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ABSTRACT 
Narrow-leafed lupin (Lupinus angustifolius) is an important crop in agricultural systems due to its 

adaptation to infertile, acidic soils. This makes it valuable in crop rotations, raising soil fertility and 

providing a disease break. However, several limitations prevent broader adoption, including: i) its 

narrow genetic base and ii) its susceptibility to various pathogens. Genomic research has been 

revolutionised by progress made in next generation sequencing (NGS) techniques and bioinformatics. 

In this research, we use these advances to shed light on ways that bioinformatic approaches can be 

applied to address narrow-leafed lupin’s limitations and lead to its improvement. 

To investigate narrow-leafed lupin’s first limitation (i.e. narrow genetic base of the crop), I applied 

DArTseq, a genotyping-by-sequencing method, to first look into the pattern of genetic diversity within 

wild populations of narrow-leafed lupin collected across its natural range in the Mediterranean basin; 

and secondly, to identify the founder population of domesticated narrow-leafed lupin and genome-

wide effects of domestication on the genome. Phylogenetic, linkage disequilibrium and demographic 

analyses were employed to explore the history of wild narrow-leafed lupin within the Mediterranean 

region. This highlighted a strong genetic differentiation between accessions from the western and 

eastern Mediterranean, evidence of an historic west to east migration, and a severe and recent 

genetic bottleneck within the eastern population. It was found that due to local adaptation, flowering 

time between these two populations differ (i.e. west is later flowering than the east). A genome-

environment association study identified several single nucleotide polymorphism markers associated 

with climatic adaptation. An analysis of domesticated versus wild accessions demonstrated that wild 

accessions from the western Mediterranean are the founder population for domesticated narrow-

leafed lupin. Additionally the analysis showed almost three-fold reduction in genetic diversity of 

domesticated accessions compared to the wild. Looking for footprints of selection whilst applying the 

false discovery rate (FDR) ratio did not yield any significant outliers. However, through applying a more 

lenient approach (i.e. only taking into account the fixation index (Fst) and diversity pattern), regions 

of genomic differentiation were identified in the proximity of the flowering time locus Ku. No selective 

sweep was identified around other domestication loci under this study. A genome-wide association 

study identified a SNP marker associated with pod dehiscence. Taken all together, the identification 

of the western Mediterranean as the origin of wild narrow-leafed lupins and the founder population 

for domesticated germplasm is useful to efficiently collect and exploit diverse genetic resources which 

can expand the genetic base of this crop  by enabling breeders to more effectively source genetic 

diversity available in wild germplasm. 
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There are different approaches to effective crop disease management. Here, I developed genomic 

resources for two broad host-range fungal pathogens of lupin species, including two isolates of 

Sclerotinia sclerotiorum from narrow-leafed lupin and pearl lupin (Lupinus mutabilis), and one isolate 

of Botrytis cinerea from narrow-leafed lupin. These pathogens have been ranked among the most 

widespread plant fungal pathogens affecting a variety of crops, including narrow leafed lupin, across 

the world. Comparative genomic analyses of these isolates with those from different hosts were 

conducted. Effector candidates were identified in these isolates. Detection of minor genetic 

differences between these relatively recently-diverged isolates may serve to highlight novel and 

recent adaptations that are a result of adaptation to either host, region-specific environmental 

conditions or farming practices, or disease controls. Identification of novel effectors unique to lupin 

species can provide an opportunity for future protein-protein interaction experiments and can assist 

in developing lupin-specific resistance techniques.  

Overall, genomic approaches have much to offer for the improvement of agriculturally important 

plant species, including narrow-leafed lupin. Here I used genome-wide genotyping by sequencing 

approaches to find the useful source of genetic variation and have also developed genomic resources 

to assist in managing fungal pathogens of lupin.      
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Chapter 1 General Introduction 
Owing to rapid population growth, heavy dependency on a few major crops to feed the population, 

and the detrimental effects of climate change, farming systems are more fragile than ever and 

concerns are growing not only over food security, but also for environmental sustainability. This 

highlights the need to fill vacant or new agricultural niches by increasing cropping diversity and 

adopting low-input crops, which rely less on external resources such as nitrogen fertilizers. 

Simultaneously, crop improvement in terms of yield and resilience to biotic and abiotic stresses is 

necessary to ensure that agricultural systems will keep up with the fast pace of climate change and 

food demand (Abberton et al., 2015).  

In this context, narrow-leafed lupin (Lupinus angustifolius), a domesticated legume crop of the 20th 

century with significant farming potential (Gladstones, 1970), provides an interesting case study for 

crop improvement. Narrow-leafed lupin grain is a great source of protein not only for animals, but 

also for humans (Islam et al., 2011, Villarino et al., 2015). Furthermore, due to its capacity to fix 

nitrogen through symbiosis with soil rhizobia and their efficient phosphorus acquisition, the plant 

itself is an important component of sustainable farming through rotation with cereals, in particular in 

Western Australia (Howieson & O'Hara, 2008, Lambers et al., 2013). Despite its great potential, 

narrow-leafed lupin improvement has been limited by several factors, such as its narrow genetic base, 

susceptibility to different diseases, and weed management challenges (Berger et al., 2012). To combat 

the anticipated climatic extremes increased understanding of the variability for adaptation in the crop 

and of its key fungal pathogens will be important (Berger et al., 2013, White et al., 2008). The advent 

and prevalence of next generation sequencing (NGS) techniques, accompanied by progress made in 

bioinformatics have revolutionized genomic research (Egan et al., 2012). In this thesis, using these 

techniques, I performed research for narrow-leafed lupin improvement in two main themes: (1) 

understanding its genetic diversity and the genome-wide effect of domestication; (2) developing 

genomic resources for several fungal pathogens affecting the crop. This study hypothesises that 

bioinformatic approaches are useful to understand the genetic potential of crop and pathogens. This 

thesis is presented as a series of peer-reviewed publications.      

The literature review is divided into two parts (Chapter 2 (part A) and Chapter 3 (part B)). Chapter 2 

has been accepted as a review paper at the journal of Plant, Cell and Environment, and is a general 

overview of genomic approaches for climatic adaptation of legumes. In this review, in the context of 

climate change, I introduce the importance of legumes, traits and genetic variation essential for 

breeding and crop improvement schemes. The resources available in legumes, as well as various 

methods and opportunities that can be applied for finding adaptive genes and crop improvement, are 
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described. Using legume specific examples, I assess these methods and conclude the section with a 

personal perspective on which of these methods is of particular potential. Chapter 3 focuses on 

introducing my case study crop, the narrow-leafed lupin, its domestication, importance and 

limitations.   

The experimental Chapters 4 and 5 elaborate on my first aim and focus on lupin genetic diversity. 

Chapter 4 was recently published in Theoretical and Applied Genetics 

(https://doi.org/10.1007/s00122-017-3045-7). In this chapter, I used narrow-leafed lupin as a model 

to understand adaptation in a wild crop ancestor. Genetic and adaptive variation among wild 

accessions of narrow-leafed lupin from across the Mediterranean basin was studied using a 

genotyping-by-sequencing approach.  

In experimental Chapter 5, 231 wild and domesticated narrow-leafed lupin accessions were subjected 

to various analyses to identify the founder population of narrow-leafed lupin and genome-wide effects 

of domestication on its genome, including footprints of selection around domestication loci. The 

association of genotypic markers with phenotypic information was also investigated. 

Chapter 6 focuses on my secondary objective to develop genomic resources for lupin fungal 

pathogens. In this chapter, I conducted genome assembly, gene and functional annotation of two 

fungal pathogens of lupin, including one isolate of Botrytis cinerea and two isolates of Sclerotinia 

sclerotiorum isolated from lupins. Comparative genomics studies were conducted between these 

isolates and those from different hosts.  

Finally, a general discussion is presented in Chapter 7, where I discuss how these findings can be used 

in overall lupin improvement.  
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2.1 Abstract 

Our agricultural system and hence food security is threatened by combination of events, such as 

increasing population, the impacts of climate change and the need to a more sustainable 

development. Evolutionary adaptation may help some species to overcome environmental changes 

through new selection pressures driven by climate change. However, success of evolutionary 

adaptation is dependent on various factors, one of which is the extent of genetic variation available 

within species. Genomic approaches provide an exceptional opportunity to identify genetic variation 

that can be employed in crop improvement programs. In this review, we illustrate some of the 

routinely used genomics-based methods as well as recent breakthroughs, which facilitate assessment 

of genetic variation and discovery of adaptive genes in legumes. While additional information is 

needed, the current utility of selection tools indicate a robust ability to utilize existing variation among 

legumes to address the challenges of climate uncertainty. 

Keyword 

Climate change, genomics, legume 
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2.2 Introduction 

The legume family (Fabaceae, syn. Leguminosae) is the third largest family of angiosperms, comprising 

over 750 genera and 19,000 species ranging from small herbs to large trees. The Fabaceae family is 

traditionally divided into three sub-families: the Caesalpinioideae, Mimosoideae and Papilionoideae. 

In the recent major taxonomic revision of the legume family, six subfamilies are recognised: the 

Mimosoideae is now a distinct clade with the Caesalpinioideae, four new subfamilies are described 

(Cercidoideae, Detarioideae, Duparquetioideae and Dialioideae) and the Papilionoideae is largely 

unchanged (Azani et al., 2017). The majority of important grain and forage legume species are 

members of various clades within the Papilionoideae. This includes cool-season legumes, such as lentil 

(Lens culinaris), chickpea (Cicer arietinum) and faba bean (Vicia faba) (hologalegina clade), and warm-

season legumes, such as soybean (Glycine max), common bean (Phaseolus vulgaris), cowpea (Vigna 

unguiculata) (phaseoloid/millettioid clade), lupin (Lupinus species; genistoid clade), and peanut 

(Arachis hypogaea; aeschynomenoid/dalbergioid clade) (Bitocchi et al., 2017a, Doyle & Luckow, 2003, 

Gepts et al., 2005).  

After the cereals, legumes are the most agriculturally important crop family (Graham & Vance, 2003) 

as they have multiple uses, ranging from animal forage and aquaculture feed to human food. Legume 

grains are appreciated for their protein content, in particular among low-income families or where 

people avoid eating meat for religious or ethical reasons (Young et al., 2003, Zhu et al., 2005). Legumes 

contain substances beneficial to health such as folate, lignans, saponins, antioxidants, dietary fibre 

and resistant starch, and have the potential to offer protection against some cancers (American 

Institute for Cancer Research, 2014), diabetes and obesity (Dove et al., 2011). Due to their symbiotic 

nitrogen-fixing characteristics, legumes have a crucial role in natural ecosystems as well as in 

sustainable farming through their contribution in crop rotations and increasing soil fertility in arid 

areas and where nitrogen is low (Zahran, 1999).  

2.3 Climate change effect 

Demand for agricultural products continues to rise due to the population growth and increased food 

consumption per capita.  Land-use change and climatic variations are intensifying competition for 

resources (land, water and energy) (Abberton et al., 2015, Gomiero, 2016). Climate change impacts 

several aspects of agricultural systems, from altering flowering phenology, water availability, soil 

fertility and erosion, increase in pathogen spread and host susceptibility (Rosenzweig & Hillel, 1995) 

to more subtle shifts in plant distribution and biodiversity (Bakkenes et al., 2002), and plant-pollinator 

interactions (Bishop et al., 2016). 
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The combined effects of climate change on our agricultural systems can cause crop failures worldwide 

and lead to food insecurity. The complex challenge is best tackled with a joint approach which 

highlights the need for an increase not only in productivity (i.e. yield) and diversity of our crops, but 

also efficiency (i.e. water, land and nutrient use) (Abberton et al., 2015).  

2.4 Adaptation priority in regional areas? 

Although climate change is a global threat, its direction and severity is not spread equally across 

continents and even regions. For example, while Mediterranean countries in Europe will experience 

frequent droughts, northern Europe is expected to become more of a Mediterranean climate. In Asia, 

more floods are expected in countries such as Bangladesh, due to the increase in severity of monsoon 

rains, while some others may experience decline in precipitation. In Africa, rise in temperature is 

predicted to increase desertification (Hopkin, 2005). As reconfirmed by the Global Climate Risk Index 

(CRI) analyses, less developed countries are most vulnerable to climate change risk (Kreft et al., 2017), 

and hence their agriculture and food security will be also negatively affected, such as in Sub-Saharan 

Africa as reviewed by Kotir (2011). While the fragile nature of these regions makes them of great 

priority for maintaining agricultural productivity, to develop effective plans and make best use of 

funding, ecosystem integrity needs to be taken into the account as well. In this context, Hannah et al. 

(2013) introduced several regional and global adaptation priorities by modelling the changes in 

agricultural suitability of 15 major rainfed staple crops, as well as biodiversity changes of 1,263 bird 

species. However, concerning crop development and breeding, we suggest that identifying climate-

related changes in biodiversity of crop wild relatives along with farming suitability provides a more 

holistic approach to develop priority schemes.    

2.5 Which traits are important as targets of breeding?  

Yield is often the primary target of breeding, however domestication traits such as flowering time, 

alkaloid content and pod indehiscence have been long-term targets of breeding experiments as they 

contribute to yield total and quality. The multifaceted significance of flowering time in ecological, 

evolutionary and adaptation processes makes it unique among traits that affect plant fitness (Elzinga 

et al., 2007, Franks, 2015, Weller & Ortega, 2015). A global search on 116 Northern Hemisphere plant 

families, including several species of legume, found global phylogenetic signals in the direction and 

magnitude of flowering time shifts, led by selection under climate change (Rafferty & Nabity, 2017). 

However, explaining the variation among or within species, and whether these shifts are sufficient for 

survival remains unclear (Visser & Both, 2005). Thus, unravelling the genetic basis of flowering time 

variation is of great importance for breeding purposes (Nelson et al., 2010). 



 

P a g e  | 8 
 

Efforts to alleviate the impact of climate change have led to increased research into traits such as 

drought and heat tolerance, as well as biotic stresses (Abberton et al., 2015, Doebley et al., 2006, 

Gepts, 2010). Soil and water salinity, which have been exacerbated due to the climate change driven 

factors such as sea level rise and shifts in precipitation (Teh & Koh, 2016), are also one of the major 

restrictions in the production of crops including legumes (Russell, 1976, Shrivastava & Kumar, 2015). 

Efficient capitalisation of elevated CO2 levels are of importance as this affects not only the plants, but 

also the rhizosphere microbial community structure and interaction (Drigo et al., 2008). In addition to 

these adaptive traits, climate change is also forcing us to breed for novel traits. For example, genes 

that limit the production of methane in ruminants are being sought in forages, such as subterranean 

clover (Trifolium subterraneum), to mitigate greenhouse gas emissions (Kaur et al., 2017a).  

Applying theoretical advances made possible through genomics studies can have practical outcomes, 

such as enabling plant breeders to accelerate the domestication of promising wild species. For 

example, in south-western Australia where the legume farming system was dominated by clover and 

annual medics (Medicago spp.) prior to the 1990s, it became possible to expand legume diversity by 

incorporating traits such as deeper root systems, acid-soil tolerant root nodule symbiosis, pest and 

disease tolerance, and eight species of legumes were newly domesticated including Ornithopus 

sativus, Biserrula pelecinus, Trifolium glanduliferum, T. dasyurum, T. spumosum, T. purpureum and 

Medicago sphaerocarpos (Nichols et al., 2007, Nichols et al., 2010) and Melilotus siculus (common 

name messina) (Rogers et al., 2011).  

2.6 Understanding genetic variation  

Knowledge of the extent and distribution of genetic diversity is essential for the efficient use of these 

resources in plant breeding programs. In order to understand the adaptation process, we must 

enhance our knowledge of mutations, genetic diversity of adaptive traits, phenotypic effects of 

genetic variants, and the interaction between the environment and genetic variation (Wright & Gaut, 

2005). 

Darwin considered domestication as a model of adaptation from which the nature of variation and 

selection could be inferred (Darwin, 1859). Domestication of plants has been crucial to the 

development of human civilisation by enabling an abundance of food (Diamond, 2002). However, as 

a consequence of this human intervention and historic population bottlenecks associated with it, the 

genetic diversity of most domesticated crops has been vastly reduced compared to their wild 

progenitors (Diamond, 2002, Gepts, 2010, Glémin & Bataillon, 2009). Reduction in genetic diversity of 

cultivated legumes compared to their wild relatives and ancestors has been discussed for different 



 

P a g e  | 9 
 

plants such as common bean (Bellucci et al., 2014, Bitocchi et al., 2013, Gepts, 1990), soybean (Hyten 

et al., 2006, Lam et al., 2010), narrow-leafed lupin (Lupinus angustifolius) (Berger et al., 2012) and 

chickpea (Varshney et al., 2013). Interestingly, a study illustrated that reduction in genetic diversity as 

a result of domestication could go beyond the plant itself, as lower sequence variation was observed 

in rhizobia from domesticated chickpea compared to those from the wild type, which may suggest the 

potential negative impact of chickpea domestication on symbiosis (Kim et al., 2014).  Shifts in genetic 

variation as a result of domestication, crop expansion and breeding highlight the need for conserving 

and management of genetic resources for future breeding attempts.  

2.7 Resources available in legumes 

2.7.1 Germplasm collections 

Germplasm collections are the cornerstone of genetic resource conservation and management. 

Preserving wild plant populations in their natural habitat in situ will not only conserve diversity, but 

also ensures the extension of evolutionary processes that could lead to adaptive traits and new genetic 

and genotypic diversity for a wide range of species (Hawkes, 1991, National Research Council, 1993). 

The importance of in situ conservation of wild populations in particular for preservation of threatened 

Mediterranean legume genus such as Lens, Lupinus and Cicer, due to the loss of natural habitats, 

ecosystems and genetic diversity have been discussed and demonstrated (Maxted & Bennett, 2001, 

Walter & Gillett, 1998). However, there are currently few case studies of in situ conservation in 

legumes for wild species  (Ajlouni et al., 2010). However, it is also important to consider the in situ/on 

farm conservation of landraces and heterogeneous populations as a crucial aspect of  the conservation 

of crop germplasm (Brush, 2000).   

In the early 20th century, Nikolai I. Vavilov was among the first to recognize the significance of 

collecting and preserving plant materials ex situ. Vavilov’s scientific expeditions resulted in 

conservation of genetic resources across different plant species including legume family members, 

such as white lupin (Lupinus albus), mung bean (Vigna radiata), chickpea, lentil and pea (Pisum 

sativum) (Kurlovich et al., 2000). Today, the extent of legume ex situ germplasm collections stands 

second only to the cereals, with total of 1,041,345 accessions, out of which common bean represents 

the biggest group with 261,968, followed by tepary bean (P. acutifolius), scarlet runner bean (P. 

coccineus), lima bean (P. lunatus) and soybean, which collectively represent 156,849 accessions 

(Smýkal et al., 2015). For detailed information on the current number of accessions in legume 

germplasm collections see Smýkal et al. (2015). These germplasm collections provide researchers with 

a great source of genetic variability which could be utilised in breeding for climate resilient crops 

(Hawkes, 1991).  
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2.7.2 Molecular markers and whole-genome resequencing 

In the last few decades, innovations in genomics-based techniques and platforms have provided a 

wealth of genetic and genomics resources (Varshney et al., 2005) which revolutionized research in 

both model and crop legumes. In particular, the increased application of molecular markers and 

reference genome sequences have had a substantial impact in accelerating progress in plant breeding 

and helping to incorporate new genetic diversity from germplasm resources.   

Legume research has benefited widely from molecular markers of different types. For example, 

hybridization-based markers, such as restriction fragment length polymorphism (RFLP) were applied 

in legumes to develop linkage maps of common bean (Freyre et al., 1998), soybean (Keim et al., 1990) 

and narrow-leafed lupin (Nelson et al., 2006), to assess genetic diversity in chickpea (Udupa et al., 

1993) and to identify the location of a gene for soybean mosaic virus resistance (Yu et al., 1994). These 

method were subsequently replaced with polymerase chain reaction (PCR) based markers, including 

both non-specific markers (e.g. random amplified polymorphic DNA (RAPD), amplified fragment 

length polymorphism (AFLP) markers), locus specific markers (e.g. simple sequence repeats (SSR) and 

single nucleotide polymorphism (SNP) markers). RAPD or AFLP markers have been employed for 

understanding genetic structure of five wild lentil taxa (Ferguson et al., 1998), construction of a genetic 

linkage map in lentil (Eujayl et al., 1998) and cowpea (Ouédraogo et al., 2002), and to evaluate genetic 

diversity among Lupinus species (Talhinhas et al., 2003). SSR markers (Gupta & Varshney, 2000) have 

been extensively used for constructing genetic maps in chickpea (Nayak et al., 2010), pigeonpea 

(Cajanus cajan)  (Bohra et al., 2011) and groundnut/peanut (Arachis hypogaea)  (Varshney et al., 

2009).  Development of SNP markers in common bean (Goretti et al., 2014), soybean (Wu et al., 2010) 

and narrow-leafed lupin (Kamphuis et al., 2015) provide an opportunity for biodiversity conservation 

management programs and QTL fine mapping. The development of genetic linkage maps using SSR 

and AFLP markers in cultivated peanut (Hong et al., 2010) allowed a framework for further 

quantitative trait analysis and in lentil lead to find location of fusarium vascular wilt resistance 

(Hamwieh et al., 2005). 

DNA sequencing technology has made major advances over the last decade, making many of the 

previous marker based systems redundant, and genome sequences are now available for many 

legume species, including cultivated soybean (Schmutz et al., 2009), Medicago truncatula (Young et 

al., 2011), Lotus japonicus (Sato et al., 2008), common bean (Schmutz et al., 2014, Vlasova et al., 2016), 

chickpea (Varshney et al., 2013), pigeonpea (Varshney et al., 2012), wild soybean (Kim et al., 2010), 

narrow-leafed lupin (Hane et al., 2017), subterranean clover (Hirakawa et al., 2016, Kaur et al., 2017b) 

and diploid ancestors (Arachis duranensis and Arachis ipaensis) of cultivated peanut (Bertioli et al., 
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2016). The availability of these resources provides an unprecedented opportunity for trait 

improvement through marker-assisted evaluation of plant material (e.g. assessment of cultivars and 

genetic diversity), identification of quantitative trait loci (QTL) and gene discovery, marker-assisted 

selection and genomic selection.  

2.8 Finding adaptive genes and adaptive traits 

Currently, there are two general methods to identify genes and mechanisms related to important 

agronomic traits in plant species, known as ‘top-down’ and ‘bottom-up’. The top-down approach 

begins with a phenotype of interest followed by forward genetic analysis to identify candidate genes. 

Contrastingly, bottom-up approaches use population genetic analyses to identify signatures of 

adaptation in a set of potentially adaptive genes, and then apply bioinformatics and reverse genetic 

tools to associate selected genes to a phenotype (Ross-Ibarra et al., 2007, Wright & Gaut, 2005).   

2.8.1 Top-Down approach (Linkage analysis) 

2.8.1.1 Quantitative trait loci (QTL) mapping 

Two popular genetic analyses used in the top-down method are quantitative trait loci (QTL) and 

association or linkage disequilibrium (LD) mapping. QTL mapping is the more traditional approach and 

has been successful in identifying genomic regions associated with adaptive traits. For example, soil 

salinity is one of the major limitations for successful germination and plant growth in soybean (Essa, 

2002), and several QTL mapping studies have identified loci conferring salinity tolerance (Do et al., 

2017, Ha et al., 2013, Hamwieh et al., 2011, Lee et al., 2004). 

QTLs have been widely used to identify genes corresponding to flowering time in various legumes such 

as soybean (Liu & Abe, 2009, Lu et al., 2015, Yamanaka et al., 2001, Zhang et al., 2013a), mungbean 

(Isemura et al., 2012, Kajonphol et al., 2012), pigeonpea (Kumawat et al., 2012), chickpea (Gaur et al., 

2015) and common bean (Blair et al., 2006, Chavarro & Blair, 2010, González et al., 2016, Tar'an et al., 

2002), enabling genomics based breeding for adaptation traits. 

