of the
KAPA Tag polymerase in place of the NEB Tag
polymerase according to the results by Annic-
chiarico et al. (2017b), 25 nmoles of each primer
instead of 5 nmoles, and 10 cycles of reaction
instead of 18.

We used the UNEAK pipeline (Lu et al. 2013)
that is part of the Tassel 5 software for SNP
discovery and genotype calling. The raw reads
(100 bp, single end reads) that began with the
expected barcodes and cut site remnant were
trimmed to 64 bp, grouping identical reads into
one tag. Tags with 10 or more reads across all
individuals were retained for pairwise alignment,
which aimed to find tag pairs that differed by one
bp. For each SNP marker, the read distribution of
the paired tags in each genotype was used for
SNP genotype calling, which was based on at
least four aligned reads per genotype. We
removed polymorphic markers with minor allele
frequency below 2.5% or with missing rate over
genotypes greater than 30%. Following Nazzicari
et al. (2016), we estimated missing data using the
K-nearest neighbors imputation algorithm
(K = 4) coupled with the simple matching coef-
ficient distance function as implemented in the R
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package Scrime version 1.3.5 (Schwender and
Fritsch 2013).

Genome-enabled predictions were based on
SNP marker allele frequencies of each genotype
as estimated from the available genotype sample.
Predictions were envisaged using rrBLUP
(Meuwissen et al. 2001; Searle et al. 2009) and
BL (Park and Casella 2008), as these models
stood out for predictive ability among several
models compared on different legume species
(Annicchiarico et al. 2017b). The rrBLUP model,
which assumes the effects of all loci to have a
common variance, is well suited for traits that are
influenced by a large number of minor genes.
Bayesian models assume relatively few markers
with large effects and allow markers to have
different effects and variances (Wang et al.
2018). They assign prior densities to markers
effects, thereby inducing different types of
shrinkage.

Predictive abilities were assessed as correla-
tions between modelled and observed data based
on tenfold stratified cross validations with 20
repetitions (meaning 9 entries out of 91, or 7 out
of 69, that were randomly excluded from mod-
elling and wused for wvalidation in each
cross-validation step). Predictions were assessed
not only for the pooled set of landrace and
variety germplasm but also for the landrace
germplasm alone. Regression models, cross val-
idations and predictive ability estimation were
carried out using the R package GROAN version
1.2 (Nazzicari and Biscarini 2017).

10.6 Case Study of White Lupin
Genomic Selection—Results

As reported in Annicchiarico et al. (2010), the
genetic variation among tested accessions (lan-
draces or varieties) was significant (P < 0.01) for
all recorded traits, and when expressed as genetic
coefficient of variation, proved relatively small
(CV, < 6.2%) only for proportion of pod wall
on pod biomass and harvest index (excluding
onset of flowering, whose CV, value was affec-
ted by the arbitrarily chosen measurement unit).
Modest variation for harvest index was partly
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due to the tall plant type that featured all test
genotypes except two elite varieties. The analysis
of phenotypic data revealed several trait interre-
lationships, including those among higher grain
yield, greater winter survival and later phenology
in the test environment (Annicchiarico et al.
2010).

On average, GBS issued 1.66 M reads per
genotype, and generated 6,578 polymorphic SNP
markers that were exploitable for
genome-enabled trait predictions after passing
the different filtering stages. In general, predic-
tive abilities estimated for the pooled landrace
and variety germplasm were similar to those
estimated for the landrace germplasm alone.
Their value averaged across the eleven traits and
two prediction models was 0.580 for the whole
germplasm set and 0.568 for the landrace germ-
plasm, a slight difference that paralleled the
somewhat larger genotype sample size available
for predictions of the former germplasm set.
Given the absence of a variety germplasm effect
on predictions, results were provided for the
whole set of entries.

The two tested genomic selection models
performed comparably. Their predictive ability
averaged across the eleven traits was 0.581 for
rrBLUP and 0.578 for BL. A slight advantage of
rrBLUP over BL emerged for prediction of grain
yield, onset of flowering and plant height,
whereas BL was somewhat superior for predict-
ing leaf size and harvest index (Figs. 10.1 and
10.2).

Genome-enabled predictions proved highly
accurate for the three traits whose model con-
struction could rely on larger genotype sample
size, namely, grain yield, winter survival and
onset of flowering, which displayed rrfBLUP
model-based predictive ability of 0.865, 0.852
and 0.838, respectively (Fig. 10.1). Most other
traits, i.e. plant height, number of leaves on the
main stem, leaf size, proportion of seeds on the
main stem, number of seeds per pod and indi-
vidual seed dry weight, exhibited moderately
high predictive ability (ranging from 0.626 to
0.495 according to the rBLUP model:
Fig. 10.2). Only the two traits that featured nar-
rower genetic variation according to CV, values,

0.75-
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survival flowering
Fig. 10.1 Predictive ability of genomic selection using

Bayesian Lasso (BL) or Ridge regression BLUP
(rrBLUP) models for grain yield, winter plant survival
and onset of flowering of 83 landraces and eight varieties
of white lupin, as correlation between modelled data
based on 6,578 SNP markers and observed data averaged
across 20 independent tenfold stratified cross validations
(vertical bars represent P = 0.95 confidence intervals)

namely, proportion of pod wall on pod biomass
and harvest index, exhibited modest predictive
ability (Fig. 10.2).

10.7 Perspective and Conclusion

Based on results from various studies summa-
rized in Heffner et al. (2009), Bayesian models
such as BL are expected to be especially valuable
in the presence of limited phenotyping records
and large sets of marker data, as it was generally
the case in this study. A slight advantage of BL
over rrTBLUP emerged for two traits with smaller
genotype sample (leaf size and harvest index),
while a slight advantage of rrBLUP was found
for two traits with larger genotype sample (grain
yield and onset of flowering). However, these
models performed comparably over the 11 lupin
traits of the current assessment. In earlier studies
on legume species, rrBLUP (or a similar model
such as GBLUP) outperformed BL for predicting
pea agronomic traits in Burstin et al. (2015) and
alfalfa forage yield in Annicchiarico et al.
(2015a), whereas the two models performed
comparably for pea grain yield in Annicchiarico
et al. (2017a, 2019a) and various alfalfa forage
quality traits in Biazzi et al. (2017). On the
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Fig. 10.2 Predictive ability of genomic selection using
Bayesian Lasso (BL) or Ridge regression BLUP
(rrBLUP) models for plant height at onset of flowering,
number of leaves on the main stem, leaf size, harvest
index, proportion of seeds on the main stem, number of
seeds per pod, individual seed dry weight and proportion

whole, the similar predictive ability of TBLUP
and BL supports the testing of both models in
future white lupin genomic selection studies.

The genome-enabled predictive ability that we
observed for grain yield was beyond expectations,
when considering earlier results for crop yield of
other inbred grain legume crops and two currently
unfavourable circumstances. The first circumstance
was the genotype sample size, which was subopti-
mal (Viana et al. 2017) and smaller than in the cited
genomic selection studies. The second circum-
stance was the target germplasm type, which
included mainly landrace populations (rather than
pure lines), whose SNP allele frequency values
could not be estimated precisely by the available
genotype sample of three to four genotypes per
population (also in consideration of the sizeable
within-population diversity that featured these
landraces: Annicchiarico et al., unpublished data).
However, predictive accuracies tended to be biased
upward by the current adoption of intra-experiment
cross validations rather than cross-environment
validations (Lorenz et al. 2011), where the latter can
also account for genotype X environment interac-
tions within a target region.

A parallel study on white lupin genomic
selection based on a larger set of entries and
more than one test environment confirmed the
high predictive ability of white lupin grain yield

of pod wall on pod biomass of 62 landraces and seven
varieties of white lupin, as correlation between modelled
data based on 6578 SNP markers and observed data
averaged across 20 independent tenfold stratified cross
validations (vertical bars represent P = 0.95 confidence
intervals)

even across climatically-different Italian envi-
ronments or contrasting drought-stress levels,
showing a predictive accuracy in the range
0.48-0.64 across such contrasting environments
(Annicchiarico et al. 2019b).

The accurate genomic prediction of onset of
flowering is encouraging, given the key impor-
tance of this trait for adaptation to different
agro-climatic regions of white lupin cultivars
(Annicchiarico and Carroni 2009) and genetic
resources (Annicchiarico et al. 2010, 2011). The
development of accurate predictions was favoured
by the lower genetic complexity of this trait rela-
tive to crop yield. Early onset of flowering was
controlled by two complementary dominant genes
in Adhikari et al. (2011), while showing a poly-
genic control with respect to vernalization
requirement in Ksiazkiewicz et al. (2017).

The current high predictive ability of breeding
values for winter survival has remarkable prac-
tical importance, to widen the adaptation and
economic sustainability of white lupin in tem-
perate regions by cultivation of autumn-sown,
winter-hardy germplasm (Huyghe 1997). Winter
survival depends on a few substantially inde-
pendent plant characteristics, such as delayed
floral initiation (as determined mainly by the
vernalization requirement), intrinsic frost toler-
ance of the hardened plant and, to a lesser extent,
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larger seed size (via the thicker root parenchyma
of the larger seedling) (Huyghe and Papineau
1990; Papineau and Huyghe 2004).

With the exception of two traits characterized
by modest genetic variation (a circumstance that is
bound to complicate genomic predictions),
genome-enabled predictions were sufficiently
accurate for germplasm exploitation also for the
other agronomic traits. This finding is noteworthy,
when considering the small germplasm sample
size available for these traits (which implied model
construction based on only 62 phenotypes).

While producing encouraging results for the
perspective genomic selection of white lupin
inbred lines in breeding programs, the specific
germplasm type used in this study emphasizes
the use of genome-enabled selection to identify
promising genetic resources within large lan-
drace germplasm collections.

The high potential interest of genomic selection
highlighted by this study for white lupin is likely to
apply as well to another major lupin species such as
narrow-leafed lupin (L. angustifolius L.). The
genome of this species displayed high sequence
collinearity with that of white lupin (Ksigzkiewicz
et al. 2017), although possessing a larger genome
(Naganowska et al. 2003). The narrow-leafed
lupin genome sequencing effort revealed a large
proportion of repetitive DNA (57%; Hane et al.
2017). This finding reinforces the adoption in GBS
for lupins of a methylation sensitive restriction
enzyme such as ApeKI, which tends to avoid
highly repetitive DNA regions, thereby helping
targeting restriction sites that are relatively random
and evenly distributed along the genome in
gene-rich regions.

Genomic selection studies may be associated
with genome-wide association studies (e.g.
Annicchiarico et al. 2017a), to gain information
on the genetic control of target traits and possibly
explore, particularly for less complex traits, the
application of marker-assisted selection. On the
other hand, genomic selection may be devised
also for oligogenic traits, e.g. resistance to
anthracnose (Annicchiarico et al., unpublished
data). This may be particularly convenient when
breeding simultaneously for several traits by
trait-specific genomic selection models whose
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predicted values are combined into a selection
index.