Drought is a major limitation in the production of many legumes and has been targeted in various QTL 

studies to search for loci and genes conferring tolerance, which has led to the breeding of crops with 

greater drought tolerance. A recent successful example is a study by Varshney et al. (2014) in chickpea, 

where they found several main effect and epistatic QTLs, among which, one QTL cluster was suggested 

as a “QTL-hotspot”, a candidate genomic region for several drought tolerance and root traits in 

chickpea (Jaganathan et al., 2015, Kale et al., 2015). Later, applying a marker-assisted backcrossing 

(MABC) approach, this QTL-hotspot was introgressed into a popular Indian chickpea variety (JG 11), 
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which improved several root traits including rooting depth, root length density and root dry weight 

(Varshney et al., 2016).  This work was extended to several elite varieties in India and Africa (Thudi et 

al., 2014a). Applying a QTL-seq approach, that is the identification of QTLs by whole genome 

resequencing from two bulked populations (Takagi et al., 2013), candidate genes for several traits 

under rainfed conditions (100-seed weight, root/total plant dry weight) were rapidly identified in 

chickpea, and three genes have since been validated (Singh et al., 2016a). 

QTL analysis in cowpea led to identification of five genomic regions accounting for 11.5-18.1 % of 

phenotypic variation for heat tolerance (Lucas et al., 2013) as well as three loci associated with heat-

induced browning of seed coats (Pottorff et al., 2014). QTL mapping accompanied by synteny analysis 

revealed candidate genes for resistance to Macrophomina phaseolina, a fungal pathogen of cowpea 

(Muchero et al., 2011). A recent study in pigeonpea used three different mapping populations and 

genotyping by sequencing (GBS) to construct dense genetic maps which revealed 14 significant QTLs 

for resistance to fusarium wilt (Saxena et al., 2017b). Similarly, QTLs have been identified for sterility 

mosaic disease in pigeonpea (Saxena et al., 2017a). In addition, a QTL-Seq approach has been used to 

map Fusarium wilt and sterility mosaic disease in pigeonpea (Singh et al., 2016b). In wild lentil (Lens 

ervoides), a recent study by Bhadauria et al. (2017) identified a total of 14 QTLs for resistance to 

Colletotrichum lentis (race 0 and 1) and Stemphylium botryosum. Several studies in common bean, 

identified QTLs for resistance to different fungal (e.g. white mould, angular leaf spot, anthracnose, 

rust), bacterial (e.g. common bacterial blight, halo blight) and viral (e.g. bean common mosaic virus, 

bean common mosaic necrosis virus, beet curly top virus), pathogens (see (Bitocchi et al., 2016) as a 

review).  

While the identification of QTLs and candidate genes is relatively routine when a suitable population 

is available with good quality genotypic and phenotypic information, the translation of this 

information to the development of improved varieties can be challenging, and this method does have 

several limitations. For instance, developing mapping populations is difficult for some plants, such as 

those propagated vegetatively, perennial and polyploid species. In tetraploid alfalfa (Medicago 

sativa), which is a perennial species, availability of limited number of markers in a polyploid genome 

restricts the saturation of linkage maps. Also fewer recombination events are captured in a tetraploid 

population compared to the diploid, which affects the precision of linkage maps (Li & Brummer, 2012). 

Furthermore, QTL results are dependent on environment/experimental design and the allelic 

variations in parents of the experimental population (two parents in most studies). For example, 

identification of QTLs in regions with lower recombination rate, such as centromeric regions, will be 

more challenging. Additional drawbacks of QTL arise from what is known as the Beavis effect that is 
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overestimation of phenotypic variances associated with QTL in a population of small size (Beavis, 1998, 

Korte & Farlow, 2013, Weinig & Schmitt, 2004, Xu, 2003).  

While identifying QTLs has its own challenges, narrowing down the QTL region to find the loci 

responsible for the trait of interest may not be easy. In addition to these challenges, lack of a thorough 

data management system for storing, combining and reusing QTL data is an additional hurdle for 

efficient use of available information, which could avoid doubling the efforts and expenses. Although 

this information is available for some major legumes through the legume information system (LIS) 

(Dash et al., 2015) in cooperation with SoyBase (http://soybase.org) and PeanutBase 

(http://peanutbase.org), and Cool Season Food Legume (CSFL) database 

(https://www.coolseasonfoodlegume.org), many of the minor legumes of great potential (such as 

Lupinus species) are not receiving enough attention in this regard. 

An interesting study providing both opportunities and limitations of QTL is by Książkiewicz et al. (2017) 

in white lupin (Lupinus albus). Early flowering in white lupin was known to be controlled by the locus 

brevis, regulating vernalisation response, however Książkiewicz et al. (2017) found multiple QTLs 

responsible for vernalisation responsiveness, yet the specific genes in these QTLs remain unknown. In 

addition, although overlapping QTLs were found in Australian and Polish experiments, identification 

of an additional small effect QTL in an Australian trial is a reflection that QTL results are environmental 

dependant, and hence to capture the whole picture for a trait of interest, it is necessary to integrate 

and compare QTL data from different experiments.   

2.8.1.2  Linkage disequilibrium (LD) mapping (Association mapping) 

LD mapping has several benefits and can be considered as a complementary approach to QTL 

mapping. Firstly, it may allow faster progress than QTL analyses as it does not always involve making 

experimental populations. Secondly and most importantly, LD can provide higher mapping resolution 

as it takes into the account the accumulation of historic recombination events (Korte & Farlow, 2013, 

Xu et al., 2017).  

LD mapping can be classified into two types, including (1) broad genome-wide studies seeking 

variation associated with phenotypic diversity, and (2) narrower investigations attempting to identify 

causal genes and mutations in a small number of candidate genes within a specified genomic region 

(Ross-Ibarra et al., 2007). Examples of where LD mapping has been applied for identification of both 

novel and previously characterized genes responsible for agronomic traits include genome-wide 

association studies (GWAS) in model legume Medicago truncatula (Stanton-Geddes et al., 2013), 

common bean (Kamfwa et al., 2015, Moghaddam et al., 2016) and soybean (Contreras-Soto et al., 

2017, Zhou et al., 2015). GWAS has also proven to be successful in identifying candidate genes for 

http://soybase.org)
http://peanutbase.org),
https://www.coolseasonfoodlegume.org),
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ascochyta blight resistance (Li et al., 2017) and heat and drought tolerant  loci in chickpea (Thudi et 

al., 2014b), and Aphanomyces euteiches resistance in Medicago truncatula (Bonhomme et al., 2014).  

Applying GWAS in a population comprising 292 pigeonpea accessions using data over several years 

enabled identification of association between candidate genes and traits, including 100-seed weight, 

days to 50% flowering and plant height (Varshney et al., 2017). Hoyos-Villegas et al. (2017) 

investigated the genetic basis of variation for drought tolerance and related traits in a diversity panel 

including 96 Middle American genotypes of common bean, and the GWAS analysis allowed 

identification of significant marker-trait associations for traits related to drought tolerance and 

candidate genes associated with wilting.  

In cowpea, salinity has become an increasing threat to production, and Ravelombola et al. (2018) 

identified SNPs associated with salt tolerance at germination and seedling stages. These markers can 

be applied as a tool for selecting tolerant lines to be included in breeding programs of this crop. One 

of the most successful applications of GWAS is in peanut. Peanut is one of the important crop of the 

semi-arid tropics, where climate change is posing a threat to crop productivity due to the increase in 

range of abiotic (e.g. drought and heat) and biotic stresses. While the complex and tetraploid nature 

of the peanut genome makes QTL mapping studies a challenging task, GWAS enhances the chance of 

characterizing candidate genes for production related traits. A comprehensive study by Pandey et al. 

(2014) analysed marker-trait associations for a wide range of economically important traits in peanut, 

such as yield components, oil components, drought and disease tolerance. Several markers with 

significant allelic effects (>20% phenotypic variation) were identified for different traits such as pod 

yield, seed weight (under well-watered and drought stress) and oil content, and quality. Another 

GWAS study in 158 peanut accessions found a total of 51 SNPs associated with various traits including 

seed weight and pod weight, and identified candidate genes related to the domestication of peanut 

(Zhang et al., 2017) and this information will facilitate the genomic assisted breeding of peanut 

cultivars.        

Despite the potential that LD mapping offers to identify adaptive genes, the tendency for spurious 

association, that is false association with genomic regions, missing genotypes, identification of small 

effect variants and genetic heterogeneity remain as limitations (Korte & Farlow, 2013). Another 

limiting factor of LD mapping is that resolution is dependent on the rate of LD decay, so using wild 

relatives of crops could serve as a better foundation.  

In our opinion, since GWAS requires extensive phenotypic and genotypic information, it might be more 

usefully applied for major legume crops, where resources might already be available and the 

development of the future resources might be of interest of a wider research community. Additionally, 
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accessing and integrating GWAS results from various studies is currently a cumbersome task due to 

the lack of a dedicated GWAS database in legumes, which would enable cross referencing of resources 

from different experiments. The development of such a database would greatly benefit legume 

adaptation research. 

2.8.1.3 Genome–environment association mapping 

GWAS has been applied in genome-environment association mapping to provide a new avenue to 

identify climate-adaptive genetic loci and the genetic basis of local adaptation (Hancock et al., 2011), 

assuming “association between conditionally adaptive mutations and the environmental conditions 

with which they interact” (Turner et al., 2010 p. 262). Hence genome-environment associations along 

with genome-phenotype associations can be applied to efficiently select for climate resilience traits 

(Lasky et al., 2015). In Arabidopsis lyrata, the association between polymorphisms and soil type was 

shown to be enriched in some functional annotation terms such as metal ion transmembrane 

transporter activity, providing novel candidate genes for soil adaptation (Turner et al., 2010).  

In legumes, genome-environment association analyses have been applied in Medicago truncatula, 

which identified candidate genes associated with adaptation to annual mean temperature and 

precipitation in the wettest month, and isothermality (Yoder et al., 2014). A recent study in narrow-

leafed lupin investigated the association between SNPs and climatic gradients and found significant 

associations between some SNPs with annual mean temperature and precipitation (Mousavi-

Derazmahalleh et al., 2018). Although availability of GBS data along with georeferenced genetic 

material makes genome-environment association mapping an interesting avenue to explore, such 

analyses are most useful based on collections made directly from the wild habitat, ensuring good 

correspondence between climatic records and collection site. Hence, they may be less informative for 

legumes which have been domesticated a long time ago and diverged substantially from their wild 

ancestors. For example in chickpea, which is one of the oldest domesticated legumes, hybrids from 

crosses between domesticated chickpea with Cicer echinospermum, a wild relative that is believed to 

have contributed gene flow to cultivated chickpea, are infertile (Ladizinsky & Adler, 1976).  

2.8.2 Bottom-Up approach (Population genomics) 

The limitations of the QTL and LD mapping methods highlight the need for a complementary approach. 

Molecular population genetics, which forms the basis of bottom-up approaches, appears to be 

promising for advancing our knowledge of the molecular signature of adaptation (Wright & Gaut, 

2005). In this approach, adaptation signals are identified in gene sets, then molecular techniques are 

applied to match genes with corresponding phenotype (Ross-Ibarra et al., 2007). 
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Population genomics studies in Medicago truncatula demonstrated local adaptation of Tunisian 

populations to soil salinity, and revealed candidate genes with regulatory roles in abscisic and jasmonic 

acid signalling as well as genes associated with biotic stress and flowering time (Friesen et al., 2010, 

Friesen et al., 2014). A genome-wide study of artificial selection in soybean revealed candidate genes 

for some domestication traits such as seed-coat colour, growth habit, flowering time and seed size (Li 

et al., 2013). Another study in soybean identified 159 putative domestication sweep accounting for 

4.9% of the genome, containing 4,414 genes (Valliyodan et al., 2016). Recently, comparison of results 

of four different studies of varying sizes, data types, and methodologies (Bellucci et al., 2014, Bitocchi 

et al., 2017b, Rodriguez et al., 2016, Schmutz et al., 2014), all based on population genomics 

approaches to search for signatures of selection during common bean domestication, provided 

evidence of domestication candidates genes for four genes (i.e. AN-Pv33, AN-Pv69, AN-DNAJ, and 

Leg223. Investigation of these genes highlighted their involvement in plant resistance/ tolerance to 

biotic and abiotic stresses, including heat, drought, and salinity (Bitocchi et al., 2017b). 

Population genomics has great potential for identifying candidate genes harbouring adaptive 

mutations. However, careful consideration must be taken to exclude demographic effects such as 

population size and structure, which could bias the results by increasing the statistical variance applied 

to detect the selection signature. In addition, methods that consider demography may still not be able 

to detect recent selective sweeps (Nielsen, 2005). An example of where this can be seen is in narrow-

leafed lupin, a domesticated crop of the 21st century. We have recently assessed narrow-leafed for 

signatures of selective sweeps at several domestication loci, including flowering time, pod-dehiscence, 

alkaloid, etc., which were expected to show a signature of selection. However, the expected signal 

was only found at the flowering time locus, Ku (Chapter 5). This can be explained in light of a recent 

study by (Mousavi-Derazmahalleh et al., 2018) (Chapter 4), who has shown that due to the local 

adaptation, the Ku locus in narrow-leafed lupin has been under selection prior to the domestication 

of this crop. Additionally, the lack of selection evidence near other domestication genes could be 

illuminated by the strong population bottleneck during recent domestication of narrow-leafed lupin 

(Berger et al., 2012).  

Lastly, while interpreting patterns and distribution of selections in genomic regions can pinpoint the 

location of genes under adaptive selection, precise genome functional annotation for organisms are 

necessary to allow prediction of gene functions and their role in climatic adaptation.    

2.9 Generating novel diversity through classical mutagenesis  

Broadening the genetic base of crops through induced mutations has become a common practice for 

generating genetic variability for use in crop improvement programs (Sikora et al., 2011). Both 
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radiation (including X and gamma rays) and chemical-based mutations (such as ethyl methane 

sulphonate (EMS) and methyl nitrosourea (MNU)) have been widely applied in legumes. More than 

442 mutant varieties of legumes have been released officially or commercially worldwide according 

to the FAO/IAEA Mutant Variety Database (MVD) (IAEA/FAO., 2017), with soybean accessions 

dominating the list, followed by common bean and groundnut (Figure 2.1). A wide variety of improved 

attributes have been associated with these mutants, including higher yield, resistance to virus and 

fungal diseases, early maturity and tolerance to drought (IAEA/FAO., 2017). Mutagenesis breeding has 

introduced new genetic variation for breeding programs and has had a major impact on novel traits. 

For a comprehensive review on plant mutagenesis methods please see Sikora et al. (2011).  

 

 

 

 

 

 

 

 

 

 

 

2.10 Opportunities 

2.10.1 Epigenetic variation for crop improvement  

In order to fully understand adaptive evolution, we should understand all possible changes leading to 

the adaptation. Therefore, whilst focusing on the role of genomics for producing climate-ready crops, 

it is worthwhile to take into consideration the phenotypic alterations as a result of epigenetics 

variation. Epigenetics refers to mechanisms such as modification of DNA methylation and histones, 

Figure 2.1 Proportion of mutant legume species released officially or commercially according to FAO/IAEA 
Mutant Variety Database (MVD) as of 31st Oct 2017 
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and noncoding RNAs, which do not alter DNA sequences but could affect gene expression and trait 

phenotypes (Springer & Schmitz, 2017).  Research in Arabidopsis thaliana has shown substantial 

heritable DNA methylation variation for several plant traits and plasticity, such as root allocation and 

drought tolerance, as well as the act of natural selection on some of the variation, such as plant 

biomass and height (Zhang et al., 2013b). A recent study by Song et al. (2017), revealed the 

contribution of methylated genes in the domestication of cotton, through induction of photoperiodic 

flowering due to the over expression of a photoperiodic regulating gene (COL2) after its 

demethylation. Although these studies provide excellent examples of the potential of epigenetics for 

identification of new sources of variation that can be applied in crop improvement, it is clear that 

genomics and epigenomics are not commonly integrated. Addressing this gap and combining forces 

between fields could lead to significant advances in breeding climate-change ready crops, including 

legumes.  

2.10.2 High throughput phenotyping 

Recent decades witnessed a tremendous progress in DNA sequencing technologies; however, 

successful crop improvement plans are also dependant on accurately measuring plant traits to identify 

genetic loci associated with traits. Along with innovative and high throughout phenotyping strategies 

(such as near-infrared spectroscopy on agricultural harvesters and spectral reflectance of plant 

canopy), analysis can be extended to the molecular phenotype using transcriptomic, metabolomics 

and proteomic approaches (Beleggia et al., 2016, Bitocchi et al., 2017b). Together, these will improve 

our capacity to explore the phenotypic space from large multi-location field trials (Fahlgren et al., 

2015, Montes et al., 2007). A recent study on a large population if rice (consists of 1,568 samples), 

using both field-based high throughput phenotyping (HTP) and manual phenotyping confirmed the 

efficiency and accuracy of HTP in detecting QTLs associated with grain yield and yield components 

(Tanger et al., 2017). Of relevance is also the development of a high-throughput phenotyping system 

to study root systems (Gioia et al., 2017), and integrating HTP methods with high-throughput 

genotyping hold a potential to unravel the genetic basis of complex traits, such as heat and drought 

tolerance. 

2.10.3 Predictive modelling 

Exploring collections of crop wild relatives (CWR) from regions which are likely to be enriched for 

target traits (e.g. warm, dry areas for heat and drought tolerance) ensure this available genetic 

diversity can be identified and harnessed when needed (Mousavi-Derazmahalleh et al., 2018, Phillips 

et al., 2016). Predictive species distribution modelling can play an important role in inferring the full 
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geographical range of species’ natural habitat. Furthermore, the availability of ecogeographic land 

characterization (ELC) maps allow  the identification of ecogeographical zones representing adaptive 

scenarios for plants, and can assist breeders to find genotypes under adaptive forces. The application 

of ELC maps to explain seed weight variation in a range of different plant species, including four 

legumes (L. angustifolius, Vicia sativa, Pisum sativum  and Phaseolus vulgaris) was useful in revealing 

favourable and marginal environments (Parra-Quijano et al., 2012). Applying predictive species 

distribution modelling accompanied by ELC maps can pave the way to conserve CWR in situ and ex 

situ, ensuring that a broad range of genetic variation has been captured (Parra-Quijano et al., 2012, 

Phillips et al., 2016).  

2.10.4 Pangenomes 

Although the availability of reference genomes has greatly assisted plant genetics research and 

breeding, these reference genomes capture only a portion of diversity present in the species. A 

solution is the development of pangenome assemblies that more comprehensively capture sequence 

and structural diversity in a species. In legumes, pangenomes have been constructed  for soybean 

(Lam et al., 2010, Li et al., 2014) and Medicago truncatula (Zhou et al., 2017). A pangenome of soybean 

based on seven accessions of wild soybean suggested faster evolution and greater variability in 

dispensable genes compared to the core genes, which may be associated with adaptation to biotic 

and abiotic stresses (Li et al., 2014).  

Pangenome construction takes into the account structural variations (SVs), and so they capture the 

genetic variation of the species more comprehensively rather than a single reference genome. They 

also enable comprehensive identification of SNP variation. This simplifies discovery of rare variants, 

which might be associated with QTLs for agronomic traits. Pangenomes also allow the differentiation 

between SNPs occurring in core (present in all individuals of the species) and variable (present in a 

subset of individuals) genomes, the latter of which was found in several studies to influence 

adaptation to biotic and abiotic stresses (Hurgobin & Edwards, 2017).  These resources can be of value 

for legume breeding, based on novel gene identification and discovery of nucleotide diversity, which 

enables molecular marker design for introgression of previously un-tapped genes into crop 

improvement programs.  

Considering the fact that the selection of appropriate individuals with enough variation is an important 

element to a successful pangenome study, we suggest that pangenomes may be smaller in size in 

crops such as narrow-leafed lupin, which went through severe genetic bottleneck during its recent 

domestication (Berger et al., 2012). In addition, pangenome construction requires extensive sequence 

data and computational resources, and its quality is dependent on the assembly precision. This makes 
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the development of pangenomes challenging in the case of crops with complex and large repetitive 

genomes such as pea (Macas et al., 2007), as well as polyploid genomes such as tetraploid alfalfa.  

2.10.5 Genome editing  

A relatively new technology for mutagenesis is the clustered regularly interspaced short palindromic 

repeat (CRISPR)/CRISPR-Cas9 system. Originally discovered as bacteria’s adaptive immune system, 

CRISPRs’ repeat-spacer-repeat sequence pattern was found to be involved in an RNA intereference-

like mechanism which can identify and cut foreign DNA. Genome editing modification by CRISPR uses 

a guide RNA (gRNA) which is complementary to a target gene, induces double-strand breaks (DSB) 

ususally by a Cas9 nuclease, followed by a non-homologous end joining (NHEJ) or homology-directed 

repair (HDR) mechanism (Jinek et al., 2012, Scheben & Edwards, 2017, Xiong et al., 2015).  

 CRISPR/Cas9 has been applied in model legume plants. Michno et al. (2015) designed a web-tool, 

which can rapidly find numerous potential CRISPR/Cas9 target sites, as well as a soybean codon-

optimized CRISPR/Cas9 platform which induced targeted gene mutation in somatic cells of both 

Glycine max and Medicago truncatula by root hair transformation. A recent study in Medicago 

truncatula targeted the MtPDS gene involved in carotenoid biosynthesis, which was successfully 

disrupted by an optimized agrobacterium-delivered CRISPR/Cas9 platform (Meng et al., 2017). The 

above examples in addition to the availability of high quality reference genomes highlight the potential 

of CRISPR/Cas9 beyond the model legumes. 

CRISPR has become a popular choice for genome editing in plants due to ease of use, lower cost and 

ability to edit multiple targets which enables genes pyramiding into a new cultivar within a single 

generation. Furthermore, unlike traditional breeding methods, CRISPR is not restrained by the existing 

diversity as it can directly introduce new mutations. This would be beneficial, especially for crops 

which have low variation for traits of interest and where natural variations cannot be find in nature. 

In addition, while crossing or backcrossing methods may result in unintended introduction of 

deleterious alleles linked to target alleles, genome editing is unlikely to cause this issue.  

While CRISPR offers an unprecedented opportunity for crop improvement, the starting point of a 

CRISPR approach is the comprehensive knowledge of the target gene(s), its function and regulation. 

This may restrict the use of CRISPR in crops, which have limited information of genes involved in 

adaptation processes. Nevertheless, the decreasing cost of genome sequencing accompanied by the 

increase in precision of genome assemblies and functional annotation could improve gene prediction, 

though it should be emphasised that experimental characterization of genes of interest remains 

necessary for successful results. For a comprehensive review see Scheben et al. (2017).     
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2.11 Conclusions and perspectives 

Legumes hold great promise to mitigate the effect of climate change through their contribution in 

sustainable farming, capitalization of elevated level of CO2 and broadening the crop base, which is 

currently dominated by a small number of major crops, mainly from the cereal family. In addition, 

enormous progress has been made in legumes to identify novel alleles for adaptive traits. However, 

deployment of these findings in applied breeding remain a major limitation to release climate-ready 

cultivars. As stated by Gready (2014), disruptive thinking and technologies are required to take 

advantage of best of the old and the new. We believe availability of genome editing tools such as 

CRISPR provide an excellent example of this. The full potential of legume crops remains yet to be 

explored, with genomics as a powerful enabling tool. Choice of approaches to create new cultivars is 

dependent on various factors such as plant information, availability of genomic and phenotypic 

resources, nature of traits (simple or polygenic) and countries’ regulations. Traditional and modern 

breeding approaches contributed (and will contribute) in creating improved crop varieties. However, 

the urgency for crop improvement, driven by fast pace of climate change and rapid population growth, 

emphasise the need for thinking outside the box. CRISPR may allow the creation of novel cultivars with 

multiple genes only in one generation. This would substantially speed up the process of creating crops 

adapted to the ever-changing environment and ensures that agriculture can keep up with the velocity 

of climate change. 
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Chapter 3 Literature Review - Part B: Lupin history and morphology  

3.1 Introduction 

Lupinus L. is a diverse genus of c. 275 annual and perennial species, which belongs to the genistoid 

clade of legumes (Hughes & Eastwood, 2006). Commonly known as “lupins”, there are two main 

geographical groups:  “Old World” (Mediterranean/North and East African; 13 species) and “New 

World” (North and South American; c. 260 species). Lupins can also be categorized based on leaf 

characteristics and seed testa structure (Wolko et al., 2011). The majority of Lupinus species have 

digitate leaves, however there are c. 19 species with unifoliolate leaves which occur in the New World 

(Eastwood et al., 2008). Most lupin species have a smooth seed coat. There are only seven species 

with a rough seed coat, all of which are distributed in the Old World (Wolko et al., 2011). 

Lupins have a diverse range of life histories ranging from annual to perennial. Although the assumption 

is that perennials originated from annuals within the genus multiple times, some conversion from 

perennial to annuals also has happened, which could be attributed to adaption to diverse ecological 

niches (Drummond, 2008, Eastwood et al., 2008). The genus Lupinus is also notable in its extreme 

morphological diversity ranging from tiny herbs to medium-sized trees (Drummond et al., 2012).  

Three regions are known as diversity centres of Lupinus: (1) North and Central America and Andean 

South America, (2) Atlantic South America, and (3) Mediterranean and northern and eastern Africa 

(Wolko et al., 2011). The available evidence points to the Old World as the origin for the genus with 

the estimated divergence time of less than 10 million years from the New World species (Eastwood et 

al., 2008). Chromosome numbers in Lupinus vary from 2n= 32 to 52 with greater variation observed 

among Old World compared to New World species (Cannon et al., 2014, Eastwood et al., 2008).  

Remarkably the rate of species diversification within Lupinus is the highest of any known plant genus 

and is therefore a useful model to understand evolution (Hughes & Eastwood, 2006, Nevado et al., 

2016). The evolution of perennial life history, montane environments and ecological opportunities are 

believed to be the key factors that accelerated this high species diversification (Drummond et al., 

2012).  

3.2 Lupin domestication 

There are four widely cultivated species in Lupinus: L. albus, L. luteus, L. angustifolius (all from the Old 

World) and L. mutabilis (from the New World). However, the timing of domestication of these species 
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varies greatly. For example, while cultivation of L. albus and L. mutabilis dates back more than 3000 

years, L. angustifolius and L. luteus were only fully domesticated in the 20th century (Gladstones, 

1970). The oldest evidence of the application of L. albus in soil improvement, human consumption, 

animal feed, cosmetic and medicinal usages is from early Greek and Roman cultures as reviewed by 

(Gladstones, 1970). Concurrent with L. albus domestication in the Mediterranean basin, L. mutabilis 

was being cultivated in South America. In contrast to the early domestication in L. albus and L. 

mutabilis, L. luteus was introduced in Europe in the 19th century, where it rose to be an important part 

of agricultural systems. First establishment of L. angustifolius in Europe (France and Germany) also 

happened in the 19th century, and similar to L. luteus, it was not until the 20th century that this crop 

became fully domesticated (Gladstones, 1970, Wolko et al., 2011).  

In addition to these broadly cultivated lupins, L. cosentinii was naturalized and domesticated in 

Western Australia for cattle feed in summer and soil improvement (Gladstones, 1970). There is also 

some evidence to suggest that L. pilosus has been occasionally cultivated in the past (Gladstones, 

1970). Furthermore, for their attractive flowers, many lupin species are grown as ornamentals which 

all originated in North or Central America. Some of the main ornamental lupins cultivated in Australia 

are Russell lupins, pearl lupins (L. mutabilis), Hartweg lupins (L. hartwegii), and dwarf garden lupins (L. 

pubescens), among which only pearl lupins have water-permeable seeds (Gladstones, 1969).     

3.3 Importance and application of lupins 

Cultivated lupins are important components of sustainable farming system in Mediterranean climatic 

regions. Their successful role in rotation with other crops and in particular cereals is due to several 

factors. Firstly, lupins are capable of fixing atmospheric nitrogen through their symbiotic association 

of roots with Bradyrhizobium species. This reduces the need to supply nitrogen fertilizer into the 

system, and this also reduces the emission of nitrous oxide (N2O), a greenhouse gas contributing to 

global warming (Lambers et al., 2013, Shcherbak et al., 2014).  Secondly, cultivating lupins in rotation 

with cereals provides a disease break and helps in weed control (Seymour et al., 2012). Finally, the 

release of phosphate-mobilizing carboxylates from non-specialized roots (e.g. in L .angustifolius and 

L. mutabilis), as well as specialized roots such as cluster roots (e.g. in L. albus) and cluster-like roots 

(for instance in L. luteus), makes lupins efficient users of phosphorus and hence ideal to grow in 

infertile soils (Lambers et al., 2013).   

In addition to their primary use as livestock feed, lupins are also valued for their seed nutritional values 

and qualities, being gluten-free, high in protein and dietary fibre content and low in fat and starch. 
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Hence, lupins’ traditional use in animal and aquaculture feed and crop rotation is increasingly being 

used as a human health food (Foley et al., 2011, Robaina et al., 1995).  

Currently Australia is the biggest national producer of lupins with more than 651,000 tonnes (FAO, 

2016). In second place, Poland is producing nearly one third of Australian production. Other major 

lupin producers are Russia, Morocco and Germany, respectively, bring the global production to 

1,284,842 tonnes (FAO, 2016). 

While lupins’ potential are still not fully realized since the Neolithic revolution (Gladstones, 1998), the 

recent environmental and food security threats imposed by a growing population and climate change, 

accompanied by outstanding traits of lupins, make lupins a great choice of the future. Here, we mainly 

focus on the most widely cultivated species of lupin, Lupinus angustifolius.       

3.4 Lupinus angustifolius (narrow-leafed lupin) 

L. angustifolius is a functionally diploid plant with 2n=40 chromosomes, smooth seeded and 

predominantly self-pollinated. Lupinus angustifolius is special among crops for being domesticated 

very recently (Gladstones, 1970), and how its domestication shaped its modern development (White 

et al., 2008). The centre of diversity of L. angustifolius was described as ‘hard to define’ (Cowling et 

al., 1998), but the most likely origin was thought to be the Aegean region  (Gladstones, 1998, Wolko 

et al., 2011).  

In Australia, the lupin industry grew rapidly during the 1980s and 1990s reaching its peak in 1999, with 

production of more than 1,968,000 tonnes. Thereafter a massive decline (from 1,968,000 tonnes in 

1999 to 651,000 tonnes in 2016) (FAO, 2016) in production followed, which reflects the magnitude of 

the challenges that the crop faces, including its narrow genetic base (Berger et al., 2012b), losses from 

weeds and its susceptibility to various pathogens (White et al., 2008).       

3.4.1 Crop limitation: Narrow genetic base  

L. angustifolius has a fragmented domestication history, which started in Poland, Germany and Russia 

in the 19th century. Early breeding focused on identifying low alkaloids, non-shattering, water-

permeable seeds, followed by a search for early flowering. However, there was little germplasm 

exchange between these centres except for sharing key domestication traits (Berger et al., 2012a, 

Gladstones, 1970). The abundance of acidic, sandy soils in Western Australia stimulated interest in 

cultivating L. angustifolius, which is ideally adapted to these challenging conditions. Dr John 

Gladstones completed the domestication of L. angustifolius at the University of Western Australia in 
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the 1960s. Two European genotypes of Borre and New Zealand Blue form the genetic foundation of 

early Australian lupin cultivars (Berger et al., 2013).  

Owing to its short domestication history, the reliance on few founder lines and isolation of breeding 

programs, L. angustifolius has experienced severe genetic bottlenecks that narrowed its genetic 

diversity compared to the wild types (Berger et al., 2012a). This means that relatively little of the 

species’ genetic and adaptive diversity potential has been used in crop improvement. Hence, to 

broaden the crop’s genetic base, further investigations should be undertaken to reveal potential 

sources of useful genetic variation (Berger et al., 2013).  

The availability of broad and well-documented collections of wild and domesticated L. angustifolius 

(Berger et al., 2013, Wolko et al., 2011), along with the release of a succession of high quality genetic 

maps (e.g. (Nelson et al., 2006)),  transcriptome datasets (Kamphuis et al., 2015) and a comprehensive 

reference genome (Hane et al., 2017) for this crop, provides an unprecedented platform and 

opportunity to explore the extent and distribution of genetic diversity in natural populations of this 

crop, as well as investigating the genome-wide effect of domestication.  

3.4.2 Crop limitation: Susceptibility to fungal pathogens     

In addition to its recent domestication, L. angustifolius are also challenged by important biotic stresses 

such as susceptibility to various diseases - mostly caused by fungal pathogens. The main fungal 

pathogens affecting lupin include, Diaporthe toxica (phomopsis), Colletotrichum lupini (anthracnose), 

Pleiochaeta setosa (brown spot), Botrytis cinerea (grey mould), Sclerotinia sclerotiorum (stem rot) and 

Stemphylium botrysum (grey leaf spot) (White et al., 2008). Furthermore, consumption of infected 

plants increases livestock health problems due to the secretion of mycotoxins, which are secondary 

metabolites produced by such fungal pathogens as Diaporthe toxica (Quinn et al., 2011).    

Traditionally, disease management integrates various methods such as crop rotation, cultivar 

selection and fungicide application (White et al., 2008). Thanks to the decreasing cost of genome 

sequencing, the field of plant pathology has moved to a new era (Aylward et al., 2017). The sequencing 

of fungal genomes allows prediction of potential virulence factors such as effector proteins, which are 

small secreted proteins that could mediate host-pathogen interaction by altering host cell physiology, 

suppressing host defence response or killing the host cell (Lo Presti et al., 2015). Metabolism-related 

enzymes, such as cell wall degrading enzymes could also be predicted. These enable prediction of 

different virulence strategies and life style. For instance, absence of cell wall degrading enzymes from 

the genome of Microbotryum lychnidis-dioicae while maintaining pollen tubes and flower degrading 

enzymes, provides an insight towards host adaptation mechanism (Perlin et al., 2015). Gene prediction 



 

P a g e  | 40 
 

could also identify proteins not previously known to have a role in pathogenicity. For example, the 

genome sequencing of Ustilago maydis, a biotrophic fungal pathogen of maize, enabled identification 

of pathogenicity genes clusters encoding small secreted proteins which were missed by previous 

experimental studies (Kämper et al., 2006).   

Apart from the value offered by a single genome sequence, genome comparison of different species 

or strains provides a holistic understanding of the evolution of pathogenic life cycle. Comparative 

genomic analysis of 36 fungal taxa from both non-pathogenic and pathogenic species revealed 

expansion of gene families associated with pathogenesis (Soanes et al., 2008). 

It should be emphasized that genome data in no way replace experimental approaches, but represent 

a complementary approach to guide disease management and risk assessment schemes (Aylward et 

al., 2017). The path to effective crop disease management has multiple stages and this project seeks 

to establish genomic resources that would facilitate future research efforts into overcoming some 

diseases of L. angustifolius, as will be discussed in detail in Chapter 6. 
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4.1 Key message 

This first pan-Mediterranean analysis of genetic diversity in wild narrow-leafed lupin revealed strong 

East-West genetic differentiation of populations, an historic eastward migration, and signatures of 

genetic adaptation to climatic variables.  

4.2 Abstract 

Most grain crops suffer from a narrow genetic base, which limits their potential for adapting to new 

challenges such as increased stresses associated with climate change. Plant breeders are returning to 

the wild ancestors of crops and their close relatives to broaden the genetic base of their crops. 

Understanding the genetic adaptation of these wild relatives will help plant breeders most effectively 

use available wild diversity. Here we took narrow-leafed lupin (Lupinus angustifolius) as a model to 

understand adaptation in a wild crop ancestor.   

A set of 142 wild accessions of narrow-leafed lupin from across the Mediterranean basin were 

subjected to genotyping-by-sequencing using Diversity Arrays Technology. Phylogenetic, linkage 

disequilibrium and demographic analyses were employed to explore the history of narrow-leafed lupin 

within the Mediterranean region. We found strong genetic differentiation between accessions from 

the western and eastern Mediterranean, evidence of an historic West to East migration, and that 

eastern Mediterranean narrow-leafed lupin experienced a severe and recent genetic bottleneck. We 

showed these two populations differ for flowering time as a result of local adaptation, with the West 

flowering late while the East flowers early. A genome wide association study identified single 

nucleotide polymorphism markers associated with climatic adaptation. 

Resolving the origin of wild narrow-leafed lupin and how its migration has induced adaptation to 

specific regions of the Mediterranean serves as a useful resource not only for developing narrow-

leafed lupin cultivars with greater resilience to a changing climate, but also as a model which can be 

applied to other legumes.  
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4.3 Introduction 

Agriculture is facing the ‘perfect storm’ of factors that threaten global food security including 

continued population growth, a rapidly changing climate, reduced water available to agriculture, soil 

erosion and increasing costs of fertilisers (Abberton et al., 2015, Gomiero, 2016). A major concern is 

the lack of diversity in modern cropping systems to adapt to these challenges. For example, the human 

population derives more than 50% of its calorific intake from just three crop species (Awika, 2011). 

This is largely reflected in the concentration of research and breeding investments into major crops, 

which serves to widen the gap between well-resourced major crop species and minor crops (also 

known as ‘neglected under-utilised species’). A wider range of crop species is required to efficiently 

exploit all available agricultural environmental niches in a sustainable manner (Abberton et al., 2015). 

Legumes have a special role in this given their ability to raise soil fertility from biological nitrogen 

fixation, system sustainability and improve human health (Foyer et al., 2016). Depleted diversity is 

also apparent within most modern crops relative to their wild progenitors due to historic population 

bottlenecks associated with domestication, breeding and geographic translocation around the world 

(Gepts, 2010). Therefore, there is a strong need to understand and harness adaptive diversity from 

the wild ancestors and relatives of crop species (Berger et al., 2013, Maxted et al., 2012).  

Evolutionary adaptation is one way that wild species may overcome the changes in their environment. 

For example, climate change has proven to act as a strong selective agent, driving new directions for 

natural selection in evolutionary adaptation (Hoffmann & Sgro, 2011). Rapid adaptive evolutionary 

changes in response to climatic fluctuations have been reported in both plants and animals, such as 

those altering flowering phenology of Brassica rapa (Franks et al., 2007) and changes in migratory 

behaviour of birds (Pulido & Berthold, 2010). However, the success of evolutionary adaptation is 

contingent on the availability of genetic diversity within species and genetic control (heritability) of 

adaptive traits. A recent study in New World lupin species showed there is more frequent genome-

wide adaptation in rapidly diversifying species, as opposed to slowly diversifying species and plant 

species more generally (Nevado et al., 2016). The genetic basis of local adaptation can be explored 

using a genome-wide scan approach, as demonstrated for soil salinity adaptation of Medicago 

truncatula populations (Friesen et al., 2010). Migration by natural means or by human intervention 

(in the case of agricultural species) is another driver of adaptive change, particularly for sessile species 

such as plants. For example, a genetic differentiation analysis of wild barley using diversity array 

technology (DArT) and single nucleotide polymorphism (SNP) markers showed that wild barley 

migrated from Near East Fertile Crescent to Tibetan Plateau, where they have been adapted to the 

Tibet high altitude and its severe climate (Dai et al., 2012).  
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Maximizing our exploitation of the diversity in wild populations, including materials from diverse 

climates, will significantly assist breeding and conservation planning (Franks et al., 2007, Hoffmann & 

Sgro, 2011).  Despite its importance, relatively little research has focused on how crop wild relatives 

adapt to their native environments, with much research focusing instead on the model plants 

Arabidopsis thaliana (Weigel & Nordborg, 2015) and Medicago truncatula (Yoder et al., 2014). The 

capability of next generation sequencing technologies to generate data for a range of non-model 

species has transformed our ability to identify the genes underpinning adaptation (Stapley et al., 

2010). For example, the adaptation of Arabidopsis lyrata to serpentine soils was found at least partly 

due to gene copy number variants (Turner et al., 2010). One productive avenue of research is to 

identify genetic variation for climatic adaptation by sampling accessions across environmental 

gradients such as aridity or temperature (Berger & Ludwig, 2014). The analysis may be considered a 

“reverse ecology” approach to identifying loci that may underlie adaptation to clinal climate variation 

by genome-wide association with bioclimatic variables as proxy traits for environmental adaptation - 

without prior knowledge of specific traits mediating that adaptation (Yoder et al., 2014). The rationale 

of the approach is that if there is genetic adaptation along climatic gradients, then regions of the 

genome under strong genetic selection for adaptation may be identified. One aim of this study is to 

test this hypothesis. 

The critical need for understanding and conserving crop wild relative diversity motivated Vincent et 

al. (2013) to develop a prioritized crop wild relative inventory for 1667 taxa. Here we focus on one of 

those taxa -narrow-leafed lupin (Lupinus angustifolius) - as a model to study migration and climatic 

adaptation in the ancestral wild populations of this species. Narrow-leafed lupin (Lupinus 

angustifolius) is an important minor grain legume crop, being grown over 750,000 hectares mainly in 

Australia, Poland, Russia and Germany (FAO, 2014). It has a unique adaptation to infertile, light-

textured and acidic soils, where many other crops fail to thrive (Gladstones, 1998). As with other 

members of the Lupinus genus, narrow-leafed lupin has the ability for co-adaptation with nitrogen-

fixing root symbiont Bradyrhizobium sp. and to effectively mobilise soil phosphorus, which makes 

them of great importance in sustainable farming in rotation with cereals (Lambers et al., 2013, 

Seymour et al., 2012). Currently, narrow-leafed lupin grain is used mainly for animal feed and in 

aquaculture but interest is growing in its use in the human diet (e.g. as components in bread, pasta 

and other products), due to the excellent nutritional properties of the seeds, being gluten-free, high 

in protein and dietary fibre, and low in starch and fat (Caballero et al., 2015).  

Wild narrow-leafed lupin exhibits the winter-annual life-cycle typical of many Mediterranean species. 

Seeds germinate in the autumn with the onset of rains, establish in rosette form during the winter and 

then in spring when temperature rises and photoperiod increases, growth increases rapidly and the 
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plants transition to flowering (Kurlovich & Heinanen, 2002). Time of flowering of wild lupins is 

mediated by their responsiveness to vernalisation (cold conditions), daylength and ambient 

temperature (Berger et al., 2012b).  We are only now beginning to understand the genetic control of 

phenology in narrow-leafed lupin. While wild narrow-leafed lupin has a Mediterranean distribution, 

its adaptation to summer cultivation in northern Europe and winter cultivation in southern Australia 

was achieved through the removal of the vernalisation response, which was recently shown to be 

controlled by a mutation in a Flowering Locus T (FT) gene (Nelson et al., 2017). A recent study in three 

Old World lupin species, including L. angustifolius, L. albus and L. luteus demonstrated that phenology 

in all three has been under strong selection along aridity gradients (Jens Berger, unpublished data). 

While narrow-leafed lupin domestication was only completed in the 20th century, there is extensive 

evidence of its use by Mediterranean cultures for centuries (Gladstones, 1970). This is reflected in 

enlarged seeds on plants growing near agricultural sites (Gladstones & Crosbie, 1979) and a wealth of 

morphology diversity in the Aegean region consistent with extensive movement of seed around that 

region (Clements & Cowling, 1994). The centre of origin of narrow-leafed lupin itself is unknown. 

Narrow-leafed lupin cultivars possess a very limited adaptive range relative to their wild ancestors 

(Berger et al., 2012a). Fortunately, extensive and well-annotated collections of genetic resources of 

wild narrow-leafed lupin are available (Berger et al., 2013, Wolko et al., 2011). This, together with the 

recent release of a comprehensive reference genome for narrow-leafed lupin (Hane et al., 2017), 

provides an excellent opportunity to study regional adaptation in wild narrow-leafed lupin within their 

full native range. To this end, using different genomics and bioinformatics approaches, we addressed 

the following questions: (1) How does genetic diversity in narrow-leafed lupin vary across its native 

range? (2) What can we deduce about the demographic history of this species? and (3) Can we detect 

regions of the genome associated with climatic adaptation? The information will be valuable to 

understand the origins of a wild crop ancestor such as narrow-leafed lupin, which serves as a model 

to identify sources of genetic and adaptive diversity to adapt crops to changing environments.   

4.4 Materials and Methods 

4.4.1 Plant materials and climatic variables 

A total of 142 wild accessions of narrow-leafed lupin from 11 countries across the Mediterranean 

basin were obtained from the Australian Lupin Collection, Department of Agriculture and Food 

Western Australia (DAFWA; Additional File 4.1). This subset of 142 accessions were selected from 1248 

wild accessions characterised by Berger et al. (2012a) using 137 array-based DArT markers, and 

encompassed the maximum genetic and phenotypic diversity from across the geographic range for 

this species (Gladstones, 1998). Phenotypic data including alkaloid status, pod dehiscence, physical 
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dormancy (hard versus soft seededness), rain, soil pH at collection site, flower colour, time to 

flowering from sowing date (flowering time), height at maturity and 100 seed weight were from a 

study of Gladstones and Crosbie (1979). Additional passport information was kindly provided by the 

Australian Lupin Collection, including the geographic coordinates of accessions from geo-referencing 

of collection site data. Geographic coordinates for each accession were used to extract 19 climatic 

variables drawn from the years 1960 to 1990 from WorldClim (http://www.worldclim.org/bioclim) 

(Hijmans et al., 2005, WorldClim, 2006), using ArcMap GIS (Geographic Information System) software 

10.3.1 version (Esri, CA, USA). Information on geographic, phenotypic and WorldClim variables are 

provided in Additional File 4.1.   

4.4.2 DArTseq genotyping 

DNA was extracted from leaves of single plants from each accession using a standard CTAB method 

(Doyle & Doyle, 1990). The quality and quantity of extracted DNA were assessed using standard 

agarose electrophoresis and QubitTM assays (www.Invitrogen.com/qubit). 

The DNA concentration of each sample was adjusted to 20 ng/μL and subjected to DArTSeq™ 

(hereafter, DArTseq) genotyping at Diversity Arrays Technology Pty Ltd, Canberra, Australia (Sansaloni 

et al., 2011). DNA samples are processed in digestion/ligation reactions principally as per Kilian et al. 

(2012), but replacing a single PstI-compatible adaptor with two different adaptors corresponding to 

two different Restriction Enzyme overhangs. The PstI-compatible adapter was designed to include 

Illumina flowcell attachment sequence, sequencing primer sequence and staggered, varying length 

barcode region, similar to the sequence reported by Elshire et al. (2011). Reverse adapter contained 

flowcell attachment region and MseI-compatible overhang sequence. 

Only “mixed fragments” (PstI-HpaII) were effectively amplified in 30 rounds of PCR using the following 

reaction conditions: 94 °C for 1 min, then 30 cycles of 94 °C for 20 sec, 58 °C for 30 sec and 72 °C for 

45 sec, finishing with 72 °C for 7 min.  After PCR equimolar amounts of amplification products from 

each sample of the 96-well microtiter plate were bulked and applied to c-Bot (Illumina) bridge PCR 

followed by sequencing on Illumina Hiseq2500.  The sequencing (single read) was run for 77 cycles. 