The application of marker-assisted selection
for the direct improvement of the crop yield trait
has been extremely limited in legumes (Annic-
chiarico et al. 2015b; Varshney et al. 2015),
because of the many genes with small individual
effect that control this trait [as shown in alfalfa by
Annicchiarico et al. (2015a)]. Genomic selection
has the potential to reverse this trend, by con-
structing models that could largely account also
for minor genetic effects. This study and addi-
tional results in Annicchiarico et al. (2019b)
provide evidence that this avenue can be feasible
and successful for improving the grain yield and
other major agronomic traits of lupin crops.
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Abstract

Yellow lupin (Lupinus luteus L.) is a minor
annual legume crop valued for its productivity
in highly infertile, acidic soils and for its very
high protein seeds. Yellow lupin belongs to the
‘Old World’” group of lupin species and is
closely related to narrow-leafed lupin. Yellow
lupin shares similar climatic adaptation to
narrow-leafed lupin over which it offers some
additional advantages such as greater water-
logging tolerance and disease resistance.
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Despite its promise, yellow lupin is grown only
as a niche crop in Australia, Europe and South
America, and has attracted very limited breed-
ing attention to date. Major constraints to the
wider uptake of yellow lupin as a crop include
lack of diversity in the domesticated gene pool
and a historic focus on adaptation to a limited
range of environments. Current varieties are
also sensitive to some abiotic stresses (notably
drought, extreme temperatures, salinity and
alkalinity) and to sap-sucking insects such as
aphids. Good genetic resources are available for
yellow lupin including extensive seed collec-
tions that capture much of the species-wide
diversity and three recombinant inbred line
populations. Until recently, yellow lupin has
lagged behind its well-resourced sister species
narrow-leafed lupin in terms of genomic
resources but is now catching up. Transcrip-
tomic datasets have been used to generate
molecular markers and to investigate the causes
of flower and pod abortion. The first genetic
map for yellow lupin was recently released,
which is being used to investigate phenology,
domestication traits and productivity under
water-limiting conditions. Transgenesis meth-
ods have been developed for yellow lupin, a key
enabling technology for future genome editing
activities. Efforts are underway to develop a
high-quality reference genome sequence for
yellow lupin. These developing resources will
help researchers acquire knowledge and
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molecular tools to equip lupin breeders to
overcome the restraints on broader adoption
of this promising legume crop.

11.1 Background

Yellow lupin (Lupinus luteus L.) belongs to the
Genistoid clade of the Fabaceae, one of the largest
flowering plant families comprising approxi-
mately 765 genera and 19,500 species (Naga-
nowska et al. 2003; Legume Phylogeny Working
Group 2017). Yellow lupin is a minor annual
pulse crop valued for its adaptation to highly
infertile, acidic soils and for its high protein
seeds. It is also valued by horticulturalists for its
attractive yellow, sweetly scented flowers. Yel-
low lupin originated in the Mediterranean region,
although its precise geographical origin is unclear
due to the widespread traditional cultivation of
wild and semi-wild types (Gladstones 1998).

Yellow lupin is part of the ‘Old World’ group
of 12-13 lupin species distributed around the
Mediterranean region and North Africa. They are
divided into smooth-seeded and rough-seeded
groups (Naganowska et al. 2003). Yellow lupin is
very closely related to L. hispanicus, which
shares the same chromosome number (2n = 52)
and similar genome size (2C = 2.44 and 2.15 pg,
respectively) (Naganowska et al. 2003;
Fig. 11.1). More recently, phylogenetic analysis
revealed that narrow-leafed lupin is closely rela-
ted to yellow lupin despite the reduced chromo-
some number of narrow-leafed lupin (2n = 40)
(Drummond et al. 2012; Fig. 11.1). Given that the
most recent common ancestor of Old-World
lupins is estimated to be 4.6—12.5 million years
ago (MYA), yellow lupin is expected to share the
same triplicated genome structure that is evident
in narrow-leafed lupin, which is believed to have
arisen by a whole-genome triplication event(s)
24.6 MYA (Hane et al. 2017; Kroc et al. 2014;
Drummond et al. 2012).

A major step in the development of yellow
lupin as a crop was its introduction for green
manure and animal feed to the acid sands of the
Baltic region in the eighteenth century, far
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outside its natural distribution (Hondelmann
1984). In this environment, the focus was on
early crop phenology in order to obtain mature
ripe seeds, as part of the lupin’s new role as a
grain crop in the cool wet environments charac-
teristic of the end of summer. A range of trials
based on time to sowing, response to vernalisa-
tion, photoperiod and temperature were con-
ducted in order to understand crop phenology
(Hackbarth 1955; Troll 1940a, b). These trials
suggested that yellow lupin should be sown early
enough in the cool spring to fulfil the crop’s
vernalisation requirements in order to initiate
flowering, but that there was a trade-off between
meeting the vernalisation requirement and
avoiding frost damage due to early sowing
(Hackbarth 1951). The next major step was the
selection of low alkaloid, ‘sweet’ types in the
1920s in Germany made possible by the devel-
opment of simple assays to detect alkaloids
(based on reaction of alkaloids to iodine-
mercury-potassium iodide solution; Hondel-
mann 1984). This paved the way for a broader
range of uses in livestock and poultry feed and in
the human diet.

Yellow lupins were brought to Australia in the
1950s and were selected for adaptation traits—
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Fig. 11.1 Simplified and unscaled phylogenetic tree of
Old-World Lupinus species, redrawn from the more
comprehensive consensus tree of Drummond et al.
(2012). Diploid chromosome numbers are shown in
parentheses and taken from Naganowska et al. (2003)
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especially drought escape—for the short-season
target environments of South-Western Australia
(Igbal 2019). During the next four decades,
research focus was also given to the domestica-
tion traits such as selection of low alkaloid
genotypes and weakening or removal of vernal-
isation response in order to achieve an early
flowering genotype. The first yellow lupin vari-
ety in Australia, Wodjil, was developed from a
selection of Polish cultivar Teo in 1997 (French
et al. 2001). The main cultivation areas today are
in northern Europe, Belarus, Ukraine and
recently in Western Australia. However, pro-
duction is much lower than for narrow-leafed
lupin (Lupinus angustifolius L.) and white lupin
(Lupinus albus L.) (Igbal et al. 2019).

Yellow lupin shares similar climatic adapta-
tion to narrow-leafed lupin, where it offers some
additional advantages such as greater tolerance to
aluminium toxicity, high efficiency of accessing
soil phosphorus in depleted soils, greater root-rot
resistance and immunity to cucumber mosaic
virus (Clements et al. 2009; Lambers et al. 2013).
Yellow lupin seed also has higher protein content
than narrow-leafed lupin seed (38% compared
with 30% for narrow-leafed lupin) and excellent
protein quality (among the highest cysteine and
methionine contents of any grain legume), which
makes it an excellent option for aquaculture feed
(Gladstones 1970; Glencross et al. 2008).
Despite this promise, yellow lupin remains a
niche crop in Northern Europe, Australia and
South America due to a range of constraints (see
Sect. 11.4). However, yellow lupin’s fortunes
may be turning with recent advances in genetic
and genomic resources that aim to overcome
these constraints.

11.2 Genetic Resources for Yellow
Lupin

Understanding the genetic basis of traits
responsible for a crop’s survival and sustainable
production in diverse growth environments has
been, and continues to be, a key task for crop
improvement (Stinchcombe and Hoekstra 2008).
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A prerequisite for genetic analysis is the avail-
ability of good genetic resources. According to
Wolko et al. (2011), there were 3,732 accessions
of yellow lupin held in 21 ex situ seedbanks,
constituting around 10% of all lupin seed col-
lections. The Vavilov collection in St. Peters-
burg, Russia houses the largest number of L.
luteus accessions (751) followed by the Aus-
tralian Lupin Collection in Perth, Australia (463
accessions; currently moving to the Australian
Grains Genebank in Horsham, Australia) and
Poznan Plant Breeders station at Wiatrowo,
Poland (421 accessions) (Wolko et al. 2011).
These accessions include released cultivars,
breeding lines, experimental populations and
wild accessions. Wild germplasm is expected to
show the greatest variation in adaptation and
domestication traits (Berger et al. 2008, 2012).
These collections form a valuable resource for a
range of applications in future including under-
standing species-wide genetic diversity, deduc-
ing historic population migrations and
bottlenecks, and for gene discovery through
genome-wide association studies as used effec-
tively in narrow-leafed lupin (Mousavi-
Derazmabhalleh et al. 2018a, b).

In addition to these diverse genetic resources,
three recombinant inbred line (RIL) populations
of yellow lupin have been developed to study
agriculturally significant traits (Table 11.1). The
most diverse population was developed at the
Department of Primary Industries and Regional
Development (DPIRD; Perth, Australia) from a
cross between Australian cultivar Wodjil and
P28213, a wild accession from a high rainfall
region of the Azores. This population segregates
for a range of adaptation and domestication traits,
and was used to develop the first genetic map for
yellow lupin (Igbal et al. 2019). A second RIL
population from a narrower cross of two breed-
ing lines was developed at DPIRD with the
intention of mapping CMV resistance. A third
RIL population was developed in Chile from a
cross between two cultivars with contrasting
flowering time, height and architecture traits. So
far, no results have been published from analysis
of the second and third populations.
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Table 11.1 Recombinant inbred line populations developed to study agriculturally relevant traits

Female parent Male parent Segregating traits References
Waodjil (cultivar) P28213 Phenology, pod dehiscence, hard/soft seed, alkaloid | Igbal et al.
(wild, Azores) content, flower colour (2019)
96D001-18-12 99D002-1 CMV resistance Berger et al.
(breeding line) (breeding line) (2013)
Jantar (cultivar) Pajbce (cultivar) Flowering time, plant height, plant architecture Berger et al.
(2013)

11.3 Genomic Resources for Yellow
Lupin

Yellow lupin has lagged behind in the develop-
ment of genomic resources compared to its more
widely grown sister species narrow-leafed lupin
(see Chap. 3). The first transcriptomic dataset for
yellow lupin was developed as a resource for
marker discovery by Parra-Gonzélez et al.
(2012). They used 454 pyrosequencing to gen-
erate 71,655 contigs representing distinct tran-
script forms from young leaves, buds and
flowers. They identified 2,572 contigs containing
simple sequence repeat motifs, of which 222
were identified as polymorphic. They then used
50 polymorphic markers to sample genetic
diversity in a panel of domesticated and wild
germplasm (for more detail see Sect. 5.2.2).
More recently, indel markers were developed by
the same group (Osorio et al. 2018a).

Building on the seed protein catalogue pro-
duced by Ogura et al. (2014), seed transcrip-
tomes were subsequently developed using
Ilumina HiSeq sequencing by Foley et al. (2015)
to explore seed storage proteins across lupin crop
species. Seed storage proteins in lupins comprise
four classes of conglutin: o, B, v and 9, each with
multiple copies (16 distinct copies have been
identified). They observed that >60% of cong-
lutin transcripts comprised the 3-class in mature
yellow lupin seeds, around threefold higher
proportion than in narrow-leafed lupin (where
B-conglutins constitute the most abundant class
of transcripts). They found evidence for
post-translational modifications that serve to
diversify protein structure in lupin species.

Glazinska et al. (2017) generated flower and
bud transcriptomes using HiSeq sequencing to
study spontaneous flower and bud abortion, a
phenomenon that reduces seed numbers and
presumably total grain yield in yellow lupin
crops (see also Sect. 5.2.8). Comparing abscising
organs to control organs, they identified 1,343
(flowers), 2,933 (flower pedicels) and 1,491
(pods) differentially expressed genes (DEGs).
A large portion of these DEGs were involved in
hormone signalling and cell wall functioning.
These DEGs provide targets for modified gene
expression either in mnatural populations or
through genetic modification to reduce the fre-
quency of pod abortion.

The plastid genome of yellow lupin was
reported by Martin et al. (2014), the first for any
genistoid legume. Analysing the 155,894 bp
sequence, they found a novel 36 kb inversion
that may have occurred early in the divergence of
genistoids from the rest of the Papillionoid
legume subfamily.

Transgenic lines of yellow lupin were pro-
duced with different selectable markers to unlock
the potential of yellow lupin crop improvement
(Li et al. 2000). This is an important enabling
technology for implementing CRISPR-Cas and
other gene editing in the targeted improvement of
traits in plant breeding (Bortesi and Fischer
2015; Lemmon et al. 2018).