Sequences generated from each lane were processed using proprietary DArT analytical pipelines. In 

the primary pipeline the fastq files were first processed to filter away poor quality sequences, applying 

more stringent selection criteria to the barcode region compared to the rest of the sequence. 

Approximately 2,500,000 (+/- 7%) sequences per barcode/sample were used in marker calling. Finally, 

identical sequences were collapsed into “fastqcall” files.  These files were used in the secondary 

pipeline for DArT PL’s proprietary SNP and SilicoDArT (presence/absence of restriction fragments in 

http://www.worldclim.org/bioclim)
http://www.Invitrogen.com/qubit).
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representation) calling algorithms (DArTsoft14). Co-dominant SNP markers were the focus of the 

study, as they are able to distinguish heterozygous and homozygous loci, which was necessary for 

downstream analyses, and were filtered using different thresholds for various analyses. For 

demography analyses SNP markers which had positions mapped to pseudo-chromosomes were used. 

For phylogenetic, population structure, linkage disequilibrium and association studies, SNPs with more 

than ≥25% missing data or ≥12.8% heterozygosity were eliminated. DArTseq reads were aligned to the 

L. angustifolius cv. Tanjil reference genome (Hane et al., 2017) using NUCmer aligner distributed with 

MUMmer  (Delcher et al., 1999), with setting the minimum cluster length parameter (-c flag) to 25bp, 

and allowing ≤3 matches. Then, the position of SNPs relative to Tanjil reference genome were 

determined from SNP positions on the DArTseq reads and the reads’ match position on the reference, 

summarised in Variant Call Format (VCF) relative to the lupin reference genome (Hane et al., 2017). 

The VCF file was validated using the Genome Analysis Toolkit (GATK) (McKenna et al., 2010).  

4.4.3 Assessing population structure and climate adaptation across the Mediterranean 
basin 

Two different methods were employed to identify population structure: Principal Component Analysis 

(PCA) was performed using EIGENSTRAT to assess genetic diversity and to correct for population 

stratification (Price et al., 2006). We also used fastSTRUCTURE at K=2 to K=12, using default 

parameters (Raj et al., 2014). The estimation of optimum K was obtained using the algorithm 

implemented in fastSTRUCTURE to choose model complexity (Raj et al., 2014). To understand the 

relationship between phylogeny and geographical distribution we used GenGIS 2.4.0 (Parks et al., 

2013). The unrooted distance based phylogeny tree, which was implemented as Newick format in 

GenGIS, was obtained using Neighbor Joining method within the NEIGHBOR package in PHYLIP 

(Felsenstein, 1989).   

A Pearson correlation coefficient heat-map was calculated using the heatmap function in R version 

3.3.0 (R Core Team, 2016) for all phenotypic characteristics and climate data extracted from 

WorldClim. 

In order to test the association between the SNP markers and the WorldClim variables which were 

significantly correlated with important agronomic traits such as flowering time - referred to hereafter 

as climatic variables - we carried out genome wide association studies (GWAS) using GAPIT (Lipka et 

al., 2012) with the first two principal components as covariates, for a dominant model and a minor 

allele frequency (MAF) cutoff of 0.01. 
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Next, SNPs that were highly associated with our traits of interest were analysed using SnpEff version 

4.3 (Cingolani et al., 2012),  which annotates genetic variants and predicts their effects on genes. 

SnpEff annotations were compared with the predicted proteins reported by Hane et al. (2017).  

GenStat version 16.2 (VSN International, 2011) was used to perform analysis of variance (ANOVA) 

among groups of our accessions (East/West Mediterranean) which were inferred from GenGIS 

phylogeny result. This was undertaken to estimate the significance of variation between phenotypic 

traits and climatic variables of different samples belonging to separate geographic groups.  

Linkage disequilibrium (LD) as measured by r2 was calculated for all values (--ld-window-r2 0) for every 

SNP within a window of 1Mb using Plink  (Purcell et al., 2007). The mean r2 values pooled over all 20 

chromosomes for western and eastern wild germplasm were calculated and plotted using R v3.3.0 (R 

Core Team, 2016). Analysis of haplotype blocks was performed using Haploview (Barrett et al., 2005).  

4.4.4 Demographic analyses  

To infer the demographic history of the wild populations of L. angustifolius, we used the models 

implemented in the software dadi (Gutenkunst et al., 2009). This method uses the Site-Frequency-

Spectrum (SFS) of populations, i.e. the distribution of allele frequencies across SNPs, to infer the 

demographic history of populations. The observed SFS was compared to the expected SFS under 

different demographic models, and using Maximum Likelihood, estimated both the likelihood of the 

different models and their parameters values.  

For SFS analysis we included all 38,948 SNPs with known position in the pseudo-chromosomes of the 

L. angustifolius cv. Tanjil genome assembly (Hane et al., 2017). Based on the fastSTRUCTURE and 

phylogeny results, we defined three wild populations for this analysis: the western population 

consisting of samples from Morocco, Portugal and Spain (n=74); the central population containing 

samples from France and Italy (n=21); and the eastern population containing the samples from 

Greece, Cyprus and Turkey (n=45). As the ancestral state of each SNP is uncertain, we folded the SFS 

in dadi before fitting the Isolation with Migration (IM) model. Preliminary analysis suggested that 

singletons, i.e. alleles found only once in the population, were under-represented in all populations, 

suggesting a bias in the SNP calling protocol. To avoid biasing the demographic inferences due to this, 

we excluded all singletons from the calculations of the SFS. 

We performed two types of analyses. First we investigated the demographic history of each 

population separately, by fitting the default single population models available in dadi (Table 4.1). We 

then investigated the Isolation with Migration (IM) model, which compares pairs of populations and 

estimates their relative size, time of divergence, the population size changes for each population, and 
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the amount of gene flow in each direction (Table 4.1). To ensure convergence of the parameter 

estimates, for each model investigated we performed 20 runs with random starting values for each 

parameter and large search regions. After analysis of these results, we defined smaller regions of 

parameter space with high likelihood and performed a second round of 20 searches from random 

starting points within this region. 

Table 4.1 Description and parameters considered in each demographic model, implemented in dadi 

Model 
typea 

Model name Description Parameters estimatedb 

1D Neutral Constant population 
size 

None 

1D Two epoch Instantaneous 
population size change 

nu: current population size; T: time of population size 
change 

1D Growth Exponential population 
growth or decline 

nu: current population size; T: time of start of population 
growth or decline 

1D BottleGrowth Instantaneous 
population size change 
followed by 
exponential growth or 
decline. 

nuB: population size after instantaneous change; nuF: 
current population size; T: time of instantaneous 
population size change and growth/decline start 

1D Three epoch Two instantaneous 
population size 
changes (i.e. 3 periods 
of constant population 
size) 

nuB, nuF: population sizes of second and third epochs. TB:  
duration of second epoch; TF:  duration of third epoch 

2D Isolation with 
Migration 

Two populations split 
model with unequal 
sizes, independent size 
changes and migration 
values in both 
directions 

s: population size of first population after split (population 
2 has size 1-s); nu1,nu2: current population sizes of the two 
populations; T: time of population split; M12: migration 
from population 2 to population1; M21: migration from 
population 1 to population2 

a1-dimensional models (1D) consider a single population, while 2-dimensional (2D) models consider two 
populations at a time 

bAll population sizes are relative to the size of the ancestral population before any changes or splits occur (Na). 
All time parameters are in units of 2xNa. Migration values are expressed in units of 2 x Na x m, where m is the 
proportion of the receiving population made of immigrants in each generation 

4.5 Results 

DArTseq analysis generated 45,230 co-dominant SNPs markers in 142 wild narrow-leafed lupin 

accessions. For the demography analyses we used a subset of SNPs that mapped to pseudo-

chromosomes which included 38,948 SNPs. For other analyses, loci with excessive missing and 

heterozygote values were removed (16,714 SNPs remained). Due to the evidence of whole-genome 

triplication in the genome of narrow-leafed lupin (Hane et al., 2017, Kroc et al., 2014) we kept those 

SNPs that had a maximum of three matches in the reference genome (11,690 SNPs remained). 

Consequently, these 11,690 SNPs were utilized for phylogenetic, population structure, linkage 
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disequilibrium and association studies. The allelic profile per accession for these 45,230 and 11,690 

SNP sets are reported in the Additional File 4.2 and 4.3, respectively.  

4.5.1 Population structure 

Principal component analysis (PCA) depicted a vivid division between East and West Mediterranean 

accessions (Figure 4.1). The first and second principal components (PCs), together accounted for 29% 

of the genetic variation, and despite a few exceptions (mainly from Italy and France), it differentiated 

the genotypes into two groups, western and eastern Mediterranean comprising 97 and 45 accessions, 

respectively (Additional File 4.4).  

 

 

 

 

 

 

 

 

 

 

 

The second method we used to probe the relationships among accessions was the Bayesian clustering 

algorithm applied in fastSTRUCTURE program (Raj et al., 2014). To reveal population structure we 

investigated different numbers of populations from two to twelve (K2 - 12) (Additional File 4.5). The 

internal algorithm in fastSTRUCTURE for multiple choices of K determined that population numbers 

K=7 or K=8 best explained the variation in the dataset. In order to determine which one of these two 

models (K=7 or K=8) better fitted the data, we subjected both models to phylogenetic analysis. Again, 

as both models appeared plausible, the simpler model (K=7) was selected (Figure 4.2 a, and b). We 

 

Figure 4.1 Principal Component Analysis (PCA) for 142 accessions of wild narrow-leafed lupin labelled by 
country of origin 
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used a frequency threshold of > 0.7 to assign accessions to their corresponding populations. Where 

accessions had population affinity values below 0.7, they were categorized as Admixed. Structure 

grouping depicted seven populations: one population for the entire eastern Mediterranean region 

(Population 5) and the remaining six populations for the western Mediterranean region indicating 

greater stratification centred on the Iberian Peninsula. Admixed populations were distributed across 

the Mediterranean but were particularly frequent at the intersection of East and West (centred on 

Italy).   
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Figure 4.2 Population stratification among 142 accessions of wild narrow-leafed lupin (K=7) using 
fastSTRUCTURE. Each colour denotes a population affiliation. (a) Seven population groups identified among 142 
wild narrow-leafed lupin accessions.  (b) GenGIS plot showing geographic distribution of 7 fastSTRUCTURE 
groups. Dots represent collection sites of accessions colour-coded by fastSTRUCTURE group (K=7), with grey 
shading denoting admixed accessions. Pie charts represent the frequencies of populations within each country 
using the same colour coding 

4.5.2 Phylogenetic analyses 

Phylogenetic relationships were captured within an unrooted tree based on distances calculated from 

11,690 DArTseq SNP markers. This shows a distinct East/West Mediterranean division, with most 

accessions from Morocco, Algeria, Spain, Portugal and France clustering together as a western group, 

while the remaining accessions mainly clustered together as an eastern group (Figure 4.3). This 

delineation into East/West groups was generally congruent with the PCA and fastSTRUCTURE-defined 

groupings (Additional File 4.4).    

The phylogenetic grouping of most accessions corresponded to their geographical locations with the 

exception of three accessions from Spain and Portugal which were clustered within the eastern group 

(accessions P22666, P28221 and P26423) and seven accessions from Italy and one accession from 

Greece that fell within the western clusters (Accessions P20720, P20724, P25040, P25051, P25052, 

P26107, P26109 and P26991).  

 

 

 

 

 

 

 

 

 

Figure 4.3 Phylogenetic analysis of 142 accessions of wild narrow-leafed lupin using GenGIS. Accessions are 
colour coded based on their country of origin, as following: orange= Israel, dark green= Syria, turquoise blue= 
Cyprus, sky blue= Turkey, purple= Greece, dark blue= Italy, pink=France, red= Spain, yellow= Portugal, light 
green= Morocco, black= Algeria 
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4.5.3 Investigating historic population bottlenecks 

In order to explore further how genomic diversity differs between the distinct eastern and western 

Mediterranean population groups and to infer the historic levels of genetic diversity in each 

population group, we investigated linkage disequilibrium (LD) in these two population groups and 

conducted demographic analyses. The western population group showed far lower average maximum 

LD (0.2) than the eastern population group (0.4), and the LD decayed more rapidly in the western 

populations (Figure 4.4). We investigated population bottleneck further through demographic 

analyses. 

 

 

 

 

 

 

 

 

 

Figure 4.4 Decay of genome-wide linkage disequilibrium in 142 wild narrow-leafed lupin accessions for 
western and eastern populations 

4.5.4 Demography analyses 

The different single-population models investigated returned very consistent results, with the western 

population group showing relatively small population size changes and an older age, while the eastern 

population group appearing much younger, having experienced a recent and severe bottleneck, and 

to have subsequently increased its population size considerably (Table 4.2). There was also evidence 

that a small central group (comprising accessions identified as admixed in the fastSTRUCTURE analysis) 

was distinguishable from western and eastern groups. Like the eastern population group, the central 

population group showed evidence of a recent and severe bottleneck followed by population increase.  

We then considered the Isolation with Migration (IM) model with each pair of populations. The IM 

model had six free parameters: the relative size of the two populations after they split, time of the 



 

P a g e  | 56 
 

split, modern population sizes of each population and effective migration rates in two directions. We 

found that population split sizes were highly unequal, with each pairwise comparison suggesting that 

the eastern population emerged from a very small proportion of the ancestral population (s = 0.95-

0.99, Table 4.3). The extent of migration from West to East was much higher than in the reverse 

direction (m12 = 0.06-1.13 while m21 = 9.9-15.11, Table 4.3).  

Table 4.2 Maximum Likelihood parameter estimates, and log-likelihood (LL), of the single population 
demographic models considered. For more details of model information and parameters’ description please 
see Table 4.1. 

Model Parameters 
estimated 

Western population Central population Eastern population 

Neutral None LL = -225.598 LL = -133.27 LL = -126.763 
Two 
epoch 

nu: current 
population size; T: 
time of population 
size change 

nu = 3.189; T = 5.57 
LL = -183.256 

nu = 0.305; T = 0.7 
LL = -73.878 

nu = 0.76; T = 0.2; 
LL = -89.24 

Growth nu: current 
population size; T: 
time of start of 
population growth 
or decline 

nu = 2.27; T = 10.9 
LL = -190.365 

NAa 
 

nu = 0.72; T = 0.47; 
LL = -89.589 

Bottle 
Growth 

nuB: population size 
after instantaneous 
change; nuF: current 
population size; T: 
time of 
instantaneous 
population size 
change and 
growth/decline start 

nuB = 9.8; nuF = 
1.97;  
T = 2.4; LL = -
151.068 

nuB = 0.1; nuF = 
10.54;  
T = 0.259; LL = -
46.934 

nuB = 0.18; nuF = 59.9; 
T = 0.116; LL = -83.393 

Three 
epoch 

nuB, nuF: population 
sizes of second and 
third epochs. TB:  
duration of second 
epoch; TF:  duration 
of third epoch 

nuB = 14.10; nuF = 
2.84; 
TB = 2.33; TF = 1.13; 
LL = -145.814 

nuB = 0.05; nuF = 
14.01; 
TB = 0.17; TF = 0.05; 
LL = -46.50 

nuB = 0.04; nuF = 
78.03;  
TB = 0.004; TF = 0.172; 
LL = -81.747 

a the Growth model for the central population did not converge 

 

Table 4.3 Maximum likelihood parameter estimates of the Isolation with Migration model, for each population 
pair analysed 

Population 
1 

Population 
2 

Sa nu1b nu2c Td m12e m21f 

West Central 0.95 0.6769 1.811 0.0652 0.9915 7.4456 
West East 0.9959 0.215 0.919 0.0235 0.0687 15.116 
Central East 0.988 2.49 0.55 0.069 1.133 9.9 

a S: population size of first population after split (population 2 has size 1-s); b nu1: current size of population 1; c 

nu2: current size of population 2; d T: time of population split; e M12: migration from population 2 to population 
1; f M21: migration from population 1 to population 2 
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4.5.5 Investigating adaptation of wild narrow-leafed lupin in West/East Mediterranean    

We investigated adaptation parameters distinguishing West and East populations. Climatic variables 

from the sites of origin of each accession (extracted from the WorldClim database) were correlated 

with phenotypic traits (number of days to flowering, hard/soft seededness, pod dehiscence status, 

height at maturity and 100-seed weight). As separate correlation analyses for Western and Eastern 

populations showed similar trends, we only present one correlation matrix for both West and East 

together (Figure 4.5). Variation in flowering time was significantly (at p<0.01 and degree of freedom 

of 140) associated with some climatic/eco-geographic variables, including precipitation in different 

months/quarters (BIO14 and BIO17, respectively), latitude and annual mean temperature (BIO1). 

Positive correlations were observed between flowering time and latitude, and between flowering time 

and precipitation in the driest month and driest quarter, while the correlation between flowering time 

and annual mean temperature was negative. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Pearson correlation heat-map of climatic and geographic variables with phenotypic traits for 142 
narrow-leafed lupin accessions from across the Mediterranean Basin 

WorldClim data abbreviations are as follows: BIO1 = Annual Mean Temperature; BIO2 = Mean Diurnal Range 
(Mean of monthly (max temp - min temp)); BIO3 = Isothermality (BIO2/BIO7) (* 100); BIO4 = Temperature 
Seasonality (standard deviation *100); BIO5 = Max Temperature of Warmest Month; BIO6 = Min Temperature 
of Coldest Month; BIO7 = Temperature Annual Range (BIO5-BIO6); BIO8 = Mean Temperature of Wettest 
Quarter; BIO9 = Mean Temperature of Driest Quarter; BIO10 = Mean Temperature of Warmest Quarter; BIO11 
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= Mean Temperature of Coldest Quarter; BIO12 = Annual Precipitation; BIO13 = Precipitation of Wettest Month; 
BIO14 = Precipitation of Driest Month; BIO15 = Precipitation Seasonality (Coefficient of Variation); BIO16 = 
Precipitation of Wettest Quarter; BIO17 = Precipitation of Driest Quarter; BIO18 = Precipitation of Warmest 
Quarter; BIO19 = Precipitation of Coldest Quarter. Temperatures are in degrees Celsius * 10 and precipitation in 
millimetres 

4.5.6 Exploring phenotypic variation corresponding to geographical location   

We next sought to determine how geographical location (East or West Mediterranean, inferred from 

phylogenetic tree) could explain observed phenotypic variation. In total, 53 and 89 accessions were 

labelled as eastern and western groups, respectively (Additional File 4.1). A one-way analysis of 

variance (ANOVA) indicated there was significant (p < 0.05) variation in phenotypic traits (such as 

flowering time) and climatic variables (e.g. Precipitation of driest month/quarter, etc) between 

samples from West/East Mediterranean. Details of significant variation traits are provided in Table 

4.4.  It was clear that flowering time differed between West (late flowering) and East (early flowering) 

populations (p<0.05 Table 4.4) and that flowering time was significantly correlated with some climatic 

variables such as precipitation of driest month/quarter, etc. Based on this we next looked for regions 

of the narrow-leafed lupin genome that appear to be associated with adaptation.  
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Table 4.4 Summary of significant variation in phenotypic and WorldClim data between western and eastern 
Mediterranean populations of wild narrow-leafed lupin as inferred by one-way ANOVA analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.7 Identifying regions of the genome associated with adaptation 

Firstly, we focused in more detail on the distribution of LD across the genome. Vernalisation is a key 

driver of flowering time in narrow-leafed lupin, which is controlled by the FT homologue LanFTc1 at 

the Ku locus in domesticated varieties (Nelson et al., 2017). We therefore compared the haplotype 

block of East (Figure 4.6a) and West (Figure 4.6b) populations in the LanFTc1 gene region on 

chromosome NLL-10. Although the overall pattern of haplotype blocks in the LanFTc1 region was 

similar between West/East populations, the comparison revealed evidence of greater historical 

recombination within western Mediterranean population compared to East (Figure 4.6a, and b).  

WorldClim/Phenotypes Mean 
Western 
population 

Mean Eastern 
Population 

F pr. 

Altitude (m above sea level) 545.240 338.000 <.001 
BIO1: Annual Mean Temperature 
(C°*10) 

145.943 160.264 <.001 

BIO2: Mean diurnal range (Mean 
of monthly (max temp-min 
temp)) (C°*10) 

103.693 80.208 <.001 

BIO3: Iso-thermality (BIO2/BIO7) 
(*10) 

37.977 32.566 <.001 

BIO6: Min temperature of 
coldest month (C°*10) 

29.602 54.333 <.001 

BIO7: Temperature annual range 
(C°*10) 

268.193 240.528 <.001 

BIO9: Mean temperature of 
driest quarter (C°*10) 

211.875 234.698 <.001 

BIO10: Mean temperature of 
warmest quarter (C°*10) 

221.227 235.604 <.001 

BIO11: Mean temperature of 
coldest quarter (C°*10) 

76.932 89.491 0.004 

BIO13: Precipitation of wettest 
month (mm) 

99.170 118.528 0.011 

BIO14: Precipitation of driest  
month (mm) 

11.557 7.000 0.024 

BIO15: Precipitation seasonality 
(mm) 

50.580 70.340 <.001 

BIO16: Precipitation of wettest 
quarter (mm) 

273.190 314.400 0.046 

BIO17: Precipitation of driest 
quarter (mm) 

55.591 30.585 <.001 

BIO18: Precipitation of warmest 
quarter (mm) 

64.227 34.887 <.001 

Flowering Time (days) 106.403 102.269 0.011 
Height at maturity (cm) 91.033 80.081 0.002 
Rain (mm) 771.480 601.650 <.001 
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Figure 4.6 Comparison of haplotype blocks between East (a) and West (b) Mediterranean accessions of wild 
narrow-leafed lupin on chromosome NLL-10 in the LanFTc1 gene region (flanked by markers indicated with 
yellow arrows). Each colourful diamond shows correlation between two markers. The extent of correlation 
between markers is shown by the shade of colours, with white denoting recombination and red denoting 
strong linkage disequilibrium. Purple and grey diamonds indicate uninformative and monomorphic marker 
comparisons, respectively. Black triangles show the haplotype blocks 

Secondly, we investigated association between markers and phenotypic traits (i.e. flowering time, 

flower colour, hard/soft seededness, alkaloid status, pod dehiscence, height at maturity and 100 seed 

weight), as well as association between markers and climatic variables. Although GWAS analyses 

didn’t highlight any significant association between markers and phenotypic traits, it pointed out 

strong association with two of the climatic variables. A SNP on position 4,582,844 bp of chromosome 

NLL-07 (LaDArT_SNP18940) was found to be strongly associated (P= 1.143e-08) with precipitation of 

driest month/quarter and LaDArT_SNP09086 locus on chromosome NLL-05 (position: 2,350,287 bp) 

was significantly associated (P = 1.089e-08) with annual mean temperature (Figure 4.7). The genic 

composition of these genomic regions was then investigated. Taking a conservative approach, we 

considered the entire regions flanked by non-associated SNP markers as potentially containing gene 

candidates. This revealed 31 genes in an interval spanning 240 Kb on chromosome NLL-07 around the 

SNP associated with precipitation of driest month/quarter and 5 genes in an interval spanning 47 Kb 

on NLL-05 around the SNP associated with annual mean temperature. These genes and their 

functional annotations are listed in Additional File 4.6. No standout candidates (such as flowering time 

genes) based on functional annotations were identified. 

a 

b 
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(a) 

 

(b) 

Figure 4.7 Manhattan plot of genome-wide association study (GWAS) using 11,690 SNPs markers for 
precipitation of driest month/quarter (mm) (a) and annual mean temperature (C°*10) (b) on 142 wild narrow-
leafed lupin accessions. The X-axis represents physical distance along the 20 narrow-leafed lupin chromosomes, 
NLL-01 to NLL-20. SNPs above the threshold line (green line; -log10(p)=6) are highly significantly associated with 
precipitation of driest month and annual mean temperature, respectively 

4.6 Discussion 

4.6.1 Distribution pattern and migration of narrow-leafed lupin 

This is the first pan-Mediterranean analysis of genetic diversity in wild narrow-leafed lupin. We 

observed a strong East-West division in wild narrow-leafed lupin, an eastward migration, and greater 

population structure in the western Mediterranean.  
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Migration of plant populations is influenced by a large number of factors. The complex geological 

history of the Mediterranean region along with climate fluctuations enforce plant migration, strong 

selection pressure on plant traits and shifts in plants species’ distribution. These two natural 

phenomena accompanied by the impact of human activities have shaped plant variation and evolution 

in the Mediterranean region (Thompson, 2005). Thompson (2005) described three main poles of plant 

diversity in the Mediterranean region, which include (1) the Iberian Peninsula, (2) the Balkans and 

Aegean, and (3) Anatolia and Cyprus. At a wider genus level, Gladstones (1998) postulated western 

Asia (Turkey, Syria and nearby area) as the probable origin of smooth-seeded Mediterranean lupins, 

including narrow-leafed lupin, and that they have spread westwards along Mediterranean. Early 

phenotypic studies suggested the Aegean region as the centre of diversity of narrow-leafed lupin 

(Clements & Cowling, 1994), with significant distribution of wild types in North Africa and Iberia 

(Gladstones, 1998). The results of our demographic analysis strongly suggest that narrow-leafed lupin 

originated in the western part of its current distribution range, and that range expansion proceeded 

eastwards and was accompanied by strong founder effects (Table 4.2). The current populations seem 

to be still exchanging large amount of migrants, particularly from western towards eastern 

populations (Table 4.3). There is substantial admixture in the central region between West and East, 

centred on Italy and France (Figure 4.2). 

At present, it is not possible to estimate absolute ages for separation between western and eastern 

Mediterranean narrow-leafed lupin. Our results are consistent with east-west vicariance, one of the 

two common distribution patterns of higher plants in Mediterranean basin, which is attributed to 

population isolation in association with climatic change and human immigration as described by 

Thompson (2005). One well-known example of east-west vicariance is Mediterranean oak, in which 

extremes of morphological diversity were observed in a single variable complex (Barbero et al., 1992). 

It is assumed that the two taxa belonging to western Mediterranean oak split up due to the effect of 

glaciation during the refuge period. Owing to its particular geography, the Iberian Peninsula hosted 

multiple glacial refugia, which were “isolated from one another by the harsh climate of the high central 

Iberian plateau” (Gómez & Lunt, 2007 p. 156). A similar population history could explain the greater 

population structure observed in western Mediterranean wild narrow-leafed lupins. Interestingly, 

great morphological diversity is also reported in lupins of eastern Mediterranean (Clements & Cowling, 

1994) despite the lower genetic diversity observed in that group in this present study (Figure 4.1, 4.2, 

4.4). This could be due to the fact that centre of earlier civilization was in Eastern Mediterranean and 

as a result the semi-wild populations of narrow-leafed lupin in that region may have undergone more 

human selection and physical relocation. 
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Consistent with demography (Table 4.2) and population structure results (Figure 4.2), the observed 

higher extent of LD in the eastern population compared to the western population (Figure 4.4) could 

be an indicator of severe founder effect that gave rise to this population, whereby a small number of 

ancestral haplotypes from the western Mediterranean contributed to the emergence of today’s 

eastern population haplotypes. The lower extent of LD in the western population is an indicator of 

more recombination events which broke down the ancestral haplotypes of this population. This higher 

rate of recombination could be due to the older age, larger population size and greater diversity.  

Recognizing Iberian Peninsula as a variability hotspot for the wild ancestral populations of narrow-

leafed lupin will help in planning to collect future genetic resources efficiently. The similar approach 

could be applied to other crop ancestral populations to assist their conservation plans and ensure the 

genetic resources are exploited effectively.  

4.6.2 Selection for climatic adaptation  

Adaptation is a continuous dynamic process which helps species to keep up with constantly changing 

environments. The strong seasonal climate of the Mediterranean basin, in particular the association 

of warm seasons with an effective drought which restrict plant growth, has had a fundamental impact 

on plant evolution in the region (Thompson, 2005), including lupin species as studied by Berger et al. 

(2017). 

Clements and Cowling (1994) study of wild narrow-leafed lupin from the Aegean region showed a 

negative correlation between flowering times with winter temperature, but positive correlation with 

the rainfall of the site. As revealed by ANOVA analysis in our study, the western Mediterranean has 

higher precipitation over the driest month/quarter and a lower annual mean temperature and is late 

flowering, in comparison with the eastern Mediterranean (Table 4.4). Shifts in phenology in response 

to climate change has been reported in many species, such as shifts in flowering time of Brassica rapa 

in response to drought (Franks et al., 2007, Parmesan & Yohe, 2003, Pulido & Berthold, 2010).  

Flowering time is a key adaptation trait, which is affected by the interaction of genetic factors with 

environmental cues. Following up with the significant variation between flowering time of western 

and eastern population, we compared the haplotype block surrounding the main flowering time gene 

LanFTc1 between these two populations. This revealed evidence of recombination in the 571 Kbp 

region flanking LanFTc1 within the western population, while that region is monomorphic in the 

eastern population (Figure 4.6a, and b). This differentiation in flowering phenology could be explained 

in light of the migration story of narrow-leafed lupin from West to East. Although irregular in pattern, 

a West/East bipolar climate has ruled over the Mediterranean basin for at least the last 1000 years 
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(Roberts et al., 2012). To effectively deal with climatic changes resulted from this migration, it appears 

that selection opted for opportunistic adaptation to the warmer and drier climate of the eastern 

Mediterranean. Hence, earlier flowering in the eastern Mediterranean population help plants escape 

drought and heat. This selection may have predated the first use of narrow-leafed lupin by humans 

and certainly before its domestication was completed in the 20th Century. So, while early flowering is 

one of the main selection targets of current lupin breeding, it seems that this trait may have already 

been under natural selection prior to any domestication event.   

4.6.3 SNP markers associated with climatic variables 

Applying trait association analysis to the climatic variables inferred from WorldClim climatic factors 

highlighted two SNP markers associated with precipitation over the driest month/quarter and annual 

mean temperature (Figure 4.7a, and b). There were no clear gene candidates in the respective 

genomic regions of chromosomes NLL-07 and NLL-05 respectively based on their functional 

annotations (Additional File 4.6). However, it should be emphasised that the resolution afforded by 

DArTseq genotyping (approximately one SNP per 13 Kbp of assembled genome) in a sample size of 

142 accessions is rather low. Nevertheless, these genomic regions provide starting points for follow-

on association studies where we are phenotyping an enlarged set of accessions for flowering time and 

vernalisation response in order to identify genes associated with environmental adaptation of narrow-

leafed lupin. We are also increasingly using whole genome resequencing to increase the density of 

marker genotyping in such studies. A genome-environment association study in 1,943 georeferenced 

sorghum landraces using 404,627 SNPs, found signatures of local adaptation at two genes. Maturity1, 

controlling photoperiod sensitivity, was strongly associated with the minimum temperature of the 

coldest month and Tannin1, controlling grain tannins, with mean temperature of the warmest quarter 

(Lasky et al., 2015). 

4.7 Summary conclusion and future directions 

For the first time, this study unravelled the diversity and migration history of wild narrow-leafed lupin 

in the Mediterranean region. This information can be used to help genetic resource managers target 

regions for sampling wild diversity and to help plant breeders harness genetic diversity in their 

breeding programs. Our genome wide association study between SNP markers and climatic variables 

could serve as an initial foray into a potential application of combining genetic and spatial datasets. 

Finally, our comprehensive analytical approach could be applied to understand better other ancestral 

populations to help build adaptability and reliance into major and minor crops alike.  
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4.9 Additional Information 

Additional File 4.1 Geographic, phenotypic and WorldClim variable data for 142 wild narrow-leafed 

lupin accessions from the Australian Lupin Collection, South Perth, Australia 

Additional File 4.2 The allelic profile per accession for 45,230 SNP markers, applied on 142 wild 

accessions of narrow-leafed lupin 

Additional File 4.3 The allelic profile per accession for 11,690 SNP markers, applied on 142 wild 

accessions of narrow-leafed lupin 

Additional File 4.4 Principal Component Analysis (PCA) for 142 accessions of wild narrow-leafed lupin 

colour-coded by phylogeny results (east/west Mediterranean) 

Additional File 4.5 Population stratification among 142 wild accessions of narrow-leafed lupin using 

fastSTRUCTURE for K=2 – 12. Each colour denotes a population affiliation. Note that colours are not 

equivalent between panels 

Additional File 4.6 Candidate gene for the SNPs associated with precipitation of driest month/quarter 

and annual mean temperature, on chromosome NLL-07 and NLL-05, respectively 
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5.1 Key message 

This study revealed the western Mediterranean provided the founder population for domesticated 

narrow-leafed lupin, and that genetic diversity decreased significantly during narrow-leafed lupin 

domestication.  

5.2 Abstract 

The evolutionary history of plants during domestication profoundly shaped the genome structure and 

genetic diversity of today’s crops. Advances in next generation sequencing technologies allow 

unprecedented opportunities to understand genome evolution in minor crops, which constitute the 

majority of plant domestications. A diverse set of 231 wild and domesticated narrow-leafed lupin 

(Lupinus angustifolius) accessions were subjected to genotyping-by-sequencing using Diversity Arrays 

Technology. Phylogenetic, genome-wide divergence and linkage disequilibrium analyses were applied 

to identify the founder population of domesticated narrow-leafed lupin and the genome-wide effect 

of domestication on its genome. We found wild western Mediterranean as the founder population of 

domesticated narrow-leafed lupin. Domestication was associated with an almost three-fold reduction 

in genome diversity in domesticated accessions compared to their wild relatives. Selective sweep 

analysis identified faint footprints of selection around domestication loci. A genome wide association 

study identified single nucleotide polymorphism markers associated with pod dehiscence. This new 

understanding of the genomic consequences of narrow-leafed lupin domestication along with 

molecular marker tools developed here will assist plant breeders more effectively access wild genetic 

diversity for crop improvement. 

Keywords 

Domestication; selection; selective sweep; Lupinus angustifolius, genotyping-by-sequencing 
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5.3 Introduction 

The ancestral origins of crop species is one of the primary questions in plant domestication. Current 

distribution of wild progenitors of crops often provides a reliable indicator of where domestication 

occurred. While the answer to this question is well-known for some crops such as wheat (Triticum 

aestivum) and lentil (Lens culinaris) (Erskine, 1998, Heun et al., 1997), our understanding of other 

crops remains limited (Zohary et al., 2012). Unravelling fundamental stages in the evolution of 

domesticated plants is another keystone of domestication research. This includes isolating and 

characterising domestication genes, inferring historic population bottlenecks and gene flow based on 

extant patterns of genetic diversity, and the accumulation of yield and quality related minor genes. 

The emergence of new genomic tools has revolutionised both the precision of these studies as well as 

extended their breadth beyond the major staple crop species (Emshwiller, 2006, Gepts, 2014, Larson 

et al., 2014). 

Plant domestication involved the incorporation of traits that made them more amenable to 

agriculture. Repeatedly, certain traits were fixed in a range of grain crop species, which are collectively 

known as domestication syndrome traits (Hammer, 1984, Zohary et al., 2012). These traits include 

enlarged fruit or grain, changes in photoperiod or vernalisation sensitivity, reduced seed dehiscence, 

and reduced anti-nutritional content. Genes and mechanisms underlying those phenotypic changes 

have been identified through different methods, which can be thought of as ‘top-down’ (quantitative 

trait locus (QTL) and linkage disequilibrium (LD) mapping studies) and ‘bottom-up’ (demographic 

approach and empirical ranking) approaches as described by Ross-Ibarra et al. (2007).  QTL mapping 

studies using biparental populations have successfully identified the genomic regions associated with 

the domestication syndrome in crops such as wheat (Peng et al., 2003), rice (Xiong et al., 1999), tomato 

(Frary et al., 2000), common bean (Phaseolus vulgaris) (Koinange et al., 1996) and adzuki bean (Vigna 

angularis) (Isemura et al., 2007). More recently LD mapping using diverse sets of accessions has 

become more prominent including genome-wide association studies (GWAS) in sorghum to identify 

inflorescence architecture genes and plant height loci (Morris et al., 2013), identifying candidate genes 

for starch content regulation in maize kernel (Liu et al., 2016), and detecting genes related to 

agronomic traits in rice (Yano et al., 2016) and soybean (Zhang et al., 2015). ‘Bottom-up’ demographic 

based approaches have been less widely applied in plant diversity studies, with successful examples 

provided in maize (Wright et al., 2005) and Arabidopsis halleri (Fischer et al., 2013) where regions of 

genome associated with selection and adaptation were successfully identified. 

Advances in genomic technology now make it practical to extend our horizons beyond the main staple 

crops. The genus Lupinus offers a number of features that make it amenable to domestication analysis. 
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The genus includes four species that were independently domesticated across contrasting eras and 

locations (Wolko et al., 2011). Lupinus is a diverse genus of c. 280 annual and perennial species within 

the genistoid clade of legumes  (Eastwood et al., 2008). The rate of species diversification within 

Lupinus is the highest of any known plant genus and so presents as a useful model to understand 

evolution (Hughes & Eastwood, 2006). While most lupin grain is used for livestock feed, there is 

increasing interest in using lupin grain as a health food for humans due to it being gluten-free, high in 

protein and dietary fibre, low in fat and starch content, and demonstrated anti-diabetes and anti-

inflammatory properties (Foley et al., 2011, Lima-Cabello et al., 2018). Furthermore, the content of 

anti-nutritive factors (inhibitors of proteinase and hemagglutinins) in lupin seed protein is lower than 

other legumes which adds to the value of its seed for consumption (Kurlovich et al., 2003). Finally, the 

high quantity and quality of protein in lupin seed makes it suitable for aquaculture feed (Robaina et 

al., 1995). Of the four widely cultivated species of Lupinus, narrow-leafed lupin (L. angustifolius), white 

lupin (L. albus) and yellow lupin (L. luteus) are from the Old World (Mediterranean region/North and 

East Africa), whereas Andean lupin or tarwii (L. mutabilis) is from the New World (North/South 

America) (Wolko et al., 2011). Narrow-leafed lupin is unique among crops in that its domestication is 

fully documented within the scientific literature of the 20th century (Gladstones, 1970). Its modern 

breeding started with the discovery by von Sengbusch in Germany in 1928/9 of the recessive mutant 

allele iucundus, which controls alkaloid production. Over the next 30 years breeders identified and 

incorporated further domestication genes: removal of physical seed dormancy (mollis), two genes 

responsible for reduced pod shattering (tardus and lentus), changed flower and seed colour as a 

marker of domestication (leucospermus) and an early flowering gene which removed the vernalisation 

requirement (Ku) (Cowling et al., 1998, Nelson et al., 2006).  

Narrow-leafed lupin domestication took place within a short time-frame and involved a series of 

severe genetic bottlenecks (Berger et al., 2012). The short segmented domestication history of the 

crop dictated that only a small proportion of its genetic and adaptive diversity potential was 

incorporated into the domesticated gene pool. Thus, a major breeding priority for this species is to 

transfer genetic and adaptive diversity from wild germplasm into the domesticated gene pool (Berger 

et al., 2013). A recent study of the three Old World lupin species (L. angustifolius, L. albus and L. luteus) 

demonstrated that phenology in all three species has been under strong selection along aridity 

gradients (Berger et al., 2017). Furthermore, a recent study of New World lupin species showed there 

is more frequent genome-wide adaptation in rapidly diversifying species, as opposed to slowly 

diversifying species and plant species more generally (Nevado et al., 2016). Additionally, while early 

phenotypic studies suggested the Aegean region as the diversity centre of wild narrow-leafed lupin 

(Clements & Cowling, 1994), we recently showed that western Mediterranean is the centre of genetic 
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diversity. We also demonstrated a strong East-West differentiation among wild narrow-leafed lupin 

across Mediterranean basin and historic migration from West to East (Mousavi-Derazmahalleh et al., 

2018).  

The recent publication of a comprehensive reference genome for narrow-leafed lupin (Hane et al., 

2017) provides an excellent opportunity to use this species as a model to characterize the evolutionary 

selection that accompanies plant domestication, in order to address the following questions: (I) What 

is the genome-wide impact of domestication? (II) What is the founder population of domesticated 

narrow-leafed lupin? and (III) Are footprints of selection evident at domestication loci? 

5.4 Material and Methods  

5.4.1 Plant materials 

A total of 146 wild and 85 domesticated accessions of narrow-leafed lupin, representative of a wide 

range of genetic diversity, were obtained from the Australian Lupin Collection, Department of 

Agriculture and Food Western Australia (DAFWA; Additional File 5.1). Details for wild accessions were 

described by Mousavi et al. (2018). Domesticated accessions are from seven countries (Australia, 

Belarus, Germany, Poland, Russia, Ukraine and South Africa), which cover all the major breeding 

programs of narrow-leafed lupin. Information on country of origin, wild/domestic status and 

phenotypes of these accessions are provided in Additional File 5.1. Three plants per domesticated 

accession were grown in a Phytotron with approximate daylengths of 13-14 hours and average 

temperature of 20 ৹C. Alkaloid status and flower colour were assessed on the domesticated accessions 

and leaf samples were taken a single representative plant from each accession for DNA extraction 

(Additional File 5.1). These phenotypic data were supplemented by previously published data on 

alkaloid status, pod dehiscence, physical dormancy (hard versus soft seededness), rain, soil pH at 

collection site, flower colour, time to flowering from sowing date (flowering time), height at maturity 

and 100 seed weight were from a study of (Gladstones & Crosbie, 1979) as well as information kindly 

provided by the Australian Lupin Collection (Additional File 5.1). Seven accessions (P26107, P22845, 

P22839, P26446, P26562, P27913 and P28485) had ambiguous seed water permeability status and so 

were treated as missing values (NA) to avoid potential bias in downstream analysis. 

5.4.2 DArTseq genotyping 

We extracted DNA from leaves of single plants from each accession using a modified CTAB method 

(Doyle & Doyle, 1990). The quality and quantity of extracted DNA were assessed using standard 

agarose electrophoresis and QubitTM assays (www.Invitrogen.com/qubit). The DNA concentration of 

http://www.Invitrogen.com/qubit).
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each sample was adjusted to 20 ng/μL and subjected to DArTSeq™ (hereafter, DArTseq) genotyping 

at Diversity Arrays Technology Pty Ltd, Canberra, Australia (Sansaloni et al., 2011). Technical replicates 

were also included for reference accessions P27255 and 83A:476. The sequence data were processed 

by the DArT P/L in-house analytical pipeline.  

Bi-allelic SNP markers were identified for downstream analyses and were filtered based on different 

thresholds for different analyses. SNP markers which had positions mapped to pseudo-chromosomes 

in the L. angustifolius cv. Tanjil reference genome (Hane et al., 2017) were used for Fst  and GWAS 

analyses. For phylogeny, population structure and linkage disequilibrium analyses, SNPs with more 

than 25% missing data or 12.8% heterozygosity were eliminated. DArTseq reads were aligned with the 

Tanjil reference genome using the NUCmer aligner (Delcher et al., 1999), setting the minimum cluster 

length (-c) to 25 bp and ≤ 3 matches. The latter threshold was selected to take account of the remnants 

of whole-genome triplication in the genome of narrow-leafed lupin (Hane et al., 2017, Kroc et al., 

2014).  Then, the positions of SNPs relative to the Tanjil reference genome were determined from SNP 

positions on the DArTseq reads and the reads’ match position on the reference, summarised in Variant 

Call Format (VCF) relative to the lupin reference genome (Hane et al., 2017). The VCF file was validated 

using the Genome Analysis Toolkit (GATK) (McKenna et al., 2010).  

5.4.3 Assessing phylogenetic relationship, structure and genetic diversity within germplasm  

To infer the likely origin of domesticated samples, we defined three groups (western, eastern and 

central Mediterranean) within the wild narrow-leafed lupin with respect to samples’ geographical 

boundaries (Additional File 5.1). We then estimated the genome-wide divergence between each of 

these wild populations and the domesticated narrow-leafed lupin samples, using windows of size 1 

Mb in mstatspop (available from 

https://bioinformatics.cragenomica.es/numgenomics/people/sebas/software/software.html). This 

method uses the Dxy measure, which is the average number of pairwise differences between each 

individual of one population and each individual of other population (Cruickshank & Hahn, 2014, Nei, 

1987). 

MrBayes v3.2.2 (Ronquist et al., 2012), Bayesian inference of phylogeny estimating the Posterior 

probability distribution of all possible phylogenies under Markov Chain Monte Carlo (MCMC), was 

conducted to analyse the phylogeny. Four chains of MCMC, assuming General Time Reversible (GTR) 

model of molecular evolution with gamma-distributed rate variation across sites, was run for 

1,000,000 generations and sampled every 1000 generations. Then, the cladogram tree was plotted 

using Fig Tree, v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).   

https://bioinformatics.cragenomica.es/numgenomics/people/sebas/software/software.html).
http://tree.bio.ed.ac.uk/software/figtree/).
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Two different methods were employed to identify population structure: Principal Component Analysis 

(PCA) was performed using EIGENSTRAT to assess genetic diversity and to correct for population 

stratification (Price et al., 2006). We also used fastSTRUCTURE for population numbers ranging from 

K=2 to K=12, using default parameters (Raj et al., 2014). The estimation of optimum K was obtained 

using the algorithm implemented in fastSTRUCTURE to choose model complexity (Raj et al., 2014). 

Linkage disequilibrium (LD) as measured by r2 was calculated for all values (--ld-window-r2 0) for every 

SNP within a window of 1Mb using Plink  (Purcell et al., 2007). The mean r2 values pooled over all 20 

chromosomes for domesticated (European and Australian) and wild germplasm was calculated and 

plotted using R v3.3.0 (R Core Team, 2016). Average nucleotide diversity was measured as pi on a per-

site basis using VCFtools (Danecek et al., 2011).  

A Genome Wide Association Study (GWAS) of SNPs with traits of interest was investigated using GAPIT 

(Lipka et al., 2012) with the first two principal components as covariates (this was applied as an option 

within the GAPIT programs and corrects for the population stratification), for an additive model and a 

minor allele frequency (MAF) cutoff of 0.01.  

5.4.4 Selective sweep analyses  

A selective sweep affecting the domesticated samples after split from wild accessions would be 

expected to show high Fst (between wild and domesticated) and low variability of domesticated 

relative to wild accessions. To infer whether the candidate genes exhibited the expected signatures of 

selection, we performed a genome-wide scan using overlapping windows of size 200 kb and steps 50 

kb. For each window we used mstatspop to estimate Fst between domesticated and wild accessions, 

and variability (theta and Pi) within wild and domesticated accessions separately. To take into account 

the levels of ancestral variability within wild narrow-leafed lupin, we estimated the amount of 

polymorphism lost since domestication by calculating the relative amount of polymorphism within 

domesticated compared to wild, i.e. polymorphism (domesticated) / polymorphism (wild). In 

particular, we scanned domestication loci using coordinates provided by Hane et al. (2017) for 

evidence of selective sweeps. In order to take into account the False Discovery Rate (FDR), we used 

BayeScan 2.0 with FDR of 0.01 and 0.05 (Foll & Gaggiotti, 2008), to identify signature of selection 

stringently.    