The reference genome of narrow-leafed lupin
cultivar Tanjil (Hane et al. 2017) has provided a
solid foundation for genomic research in
narrow-leafed lupin and to a lesser extent in other
lupin species (see Chap. 3). No such reference
genome is yet available for yellow lupin and
remains a research priority for yellow lupin.


http://dx.doi.org/10.1007/978-3-030-21270-4_3
http://dx.doi.org/10.1007/978-3-030-21270-4_5#Sec4
http://dx.doi.org/10.1007/978-3-030-21270-4_5#Sec10
http://dx.doi.org/10.1007/978-3-030-21270-4_3

11 Genomics of Yellow Lupin (Lupinus luteus L.)

Fortunately, the development of a yellow lupin
reference genome is currently underway led by
Joshua Udall (unpublished data). The alignment
of lupin genomes will shed light on the evolution
of lupin genomes with their wide variation in
chromosome numbers (Table 11.1). This will
sharpen our currently blurry view gained from
genetic and cytogenetic comparative investiga-
tions of lupin chromosome evolution (Nelson
et al. 2006, 2010; Kroc et al. 2014; Phan et al.
2007; Susek et al. 2016, 2019). See Sects. 5 and
8 for more complete description of cytogenetic
and genetic comparative studies, respectively.
These genomic resources, together with pro-
teomic and metabolomic resources (Ogura et al.
2013, 2014; Osorio et al. 2018b; Piornos et al.
2015), provide valuable tools for overcoming
key constraints on yellow lupin cropping.

11.4 Using Genomics to Address
Constraints on Yellow Lupin
Cultivation

Several factors hinder the wider uptake of yellow
lupin as a crop, which represent key targets for
genomic analyses. One major constraint to the
more widespread cultivation of yellow lupin is its
sensitivity to abiotic stresses including terminal
drought, extreme temperatures, salinity and
alkalinity, which are frequently encountered in
Mediterranean-type dryland cropping environ-
ments (Chaves et al. 2003). Plant stress responses
are complex in nature, difficult to phenotype and
likely controlled by many genes, making genetic
improvement difficult and expensive (Stoddard
et al. 2006). However, advances have been made
in other crop stress systems through the devel-
opment of accurate, high-throughput phenotyp-
ing methods in combination with advanced
genomic analyses (e.g. in chickpea; Varshney
et al. 2011).

Such efforts in yellow lupin are in their early
stages but a recent advance was reported in the
first genetic dissection of drought response in
yellow lupin (Igbal et al. 2019). They used
genotyping-by-sequencing (GBS; Baird et al.
2008) and DArTseq™ (Sansaloni et al. 2011)
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methods to genotype the Wodjil x P28213 RIL
population, enabling the generation of the first
genetic map for yellow lupin comprising 2,458
markers distributed across 40 linkage groups
(Igbal et al. 2019). This excess number of linkage
groups (26 were expected corresponding to the
haploid chromosome number of yellow lupin),
indicates that the map remains incomplete
despite the large number of markers. Irregulari-
ties in segregating marker data seemed to point to
the RIL population having been subject to a
degree of cross-pollination to domesticated types
during the single seed descent process. If proven
to be the case, this is a concern as the Wodjil x
P28213 RIL population is the obvious choice as
a reference population among the lupin research
community due to its greater diversity than the
other available RIL populations (Table 11.1).

Yellow lupins are also subject to some biotic
stresses, most notably aphid predation in
ultra-low alkaloid cultivars such as Wodjil
(Adhikari et al. 2012; Berlandier and Sweeting-
ham 2003). Cowpea aphid behaviour monitoring
of aphid-susceptible and aphid-resistant cultivars
suggested that there may be phloem-based
deterrence in resistant cultivars (Zehnder et al.
2001). However, further analysis using cowpea,
bluegreen and green peach aphids showed that
cultivar Teo gained its resistance from sup-
pressing growth and survival of aphids rather
than deterrence (Edwards et al. 2003). Evidence
was found for weak anti-feeding factors against
pea aphid located in non-phloem tissue in yellow
lupin cultivar Perkoz (Kordan et al. 2018). In
addition to stress caused by aphid predation per
se, damage by viruses transmitted by aphids can
be extremely damaging but resistance is available
within the L. luteus gene pool (Robertson and
Coyne 2009; Jones and Latham 1996). To our
knowledge, genomic approaches (e.g. transcrip-
tomics or genome-wide association studies) have
not been applied to study the nature of resistance
to biotic stresses in yellow lupin and remains a
priority for future genomic research.

The domesticated breeding pool of
narrow-leafed lupin is extremely shallow due to a
series of population bottlenecks, starting with a
handful of founder lines from the Iberian
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Peninsula, extreme selection for domestication
traits and then relative isolation of breeding
programmes (Berger et al. 2012; Mousavi-
Derazmahalleh et al. 2018a, b; Cowling et al.
1998; Cowling et al. 2009). The recent domes-
tication of yellow lupin closely parallels that of
narrow-leafed lupin (see Chap. 8), and adaptive
diversity is more restricted in the domesticated
gene pool of yellow lupin compared to the wild
gene pool (Berger & Ludwig 2014). This is
likely reflected also in reduced genome-wide
diversity although this remains an open question
in the absence of detailed diversity analyses. The
only published molecular diversity analysis to
date used 50 simple sequence repeat markers to
investigate genetic diversity in a set of 64 mainly
domesticated accessions, which appeared to
support broader diversity among the wild acces-
sions than among the domesticated accessions
(Parra-Gonzalez et al. 2012). However, a much
more comprehensive analysis is required using
wider sampling among wild accessions and more
in-depth genotyping.

The genetic basis of domestication traits was
investigated in the Wodjil x P28213 RIL popu-
lation (Igbal 2019). As was found in narrow-
leafed Iupin (Nelson et al. 2006), Igbal found that
vernalisation responsiveness in flowering, alka-
loid content, flower colour and seed colour were
all controlled by single genes that could be
positioned on the genetic map. Segregation ratios
pointed to two-gene control for seed dehiscence,
plant growth habit and seed permeability, how-
ever these could not be mapped to the genetic
map (Igbal 2019). Yellow lupin can follow the
example of narrow-leafed lupin where the first
domestication/adaptation gene was identified and
used to find new adaptive variation from wild
germplasm (Nelson et al. 2017; Taylor et al.
2019).

Another important constraint in yellow lupin’s
genetic improvement is the historic focus on
adaptation to a limited climatic range, again
paralleling narrow-leafed lupin (Berger et al.
2012). Thus far, lupin breeders have focused on
developing early cultivars with  highly
temperature-responsive phenologies that escape
drought in their warm, short-season target
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environments in Australia or cold, wet autumn
weather in northern Europe (Igbal 2019), as
described in detail for narrow-leafed lupin in
Sect. 2.2.2. This resulted in cultivars with no
adaptive mechanism other than appropriate phe-
nology (Berger et al. 2008). The genetic control
of time to flowering and time to maturity was
recently dissected in the RIL population derived
from a cross between Wodjil (short season, little
or no vernalisation requirement) and P28213
(long season, strong vernalisation requirement)
(Igbal et al. 2019). This identified regions of the
genome controlling these phenology traits, which
can now be used to develop simple molecular
marker assays to assist phenological diversifica-
tion of breeding pools.

11.5 Conclusions

Yellow lupin holds much unrealized potential as
a grain legume due to its high-quality seed and its
unique adaptation to sandy, acidic soils. Recent
genomic developments are starting to unlock that
potential through tapping into the phenological
and genetic diversity present in wild and
domesticated gene pools, understanding agro-
nomic traits such as pod abortion and drought
response mechanisms as well as providing
molecular marker tools for accelerating the
breeding of resilient and diverse cultivars.
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In this chapter, we present the first detailed
evaluation of the repetitive compartment in
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lineages of these elements have been differen-
tially and recently amplified within species, such
as in L. luteus, L. albus, and L. angustifolius.
Moreover, this study highlighted the diversity of
tandem repeats in lupin genomes, with minisatel-
lites and satellites mostly being species-specific,
whereas microsatellites (SSRs) are ubiquitously
distributed. Strikingly, L. angustifolius exhibited
a tremendous amount of tandem repeats in its
genome (26%), including a noteworthy accumu-
lation of one particular hexamer SSR (15.24% of
the genome), which demonstrate that also tandem
repeats may greatly contribute to genome obesity
and dynamics in lupins. Therefore, differential
lineage-specific amplifications of retrotrans-
posons and tandem repeats occurred among
lupins. Accordingly, this strongly suggests that
different processes and mechanisms regulating
amplification, proliferation, and clearance of
repeats have differentially operated within the
same genus among closely related Mediterranean
species over the last ~10-12 Myr. Further
extension of such evaluation to various represen-
tatives of the lupins diversity and outgroups will
provide a better overview of the repetitive
compartment and its evolutionary dynamics in
the genus. Additionally, the genomic resources
generated by this work represent a valuable basis
to start building a repeats database specifically
dedicated to best understand the genomic land-
scape, repeats distribution, and localization in
lupins. This will facilitate further investigations
on the functional and evolutionary impact of
repeats on genes of interest, such as those
responsive for important agronomical, adaptive,
and defense features.

12.1 Introduction

Genome size variation, with a magnitude order of
200,000, is one of the most remarkable biological
features in Eukaryotes (Bennetzen and Wang
2014; Biscotti et al. 2015). As this variation is
not correlated with the morphological or physi-
ological complexity of organisms it has been
termed the “C-value paradox” (Thomas 1971)

A. Ainouche et al.

and later the “C-value enigma” (Gregory 2005).
In angiosperms, Genome Size (GS) ranges from
60 Mb (in Genlisea aurea) to 150 Gb (in Paris
Jjaponica), which corresponds to approximately a
2,400-fold variation (Greilhuber et al. 2006;
Leitch and Leitch 2008; Vu et al. 2015; Pellicer
et al. 2018). Moreover, GS variation occurs at
various taxonomic levels, including among clo-
sely related species within genera (Greilhuber
et al. 2006; Hu et al. 2011) or even among var-
ious accessions within species, such as in Hor-
deum spontaneum (Kalendar et al. 2000) or in
Arabidopsis thaliana (Schmuths 2004). Apart
from whole genome duplication, triplication, or
polyploidy (Soltis et al. 2009; Renny-Byfield and
Wendel 2014), it is now obvious that repetitive
sequences may account for a large proportion in
the plant genomes, regardless of the number of
protein coding genes, the ploidy level or the past
paleopolyploid history (Bennetzen 2002, 2005;
Wendel et al. 2016). While, the repetitive
sequences were previously regarded as “junk,”
“parasitic,” or “selfish” DNA (Doolittle and
Sapienza 1980; Orgel et al. 1980; Lonnig and
Saedler 1997), nowadays they are not only con-
sidered as a determinant fraction involved in GS
variation (expansion/contraction) but also that
they play a major role in their evolutionary
dynamics and are crucial for living organisms
(Biémont and Vieira 2006; Oliver et al. 2013;
Wendel et al. 2016; Hosaka and Kakutani 2018;
Pellicer et al. 2018). Two types of repetitive
DNA sequences proliferate in the genomes: tan-
dem repeats (or satellites sensu lato) and inter-
spersed repeats (or transposable elements).

12.1.1 Tandem Repeats

Tandem Repeats (TR) consist of basic nucleotide
units (or monomers) that are repeated head-to-tail
to form TR arrays. According to the size of the
repeated unit the tandem repeats are classified as:
microsatellites or Simple Sequence Repeats
(SSR) with motives shorter than 10-12 bp,
minisatellites with motives between 12 and
~60 bp, and satellites with longer monomers
(>60-100 bp or even several kilobases). Increase
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(or decrease) of the number of repeated units in
microsatellites, for instance, generally results
from a “slipped-strand mispairing” mechanism
due to a polymerase shift during DNA replication
(Levinson and Gutman 1987) or unequal cross-
overs (Petes 1980). Satellite DNA can represent
up to half of the genome in some eukaryotes
(Satovi¢ et al. 2018). Microsatellites (SSRs) are
ubiquitous in genomes and are widely used as
genetic markers for genotyping (Parra-Gonzélez
et al. 2012; Raman et al. 2014; Kamphuis et al.
2015; Atnaf et al. 2017). The other larger arrays
of TR, minisatellites, satelittes, including highly
repetitive gene families such as nuclear riboso-
mal DNA, are helpful for chromosome finger-
printing. They are usually associated to
centromeric, peri-centromeric and telomeric
regions and seem to have a significant functional
regulatory role (Streelman and Kocher 2002; Li
2004; Lower et al. 2018), but they yet remain
poorly investigated and were the subject of only
a few comparative genomics studies (Shi et al.
2013; Ruiz-Ruano et al. 2016; Usai et al. 2017).