5.5 Results 

Phenotyping of 85 domesticated accessions supported previous publications (Gladstones & Crosbie, 

1979) and information provided by Australian Lupin Collection) (Additional File 5.1) and enabled these 

independent datasets to be merged.  DArTseq analysis generated 45,230 co-dominant SNPs markers 
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in 146 wild and 85 domesticated narrow-leafed lupin accessions. For the Fst and GWAS analyses we 

used a subset of 38,948 SNP markers that mapped to pseudo-chromosomes, and 11,690 SNPs were 

utilized for phylogeny, population structure and linkage disequilibrium studies. The allelic profile per 

accession for these 45,230 and 11,690 SNP sets are reported in the Additional File 5.2 and 5.3, 

respectively.  

5.5.1 Identifying the founder population of domesticated narrow-leafed lupin 

We found that out of 478 1Mb windows analysed using mstatspop approach, the closest population 

to domesticated population was the West population (n = 212), followed by the Central population (n 

= 196) and by the East population (n = 70). Phylogenetic analysis clearly distinguished wild from 

domesticated accessions, and four wild accessions from the western Mediterranean (P22839 and 

P22829 from Portugal, P22770 from Spain and P22845 from Morocco) were basal to the domesticated 

accessions (Figure 5.1). Taken together, these findings rule out the eastern and central wild 

populations as the origin of domesticated narrow-leafed lupin, and points to a western Mediterranean 

origin. However, within the cluster of domesticated accessions were two accessions from the eastern 

Mediterranean (P25085 and P28485) and four accessions from the central Mediterranean (P26107, 

P26109, P20711 and P20726) (Figure 5.1). Technical replicates were applied in phylogeny analysis and 

showed high reproducibility of the results (Figure 5.1). 

Principal component analysis (PCA) further supported the division of wild from domesticated 

accessions (Figure 5.2). The first and second principal components explained 32.9% and 17.4% of the 

genetic diversity among all accessions, respectively. The first four principal components together 

accounted for 73% of observed variance. 

In order to probe further the relationships among accessions, a Bayesian clustering algorithm applied 

in fastSTRUCTURE program (Raj et al. 2014) was used. To reveal population structure we investigated 

different numbers of populations from two to twelve (K2 - 12) (Additional File 5.4). The internal 

algorithm in fastSTRUCTURE for multiple choices of K determined that population numbers K=8 and 

K=9 best explained the variation in the dataset. In order to determine which one of these two models 

(K=8 or K=9) better fit the data, we subjected both models to our phylogeny analysis (not presented). 

Again, as both models appeared plausible, the simpler model (K=8) was selected (Figure 5.3). We used 

a frequency threshold of > 0.7 to assign accessions to their corresponding populations. Where 

accessions had population affinity values below 0.7, they were categorized as Admixed. Structure 

grouping depicted eight populations: two populations for the domesticated accessions (Populations 2 

and 8) and the remaining six populations for the wild accessions.  Population 2 included most 

European and all Australian domesticated accessions while population 8 contained three 
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domesticated accessions from Belarus (Apba, Baga-18 and Vada). Population 1 is a mainly eastern 

group with the exception of one accession from Portugal (P26423) and two accessions from Italy 

(P20716 and P26668). All other groups are western Mediterranean with only five exceptions from 

central Mediterranean (P25066, P25069, P25083, P25084 and P20720). For assignment of accessions 

to populations and admixed accessions see Additional File 5.1.   

 

 

Figure 5.1 Phylogenetic tree of wild and domesticated narrow-leafed lupin constructed from 11,690 SNPs, using 
MrBayes v3.2.2. Accessions are colour coded based on their status (wild central Mediterranean [green; 21 
accessions], wild western Mediterranean [navy blue; 77 accessions], wild eastern Mediterranean [purple; 49 
accessions], wild Australian [pink; 1 accession], domesticated [red; 87 accessions]) 
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Figure 5.2 Principal Component Analysis (PCA) for 231 accessions of domesticated (Australian and European) 
and wild narrow-leafed lupin, labelled by their status  

 

Figure 5.3 Population stratification among germplasm of wild and domesticated narrow-leafed lupin (K=8) 
using fastSTRUCTURE. Colours denote population affiliation. Population 1 is the eastern wild group. Population 
2 and 8 are domesticated groups. The remaining five populations are western wild groups. For the assignment 
of accessions to each population and admixed group see Additional File 5.1.   

5.5.2 Genome-wide pattern of LD decay  

Differentiation of genetic diversity between these populations of wild and domesticated (sub-divided 

into Australian and European groups) narrow-leafed lupin was investigated further through analysis 

of decay of linkage disequilibrium (LD). The overall pattern of LD decay of European and Australian 
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accessions was similar (r2 = 0.65 and 0.69 for European and Australian populations, respectively). 

However, LD was much lower in wild accessions (r2 = 0.27) compared to the domesticated. In addition, 

the LD decayed over a much shorter physical distance in the wild (19.01 Kb) compared to the 

domesticated populations (both European and Australian domesticated populations decayed at 77.45 

Kb) (Figure 5.4).  The average nucleotide diversity (pi) per-site showed that diversity was almost three 

times lower in domesticated population (0.097) compared to the wild population (0.271). 

 

Figure 5.4 Comparison of genome-wide decay of linkage disequilibrium between wild and domesticated 
(Australian and European) accessions of narrow-leafed lupin 

5.5.3 Footprints of selection 

A selective sweep affecting only the domesticated narrow-leafed lupin would be expected to leave a 

typical high-divergence and low polymorphism signal around the region of the selected gene. We 

focused here on the regions around domestication loci responsible for traits that were known a priori 

to have been selected during domestication: Ku, lentus, tardus, mollis, iucundus and leucospermus 

(Figure 5.5a). The location of these genes are described in (Hane et al., 2017). We only found the 

expected selective sweep around the Ku locus (Figure 5.5b): a peak in Fst between wild and 

domesticated samples, and a decrease in the relative amount of polymorphism between 

domesticated and wild accessions. The other five domestication loci had levels of Fst indistinguishable 

from the rest of the genome (Figure 5.5a). However, the more stringent BayeScan analysis based on 

FDR 0.01 and 0.05 showed no statistically significant signature of selection (Additional File 5.5).   
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Figure 5.5 Fst genome-wide analysis of divergence and polymorphism within narrow-leafed lupin (L. 
angustifolius). (a) Fst estimated between wild and domesticated samples across the genome in non-overlapping 
windows of 1 Mb. Alternating black and grey sets of points correspond to the 20 pseudo chromosomes of 
narrow-leafed lupin genome. Horizontal dashed line marks the .99 percentile of distribution of Fst estimated 
genome-wide. Inverted triangles denote expected location of domestication gene regions. (b) Fst (top) and 
relative polymorphism (domesticated/wild, bottom) estimated in overlapping windows of 200 Kb (50 Kb step) 
across pseudo chromosome NLL-10. Vertical dashed lines denote the closest flanking markers to the candidate 
gene Ku. Some windows are missing due to absence of SNP data. 

5.5.4 Identifying SNP markers associated with domestication genes  

Associations between markers and phenotypic traits (i.e. flowering time, flower colour, hard/soft 

seededness, alkaloid status, pod dehiscence, height at maturity and 100 seed weight) were examined. 

Strong associations were found between markers and flowering time, flower colour, alkaloid status 

and seed dehiscence. However, taking into account FDR-adjusted p values of these associations, only 

two SNPs related to pod dehiscence remained highly significant. One of these SNPs is located on 

position 8,766,720 bp of chromosome NLL-20 (DS_Lan_38166; FDR-adjusted p value of 6.42E-06; 

estimated allelic effect of -0.225) and the other is located on position 15,432,293 of chromosome NLL-

04 (DS_Lan_07875; FDR-adjusted p value of 6.10E-05; estimated allelic effect of 0.184). A Manhattan 

plot of GWAS for pod dehiscence is presented in Figure 5.6. For Manhattan plots of other traits please 

see Additional File 5.6. The genic composition of the whole regions within a window of 50kb on each 

side of the markers associated with pod dehiscence trait were scanned as regions containing potential 
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gene candidates. This revealed 8 and 7 genes on NLL-04 and NLL-20, respectively, around the SNPs 

associated with pod dehiscence. These genes and their Gene Ontology (GO) terms are listed in 

Additional File 5.7. No standout candidate genes based on GO functional annotations were identified. 

 

Figure 5.6 Manhattan plot of genome-wide association study (GWAS) using 38,948 SNPs markers for pod 
dehiscence on 231 wild and domesticated narrow-leafed lupin accessions. The X-axis represents physical 
distance (Kb) along the 20 narrow-leafed lupin chromosomes, NLL-01 to NLL-20. SNPs above the threshold line 
(green line; -log10(p)=6) are significantly associated with pod dehiscence  

5.6 Discussion  

5.6.1 Founder population of domesticated narrow-leafed lupin and genome-wide impact of 
domestication 

Here we provide the first molecular evidence of a western Mediterranean origin of the domesticated 

gene pool supporting earlier speculation based on morphological similarities (Gladstones, 1998).  

A distinct separation of wild and domestic germplasm was supported by PCA and phylogeny analyses 

(Figures 5.1 and 5.2). The incidence of four exceptions from the central population (P20711, P26107 

and P26109, P20726) within the domesticated cluster could be explained by historic admixture as 

supported by fastSTRUCTURE analysis where these four accessions were identified as admixed (Figure 

5.3; Additional File 5.1).  In the wild cluster, one western Mediterranean accession (P28221) was 

placed in an eastern Mediterranean cluster and one eastern accession placed in a western cluster 

(P26446) (Figure 5.1). This low level of incongruity with geographic origin may reflect the low level 

migration between the eastern and western Mediterranean, as shown by Mousavi-Derazmahalleh et 

al. (2018). While narrow-leafed lupin is predominately a self-pollinated species, different rates of 

natural cross-pollination (from 0 to 11.95%), in particular through honey bees, have been reported for 

samples from different geographical regions (Forbes et al., 1971). This indicates gene flow between 
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wild and domesticated narrow-leafed lupin which is either due to random cross-pollination or to 

previously observed West/East migration patterns (Mousavi-Derazmahalleh et al., 2018). 

Consistent with the phylogeny result, PCA has also clearly differentiated wild and domesticated 

samples. Distribution of wild accessions along the two different lines (Figure 5.2) is due to the 

West/East division of wild samples which was discovered in our previous study (Mousavi-

Derazmahalleh et al., 2018). As with the phylogeny result (Figure 5.1), wild accessions close to the 

domesticated accessions in the PCA plot (Figure 5.2) are from the western Mediterranean, further 

supporting the western Mediterranean as the origin of domesticated narrow-leafed lupin. 

Interestingly, phylogeny and PCA results clearly show that domesticated samples from Australia and 

Europe are not genetically distinctive indicating shared ancestry and/or interchange of breeding 

materials. The only exceptions of this are three domesticated Belarusian accessions that form their 

own fastSTRUCTURE population (K8; Figure 5.3), which all have a shedding phenotype normally 

associated with wild plants (Additional File 5.1). In the phylogenetic tree (Figure 5.1) these three 

accessions are in the same branch with two central wild accessions (P26107 and P26109) and the root 

of the branch is connected to the wild eastern accessions (P28485 from Belarus). Therefore, we 

deduce that a lot of crossing with wild material might have happened in the Belarussian breeding 

program, which consequently cause their population structure to be different from other 

domesticated accessions. 

The genome-wide effect of domestication in narrow-leafed lupin as revealed by our study showed 

almost threefold reduction in genetic diversity from the wild plants (pi = 0.271) to domesticated 

narrow-leafed lupin (pi = 0.097) plants. Decreased genetic diversity following domestication is 

generally accepted for most plants (Gepts, 2014), for example rice (Li et al., 2011, Zhu et al., 2007), 

soybean (Hyten et al., 2006), common-bean (Sonnante et al., 1994) and maize (Vigouroux et al., 2005). 

However, contrasting results have been reported including a study of outcrossing species such as 

carrots (Daucus carota) (Iorizzo et al., 2013), apple (Gross et al., 2014) and tea (Camellia taliensis) 

(Zhao et al., 2014), where there was no significant reduction of genetic diversity during domestication. 

The narrow base of genetic diversity in domesticated narrow-leafed lupin compared to their wild type 

is the result of a severe founder effect that the crop experienced due to its short domestication history 

(Berger et al., 2012). Interestingly, a recent study demonstrated that the severe founder effect that 

narrow-leafed lupin plant experienced is not limited to domestication of the crop, but also occurs in 

the eastern Mediterranean wild type (Mousavi-Derazmahalleh et al., 2018). This observation was 

attributed to the migration of wild narrow-leafed lupin from western to eastern Mediterranean.  
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Congruent with our genetic diversity results, we observed a significant increase in LD across the whole 

genome from wild to domesticated germplasm. While LD was slightly higher in Australian 

domesticated narrow-leafed lupins than their European counterparts, their overall LD decay pattern 

was similar (Figure 5.4). This observed small difference between these two populations is most 

probably due to the smaller population size of Australian accessions (29 accessions) in our study 

compared to the European accessions (56 accessions). In comparison, much lower LD was observed 

in the wild population (Figure 5.4) which could be ascribed to phenomena such as their larger 

population size and higher levels of historic recombination. 

5.6.2 Evidence of selection  

In this work we identified several genomic regions with elevated Fst between wild and domesticated 

samples, and outside the candidate genes regions investigated (Figure 5.5a). However, no statistically 

supported signature of selection based on BayeScan method were found. In general, divergence and 

polymorphism were quite variable across the whole genome. Reduced diversity along with a spike in 

Fst was particularly seen around flowering time locus Ku on chromosome NLL-10 (Figure 5.5b). This is 

consistent with the hypothesis of strong selection in this region. However, observation of a very low 

polymorphism in the same region in wild types may signify events prior to domestication. Using a 

haplotype block approach we recently postulated that natural selection acted upon flowering time 

locus Ku in the wild Mediterranean germplasm prior to domestication and during local adaptation 

(Mousavi-Derazmahalleh et al., 2018). Ku is the first domestication locus in narrow-leafed lupin to 

have a clear candidate gene: a Flowering Locus T homologue (Nelson et al., 2017). Ongoing research 

in our lab aims to understand how variation in the 5’ regulatory region controls flowering time in wild 

and domesticated accessions (Taylor et al., 2018).    

We did not find the pattern we would expect from selective sweeps near other domestication loci 

including iucundus, leucospermus, tardus, lentus and mollis. Lack of evidence for selection in these 

candidate loci could be due to the low variation in those loci resulting from the strong population 

bottleneck that narrow-leafed lupin experienced during its domestication as well as its short 

domestication history. Additionally, some domestication traits may have multiple sources. While 

Australian cultivars all have known domestication genes and pedigrees (Cowling, 1999), the pedigrees 

of the European varieties have not been reported.   

The complexity of crop evolution has been shown in a study of maize by Hufford et al. (2012), where 

the authors find stronger indication of selection in most domestication traits in genes other than well-

established domestication genes, inferring that hundreds of genes with a variety of biological 

functions have been targets of selection although their phenotypic effect may be still unknown. 
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Studies on maize (Jiao et al., 2012, Yu et al., 2012) also indicated that some putative selection regions 

were not located on genic regions, and imply the importance of non-coding regions in playing 

regulatory roles in crop domestication. Molecular variation observed in or near the genes of interest 

can not only confirm the target of selection, but can also identify additional genes involved in 

domestication even though they may not associate with an obvious phenotypic change (Ross-Ibarra 

et al., 2007). 

Divergent selection and hitchhiking can lead to the occurrence of highly elevated genetic 

differentiation between populations, which can be used to identify genomic regions or even candidate 

genes that underlie divergence (Fischer et al., 2013). However, these highly differentiated regions 

were found to be small and spread throughout the genome, which partially may have contributed to 

the lack of similarity between these outliers and regions identified by QTLs. For a comprehensive 

review of this subject in plant genomes see Strasburg et al. (2012). Similarly, we did not find a match 

between our highly elevated genomic regions and solid domestication candidate genes of narrow-

leafed lupin. However, we should emphasize that SNP density produced by DArTseq (approximately 

one SNP per 13 Kbp of assembled genome in a sample size of 231 accessions) is inadequate for a 

detailed scan of the genome. To infer the real potential of these regions and their underlying genes, 

complementary approaches such as QTL mapping need to be integrated.     

5.6.3 Genome-wide association study 

Based on functional annotation information available for narrow-leafed lupin no evident gene 

candidates were found in respect with SNPs associated with the pod dehiscence trait. However, we 

acknowledge the imprecise nature of DArTseq data for fine-mapping and lack of further 

characterisation of these loci. We suggest that applying a higher density genomic scan using whole 

genome resequencing data could significantly improve the chance of finding candidate genes.  

Nevertheless, these genomic regions provide starting points for future genome resequencing studies 

in larger sets of accessions to identify genes associated with domestication.  

5.7 Summary conclusion and future direction  

For the first time this study confirmed the western Mediterranean provided the founder population 

of domesticated narrow-leafed lupin. This will contribute to the efficient collecting of genetic 

resources for future breeding plans. Furthermore, since the methods applied in this study for revealing 

the footprints of selection in the genome did not satisfy the expectations, it would be interesting to 

repeat this analysis with higher resolution genotyping by whole genome resequencing.  



 

P a g e  | 87 
 

5.8 References  

 

Berger J., Buirchell B., Luckett D. & Nelson M. (2012) Domestication bottlenecks limit genetic diversity 
and constrain adaptation in narrow-leafed lupin (Lupinus angustifolius L.). Theoretical and 
Applied Genetics, 124, 637-652. 

 

Berger J.D., Clements J.C., Nelson M.N., Kamphuis L.G., Singh K.B. & Buirchell B. (2013) The essential 
role of genetic resources in narrow-leafed lupin improvement. Crop and Pasture Science, 64, 
361-373. 

 

Berger J.D., Damber S. & Christiane L. (2017) Reproductive Strategies in Mediterranean Legumes: 
Trade-Offs between Phenology, Seed Size and Vigor within and between Wild and 
Domesticated Lupinus Species Collected along Aridity Gradients. Frontiers in Plant Science, 8, 
548. 

 

Clements J. & Cowling W. (1994) Patterns of morphological diversity in relation to geographical origins 
of wild Lupinus angustifolius from the Aegean region. Genetic Resources and Crop Evolution, 
41, 109-122. 

 

Cowling W., Huyghe C., Swiecicki W., Gladstones J., Atkins C. & Hamblin J. (1998) Lupin breeding. In: 
Lupins as crop plants: biology, production and utilization. (ed J. Gladstones), pp. 93-120. 

 

Cowling W.A. (1999) Pedigrees and Characteristics of Narrow-leafed Lupin Cultivators Released in 
Australia from 1967 to 1998. Agriculture Western Australia Bulletin, 4365, 1-11. 

 

Cruickshank T.E. & Hahn M.W. (2014) Reanalysis suggests that genomic islands of speciation are due 
to reduced diversity, not reduced gene flow. Molecular Ecology, 23, 3133-3157. 

 

Danecek P., Auton A., Abecasis G., Albers C.A., Banks E., DePristo M.A., . . . Durbin R. (2011) The variant 
call format and VCFtools. Bioinformatics, 27, 2156-2158. 

 

Delcher A.L., Kasif S., Fleischmann R.D., Peterson J., White O. & Salzberg S.L. (1999) Alignment of whole 
genomes. Nucleic Acids Research, 27, 2369-2376. 

 

Doyle J.J. & Doyle J.L. (1990) Isolation of plant DNA from fresh tissue. Focus, 12, 13-15. 
 

Eastwood R.J., Drummond C.S., Schifino-Wittmann M.T. & Hughes C.E. (2008) Diversity and 
evolutionary history of lupins–insights from new phylogenies. Paper presented at the 
Proceedings of the 12th International Lupin Conference—Lupins for health and wealth. 

 

Emshwiller E. (2006) Genetic Data and Plant Domestication, pp. 99-122. University of California Press: 
Berkeley, CA, USA. 

 



 

P a g e  | 88 
 

Erskine W. (1998) Use of historical and archaeological information in lentil improvement today. In: 
Origins of Agriculture and Crop Domestication (eds A.B. Damania, J. Valkoun, G. Willcox, & 
C.O. Qualset), pp. 191–198. ICARDA, Aleppo, Syria. 

 

Fischer M.C., Rellstab C., Tedder A., Zoller S., Gugerli F., Shimizu K.K., . . . Widmer A. (2013) Population 
genomic footprints of selection and associations with climate in natural populations of 
Arabidopsis halleri from the Alps. Molecular Ecology, 22, 5594-5607. 

 

Foley R.C., Gao L., Spriggs A., Soo L.Y., Goggin D.E., Smith P.M., . . . Singh K.B. (2011) Identification and 
characterisation of seed storage protein transcripts from Lupinus angustifolius. BMC Plant 
Biology, 11, 59. 

 

Foll M. & Gaggiotti O. (2008) A genome-scan method to identify selected loci appropriate for both 
dominant and codominant markers: a Bayesian perspective. Genetics, 180, 977-993. 

 

Forbes I., Leuck D.B., Edwardson J. & Burns R. (1971) Natural cross-pollination in blue lupine (Lupinus 
angustifolius L.) in Georgia and Florida. Crop Science, 11, 851-854. 

 

Frary A., Nesbitt T.C., Frary A., Grandillo S., Van Der Knaap E., Cong B., . . . Alpert K.B. (2000) fw2. 2: a 
quantitative trait locus key to the evolution of tomato fruit size. Science, 289, 85-88. 

 

Gepts P. (2014) The contribution of genetic and genomic approaches to plant domestication studies. 
Current Opinion in Plant Biology, 18, 51-59. 

 

Gladstones J. (1970) Lupins as crop plants. Field Crop Abstracts, 23, 123-148. 
 

Gladstones J. (1998) Distribution, origin, taxonomy, history and importance. In: Lupins as crop plants: 
biology, production and utilization. (eds J.S. Gladstones, C. Atkins, & J. Hamblin), pp. 1-37. CAB 
International. 

 

Gladstones J.S. & Crosbie G. (1979) Lupin wild types introduced into Western Australia to 1973. 
Collection site data, preliminary ratings of field characteristics and disease reactions, and 
measurements of seed protein and oil contents. Technical Bulletin-Western Australian 
Department of Agriculture (Australia). 

 

Gross B.L., Henk A.D., Richards C.M., Fazio G. & Volk G.M. (2014) Genetic diversity in Malus× domestica 
(Rosaceae) through time in response to domestication. American Journal of Botany, 101, 
1770-1779. 

 

Hammer K. (1984) Das domestikationssyndrom. Die Kulturpflanze, 32, 11-34. 
 

Hane J.K., Ming Y., Kamphuis L.G., Nelson M.N., Garg G., Atkins C.A., . . . Cannon S. (2017) A 
comprehensive draft genome sequence for lupin (Lupinus angustifolius), an emerging health 



 

P a g e  | 89 
 

food: Insights into plant‐microbe interactions and legume evolution. Plant Biotechnology 
Journal, 15, 318-330. 

 

Heun M., Schäfer-Pregl R., Klawan D., Castagna R., Accerbi M., Borghi B. & Salamini F. (1997) Site of 
einkorn wheat domestication identified by DNA fingerprinting. Science, 278, 1312-1314. 

 

Hufford M.B., Xu X., Van Heerwaarden J., Pyhäjärvi T., Chia J.-M., Cartwright R.A., . . . Kaeppler S.M. 
(2012) Comparative population genomics of maize domestication and improvement. Nature 
Genetics, 44, 808-811. 

 

Hughes C. & Eastwood R. (2006) Island radiation on a continental scale: exceptional rates of plant 
diversification after uplift of the Andes. Proceedings of the National Academy of Sciences, 103, 
10334-10339. 

 

Hyten D.L., Song Q., Zhu Y., Choi I.-Y., Nelson R.L., Costa J.M., . . . Cregan P.B. (2006) Impacts of genetic 
bottlenecks on soybean genome diversity. Proceedings of the National Academy of Sciences, 
103, 16666-16671. 

 

Iorizzo M., Senalik D.A., Ellison S.L., Grzebelus D., Cavagnaro P.F., Allender C., . . . Simon P.W. (2013) 
Genetic structure and domestication of carrot (Daucus carota subsp. sativus)(Apiaceae). 
American Journal of Botany, 100, 930-938. 

 

Isemura T., Kaga A., Konishi S., Ando T., Tomooka N., Han O.K. & Vaughan D.A. (2007) Genome 
dissection of traits related to domestication in azuki bean (Vigna angularis) and comparison 
with other warm-season legumes. Annals of Botany, 100, 1053-1071. 

 

Jiao Y., Zhao H., Ren L., Song W., Zeng B., Guo J., . . . Li W. (2012) Genome-wide genetic changes during 
modern breeding of maize. Nature Genetics, 44, 812-815. 

 

Koinange E.M., Singh S.P. & Gepts P. (1996) Genetic control of the domestication syndrome in 
common bean. Crop Science, 36, 1037-1045. 

 

Kroc M., Koczyk G., Święcicki W., Kilian A. & Nelson M.N. (2014) New evidence of ancestral polyploidy 
in the Genistoid legume Lupinus angustifolius L. (narrow-leafed lupin). Theoretical and Applied 
Genetics, 127, 1237-1249. 

 

Kurlovich B., Heinanen J., Kartuzova L., Benken I., Chmeleva Z. & Bernatskaya M. (2003) Diversity of 
lupin (Lupinus L.) based on biochemical composition. Plant Genetic Resources Newsletter, 42-
57. 

 

Larson G., Piperno D.R., Allaby R.G., Purugganan M.D., Andersson L., Arroyo-Kalin M., . . . Dobney K. 
(2014) Current perspectives and the future of domestication studies. Proceedings of the 
National Academy of Sciences, 111, 6139-6146. 

 



 

P a g e  | 90 
 

Li Z.-M., Zheng X.-M. & Ge S. (2011) Genetic diversity and domestication history of African rice (Oryza 
glaberrima) as inferred from multiple gene sequences. Theoretical and Applied Genetics, 123, 
21-31. 

 

Lima-Cabello E., Morales-Santana S., Foley R.C., Melser S., Alché V., Siddique K.H., . . . Jimenez-Lopez 
J.C. (2018) Ex vivo and in vitro assessment of anti-inflammatory activity of seed β-conglutin 
proteins from Lupinus angustifolius. Journal of Functional Foods, 40, 510-519. 

 

Lipka A.E., Tian F., Wang Q., Peiffer J., Li M., Bradbury P.J., . . . Zhang Z. (2012) GAPIT: genome 
association and prediction integrated tool. Bioinformatics, 28, 2397-2399. 

 

Liu N., Xue Y., Guo Z., Li W. & Tang J. (2016) Genome-wide association study identifies candidate genes 
for starch content regulation in maize kernels. Frontiers in Plant Science, 7, 1046. 

 

McKenna A., Hanna M., Banks E., Sivachenko A., Cibulskis K., Kernytsky A., . . . Daly M. (2010) The 
Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA 
sequencing data. Genome Research, 20, 1297-1303. 

 

Morris G.P., Ramu P., Deshpande S.P., Hash C.T., Shah T., Upadhyaya H.D., . . . Mitchell S.E. (2013) 
Population genomic and genome-wide association studies of agroclimatic traits in sorghum. 
Proceedings of the National Academy of Sciences, 110, 453-458. 

 

Mousavi-Derazmahalleh M., Bayer P.E., Nevado B., Hurgobin B., Filatov D., Kilian A., . . . Nelson M.N. 
(2018) Exploring the genetic and adaptive diversity of a pan-Mediterranean crop wild relative: 
narrow-leafed lupin. Theoretical and Applied Genetics, 131, 887-901. 

 

Nei M. (1987) Molecular evolutionary genetics. Columbia university press. 
 

Nelson M.N., Książkiewicz M., Rychel S., Besharat N., Taylor C.M., Wyrwa K., . . . Wolko B. (2017) The 
loss of vernalization requirement in narrow‐leafed lupin is associated with a deletion in the 
promoter and de‐repressed expression of a Flowering Locus T (FT) homologue. New 
Phytologist, 213, 220-232. 

 

Nelson M.N., Phan H.T., Ellwood S.R., Moolhuijzen P.M., Hane J., Williams A., . . . Cakir M. (2006) The 
first gene-based map of Lupinus angustifolius L. location of domestication genes and 
conserved synteny with Medicago truncatula. Theoretical and Applied Genetics, 113, 225-238. 

 

Nevado B., Atchison G.W., Hughes C.E. & Filatov D.A. (2016) Widespread adaptive evolution during 
repeated evolutionary radiations in New World lupins. Nature Communications, 7, 12384. 

 

Peng J., Ronin Y., Fahima T., Röder M.S., Li Y., Nevo E. & Korol A. (2003) Domestication quantitative 
trait loci in Triticum dicoccoides, the progenitor of wheat. Proceedings of the National 
Academy of Sciences, 100, 2489-2494. 

 



 

P a g e  | 91 
 

Price A.L., Patterson N.J., Plenge R.M., Weinblatt M.E., Shadick N.A. & Reich D. (2006) Principal 
components analysis corrects for stratification in genome-wide association studies. Nature 
Genetics, 38, 904-909. 

 

Purcell S., Neale B., Todd-Brown K., Thomas L., Ferreira M.A., Bender D., . . . Daly M.J. (2007) PLINK: a 
tool set for whole-genome association and population-based linkage analyses. The American 
Journal of Human Genetics, 81, 559-575. 

 

R Core Team (2016) R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 

 

Raj A., Stephens M. & Pritchard J.K. (2014) fastSTRUCTURE: variational inference of population 
structure in large SNP data sets. Genetics, 197, 573-589. 

 

Robaina L., Izquierdo M., Moyano F., Socorro J., Vergara J., Montero D. & Fernandez-Palacios H. (1995) 
Soybean and lupin seed meals as protein sources in diets for gilthead seabream (Sparus 
aurata): nutritional and histological implications. Aquaculture, 130, 219-233. 

 

Ronquist F., Teslenko M., Van Der Mark P., Ayres D.L., Darling A., Höhna S., . . . Huelsenbeck J.P. (2012) 
MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model 
space. Systematic Biology, 61, 539-542. 

 

Ross-Ibarra J., Morrell P.L. & Gaut B.S. (2007) Plant domestication, a unique opportunity to identify 
the genetic basis of adaptation. Proceedings of the National Academy of Sciences, 104, 8641-
8648. 

 

Sansaloni C., Petroli C., Jaccoud D., Carling J., Detering F., Grattapaglia D. & Kilian A. (2011) Diversity 
Arrays Technology (DArT) and next-generation sequencing combined: genome-wide, high 
throughput, highly informative genotyping for molecular breeding of Eucalyptus. Paper 
presented at the BMC Proceedings. 

 

Sonnante G., Stockton T., Nodari R., Becerra Velásquez V.L. & Gepts P. (1994) Evolution of genetic 
diversity during the domestication of common-bean (Phaseolus vulgaris L.). Theoretical and 
Applied Genetics, 89, 629-635. 

 

Strasburg J.L., Sherman N.A., Wright K.M., Moyle L.C., Willis J.H. & Rieseberg L.H. (2012) What can 
patterns of differentiation across plant genomes tell us about adaptation and speciation? 
Philosophical Transactions of the Royal Society B: Biological Sciences, 367, 364-373. 

 

Taylor C.M., Kamphuis L.G., Zhang W., Garg G., Berger J.D., Mousavi-Derazmahalleh M., . . . Nelson M. 
(2018) INDEL variation in the regulatory region of the major flowering time gene LanFTc1 is 
associated with vernalisation response and flowering time in narrow-leafed lupin (Lupinus 
angustifolius L.). Plant, Cell and Environment, In Press. 

 



 

P a g e  | 92 
 

Vigouroux Y., Mitchell S., Matsuoka Y., Hamblin M., Kresovich S., Smith J.S.C., . . . Doebley J. (2005) An 
analysis of genetic diversity across the maize genome using microsatellites. Genetics, 169, 
1617-1630. 

 

Wolko B., Clements J.C., Naganowska B., Nelson M.N. & Yang H.a. (2011) Lupinus. In: Wild Crop 
Relatives: Genomic and Breeding Resources, pp. 153-206. Springer. 

 

Wright S.I., Bi I.V., Schroeder S.G., Yamasaki M., Doebley J.F., McMullen M.D. & Gaut B.S. (2005) The 
effects of artificial selection on the maize genome. Science, 308, 1310-1314. 

 

Xiong L., Liu K., Dai X., Xu C. & Zhang Q. (1999) Identification of genetic factors controlling 
domestication-related traits of rice using an F2 population of a cross between Oryza sativa 
and O. rufipogon. Theoretical and Applied Genetics, 98, 243-251. 

 

Yano K., Yamamoto E., Aya K., Takeuchi H., Lo P.-c., Hu L., . . . Hirano K. (2016) Genome-wide 
association study using whole-genome sequencing rapidly identifies new genes influencing 
agronomic traits in rice. Nature Genetics, 48, 927-934. 

 

Yu J., Li X., Zhu C., Yeh C.-T., Wu W., Takacs E., . . . Buckler E. (2012) Genic and non-genic contributions 
to natural variation of quantitative traits in maize. Genome Research, gr. 140277.140112. 

 

Zhang J., Song Q., Cregan P.B., Nelson R.L., Wang X., Wu J. & Jiang G.-L. (2015) Genome-wide 
association study for flowering time, maturity dates and plant height in early maturing 
soybean (Glycine max) germplasm. BMC Genomics, 16, 217. 

 

Zhao D.-w., Yang J.-b., Yang S.-x., Kato K. & Luo J.-p. (2014) Genetic diversity and domestication origin 
of tea plant Camellia taliensis (Theaceae) as revealed by microsatellite markers. BMC Plant 
Biology, 14, 14. 

 

Zhu Q., Zheng X., Luo J., Gaut B.S. & Ge S. (2007) Multilocus analysis of nucleotide variation of Oryza 
sativa and its wild relatives: severe bottleneck during domestication of rice. Molecular Biology 
and Evolution, 24, 875-888. 

 

Zohary D., Hopf M. & Weiss E. (2012) Domestication of Plants in the Old World. OUP Oxford, Oxford, 
UK. 

 



 

P a g e  | 93 
 

 

5.9 Additional Information 

Additional File 5.1 Phenotypic data and country of origin information for 231 wild and domesticated 

narrow-leafed lupin accessions and three technical replicates from the Australian Lupin Collection, 

South Perth, Australia 

Additional File 5.2 The allelic profile per accession for 45,230 SNP markers, applied on 231 wild and 

domesticated accessions of narrow-leafed lupin 

Additional File 5.3 The allelic profile per accession for 11,690 SNP markers, applied on 231 wild and 

domesticated accessions of narrow-leafed lupin 

Additional File 5.4 Population stratification among 231 wild and domesticated accessions of narrow-

leafed lupin using fastSTRUCTURE for K=2 – 12. Each colour denotes a population affiliation. Note that 

colours are not equivalent between panels 

Additional File 5.5 BayeScan plot of Fst compared with Log 10 (q value) 

Additional File 5.6 Manhattan plots of genome-wide association study (GWAS) using 38,948 SNPs 

markers for alkaloid status, flowering time and flower colour on 231 wild and domesticated narrow-

leafed lupin accessions. The X-axis represents physical distance (Kb) along the 20 narrow-leafed lupin 

chromosomes, NLL-01 to NLL-20. SNPs above the threshold line (green line; -log10(p)=6) are 

significantly associated with related traits 

Additional File 5.7 Gene content of the genomic regions close to SNPs associated with pod dehiscence, 

located on chromosome NLL-20 and NLL-04, respectively 
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6.1 Abstract 

Background: Narrow-leafed lupin is an emerging crop of significance in agriculture, livestock feed and 

human health food. However, its susceptibility to various diseases is a major obstacle towards 

increased adoption. Sclerotinia sclerotiorum and Botrytis cinerea – both necrotrophs with broad host-

ranges - are reported among the top 10 lupin pathogens. Whole-genome sequencing and comparative 

genomics are useful tools to discover genes responsible for interactions between pathogens and their 

hosts. 

Results: Here we report genome sequencing and assembly of one isolate of B. cinerea and two isolates 

of S. sclerotiorum, isolated from either narrow-leafed or pearl lupin species. Comparative genomics 

was employed between these isolates and those from different hosts, which was leveraged to predict 

effector gene candidates from among the variable genes between isolates. This highlighted gene 

families that may be associated with host-pathogen interactions.  

Conclusions: Detection of minor differences between relatively recently-diverged isolates, originating 

from distinct regions and hosts, may serve to highlight novel and recent gene mutations or losses that 

are the result of adaptations to either host, region-specific environmental conditions, farming 

practices or disease controls. 
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6.2 Background 

Narrow-leafed lupin (Lupinus angustifolius) is an important grain legume crop of south and west 

Australia and in Northern Europe which significantly contributes to animal feed, aquaculture and 

sustainable farming because of its nitrogen fixation and use in rotation systems (Gladstones, 1998). In 

recent years lupin has been also promoted as a human health food, being gluten-free, high in protein 

and dietary fibre, and low in starch and fat (Caballero et al., 2015). Although the lupin industry has 

been successful in Western Australia and some European countries, such as Poland, Russia and 

Germany, susceptibility to various diseases prevents it reaching maximum potential (Department of 

Primary Industries and Regional Development, 2018). Two diseases known to impact lupin health are 

sclerotinia stem rot and grey mould, caused by the fungi Sclerotinia sclerotiorum and Botrytis cinerea, 

respectively (White et al., 2008).   

Both S. sclerotiorum and B. cinerea are necrotrophic Ascomycetes with broad host-ranges (Amselem 

et al., 2011). S. sclerotiorum infects more than 400 hosts, including several lupin species (Boland & 

Hall, 1994). S. sclerotiorum used to be an intermittent disease of lupin, however increased occurrence 

on canola (Brassica napus) - with which it is often rotated - may have led a recent corresponding rise 

in lupin (Thomas, 2016). Trials have indicated that fungicide application on lupins infected by S. 

sclerotiorum only marginally reduces disease (Thomas, 2016). Similarly, B. cinerea has been ranked 

second in a recently compiled list of the most important fungal plant pathogens (Dean et al., 2012), 

infecting more than 200 plant species and causing severe pre- and post-harvest damage worldwide. 

Identifying fungal gene products that promote host-infection is important for improving disease 

management. These include small-secreted protein (SSP) effectors and secondary metabolites (SM) 

(Condon et al., 2013, van der Does & Rep, 2007). Increased availability of whole-genome sequence 

resources of plant pathogenic fungi have allowed bioinformatic prediction of effector-like proteins 

(Jones et al., 2018) which can then be targeted in the development of  durable disease resistance 

strategies (Gibriel et al., 2016). The genomes of S. sclerotiorum and B. cinerea are of high quality 

representations of whole chromosomes, supported by long-read sequencing and optical or genetic 

maps (Derbyshire et al., 2017, Van Kan et al., 2017). These genomes share significant sequence 

similarity and conserved synteny, but differ significantly in their repetitive DNA content and repertoire 

of secondary metabolite synthesis genes (Amselem et al., 2011). Genome-based studies in Sclerotinia 

and Botrytis have been instrumental in the identification of several putative effectors that may be 

associated with virulence (Derbyshire et al., 2017, Guyon et al., 2014, Heard et al., 2015). Comparative 

genomics of other broad host-range species, such as the Colletotrichum spp. (C. sublineola and C. 

graminicola) have also predicted several non-conserved effector and SM proteins with potential roles 
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in virulence (Buiate et al., 2017), despite overall high levels of genome sequence conservation.  

Collectively, these studies have utilized genomic variations between different species to highlight 

genes that may be relevant to host-pathogen interactions; however, it appears that useful variations 

can also be detected across isolates of a single species. In the broad host-range pathogen 

Coleosporium ipomoea, it has been postulated that isolates may narrow in host range towards host-

specificity as they co-evolve with their respective hosts (Chappell & Rausher, 2016).  

In this study, we outline and compare genome sequences for two isolates of S. sclerotiorum isolated 

from L. angustifolius and L. mutabilis, and one isolate of B. cinerea from L. angustifolius. The 

development of genomic resources specific to fungal pathogens of lupin will lay the foundations for 

further improvements on genome-driven integrated disease management of this crop. Furthermore, 

identification of variable genes between very recently diverged isolates of the same species, may 

provide insight into recent adaptations that are a result of challenge from defences of differing hosts, 

region-specific environmental conditions, farming practices or disease controls.  

6.3 Materials and Methods 

6.3.1 Isolate sampling and genomic DNA extraction 

Genomic DNA of two isolates of S. sclerotiorum were obtained from L. angustifolius (Western 

Australia, DAFWA) and L. mutabilis (Mt. Barker, 2007, DAFWA), and one isolate of B. cinerea was 

isolated from L. angustifolius (South Perth, 1994, DAFWA. WAC9891). Seven day-old fungal mycelium 

was inoculated into 100 mL of half strength potato dextrose broth (PDB), which was incubated at 20°C 

in the dark and agitated at 100 rpm for 4 days. Fungal cultures were centrifuged at 10,000 g for 20 

mins and pellets were washed with sterile-distilled water and freeze-dried overnight. Fungal genomic 

DNA was extracted by the CTAB method (Porebski et al., 1997). DNA concentrations were quantitated 

using a Qubit 2.0 fluorometer (Invitrogen, Waltham, MA). For simplicity, we call these isolates Sscl-

Lang, Sscl-Lmut and Bcin-Lang, respectively.  

6.3.2 Genome assembly 

The whole-genomes of each isolate were sequenced via the Illumina MiSeq platform (Illumina, San 

Diego, CA), which generated 250 bp paired-end reads from fragments with an average size of 450 bp. 

Read quality was assessed with FastQC (Andrews, 2010), and low quality and adapter sequences were 

trimmed via Cutadapt v1.9.1 (Martin, 2011) (--quality-cutoff 30, --quality-base 33, --overlap 10, --times 

3 and --minimum-length 25). Overlapping trimmed read pairs were merged into long single-reads 

using FLASH v1.2.11 (Magoč & Salzberg, 2011) (maximum overlap of 475 bp, -r 250 -f 400 -s 150). 
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Reads were assembled into contigs via SPAdes version 3.6.1 (Bankevich et al., 2012) (default 

parameters, -careful) and contigs shorter than 200 bp were removed. Contigs were screened for 

contamination by BLASTN comparison of the NCBI nucleotide database (e-value 1e-4), lowest common 

ancestor taxa were predicted using MEGAN v5.11.3 (Huson et al., 2016), and contaminants were 

discarded as per Additional File 6.1. Representation of core eukaryotic genes within genome 

assemblies was estimated using CEGMA (Parra et al., 2007), as a measure of assembly quality and 

completeness.  

6.3.3 Gene and repeat feature annotation  

Repetitive DNA sequences were predicted using RepeatModeler and RepeatMasker (Smit et al., 2013-

2015). Protein and transcript sequences from alternate isolates and closely related fungal species 

(Additional File 6.2) were aligned to genome assemblies with the Analysis and Annotation Tool (AAT) 

(--dps ‘-f 100 -i 30 -a 200’ --filter ‘-c 10’ --nap ‘-x 10’) (Huang et al., 1997). Ab initio gene predictions 

were obtained using GeneMark-ES v4 (fungal mode, self-trained) (Ter-Hovhannisyan et al., 2008) and 

CodingQuarry (Testa et al., 2015) (using genes predicted by GeneMark-ES, both normal and pathogen 

modes). These various evidence types were combined and relatively ranked (GeneMark ab initio 

predictions=3; CodingQuarry ab initio predictions=4; protein alignments=5; transcript alignments=7) 

to produce a reference gene set using EvidenceModeler (Haas et al., 2008).  

6.3.4 Functional annotation 

Functional domains were predicted for gene annotations via Interproscan V5.23-62.0 (Interpro, Pfam, 

TIGRFAM, TMHMM, SignalP, Phobius, MobiDBLite, Superfamily)(Quevillon et al., 2005). 

Carbohydrate-active enzyme (CAZyme) annotations were predicted using dbCAN (Yin et al., 2012) with 

HMMER v3.0 (Finn et al., 2011) (default settings). Genes were compared via BLASTP (e-value ≤ 1e-3) 

to Swiss-Prot (Bairoch & Apweiler, 2000) and to databases of known pathogenicity-related proteins: 

DFVF (Lu et al., 2012) and PHI-base (Winnenburg et al., 2006). Subcellular localizations of proteins 

were predicted using SignalP (REF), WoLF PSORT (Horton et al., 2007) and LOCALIZER (Sperschneider 

et al., 2017). Putative effector-like proteins were predicted via EffectorP (Sperschneider et al., 2016). 

Our top effector candidates are those predicted as signal peptide (identified by SignalP) with an 

EffectorP score ≥ 0.8. Genes associated with AT-rich regions were predicted via OcculterCut (Testa et 

al., 2016).  
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6.3.5 Comparative genomics  

Different types of genomic comparisons were made with a view to better understand pathogenic 

differences between isolates from different hosts. First, we performed statistical assessment of 

protein functional attributes, as well as orthology-based functional comparison between lupin 

infecting and other host-infecting pathogens. The number of genes possessing certain Pfam domains 

was collected from Integrated Microbial Genomes (IMG/MER) for all published fungal pathogens (as 

of June 2017), and compared to the functional annotations for the newly sequenced lupin-infecting 

isolates. Pairwise Fisher’s exact tests were used to assess statistical significance for over- or -under-

representation of functional annotations between Sscl-Lang, Sscl-Lmut, Bcin-Lang, B cinerea B05.10, 

S. sclerotiorum 1980 UF-70 (Amselem et al., 2011) and S. homoeocarpa 04-21 (Green et al., 2016).  

Lupin-infecting isolates were also compared to average counts of relevant groupings of multiple 

isolates/species, including: lupin-infecting, legume-infecting, dicot-infecting and cereal-infecting 

(Additional File 6.3). We used Proteinortho v5.16 to identify orthologs of Sscl-Lang and Sscl-Lmut 

compared to predicted proteomes of the S. sclerotiorum isolate 1980, (Derbyshire et al., 2017), then 

identified non-orthologous genes that were specific to a single isolate. Similarly we compared Bcin-

Lang with B. cinerea isolate B05.10 (Van Kan et al., 2017).  

Second, regions of presence/absence variation (PAV) were investigated to identify potential missing 

genome regions in lupin-infecting isolates that are present in genomes of isolates infecting other 

hosts. Whole-genome alignments were performed using MUMmer v3.1 (nucmer, data-filter, show-

snps, show-coords). The Sscl-Lang and Sscl-Lmut assemblies were compared to those of S. 

sclerotiorum 1980 (Derbyshire et al., 2017), S. borealis (Mardanov et al., 2014) and S. homoeocarpa 

(Green et al., 2016). The Bcin-Lang assembly was compared to B. cinerea B05.10 (reference isolate) 

(Van Kan et al., 2017), B. cinerea T4 (Amselem et al., 2011) and B. cinerea BcDW1 (Blanco-Ulate et al., 

2013). BEDTools CoverageBed (Quinlan & Hall, 2010) (intervals of 100 Kb) was used to calculate the 

percentage of the length of each sequence covered by one or more nucmer matches. Gene, repeat 

and G:C content for reference genomes were also calculated within these same intervals. The SNP and 

indel variants reported by MUMmer alignments were converted to GFF3 format and analysed for their 

effect on gene annotations via SnpEff v4.3, which calculated Dn/Ds (count of non-synonymous over 

synonymous mutations) ratios. Match coverage, gene and repeat density, G:C content and Dn/Ds ratios 

were visualized using Circos v0.69-6 (Krzywinski et al., 2009). Large regions of absence of reference 

sequences versus one or more lupin-infecting isolates were identified (Figure 6.1) and subsequently 

analysed for their gene contents. 
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Figure 6.1 Genome features, mutation profiles and presence-absence variations across isolates of Botrytis 
cinerea and Sclerotinia sclerotiorum. 