12.1.2 Transposable Elements

Transposable Elements (TEs) (or jumping genetic
elements of McClintock 1948) are very diversly
interspersed repetitive DNA sequences that are
able to duplicate themselves and to insert their
copies at different positions in the genome via a
transposition mechanism (Kumar and Bennetzen
1999; Bennetzen 2002). Following the classifi-
cation of Wicker et al. (2007), TEs are divided
into two main classes, according to the type of
intermediate (DNA or RNA) used in their trans-
position mode. Class I elements, or retrotrans-
posons, follow a transposition mode using an
RNA intermediate called “copy/paste”, which
may dramatically increase their copy number in
genomes (Vicient et al. 1999; Bennetzen 2002,
2005; Piegu et al. 2006). Five orders are distin-
guished within this class: Long Terminal Repeats
(LTRs), Dictyostelium intermediate repeat
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sequence (DIRSs), Penelope-like elements
(PLEs), Long Interspersed Nuclear Elements
(LINEs), and Small Interspersed Nuclear Element
(SINEs). Within each order, elements are clus-
tered into superfamilies based on the structure of
their protein and non-coding domains. The
Class Il elements (or DNA transposons) transpose
via a DNA intermediate in a mode called “cut /
paste,” which results in their excision from their
genomic location and their insertion elsewhere in
the genome. Two subclasses are recognized:
subclass 1 mainly corresponds to TIR elements,
which are characterized by their Terminal Inver-
ted Repeats (TIR) at their extremities; and sub-
class 2 which corresponds to Helitron and
Maverick elements (Wicker et al. 2007).

In plants, amplification and accumulation of
Class I elements represent the major source of
GS increase. For example, LTR retrotransposons
may reach between ~70 and 76% of the gen-
omes in maize, bread wheat, and barley (Mayer
et al. 2011; Oliver et al. 2013; Wicker et al.
2018). TEs amplification can be activated by
various environmental (biotic and abiotic) and
genomic (e.g., hybridizations) stresses during the
evolutionary history of organisms (Kalendar
et al. 2000; Liu and Wendel 2000; Jiang et al.
2003; Grandbastien et al. 2005; Wessler 2006).
In turn, different regulatory mechanisms are
triggered at the cellular and molecular levels to
control their proliferation and counteract genome
expansion via epigenetic mechanisms (small
RNA, DNA methylation, histone modification
and removal) (Bennetzen 2005; Hawkins et al.
2006, 2009; Slotkin and Martienssen 2007; Lisch
2009; Yaakov and Kashkush 2012; Axtell 2013;
Castel and Martienssen 2013). The repeated
of TE amplification and regulatory
mechanisms thus have a deep impact on the host
genomes. They may drive structural genomic
rearrangements and generate genetic diversity
which accompanies the adaptation and diversifi-
cation of species in their environments (Bennett
2005; Morgante et al. 2005; Chénais et al. 2012).
Following their insertion into or near genes, they

waves
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may modify expression and function of various
genes which may induce variable phenotypic
changes (Jiang et al. 2003; Kashkush et al. 2003;
Lisch 2013). Also, there is evidence that they
contribute to the formation of new genes and
represent an important source of evolutionary
novelties (Biémont and Vieira 2006; Oliver et al.
2013; Lynch et al. 2015).

12.1.3 Advancing the Discovery
of Repetitive Sequences
Using Next-Generation
Sequencing Technology

Regarding their importance, investigations on the
repetitive sequences greatly benefited from the
advances of high-throughput sequencing tech-
nologies. Several strategies and bioinformatics
programs have been developed for the detection
and identification of repeated elements in fully
sequenced genomes of model organisms (Ques-
neville et al. 2005; Lerat 2010; Flutre et al. 2011;
Treangen and Salzberg 2011; Wajid and Serpedin
2012). However, assembly, annotation, and pre-
cise location of massive similar repeated short-
reads, representing regions which underwent var-
ious processes of recombination/deletion, are
challenging and generally results in incompletely
assembled genomes with large gap-spaces and
potentially chimerical structures (Jiang et al. 2004;
Sequencing Project 2005). Combination of short-
reads technologies (Illumina HiSeq) with
long-reads sequencing ones (Pacific BioSiences
and Oxford Nanopore) will yield higher quality
genomes to accurately assemble and circumscribe
repeated structures. Other programs have been
designed to directly evaluate the repetitive content
from raw unassembled short-read sequences gen-
erated from various high-throughput DNA
sequencing technology platforms, such as for
example: RepeatExplorer (Novak et al. 2010,
2013), Transposome (Staton and Burke 2015),
REPdenovo (Chu et al. 2016). Such programs use
various tools which allow detection, quantitative
estimation, reconstruction, and annotation of
repetitive elements in NGS data. They are based on
all-to-all read sequence similarities, graph-based
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clustering methods, and repeats identification
using complementary Blast methods and search of
conserved specific TEs protein coding domains
against reference databases. These toolkits
demonstrated their efficiency for evaluating the
repetitive compartment from a reduced sample of
low-pass genome sequence data (even less than
1% genome coverage) in various plant taxa (Macas
etal. 2007; Hiibova et al. 2010; Novak et al. 2010,
2013; Renny-Byfield et al. 2011; Piednoél et al.
2013; Staton and Burke 2015; Vu et al. 2015; Wu
et al. 2019). They not only allow rapid investiga-
tion of the repetitive compartment in many
non-model genomes but also may provide crucial
information to assist assembly and annotation of
complex genomes.

12.1.4 Lupinus: A System of Interest
to Evaluate
the Dynamics
of the Genomic
Repetitive Compartment

In this context, the Genistoid legume Lupinus
(Fabaceae) is a system of particular interest to
explore the evolutionary dynamics of repetitive
sequences and their impact on the evolution of
host genomes. Indeed, Lupinus is a large genus
which is composed of hundreds of species
adapted to very diverse ecological conditions
which diversified during the last ~ 16 Myr (mean
age of the stem node of the genus according to
Hughes and Eastwood 2006) in two major
regions of the World: about 250-300 species in
the New World and around 12-13 in the Old
World (Gladstones et al. 1998; Ainouche et al.
2004; Eastwood et al. 2008). Among the latter,
the smooth-seeded lupins, which are mainly
circum-Mediterranean are distinguished from the
rough-seeded lupins (or Scabrispermae), which
are predominantly North African. Previous
studies have shown that lupins exhibit a
remarkable variation of their chromosome num-
ber (2n = 32 to 52) and their genome size (2C =1
to ~2.6 Gb), including between closely related
taxa, regardless of their chromosome number
(Gladstones et al. 1998; Naganowska 2003;
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Naganowska et al. 2005; Conterato and
Schifino-Wittmann 2006; Mahé 2009). A first
PCR-based screening of the repeated compart-
ment revealed a significant diversity of LTR
retrotransposons in lupin genomes (Mahé 2009).
Because of their beneficial properties for agri-
culture, human health, and nutrition (Gladstones
et al. 1998; Cabello-Hurtado et al. 2016), and for
their novel status as model plants for studying
symbiosis, proteoid roots, and Pi uptake
(O’Rourke et al. 2013; Keller et al. 2018), the
smooth-seeded Mediterranean lupins, which
include three crops (L. albus, L. luteus, and L.
angustifolius), are under increasing attention.
Several transcriptomes and genomic resources
have been generated (see Sects.4 and 6)
(Parra-Gonzalez et al. 2012; O’Rourke et al.
2013; Kamphuis et al. 2015; Keller et al. 2018)
and a first draft genome has been recently
released (Hane et al. 2017; this book), providing
the raw material to best understand structure,
evolution, and functional potential of the lupin
genome, including its repetitive compartment.
Therefore, as a first step to develop our
knowledge on this enigmatic genomic compart-
ment, we report results from: (i) a preliminary
survey of the diversity of LTR retotransposons
(Tyl-copia and Ty3-gypsy-like elements) in
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Lupinus and allied Genistoid taxa, based upon
analysis of their Reverse Transcriptase sequences
(RTs) (Flavell et al. 1992; Alix and Heslop-
Harrison 2004; Mahé 2009); and (ii) a detailed
evaluation of the repetitive compartment of four
smooth-seeded Mediterranean lupin taxa, from
the analysis of low-depth NGS genomic resour-
ces, using different programs to identify and
estimate the repetitive sequences (Benson 1999;
Novik et al. 2010, 2013, 2017).

12.2 Exploring Retrotransposons
Diversity in Genomes
of Lupins and Allied
Genistoids

Tyl-copia-like and Ty3-gypsy-like superfamilies
of class I retrotransposons are ubiquitous in
eukaryote genomes and most often involved in
Genome Size (GS) variation. A preliminary
investigation of their diversity, was conducted in
44 accessions belonging to 27 lupin taxa (16
from the Old World and 11 from the New World)
and 8 other Genistoid representatives;
Table 12.1). This was carried out through anal-
ysis of their constitutive Reverse Transcriptase
sequences (RTs) (Mahé 2009). Accordingly,

Table 12.1 List of accessions from Lupinus and other Genistoid taxa surveyed for retrotransposons diversity. The
origin, geographic distribution, and accession reference are indicated for each sample. OW = Old World species; NW =
New World species; Med = Mediterranean; Afr = African; NA = North American; SA = South American

Taxon 2n Origin/Distribution
L. affinis 48 Oregon/NW, West NA
L. albus 50 Algeria/OW, Med
L. anatolicus 42 Turkey/OW, Afr
L. angustifolius subsp. reticulatus 40 France/OW, Med
L. angustifolius subsp. angustifolius = 40 Algeria/OW, Med
L. atlanticus 38 Morocco/OW, Afr
38 Morocco/OW, Afr
38 Morocco/OW, Afr
L. bracteolaris 32-34  Brazil/NW, South-East SA
L. concinnus ? USA/NW
L. cosentinii 32 ?2/OW, Med
L. diffusus ? Florida/NW

Sample source and reference number
USDA/504315/N20
INAE-DZ/M20
AKA/K32
AKA/T25
AKA-M1/T24
USDA/384612-FM83/T1
INRA-SAPF/T11
USDA/384613-FM87/T2
USDA/404349/S80
N19
INRAL-FR/T15
K35

(continued)
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Table 12.1 (continued)

Taxon 2n Origin/Distribution Sample source and reference number
L. digitatus 36 Egypt/OW, Afr-Med WADA-PI26877/T4
L. elegans 48 Mexico/NW, West SA USDA/185099/S33
L. hirsutissimus ? USA/NW AKA/N8S
L. hispanicus subsp. bicolor 52 Spain/OW, Med USDA/PI 384554/T23
L. hispanicus subsp. hispanicus 52 Portugal /OW, Med USDA/384555/T22
L. luteus 52 Algeria/OW, Med AKA/M5
52 Algeria/OW, Med AKA/T20
52 Algeria/OW, Med AKA/T21
L. mariae-josephae 527 Spain/OW, Med H. Pascual/MJ1
L. micranthus 52 Algeria/OW, Med AKA/T19
52 Algeria/OW, Med T 28
L. mutabilis 48 Perou/NW, West SA INAE-DZ/S35/MU23
L. nanus 48 USA/NW N42
L. palaestinus 42 Near-East/OW, Afr-Med INRA-FR/T14
L. paraguariensis 36 Brazil/NW, East SA BRA-02828/BZ1
L. pilosus 42 Algeria/OW, Afr-Med INAE-DZ/T6
42 Algeria/OW, Afr-Med INAE-DZ/T9
42 North-Africa/lOW, Afr-Med A USDA/W6 PI 11995/T13
L. pilosus tassilicus ? Lybia/OW, Afr AKA/A641
L. polyphyllus 48 USA/NW, NA USDA/504404/T26
L. princei 38 Kenya/OW, Afr WADA P 23021/T0
38 Kenya/OW, Afr RP Chyulu 1800/T16
38 Kenya/OW, Afr RP Chyulu 1915/T17
L. texensis 36 USA/NW, South NA USDA/577291/N45
Anarthrophyllum cumingii ? ?7/NW, South SA AKA/201
Argyrolobium uniflorum ? ow AKA/G25
Chamaecytisus mollis ? ow AKA/C84
Crotalaria podocarpa ? ow AKA/KS50
Cytisus heterochrous ? ow AKA/G8
Genista tinctoria ? ow AKA/G56
Thermopsis rhombifolia ? NwW AKA/G46
Ulex parviflorus ? Spain/OW, Med AKA/G24
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conserved coding RT domains were amplified,
cloned, and sequenced from genomic DNA
samples using universal primers (Flavell et al.
1992) following the procedure described by Alix
and Heslop-Harrison (2004). After (i) removing
the low-quality sequences from the hundreds of
amplicons  generated, (ii) verifying their

homology with known RTs from public data-
bases (via Blastn, Blastx, and RepeatMasker;
https://www.ncbi.nlm.nih.gov and https://www.
repeatmasker.org/), and (iii) size-filtering, a total
of 367 retrotransposon-like RT sequences were
selected for further analysis. Among them 260
amplicons ranged in size from 248 to 295 bp,
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with pairwise identity varying from 38.6 to 100%
for copia elements (GenBank accession numbers
GU189754 to GU190013); and 107 ranged from
366 to 564 bp with a pairwise identity of 32.4—
100% for gypsy elements (accession numbers
GU190014 to GU190133).

Within this set of amplicons, 305 were from
the lupin species (211 RT-copia, 89 RT-gypsy
and five unidentified) and 62 were from the eight
Genistoid  representatives  (including 40
RT-copia, 17 RT-gypsy, and five unannotated).
Altogether, these 367 DNA sequences were
aligned with MAFFT (Katoh and Standley
2013). The sequence data matrix was then sub-
jected to a Maximum likelihood (ML) phyloge-
netic analysis, using the best-fitted evolutionary
model (GTR + R7: General Time Reversible

RTdomain
B Tork
B Ale
B keros
s £ | M Mana
é—% [ Angela
@ | [ SIRE
O Tar
O Alesia
| Copia unclassified
Lz O Athila ;
2 - Tekay i
X E Reina 3
© % . Chromovirus E
[l unclassified é
O Unknown

Taxonomic/geographic origins:
Old-World smooth-seeded lupins
Old-World rough-seeded lupins
New-World lupins

Genistoid taxa

Fig. 12.1 Maximum likelihood phylogenetic tree of 367
copia and gypsy RT fragments amplified from 44
accessions belonging to 27 Old World and New World
lupin taxa (305 sequences) and from 8 other Genistoid
representatives (62 sequences). Each terminal branch is
colored according to its taxonomical/geographical group
of origin and its copia or gypsy annotation assignment

model, rates Gamma distributed) identified with
ModelFinder (Kalyaanamoorthy et al. 2017) as
implemented in IQ-TREE v1.5.5 (Nguyen et al.
2015). The robustness of the nodes was esti-
mated with 10,000 ultrafast bootstrap replicates
(Hoang et al. 2017). The phylogenetic tree
resulting from this analysis is shown in Fig. 12.1,
where each terminal branch representing RT-
copia or RT-gypsy amplicons is colored accord-
ing to its taxonomic and geographic origin (see
Fig. legends) and its annotation assignment
indicated by different colors in the outer circle.
A remarkable diversity of retrotransposons
was detected within genomes of both lupin and
Genistoid species. Random amplified RT
sequences using universal primers allowed a
clear segregation of the two retrotransposon

Class |
LTR-Retrotransposons

indicated by different colors in the outer circle (see
legends in the figure). Red dots on the tree indicate
remarkable well supported nodes (by bootstrap estimate).
Some remarkable groups of copia or gypsy amplicons
likely representing ubiquitous elements of ancient origin
(shaded in mauve) or recent lineage-specific amplifica-
tions (shaded in light green) are also indicated
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superfamilies, with a higher amplification suc-
cess for the copia ones. Within each of these
superfamilies, several families have been identi-
fied: mainly Tork copia-like elements and at a
lower scale other copia families (Ale, Ikeros,
Ivana, Angela, SIRE, Tar and Alesia). Whereas
gypsy-like elements were mainly represented by
Tekay and Athila elements, and a few Reina and
Tat/Ogre ones. Most of them showed significant
levels of RT-identity with those from other
Fabaceae available in databases for Cicer (52.5—
88.4%), Vigna (51-86%), Vicia, or Soybean,
suggesting that these elements were most likely
inherited from a common Papilionoid ancestor or
even from earlier origin.

Although the number of amplicons is low for
some taxa, the main retrotransposon families
detected appear to be ubiquitous throughout the
lupin and Genistoid genomes, as illustrated by
the presence of multicolored branches in each of
the main copia and gypsy clades in Fig. 12.1.
One remarkable and well-supported multicolored
clade (shaded in mauve) of related copia ele-
ments (Alesia, SIRE, Angela, Ivana) includes
highly divergent RT sequences (with long evo-
lutionary branches) from most lupin and Genis-
toid taxonomic and geographical groups. This
suggests that they likely derive from a common
and ancient ancestor. The other noteworthy
groups revealed by the phylogeny are those
including weakly divergent sequences isolated
from the same taxonomic or geographical lineage
(shaded in light green), indicating recent
lineage-specific transpositional activities. This is
particularly well exemplified by several specific
retrotransposon families (groups with mono-
chrome branches) observed in the tree for: the
rough-seeded Old World lupins with orange
branches (Athila and Tork); the smooth-seeded
Old World lupins with green branches (Tekay
and Tork); the New World lupins with blue
branches (Tork groups); and in the Genistoids
with red branches (a Tekay group). Other
homogeneous lineage-specific groups are com-
posed of more divergent RT sequences likely
deriving from earlier transposition events, such
as for instance in the Genistoids (red branches)
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which show specific lines of Athila and Tork
elements.

Within the collection of conserved RT
domains generated from the lupins, five were
amplified from a sample of L. angustifolius
subsp. angustifolius (originating from North
Africa), three RT-gypsy and two RT-copia
clones. These clones have been used as queries in
a rapid screening of the current reference NLL
genome (of L. angustifolius cultivar. Tanjil;
(Hane et al. 2017)) to estimate a potential number
of PCR-based amplified products that could be
expected from this genome. Interestingly, no less
than 997 and 1209 non-redundant hits were
found for the gypsy and the copia elements,
respectively, using the easy Blast search tool
(with evalue threshold: 1.0e—5) implemented in
the Lupin Genome Portal https://www.
lupinexpress.org/ (Priyam et al. 2015).

Therefore, despite an inevitably biased sam-
pling due to the intrinsic limits of the method
(related to variable rates of RT degeneracy within
and among genomes, to the performance of the
“universal primers,” and depending on the clon-
ing and sequencing depth), the PCR-based
exploration of the lupin and Genistoid genomes
allowed detection of a wide diversity of copia-
like and gypsy-like LTR retrotransposons fami-
lies. Most of them are ubiquitous throughout the
lupins and Genistoids. Moreover, phylogenetic
analysis of the RT sequences provided clues
which suggest that some retrotransposons sub-
families seem to have differentially and specifi-
cally proliferated (bursts) during the recent
evolutionary history of the genus in the New and
the Old World lupins. Besides, a Fluorescence
in situ hybridization (FISH) test performed on
metaphase root cells of Old World lupines using
copia ant gypsy RT-probes (Mahé 2009) indi-
cated a much higher accumulation of retrotrans-
posons in the large genome of the Mediterranean
species L. luteus (2367 Mb/2C) than in the small
genome of L. micranthus (1147 Mb/2C). Thus,
altogether these results emphasized the need to
more accurately identify and evaluate the diver-
sity and relative abundance of transposable
elements.
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12.3 NGS-Based Evaluation
of the Repetitive
Compartment in Lupin
Genomes

As highlighted, lupins are characterized by a
noteworthy genome size variation (GS = 2C =
nuclear DNA amount per cell) ranging from 1.05
to 2.6 Gb, regardless of their various chromo-
some numbers (varying from 2n = 32, 34, 36, 38,
40, 42, 48, 50 to 52). This is observable even
between taxa having the same chromosome
number (such as L. luteus which has more than
twice the size of that of L. micranthus), as well as
regardless of their Old World or New World
origins and of their phylogenetic relationships.
Therefore, in order to deepen our under-
standing of the lupin genome dynamics, four
lupin accessions with small and large genomes,
belonging to different Mediterranean Old World
smooth-seeded species (Table 12.2; Fig. 12.2),
were subjected to a comparative NGS-based
analysis of their genomic repetitive compart-
ment: L. albus (2n = 50; 2C = 1.13 Gb), L.
angustifolius (2n = 40; 2C = 1.85 Gb), L. luteus
(2n = 52; 2C = 2.37 Gb), and L. micranthus (2n
= 52; 2C = 1.15 Gb). For this purpose, a
sequence data set of 1,200,000 paired-end
100 bp reads (120 Mb) per accession, extracted
from resources generated by low-depth genomic
Ilumina HiSeq sequencing, and representing 5—
10% of each genome (Table 12.2), was analyzed
with RepeatExplorer (Novék et al. 2010, 2013).
Following analysis of a combined data set
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(including 4,800,000 reads, each labeled
according to its species origin), 293,635 clusters
were obtained. Among the 744 clusters contain-
ing more than 48 reads (the largest having
265,540 reads), 176 were annotated as trans-
posable elements and 207 as simple sequence
repeats; the remaining clusters corresponded to
organelle or to unclassified sequences.

12.3.1 Composition of the Repetitive
Compartment in Lupin

Genomes

Identification and distribution of the main ele-
ments of the repetitive compartment have been
determined in the four targeted genomes. As
summarized in Table 12.3 and illustrated in
Fig. 12.2, the repetitive compartment (including
transposable elements and tandem repeat satel-
lites; excluding nuclear ribosomal DNA sequences
or ntDNA) represents a large part of the genomes
and varies from 23.27% in the small genome of L.
micranthus to 50.36% in the largest genome of L.
luteus, regardless of their same chromosome
number (2n = 52). While L. albus shares a close
chromosomes number (2n = 50) and a similar
genome size with L. micranthus, it contains amuch
larger proportion of repeats (41.10%). In turn, the
accession of Lupinus angustifolius analyzed here
has a lower chromosome number (2n = 40), a rel-
atively large genome (2C = 1.85 Gb), and exhibits
a high repeats proportion (49,63%), which is
underestimated compared to the 54% reported for

Table 12.2 Origins and characteristics of the genomic resources of four Lupinus species used in this study

Species Accession | Origins  2n  2C DNA
code amount®
(in pg)
L. albus M20 Egypt 50 1.16
L. angustifolius | 1PG2 Morocco 40 1.89
L. luteus Mo6 Algeria 52 2.42
L. micranthus ~ B12 Algeria 52 1.07

#According to Naganowska (2003) and Mahé (2009)

Genome  Total length Genome % of
Size® (2C | of reads coverage | genome
in Mb) sequenced (x folds) analyzed
(Gb) with RE®
1134.48 1.2 1.06 10.57%
1848.42 15.4 8.2 6.5%
2366.76 1.15 0.49 5.07%
1147 1.13 1.06 10.46%

"Using 1 pg (picogramme) = 978 Mb according to Dolezel et al. (2003)

“Repeat Explorer (Novék et al. 2010, 2013)
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Fig. 12.2 Condensed phylogenetic tree of the lupins (on
the left) redrawn from (Mahé et al. 2011), showing the
position and relationships of the four Mediterranean
smooth-seeded species subjected to a RepeatExplorer
analysis of their repetitive genomic compartment. The Old
World rough-seeded lupins and the New World lupin
clades are presented. The mean age of the lupin stem node

is indicated (according to Hughes and Eastwood 2006).
Chromosome numbers (2n) and genome size (2C in Gb)
of the taxa are given on the right of the figure, together
with a histogram showing the genomic proportion of the
repeated compartment in the four Mediterranean
smooth-seeded species analyzed

Table 12.3 Proportions of the main DNA repeat categories (as % of the genome) in four Old World lupins. Repeats

are classified is according to RepeatExplorer annotation

Genomic proportion of the different DNA repeat categories

Repeats annotation L. albus
LTR retrotransposons (copia + gypsy) 33.27
LINE 0.07
DNA transposons 1.52
Satellites sensu lato 3.37
Unknown 2.94
nrDNA/45S 1.95
Repetitive Compartment (nrDNA excluded) 41.18

the NLL cultivar Tanjil sequenced genome (Hane
et al. 2017).

In L. albus, L. luteus, and L. micranthus, the
repetitive compartment is mainly composed of
transposable elements, which are essentially
represented by variable proportions of LTR
retrotransposons (33,27%, 41,10%, and 13,43%
of the genome, respectively), whereas LINEs and
DNA transposons are present at less than 2% in
each genome (Table 12.3; Fig. 12.3). Apart from
the indeterminate repeats (around 2-3%), satel-
lites (tandem repeats) are present at a low pro-
portion in the three genomes, ranging from
3.37% in L. albus, to ~5—6% in L. luteus, and L.
micranthus. While similar repeat categories were

L. angustifolius L. luteus L. micranthus
20.44 41.10 13.43

0.04 0.03 0.08

1.05 1.24 0.88
25.97 5.29 5.74

2.13 2.69 3.15

291 1.53 1.67
49.63 50.36 23.27

L. albus

E LTR retrotransposons

. B LINE
L. micranthus

i DNA transposons

. Satellites
L. angustifolius
@ unknown

u rDNA/45S
L. luteus

0 20 40 60
Fig. 12.3 Histogram showing the genomic proportions
of the main DNA repeat categories (as % of the genome)

in four Old World lupins. Repeats are classified according
to RepeatExplorer annotation outputs (Novék et al. 2010)
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detected in L. angustifolius, and it exhibited a
noteworthy different pattern, with a repetitive
compartment made up of a little more than half
by satellites (around 26% of the genome). The
remaining part is mainly composed of LTR
retrotransposons (approximately 21% of WG).
Although, the RepeatExplorer-based proportion
of LTR retrotransposons was lower than that
estimated from the Narrow-Leafed Lupin
(NLL) sequenced genome (~28%), the above
observations already demonstrate that not only
TEs but also satellites may account for high
proportions in lupin genomes where they may
reach substantial amounts, ranging from
~38 Mb and ~ 65 Mb in the small genomes (of
L. albus and L. micranthus, respectively) to
~126 Mb and ~481 Mb in the larger genomes
of L. luteus and L. angustifolius, respectively.
Otherwise, the ntDNA varies from 1.5 to 2% in
the genomes of L. albus, L. luteus, and L.
micranthus, while it displays a significant
increase in L. angustifolius (~3%), which sug-
gests the occurrence of different ntDNA evolu-
tionary patterns among the Mediterranean lupins
(Wolko and Weeden 1989; Kroc et al. 2014).

171
12.3.2 Identification and Distribution
of LTR Retrotransposons

in the Lupin Genomes

A more accurate analysis of the repetitive com-
partment shows that the copia and gypsy super-
families of LTR retrotransposons are well
represented in all species, at various proportions
and different relative ratio (Table 12.4; Fig. 12.4).
Copia elements constitute 5.48% (62.9 Mb) to
11.73% (216.8 Mb) of the genomes, with the
highest proportions in large genomes (216.8 Mb
for L. angustifolius and 231.5 Mb for L. luteus). In
turn, the gypsy elements exhibited a wider range,
from 3.73% (42.8 Mb) in the small genome of L.
micranthus to 31.31% (741 Mb) in the largest
genome of L. luteus, with however no correlation
with GS regarding the substantial proportion of
20.31% (230.4 Mb) in L. albus (with a small GS)
as compared to that of L. angustifolius (8.7%;
160.8 Mb) which has a larger GS. Accordingly,
this observation reveals two distribution patterns
of the LTR retrotransposon superfamilies. The first
one is characterized by a gypsy/copia ratio lower
than 1, where copia elements are ~ 1.3—1.5 times

Table 12.4 Proportions of the LTR retrotransposon copia and gypsy families (as % of the genome) detected in four
Old World lupins (annotated according to the nomenclature of Wicker et al. 2007)

TE Superfamily & Family L. albus
Copia—Alel/Retrofit 0.09
Copia—Alell 0.05
Copia—Angela 1.13
Copia—Ivana/Oryco 0.21
Copia—TAR 0.44
Copia—Tork 0.77
Copia—Maximus/SIRE 5.06
Subtotal Copia (% of the genome) 7.75
Gypsy—Athila 1.09
Gypsy—Ogre/Tat 0.65
Gypsy—Chromovirus 18.57
Subtotal gypsy ( % of the genome) 20.31
Gypsy/Copia ratio 2.62

L. luteus L. micranthus L. angustifolius
0.03 0.07 0.03
0.38 0.17 0.09
1.41 0.92 1.49
0.42 0.09 0.22
0.50 0.37 0.54
0.96 0.70 1.30
6.06 3.15 8.06
9.78 5.48 11.73

16.12 0.97 3.30
4.58 1.47 1.27

10.62 1.29 4.14

31.31 3.73 8.70
32 0.68 0.74
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more abundant than the gypsy ones, such as in L.
micranthus and L. angustifolius. The second pat-
tern is defined by a gypsy/copia ratio much higher
than 1, where gypsy elements clearly represent the
prominent part of the LTR elements and are 2.6
and 3.2 times more abundant than the copia ones in
L. albus and L. luteus, respectively.

A thorough annotation revealed that each of
the LTR superfamilies is characterized by a fairly
homogeneous and similar profile of copia and
gypsy TE families in the lupin genomes

Fig. 12.4 Histogram

surveyed, regardless of their variable propor-
tions. Indeed, seven different copia (Alel/Retrofit,
Alell, Angela, Ivana/Oryco, TAR, Tork, and
Maximus/SIRE) and three gypsy (Athila,
Ogre/Tat, Chromovirus) families were identified
in all species (Table 12.4; Fig. 12.4). The
Maximus/SIRE family is the best represented in
the copia superfamily with 3 to 8.06% of the
genomes (in L. micranthus and L. angustifolius,
respectively), followed at a lower level by the
Angela (0.92 and 1.49%) and Tork (0.7 and
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1.3%) families. Together, the latter three families
represent 86 and 92% of the copia elements of
each genome (respectively), while the remaining
families (TAR, Tork, Alel, Allel/Retrofit, Ivana/
Oryco) are poorly represented, each at less than
0.6% of the nuclear genome. In the gypsy
superfamily, the Athila family alone represents
16.2% (~382 Mb, i.e., half of the repetitive
compartment) of the large L. luteus genome,
whereas the Chromovirus family makes up 10.62
(~252 Mb) and 18.57% (210 Mb) of the gen-
omes of L. luteus and L. albus (a small genome).
The Ogre/Tat family is much less represented
throughout the lupin genomes (less than 5%),
with however a substantial amount (4.58%), i.e.,
~109 Mb) in the large L. luteus genome. It is
interesting to notice here: (i) that the amplifica-
tion of Athila and Chromovirus elements played
a decisive role in genome size increase in L.
luteus (together representing 26.74% of the
genome) compared to its counterpart in L.
micranthus (2.26%), which has the same chro-
mosome number and a smaller genome; (ii) that
the latter elements were either only moderately
amplified (or amplified then partly deleted via
removal mechanisms; Devos 2002), such as in
the other large genome of L. angustifolius
(7.44%); but also, (iii) that gypsy elements may
significantly proliferate in the small genomes,
such as Chromovirus (18.57%) in L. albus.

12.3.3 Phylogenetic Analysis on LTR
Retrotransposons RT
Domains

In order to refine the annotation of LTR retrotrans-
posons and to get insights into their diversity and
dynamics in the Mediterranean lupine genomes,
phylogenetic analyses were performed on RT (re-
verse transcriptase) domains extracted from clusters
of reads generated by the RepeatExplorer analyses.

For each species, reads of each cluster (anno-
tated as copia or gypsy) were assembled indepen-
dently with Mira4 (Chevreux et al. 1999), and the
consensus sequences obtained were submitted to
BLASTX v. 2.6.0+ (Altschul et al. 1990; Camacho
et al. 2009) against a public database of RT
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nucleotide sequences (Repbase v. 23.08; Bao et al.
2015). Sequences translated in protein which
showed homology with RT domains, and that have
at least 130 amino acids in length, were kept for
further analyses. RT sequences from six angios-
perms species (Glycine max, Medicago truncatula,
Arabidopsis thaliana, Zea mays, Oryza sativa,
Triticum monococcum) were selected in Repbase
and added to the data set. Only potentially func-
tional sequences without stop codon were retained.
Each of the gypsy or copia RT protein sequences
were aligned separately using Clustal Omega
(Sieversetal. 2014). Informative blocks in multiple
alignments were selected with the Gblocks pack-
age (Castresana 2000) prior to perform phyloge-
netic analyses with IQ-TREE (Nguyen et al. 2015).
The LG+R6 and the LG+R7 protein evolution
models were respectively retained (via ModelFin-
der; (Kalyaanamoorthy et al. 2017)) for phyloge-
netic reconstruction of gypsy and copia trees using
the maximum likelihood method. The robustness
of branches was estimated after 10,000 Ultrafast
Bootstraps (Hoang et al. 2017). Annotation of
copia and gypsy elements was determined
according to the classification of Wickeretal. 2007.

The copia tree was built with 71 lupin sequen-
ces (43 from L. angustifolius, 2 from L. micran-
thus, 13 from L. albus, and 13 from L. luteus) and
244 sequences from other taxa (Fig. 12.5). Inter-
estingly, all the most conserved RT sequences
detected in L. albus, L. luteus, and L. micranthus,
and about half of those detected in L. angustifolius,
belong to the Maximus/SIRE family, which agrees
with the prominence of this copia family in the
lupin genomes. Moreover, this suggests that these
elements, displaying well-conserved RT domains,
most likely result from recent amplification events
experienced by each species, as this seems cor-
roborated by some specific groups of poorly
divergent sequences with short branches (indi-
cated in Fig. 12.5). All the other remaining con-
served RT sequences represent diverse Angela,
TAR, Tork, and Ale elements detected in L.
angustifolius, which indicates that it is the only
Mediterranean lupine species containing con-
served copies of these copia families that are
potentially able to proliferate. In particular, a dis-
tinct monophyletic group of Angela RTs suggests
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Fig. 12.5 Phylogenetic analysis of lupin LTR retrotrans-
poson copia elements based on amino-acid sequences of
their conserved RT domains, using the maximum likeli-
hood method. The tree was built with 71 lupin sequences
(43 from L. angustifolius, 2 from L. micranthus, 13 from
L. albus, and 13 from L. luteus) and 244 reference
sequences from databases. Annotation of copia families

a lineage-specific amplification of one Angela line
during the recent evolutionary history of this spe-
cies. Although, Alell/Retrofit and Ivana/Oryco
elements were detected in all lupins, indicating
their common and ancient origin, no conserved
RTs were found, which suggests that these poorly
represented elements have undergone degenera-
tive processes that tend toward their elimination
from the genomes.

The gypsy tree was constructed with 72 lupine
sequences (7 from L. angustifolius, 1 from L.
micranthus, 29 from L. albus, and 35 from L.
luteus) and 236 reference sequences from a set of
plant genomes (Fig. 12.6). All the most con-
served RT sequences detected belong to the three
gypsy families identified via RepeatExplorer,
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(colored clades named in black and bold) were determined
following the classification of Wicker et al. (2007). Each
terminal branch is colored according to its species origin:
green for L. angustifolius, orange for L. micranthus, blue
for L. albus, red for L. luteus, and black for reference taxa.
Radiated/irregular  circles likely represent recent
species-specific amplification of particular copia lines

Chromovirus, Athila, and Ogre/Tat (Table 12.4).
The distribution of the conserved RTs among
species appears correlated with the relative pro-
portions of the gypsy families in the genomes.
Conserved RTs of Athila elements were mostly
found in L. luteus (13) and few in L. angusti-
folius (3) and L. albus (1). Few conserved RTs
(1-3) of the Ogre/Tat elements were detected in
lupins (with none in L. albus). With regard to
Chromovirus elements, conserved RTs were
mostly extracted from L. luteus and L. albus, the
richest genomes in gypsy elements, and only
three from L. angustifolius. Among the wide
range of known Chromovirus elements, the
phylogeny allowed to refine the classification of
the lupin ones into two subfamilies, most of them
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Fig. 12.6 Phylogenetic analysis of lupin LTR retrotrans-
poson gypsy elements based on amino-acid sequences of
their conserved RT domains, using the maximum likeli-
hood method. The tree was built with 72 lupin sequences
(7 from L. angustifolius, 1 from L. micranthus, 29 from L.
albus, and 35 from L. luteus) and 236 reference sequences
from databases. Annotation of gypsy families (colored

as Tekay homologs and the few others as CRM
homologs (following RepBase annotation).
Interestingly, the gypsy phylogeny reveals that L.
luteus and L. albus most likely experienced
recently independent and specific proliferation of
gypsy elements, as this is illustrated by note-
worthy monophyletic and monochromatic groups
of poorly divergent RTs (with short branches) of
Tekay and Athila retrotransposon lineages in
Fig. 12.6. The other conserved RTs are minority
lineages of gypsy elements represented in the
Mediterranean lupin genomes that seem, how-
ever, yet potentially functional and able to
proliferate.

Chromovirus
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clades named in black and bold) were determined
following the classification of Wicker et al. (2007). Each
terminal branch is colored according to its species origin:
green for L. angustifolius, orange for L. micranthus, blue
for L. albus, red for L. luteus, and black for reference taxa.
Radiated/irregular ~ circles likely represent recent
species-specific amplification of particular gypsy lines

12.3.4 Diversity and Abundance
of Tandem Repeats
in Lupin Genomes

As shown from the above RepeatExplorer-based
analysis, the proportion of tandem repeats (ex-
cluding nrDNA) in the Mediterranean lupin
genomes, varies from 3.37% in L. albus to a
tremendous value of 26% in L. angustifolius
(Table 12.3). In the latter species, TRs were even
revealed more abundant than TEs. For each
species, the reads contained in the clusters
annotated as TRs were together analyzed using
the TRF program v.4.09 (Tandem Repeat Finder;
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Table .12'5 Proportion of TR moifs L. albus L. angustifolius L. luteus L. micranthus
the main types of tandem
repeats (as % of the AGGAT (5 bp) 0.16 0.33 0.37 0.60
genome) detected in four GATGAG (6 bp) 0.00 15.24 0.25 0.57
Old World lupi
oric Tuptns GTTTAGG (7bp)  0.13 0.16 0.06 0.20
Others <10 bp 0.20 0.93 0.06 0.19
Others >10 bp 1.64 2.26 2.78 0.53

Benson 1999) in order to identify the TR motives
(k-mers <50 bp) and their statistical distribution.
Among the best-represented SSRs (with k-mer
motives <10 bp), three k-mers (AGGAT, GAT-
GAG, and GTTTAGG) were almost always
present at a low level (less than 0.6%) in the four
genomes, with however an exceptional accumu-
lation of the 6-mer GATGAG estimated at
15.24% of the genome in L. angustifolius
(Table 12.5; Fig. 12.7). Tandem repeats with
k-mers >10 bp may constitute substantial
amounts in lupin genomes and represent the main
TR fraction in L. albus (1.64%) and L. luteus
(2.78%). Interestingly, complementary analyses
of the latter TR fraction (using TAREAN pro-
gram; Novak et al. 2017) allowed identification
of one major 28-mer minisatellite in L. luteus,
one major 170-mer satellite and one 38-mer
minisatellite in L. albus, as well as two 165-mer
and 629-mer satellites in L. micranthus.
Moreover, taking advantage of the availability
of a reference genome (L. angustifolius NLL

Fig. 12.7 Histogram
representing the diversity and
proportion of the simple
sequence repeats (as % of the ;¢
genome) detected in four Old
World lupins using Tandem
Repeat Finder program
(Benson 1999; Lim et al.
2013): from L. albus(alb), L. {p
angustifolius (ang), L. luteus
(lut), and L. micranthus (mic) 8

20

alb

cultivar. Tanjil; (Hane et al. 2017)), the twenty
annotated pseudochromosomes were screened
with TRF in order to identify, localize, and esti-
mate the distribution of microsatellites (as per
cent of 100-kb). Almost all tandem repeats found
in coding sequences are 2- or 3-mers, of which the
3-mer “CTT” is the most commonly distributed.
However, they only represent a total of 24,000 bp
(i.e., 0.03% of the assembled genome). Interest-
ingly, the presence of the other abundant SSRs (5-
, 6-, and 7-mers) detected above in our L.
angustifolius accession (IPG2 from Morocco)
were confirmed in the Tanjil genome, but were
rather localized outside of the coding sequences.
The density and localization of the SSRs relative
to the distribution of the genes are summarized in
Fig. 12.8 (using a Circos representation; (Krzy-
winski et al. 2009)). The SSRs are distributed in
all the genome and did not exhibit any chromo-
some specificity. The 6-mer SSR(GATGAG)"
previously identified in the IPG2 accession is
confirmed as the major SSR in the NLL genome

B others <=10m
Others >10m
GTTTAGG
GATGAG

B AGGAT
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Fig. 12.8 Microsatellites distribution along pseudochro-
mosomes of the first WG lupin sequenced, L. angusti-
folius (NLL var. Tanjil). The five consecutive circles from
the outside to the inside of the figure represent: A, the 20
chromosomes (named NLL-01 to NLL-20) (in blue); B,
Genes distribution and proportions per 100 kb (in green);

cv. Tanjil, with pics of density mainly distributed
in gene-poor regions. A thorough survey reveals
that 1,143 genes include SSRs with the 3-mer
(CTT) repeated at least four times. For example, a
microsatellite with 65 perfect tandemly repeated
(CTT) monomers was found in a putatively
functional gene encoding a cytosolic oligopepti-
dase (ID: 109349122).
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C, proportions per 100 Kb of the 3-mer SSRs (CTT)"
(x10 to be readable; in mauve); D, proportions per
100 Kb of 6-mers SSRs (in orange); and E, proportions
per 100 Kb of all microsatellites (in gray). The higher the
peaks are the higher is the proportion of genes or SSRs

12.4 Repetitive Compartment
of Lupin Genomes

In this chapter, we present the first detailed
evaluation of the repetitive compartment in gen-
omes of four smooth-seeded Mediterranean lupin
taxa, based on the analysis of low-depth NGS
genomic resources, using various bioinformatics
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programs to identify and estimate the repetitive
sequences (Benson 1999; Novéak et al. 2010,
2017, 2013). This approach already proved its
usefulness to detect and to evaluate repeats which
represent at least 0.01% of the genome, based on
a genome coverage of >0.5% in several taxa, such
as in: Pisum sativum (Macas et al. 2007); Musa
acuminata (Hiibova et al. 2010); Nicotiana
tabacum (Renny-Byfield et al. 2011); Oroban-
chacea (Piednoél et al. 2013); Genlisea (Vu et al.
2015). Our estimate of the repetitive DNA in one
accession of L. angustifolius (IPG2), based on a
reduced sample of randomly selected reads (1C
genome coverage = 3.25%) following the
RepeatExplorer strategy, resulted in a proportion
of 52.54% (including nrDNA) which is fairly
close to the proportion of 57% found in the whole
genome sequenced of the NLL cultivar Tanjil
(Hane et al. 2017). Also this was underlined by
the studies cited above, which supports the
robustness and reliability of this approach to
investigate and compare non-model species.
Accordingly, this study yielded major informa-
tion and insights on the composition, characteri-
zation, distribution, and dynamics of the
repetitive sequences in lupin genomes.

12.4.1 The Repetitive Compartment
Represents a Significant
Fraction of Lupin

Genomes

As frequently observed in other angiosperms
(Bennetzen 2000, 2005; Piegu et al. 2006; Hu
et al. 2011; Bennetzen and Wang 2014; Vu et al.
2015; Wendel et al. 2016), the repetitive com-
partment represents a large proportion of the
genomes (23-51%, excluding nrDNA) in the
Mediterranean smooth-seeded lupins. The high-
est proportions were found in the largest gen-
omes, regardless of their chromosome number,
50.36% in L. luteus (2n = 52; 2C = 2.37 Gb) and
49.63% in L. angustifolius (2n = 40; 2C =
1.85 Gb), whereas the two lupins with small
genomes and fairly similar chromosome numbers
exhibited very contrasted proportions of repeats
in their genomes, 23.27% in L. micranthus (2n =
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52; 2C = 1.15 Gb) versus 41.10% in L. albus
(2n = 50; 2C = 1.13 Gb). Therefore, the pro-
portion of the repetitive compartment in the
smooth-seeded Mediterranean lupins is overall
neither correlated to chromosome numbers nor to
GS, although large genomes are associated with a
strong accumulation of repeated sequences (but
not only, regarding the example of L. albus).

12.4.2 Gypsy and Copia
Retrotransposons
Significantly Contribute
to Genome Size
Variation

The repetitive compartment is mainly composed
of transposable elements (~43 to ~85%) in the
lupins surveyed and they significantly contribute
to the variation of their genome size. Moreover,
the overwhelming majority of TEs is composed
of Class I gypsy and copia LTR retrotransposons
(ranging from 93.9% of TEs in L. micranthus to
97% in L. luteus), which in fine are the main
repeat fractions involved in GS differences (but
see later). Together the other Class I (such as
LINEs) and Class II elements (DNA transposons)
only represented a minor fraction of the lupin
genomes (less than 1.6%). This is in general
accordance with estimates from other angios-
perms, albeit some taxa exhibited a much higher
proportion of Class II elements (11-16.5%), such
as in A. thaliana, G. max, wheat, and rice
(Hawkins et al. 2006; Oliver et al. 2013).

The analyses based on random amplified RT
domains and on Illumina HiSeq sequence data
sets revealed in both lupin and Genistoid gen-
omes a wide diversity of shared copia and gypsy
LTR retrotransposons families. The thorough
evaluation of LTR retrotransposon elements (via
the RepeatExplorer strategy) highlighted the
occurrence of a typical general profile of copia
and gypsy families and subfamilies in the
smooth-seeded Mediterranean lupin genomes,
each species displaying its specific profile char-
acterized by its own relative proportions of these
elements. Additionally, a remarkable difference
in the gypsy/copia ratio was observed among
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these species, regardless of their genome size as
well as of their phylogenetic relationships, which
is well exemplified by the prevalence of copia
elements (~ 1.4 times more than gypsy) in L.
micranthus and L. angustifolius and conversely
by the over-accumulation of gypsy elements
(2.6-3.2 times more than copia) in L. albus and
L. luteus. It is noteworthy that few individual
gypsy (Chromovirus and Athila) and copia
(Maximus-SIRE) families alone have been
remarkably accumulated in the lupins and hence
strongly contributed in shaping their LTR retro-
transposon profiles and in their GS differences, as
shown in L. luteus (26.74% of Athila + Chro-
movirus), L. micranthus (18.57% of Chro-
movirus), and L. angustifolius (12.2% of
Maximus/SIRE + Chromovirus).

12.4.3 Evolutionary Considerations
on the Dynamics
of Transposable
Elements in Lupins

Altogether the above observations provide
interesting insights on the dynamics of the
repetitive sequences in lupin genomes, particu-
larly of their major component, LTR retrotrans-
poson elements. Overall, the same types of
elements have been retrieved in both lupins and
Genistoids (Mahé 2009), which supports their
ancient origin from the common ancestor of the
Genistoid alliance (and earlier). Nevertheless, it
is obvious that the lupin genomes experienced
divergent evolutionary dynamics, as demon-
strated by the remarkable variability of the
species-specific profiles of elements observed
among the few representatives of the closely
related Old World lupins investigated.
Some LTR retrotransposon families appear to
have actively proliferated and accumulated in
species  (e.g., Athila, Chomovirus,
Maximus-SIRE elements, or even Ogre/Tat)
while they have been maintained at a low level in
others. Most other families remained poorly
represented throughout species. This strongly
suggests that different processes and mechanisms
regulating amplification, proliferation, and

some
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clearance of these repeats (Lippman et al. 2004;
Ma and Bennetzen 2004; Hawkins et al. 2006,
2009; Slotkin and Martienssen 2007; Lisch 2009;
Yaakov and Kashkush 2012) have differentially
operated in these species over the last ~ 10 Myr
of their diversification. This was also shown in
other plant systems (e.g.: Hawkins et al. 2006;
Charles et al. 2008; Hu et al. 2011; Estep et al.
2013; Piednoél et al. 2013).

Accordingly, phylogenetic analyses of the
most conserved RT sequences (which presum-
ably represent the most recent and potentially yet
functional LTR retrotransposons) provided sub-
stantial clues which support recent (after species
divergence, likely <8—10 Myr) and independent
amplifications and accumulations (bursts) of the
major gypsy and copia elements (Athila, Cho-
movirus, Maximus-SIRE, and even Ogre/Tat) in
the lupin genomes. The other less common
retrotransposons (such as Angela, TAR, Tork, and
Ale), which seem still potentially able to prolif-
erate in L. angustifolius, would represent families
that either have low transposition rates or that
have been specifically subjected to rapid purging
processes following their expansion (Ma and
Bennetzen 2004; Bennetzen 2005; Hu et al.
2011; Renny-Byfield et al. 2014; Vu et al. 2015).
This leaves open the way to different evolution-
ary trajectories for the later families. Moreover,
some weakly represented copia families, such as
Alell/Retrofit and Ivana/Oryco, seem to have lost
their ability to transpose. The yet recognizable
but degenerated RTs found for these elements
would likely represent the witnesses of ancient
transposition events experienced by these fami-
lies, which are ultimately prone to be erased from
the DNA repetitive compartment of the
smooth-seeded Mediterranean lupins. Another
important evolutionary insight derived from the
phylogenetic analysis of conserved RTs is that,
not only various LTR retrotransposons’ families
or subfamilies have been differentially accumu-
lated among the different lupin species but also
that particular lineages of these families or sub-
families have been differentially amplified within
each species, leading to the emergence of
species-specific lineages of elements. For exam-
ple, the major repeats in L. luteus essentially
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result from the recent proliferation of three
species-specific gypsy lines (one from the Athila
family, and two from the Tekay subfamily).
Similarly, the prominent fraction of gypsy ele-
ments in L. albus results from the massive
amplification of another specific lineage of the
Tekay subfamily. Also, there are some evidence
of likely recent lineage-specific amplification of
Maximus-SIRE and Athila elements in L.
angustifolius. Besides, a quick screening (results
not shown) of available raw transcriptomic data
sets from roots of L. albus, L. luteus, and L.
mariae-josephae (Keller et al. 2018) provided
some clues indicating a transcriptional activity
for various TEs (including for some weakly
represented families and Classll elements).
However, deeper investigations of more com-
plete transcriptomic data sets are needed before
making any reliable conclusion.

12.4.4 Tandem Repeats May
also Greatly Contribute
to Genome Obesity
and Dynamics in Lupins

In the Mediterranean lupin genomes, the pro-
portion of tandem repeats (excluding nrDNA)
remarkably varies from 3 to 6% in L. albus, L.
luteus, and L. micranthus, to 26% in L. angus-
tifolius. In contrast to the three former lupins and
to the general trend in plants (Oliveira et al.
2006; Barghini et al. 2014; Heitkam et al. 2015;
Satovi¢ et al. 2018), the proportion of tandem
repeats is not only tremendous but also is higher
than that of transposable elements and represents
more than half of the repetitive compartment in
L. angustifolius. Also, it is noteworthy that even
a low proportion of TRs may constitute a sub-
stantial fraction, equivalent to ~ 125 Mb in the
large genome of L. luteus, for example. Among
the best-represented SSRs in the smooth-seeded
Mediterranean lupins, three were almost always
detected in the genomes (AGGATn, GATGAGn,
and GTTTAGGn). This is in agreement with the
so-called “library hypothesis” evolution model
which predicts that closely related species inherit
from a common ancestor a same pool of satellites
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that are then independently amplified or lost in
genomes (Fry and Salser 1977; Oliveira et al.
20006; Plohl et al. 2012; Garrido-Ramos 2017).
Accordingly, our results revealed different SSR
patterns which reflect the differential evolution-
ary dynamics experienced by these repeats in the
lupin genomes. This is particularly well illus-
trated by the TR profile of L. angustifolius. In the
latter species, the microsatellites k-mer <10 bp)
have been much more accumulated (16.66%)
than TRs with k-mers >10 bp (2.26%) in the
genome, compared to its close Mediterranean
relatives and to the lower frequencies reported
for most other plants surveyed in the literature
(Oliveira et al. 2006; Barghini et al. 2014; Heit-
kam et al. 2015; Satovic et al. 2018). Even more
striking, only one SSR (the 6-mer GATGAG")
has been highly amplified and accumulated in L.
angustifolius (estimated at 15.24% of the gen-
ome), whereas it is maintained at less than 0.6%
in L. luteus and L. micranthus, and seem to have
been erased from L. albus. Such contrasted fre-
quencies of particular SSRs among genomes
could be partially explained by divergences in
the DNA repair system, as suggested by Oliveira
et al. (2006).

Alternatively, while SSRs are yet mostly
ubiquitous in the smooth-seeded Mediterranean
lupins (regardless of their various proportions),
few distinct families of minisatellites and satel-
lites have been each differentially and specifi-
cally amplified in either L. albus, L. luteus, or L.
micranthus. This suggests that they most likely
result from dynamic and complex molecular
processes and mechanisms that operated in the
repetitive compartment following the diversifi-
cation of the smooth-seeded Mediterranean
lupins, which yielded species-specific satellite
families (see: Garrido-Ramos 2015; Avila
Robledillo et al. 2018). It has been suggested that
differences in satellites’ types and abundance
would play a role in speciation through the
establishment of reproductive barriers between
species, as demonstrated in Drosophila (Ferree
and Barbash 2009). It is likely that the dramatic
expansion of some satellites (alone and/or in
conjunction with transposable elements) con-
tributed to isolation and speciation processes
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among the Mediterranean lupins, as could be
suggested by the striking divergent evolutionary
dynamics observed following the separation of
the closely related L. luteus (2n = 52; which
preferentially accumulated a specific minisatellite
and gypsy elements) and L. angustifolius (2n =
42: which rather accumulated a remarkable
amount of a particular hexamer SSR and copia
elements). Additionally, these species-specific
satellites represent an important basis for the
development of cytogenetic markers to identify
chromosomes, and to help understanding gen-
ome organization in lupins.

Another interesting observation highlighted
from the screening of the available reference
genome of L. angustifolius (NLL cv. Tanjil) is that
all satellites sensu lato detected in our NLL
accession (IPG2) were retrieved throughout all the
twenty pseudochromosomes. Two different dis-
tribution patterns were observed. On one side,
almost all the 5-, 6-, and 7-mer SSRs observed in
IPG2 are localized outside of the coding sequences
in the gene-poor regions, with (GATGAG)n con-
firmed as the major SSR in this species. On the
other side, the tandem repeats found in the coding
regions are almost all SSRs with short monomers
(k-mer < 4 bp), of which the SSR (CTT)" is the
most abundant and widespread throughout the
pseudochromosomes. Such prevalence of trinu-
cleotide SSRs in the coding regions indicate that
the other types with larger k-mers, which have a
greater likelihood to induce frameshift mutations,
are subjected to a counter-selection (Metzgar et al.
2000; Toth 2000). The screening of the NLL cv.
Tanjil genome identified 1143 genes which con-
tain a (CTT)n SSR with n equal to or greater than 4,
which raises important questions to be addressed
in order to evaluate their molecular, functional, and
evolutionary impact.

12.5 Conclusion and Perspectives

This chapter represents the first study on the
repetitive compartment in lupin genomes, using
low-depth high-throughput sequencing, reads
clustering and annotation. The detailed analyses
performed in four smooth-seeded Mediterranean
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lupins revealed a wide diversity of repeat types
and allowed identification of the most abundant
categories shaping their genomes. In particular,
only few gypsy (Tekay, Athila, Ogre) and copia
(Maximus-SIRE) LTR retrotransposon families
make up the prominent fraction of the repeats,
which significantly contributes to genome size
variation among species, regardless of their
chromosome numbers and phylogenetic rela-
tionships. Interestingly, the results revealed that
not only retrotransposons but also tandem
repeats, such as microsatellites, may greatly
contribute to genome obesity and dynamics in
lupins, as demonstrated in L. angustifolius.
Additionally, it has been shown that differential
lineage-specific accumulation of transposable
elements and/or tandem repeats occurred in
lupins, which strongly supports that different
processes and mechanisms regulating amplifica-
tion, proliferation, and clearance of repeats have
differentially operated within the same genus and
among closely related Mediterranean species
over the last ~10-12 Myr.

Further extension of such evaluation to rep-
resentatives of the different lupin clades circum-
scribed in the genus will undoubtedly provide a
more accurate and enhanced overview of the
repetitive components and their evolutionary
dynamics following diversification, evolution,
and adaptation to diverse environmental condi-
tions in both the Old and the New World.
Additionally, the annotated raw material gener-
ated by this work represents a valuable basis to
start building a repeats database specifically
dedicated to the genus: (i) to accompany and
facilitate assembly and annotation of novel lupin
genomes; and (ii) to develop potentially useful
genetic (e.g., microsatellites) and cytogenetic
markers (e.g., specific minisatellites, satellites,
and TEs). This will help understanding structure,
organization, repeats distribution, and localiza-
tion, variability, and evolution of the genomic
landscape of lupins, and will enable comparative
analysis with other legumes. Furthermore, the
development of such database of repeats, using
and combining genomic resources from both
rapid low-depth high-throughput sequencing of
various taxa and deep WGS of targeted species
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or accessions of particular interest, are of great
importance to investigate and evaluate their
structural, functional, and evolutionary impact on
genes, such as, for example, those responsive for
important agronomical, adaptive, and defense
features.
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