Chromosomes of reference isolates Botrytis cinerea B05.10 (a) and Sclerotinia sclerotiorum 1980-UF (b) are 
visualised alongside (from the innermost ring outwards): genome features including G:C content, gene and 
repeat densities; ratios of non-synonymous to synonymous mutations (Dn/Ds) relative to alignments of lupin-
infecting isolates over 100 kb intervals, and the percent of 100 kb regions that aligned to lupin-infecting isolate 
assemblies.  Yellow boxes indicate large regions of absence in the reference isolate relative to lupin-infecting 
isolates (Additional file 6.4). 

Finally, PAV regions specific to lupin-infecting isolates were investigated to identify potential genes or 

genome regions specific to lupin-infection. Comparisons to the whole-chromosome reference 

assemblies were used to sort Bcin-Lang, Sscl-Lang and Sscl-Lmut contigs into “core” (conserved) and 

“non-core” (isolate-specific) sets. Contigs with MUMmer matches covering ≤30 % of their length were 

considered isolate-specific, or “non-core”. Genes and functional annotations within these regions 

were manually inspected for potential roles in pathogenicity and host-specificity.  

6.4 Results 

6.4.1 Genome features 

Genome assembly of paired-end Illumina reads - with raw coverage of approximately 81x in Sscl-Lang, 

164x in Sscl-Lmut and 90x in Bcin-Lang - resulted in 796 contigs with a total length of ~38.40 Mb for 

Sscl-Lang and 1,091 contigs with a total length of length of ~38.40 Mb  for Sscl-Lmut. These genomes 

are predicted to encode 12,196 proteins in Sscl-Lang and 12,146 proteins in Sscl-Lmut (Table 6.1). The 

Bcin-Lang assembly produced a total length of ~41.97 Mb, present in 216 contigs and encoding 13,353 

proteins (Table 6.1). CEGMA (Parra et al., 2007) analysis showed a high percentage of highly conserved 

core eukaryotic genes were present in all three draft assemblies with 95.97%  in Sscl-Lang, 97.18% in 

Sscl-Lmut and 96.37%  in Bcin-Lang. Proteins from these genomes were functionally annotated with 

GO terms assigned to 4,925 (40.38%) and 4,922 (40.46%) of predicted proteins of Sscl-Lang and Sscl-

Lmut respectively and Pfam domains assigned to 7,025 (57.60%) and 6,995 (57.59%) genes in Sscl-

Lang and Sscl-Lmut respectively. In Bcin-Lang, 5,422 (40.60 %) and 7,772 (58.20 %) of genes were 

assigned GO terms and Pfam domains respectively. Gene-based information for all the isolates are 

provided in Additional File 6.4.  Repeat content of these genomes were highly similar (Additional File 

6.5).  De novo prediction of repeat sequences predicted 6.32 %, 6.46 %, and 2.53 % of the Sscl-Lang, 

Sscl-Lmut and Bcin-Lang assemblies as repetitive, while prediction based on comparison to the known 

fungal repeats in Repbase predicted 2.32 %, 2.38 %, and 1.7 % (Table 6.1).  

A survey of AT-rich regions in these genomes, which is a common signature of repeat-induced point 

mutations (RIP) (Testa et al., 2016), revealed little evidence of RIP in Sscl-Lmut and only 1 gene in Sscl-
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Lang that corresponded to an AT-rich region. In Bcin-Lang, 22 genes were associated with AT-rich 

regions (Additional File 6.6). However, none of the above genes were predicted to be effector 

candidates (see below) and only four out of 22 had Pfam domain associated with them. The lengths 

of these genes ranged from 154 to 19,641 bp (Additional File 6.6). Carbohydrate active enzyme 

(CAzyme) complements of Bcin-Lang, Sscl-Lang and Sscl-Lmut were investigated and the most 

abundant CAzymes in all three pathogens were Glycoside Hydrolases (GHs) classes.  

Table 6.1 Genome statistics for lupin-infecting isolates of Sclerotinia sclerotiorum and Botrytis cinerea 
compared to reference isolates 

 
Sclerotinia 

sclerotiorum 

Sclerotinia 

sclerotiorum 

Sclerotinia 

sclerotiorum 

(Derbyshire et 

al., 2017) 

Botrytis 

cinerea 

Botrytis 

cinerea 

(Van Kan 

et al., 

2017) 

Genome abbreviation Sscl-Lang Sscl-Lmut Sscl-Ref Bcin-Lang Bcin-Ref 

Isolate - - 1980 UF-70 WAC9891 B05.10 

Lifestyles Necrotroph Necrotroph Necrotroph Necrotroph Necrotroph 

Disease Stem rot Stem rot Stem rot Grey mould Grey mould 

Isolated from (host species) Lupinus 

angustifolius 

Lupinus 

mutabilis 

Phaseolus 

vulgaris 

Lupinus 

angustifolius 

Unknown 

Isolated from (region) Western 

Australia 

Western 

Australia 

Nebraska, 

USA 

(Andrews, 

2010) 

Western 

Australia 

Germany 

(Andrews, 

2010) 

Total assembly length (bp) 38,404,335 38,444,464 38,806,497 41,976,408 42,900,000 

Maximum length (bp) 1,079,623 658,921 - 1,689,975 - 

Minimum length (bp) 204 200 - 209 - 

N50 188,632 163,666 - 568,351 2,440,000 

Total sequences 796 1,091 - 216 128 

GC% 41.54 41.55 - 42.04 - 

Percentage of de novo predicted 

repetitive sequences (total % 

masked*) 

6.32 6.46 9.5 2.53 4.4 

Percentage of predicted repetitive 

sequences based on comparison to 

known fungal repeats in Repbase 

2.32 2.38 - 1.7 - 

CEGMA complete % 95.97 97.18 - 96.37 96 

CEGMA partial % 98.39 99.19 - 98.79 98.8 

Total number of predicted proteins 12,196 12,146 11,368 13,353 11, 707 

Number of Exons/CDS 36,543 36,341 - 39,332 - 

Number of Introns 24,347 24,195 - 25,979 - 

Total gene length (bp) 18,597,427 18,557,907 - 20,551,159 - 

Proteins with GO annotation 4,925 (40.38%)  4922 (40.46%) - 5422 (40.60%) - 

Proteins with Pfam domains 7,025 (57.60%) 6,995 (57.59%) - 7772 (58.20%) - 
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6.4.2 Prediction of effector genes in Sscl-Lang, Sscl-Lmut and Bcin-Lang 

Putative effector genes were predicted using the intersect of EffectorP and SignalP predictions, and 

were then compared with databases of known pathogenicity factors DFVF (Lu et al., 2012) and PHI-

base (Winnenburg et al., 2006) (Additional File 6.4 and 6.7). This resulted in identification of 98 

candidate effector proteins in Bcin-Lang, 94 in Sscl-Lang and 96 in Sscl-Lmut (Additional File 6.7). Pfam 

domain assignments were not common among these candidates, however the most commonly 

assigned was “fungal hydrophobin” (PF06766). Using the same approach, 80 and 74 candidate effector 

genes were also predicted in reference isolates of B. cinerea B05.10 and S. sclerotiorum 1980, 

respectively, which were used in subsequent presence-absence variation analysis (see below).  

6.4.3 Assessing protein function representation among lupin, legume and cereal infecting 
pathogens 

The count of genes with Pfam domains attributes was compared between isolates/species using 

Fisher’s exact test. List of Pfam domains with significance threshold of P ≤ 0.05 are provided in 

Additional File 6.3. This analysis showed that there is variation in gene content at the functional level 

between isolates collected from different hosts.  

6.4.4 Presence/Absence variation  

Sequence conservation analysis showed distinct regions of presence-absence variation across Sscl-

Lang, Sscl-Lmut and Sclerotinia spp. Similar patterns were also identified between Bcin-Lang and 

Botrytis spp. (Figure 6.1). The number of genes with Pfam terms in the conserved region (i.e. (1) only 

present in references, (2) only seen in the lupin isolates or (3) non-ortholog genes) are shown in Table 

6.2. We found one gene (bcinT_12260) in Bcin-Lang that was missing from reference isolate and it was 

associated with the DnaJ domain (PF00226).  

 

Table 6.2 Count of variable genes belonging to predicted functional categories across lupin-infecting isolates  

Genes unique to the reference isolate and/or lupin-infecting isolates were grouped into functional categories 

predicted by SignalP, EffectorP or Pfam.  Isolate-specificity was determined within larger regions of presence-

absence variation (PAV) (identified in Figure 6.1), or by non-orthology (N-O) between the gene sets of isolates 

of the same species (Additional File 6.4). 
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Species Botrytis cinerea Sclerotinia sclerotiorium 

Isolate abbreviation Bcin-

Ref 

Bcin-

Lang 

Bcin-

Lang 

Sscl-

Ref 

Sscl-

Lang 

Sscl-

Lang 

Sscl-

Ref 

Sscl-

Lmut 

Sscl-

Lmut 

Method PAV 

vs 

Bcin-

Lang 

PAV 

vs 

Bcin-

Ref 

N-O 

vs 

Bcin-

Ref 

PAV 

vs 

Sscl-

Lang 

PAV 

vs 

Sscl-

Ref 

N-O PAV 

vs 

Sscl-

Lmut 

PAV 

vs 

Sscl-

Ref 

N-O 

Count of  Signal P (secreted) 0 17 98 1 0 10 9 0 18 

Count of signal p with Effector P (score > 0.8) 0 2 22 0 0 5 0 0 3 

Protein repeat motifs (PF00023, PF13606, PF12796, 

PF00132, PF13374, PF13424, PF00400, PF07676, 

PF13637) 

0 1 18 3 0 9 5 0 11 

Membrane transport (PF00664, PF00005, PF13520, 

PF01544, PF07690, PF01566, PF00083, PF05653, 

PF01061, PF01554, PF13246) 

0 3 16 3 0 2 8 0 2 

Domains of unknown function (PF11807, PF11905, 

PF05670, PF10067, PF07350, PF11913, PF12013, 

PF01424, PF02656, PF11917, PF12520, PF16297, 

PF17107, PF06726, PF14087, PF13054, PF04577, 

PF11327, PF12051, PF12311) 

0 4 9 3 0 5 2 0 6 

Transposon-related (PF00075, PF03732, PF07727, 

PF05699, PF00078, PF03221, PF03184, PF13358) 

0 0 6 4 1 7 6 1 0 

Bacteriophage-related 

(PF05840,PF02925,PF02305,PF02306,PF04687,PF04726) 

0 6 6 0 5 0 0 5 0 

Transcription factors 

(PF00172,PF04082,PF11951,PF00319,PF00170) 

0 4 12 2 0 0 2 0 1 

Cytochrome P450 (PF00067) 0 3 14 0 0 1 0 0 2 

Methyltransferase 

(PF01035,PF13489,PF13649,PF00891,PF12847,PF08242, 

PF08241) 

0 0 9 2 0 0 3 0 3 

Heterokaryon incompatibility (HET) (PF06985, PF14479) 0 0 10 1 0 4 0 0 1 

Secondary metabolite synthesis 

(PF00550,PF03936,PF11991,PF04820,PF08659,PF14765) 

1 0 7 0 0 0 1 0 3 

Transcriptional regulation 

(PF14420,PF05712,PF05368,PF03226) 

0 4 7 0 0 0 0 0 1 

Ubiquitinilation 

(PF12861,PF14570,PF13639,PF00240,PF00179,PF01485, 

PF01088,PF09792) 

0 1 7 0 0 0 3 0 1 

Zinc-binding dehydrogenase (PF00107, PF13602) 0 1 5 0 0 0 1 0 4 

Protein kinase domain (PF00069) 1 0 1 4 0 1 2 0 2 

NB-ARC domain (PF00931) 0 0 1 1 0 9 0 0 0 

AAA family (PF13086,PF13087,PF00004,PF13191) 0 1 7 0 0 1 0 0 1 

Glycosyl hydrolase 

(PF16499,PF00933,PF03659,PF04616,PF01532,PF00295, 

PF00840,PF00150,PF00332) 

0 2 4 0 0 0 2 0 2 

FAD binding/metabolism 

(PF01494,PF01266,PF08022,PF01565,PF00970) 

0 1 5 1 0 0 1 0 1 

Acetyltransferase (PF00698, PF07247, PF00583, 

PF13508) 

0 1 4 0 0 1 1 0 2 

Alpha/beta hydrolase (PF12697, PF07859, PF00561) 1 2 4 1 0 0 1 0 0 

Intronic endonuclease 

(PF13391,PF07453,PF07460,PF14529) 

0 1 2 1 0 3 1 0 0 



 

P a g e  | 105 
 

Species Botrytis cinerea Sclerotinia sclerotiorium 

Isolate abbreviation Bcin-

Ref 

Bcin-

Lang 

Bcin-

Lang 

Sscl-

Ref 

Sscl-

Lang 

Sscl-

Lang 

Sscl-

Ref 

Sscl-

Lmut 

Sscl-

Lmut 

Method PAV 

vs 

Bcin-

Lang 

PAV 

vs 

Bcin-

Ref 

N-O 

vs 

Bcin-

Ref 

PAV 

vs 

Sscl-

Lang 

PAV 

vs 

Sscl-

Ref 

N-O PAV 

vs 

Sscl-

Lmut 

PAV 

vs 

Sscl-

Ref 

N-O 

NAD binding/metabolism (PF13450, PF13460, PF00146, 

PF01370, PF00724) 

1 3 3 0 0 0 0 0 0 

helix-turn-helix, Psq domain (PF05225) 0 0 0 3 0 0 4 0 0 

Beta-ketoacyl synthase (PF00109,PF02801) 0 0 2 0 0 0 3 0 1 

Alcohol dehydrogenase GroES-like domain (PF08240) 0 0 4 0 0 0 0 0 2 

Dynamin family (PF00350) 0 1 5 0 0 0 0 0 0 

NACHT domain (PF05729) 0 0 0 0 0 4 0 0 2 

GMC oxidoreductase (PF00732, PF05199) 0 0 4 0 0 1 0 0 0 

Carboxyleterase (PF00135) 0 1 4 0 0 0 0 0 0 

Coenzyme A metabolism (PF00441, PF07993, PF02771, 

PF02515) 

0 0 4 0 0 0 0 0 0 

Enoyl-(Acyl carrier protein) reductase (PF13561) 0 1 3 0 0 0 0 0 0 

Tannase and feruloyl esterase (PF07519) 0 0 4 0 0 0 0 0 0 

AMP-binding enzyme (PF00501) 1 0 3 0 0 0 0 0 0 

DnaJ domain (PF00226) 0 1 2 1 0 0 0 0 0 

 

6.5 Discussion 

We report the genome assemblies of two isolates of S. sclerotiorum (Sscl-Lang and Sscl-Lmut) and one 

isolate of B. cinerea (Bcin-Lang), isolated from Western Australian lupin hosts.  In comparison of these 

regionally-diverged isolates, that may have also potentially undergone some level of host-specific 

adaptation, several genome features are expected to vary.  First among these, we expect background 

variation in repetitive DNA contents due to their separate evolutionary histories. If host-specific 

adaptation has also occurred, then we also expect variation in metabolic enzymes involved in 

degradation of host tissues and in gene content with roles in pathogenicity.  In testing for variation in 

gene content we have employed three methods in parallel: 1) enrichment analysis for functional 

annotations; 2) presence-absence analysis of gene orthologs; and 3) presence-absence of large 

regions of DNA. 

6.5.1 Comparison of general genomic features 

The new genome assemblies of the lupin-infecting isolates appear to contain similar gene contents 

but differ in repetitive content compared to their respective reference isolates. The genome length of 

Bcin-Lang was 41.9 Mb, nearly 1 MB smaller than the gapless genome of the B5 reference isolate (Van 

Kan et al., 2017). Both assemblies contained similar levels of highly-conserved eukaryotic genes (98.8% 

vs 98.79% in Bcin-Lang) but differ in repeat content (4.4% vs 2.53%in Bcin-Lang). The Sscl-Lang and 
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Sscl-Lmut genomes were similar in length (38.404 Mb and 38.444 Mb, respectively) and shorter than 

the Sclerotinia 1980 reference isolate (38.806 Mb), with fewer repetitive regions predicted (6.32% and 

6.46% respectively, vs 9.5% in the 1980 reference). The number of predicted genes in Bcin-Lang was 

13,353,  which is higher than in the Botrytis B5 reference (11,701)  (Van Kan et al., 2017). Sscl-Lang 

and Sscl-Lmut were also predicted to have more genes (12,196 and 12,146, respectively) compared to 

the 1980 reference isolate (11,130 (Derbyshire et al., 2017)). The observed variation in the number of 

predicted genes is likely due to differences between assemblies as well as the lack of RNA sequencing 

data to guide gene prediction in this comparative study. 

Large regions of absence in reference genomes as identified in Figure 6.1, did not yield effector 

candidates and the functional annotations were sparse; most commonly transposon, nutrient 

transport or degradation-related (Additional File 6.4). These may be involved in host specific 

adaptation, but do not appear to have a role in host-plant infection. We did however observe that 

chromosomes 17 and 18 of the B. cinerea B05.10 reference isolate appeared to be absent in both the 

Bcin-Lang and T4 isolates, but the functional role of these putative accessory chromosome remains to 

be determined. For gene orthologs present/absent in lupin isolates we found a gene in Bcin-Lang 

(bcinT_12260) that was missing from the Botrytis reference, which was associated with the chaperone 

DnaJ/Hsp40 family of proteins (Table 6.2). Studies on Ustilago maydis (maize pathogen) and Fusarium 

oxysporum (tomato pathogen) suggest that some members of this family may have roles in virulence 

(Lo Presti et al., 2016). Further investigation is needed to identify the possible role of this chaperone 

protein in virulence of Bcin_Lang.   

6.5.2 Genome features involved in plant pathogenicity 

Carbohydrate-degrading enzymes are involved in the metabolic breakdown of host cell components 

during infection (Zerillo et al., 2013). CAZyme profiles were highly similar between isolates (Additional 

File 6.8) (Seifbarghi et al., 2017).  However one gene (bcinT_03819) was present only in Bcin-Lang and 

predicted to have GH43, CBM1 and CBM6 activities, of which CBM6 was not predicted for any of the 

reference isolate proteins.  

Repeat-induced point mutation (RIP) is a mutagenesis process specific to some fungi, which in some 

cases may play an important role in the evolution of pathogenicity-related genes or genome regions 

(Hane & Oliver, 2008, Hane et al., 2015). Regions rich in AT bases are typically signatures of RIP, which 

can be identified within fungal genomes along with genes that are associated with them (Testa et al., 

2016). Previously the S. sclerotiorum 1980 reference isolate (isolated from Phaseolus vulgaris) was 

observed to contain negligible AT-rich content (Derbyshire et al., 2017, Testa et al., 2016); however, 

we observed Sscl-Lang (isolated from L. angustifolius) had 0.88% AT-rich content, which although very 
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low was predicted as distinct from the rest of the genome by OcculterCut. This analysis identified a 

single AT-associated gene SLangusT_02752 that was also unique to that isolate but of unknown 

function and was not in our candidate effector list. The AT-rich proportion of Bcin-Lang was higher at 

4.78% proportion than in genomes of alternate isolates B05.10 (0.932%), T4 (3.6%) and BcDW1 

(4.62%) (Testa et al., 2016). Bcin-Lang AT-rich regions were associated with 22 predicted genes 

(Additional File 6.6), of which five genes (bcinT_12252, bcinT_12257, bcinT_13074, bcinT_13259, 

bcinT_13332) were isolate-specific (identified as PAV) with no ortholog in the reference genome. None 

of these genes were predicted to encode candidate effector proteins. However, one gene 

(bcinT_13074) had a DFVF Blast match (e value = 5.00E-04) to a putative pathogenicity-related ABC 

transporter protein of Magnaporthe grisea (Q3Y5V5_MAGGR). Out of these 22 genes, four 

(bcinT_05697, bcinT_05698, bcinT_11190, bcinT_12252) were assigned Pfam domains of unknown 

function, reverse transcriptase, and tannase/feruloyl esterase activity (PF07727, PF07519 and 

PF12013).  

The various isolates of Botrytis and Sclerotinia appear to have small differences in pathogenicity-

related gene content.  It may be possible that differences in the relative number of genes grouped by 

functional annotation may reveal adaptations specific to each isolate that may relate to pathogenicity, 

environment or response to disease controls. Future experimental analyses are needed to 

differentiate among these possibilities. Comparison of functions showed several were over-

represented in Bcin-Lang, Sscl-Lang and Sscl-Lmut compared to other isolates, and also to relevant 

groups of pathogens including legume-infecting and cereal-infecting (Additional File 6.3). 

Heterokaryon incompatibility gene (HET), involved in determining the compatibility of anastomosis 

and genetic transfers between cells (Saupe, 2000), was more abundant in Bcin-Lang compared to B. 

cinerea B05.10 isolate (Amselem et al., 2011) (P = 0.031). A recent study in genetic diversity of 13 

different isolates of B. cinerea suggested that regions of increased genetic diversity were associated 

with HET loci (Atwell et al., 2015). Bcin-Lang and Sscl-Lang genomes also encoded a large number of 

cytochrome P450 proteins (Chen et al., 2014) and Bcin-Lang, Sscl-Lang and Sscl-Lmut were enriched 

in fungal specific transcription factor domain (PF04082) versus their respective reference isolates. NB-

ARC domain proteins, which are usually associated with non-self recognition (McHale et al., 2006), 

were enriched in Sscl-Lang. However the biological roles of the above functional domains are broad 

and obscure (Atwell et al., 2015, Chen et al., 2014, Shelest, 2008) and the selection pressures they are 

geared towards would be experimentally challenging to tease apart, but we assume that they are likely 

to have non-pathogenic roles.  

Fungal effector proteins are employed by some plant pathogens to promote host colonisation, 

prevention of host defence responses or otherwise altering host physiology, and also influence 
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pathogen lifestyle and host specificity (Lo Presti et al., 2015). Hence, identifying effector repertoires 

within pathogen genomes and determining their functions is an important step towards developing 

durable resistance in plants (Sonah et al., 2016). Several studies have previously computationally 

predicted effector proteins in Botrytis and Sclerotinia (Amselem et al., 2011, Derbyshire et al., 2017, 

Guyon et al., 2014). We predict 98 effector proteins in Bcin-Lang, out of which 22 were unique 

(orthology-based) to that isolate. For Sscl-Lang and Sscl-Lmut, 5 and 3 isolate-specific effector 

candidates were predicted from 94 and 96 predicted effector candidates respectively. None of the 

isolate-specific effector candidates were assigned Pfam functions (Additional File 6.7). Overall, these 

subtle differences may indicate small variations in gene content between the isolates, which might be 

relevant to the process of adaptation of broad host range pathogens to a specific host over time.  

6.6 Conclusion 

In this study, isolates of the broad host-range pathogen species Sclerotinia sclerotiorum and Botrytis 

cinerea that were isolated from Lupinus spp. were compared to isolates from alternate hosts.  With 

the novel isolates originating in Western Australia from a lupin host, the B. cinerea B05.10 reference 

isolate from an unknown host in Germany, and the S. sclerotinia 1980 UF-70 isolate from a Phaseolus 

host in Nebraska, USA (Amselem et al., 2011), we expected these isolates to have diverged sufficiently 

to contain sufficient sequence variation to be detectable by bioinformatic methods.  Detection of 

minor difference between these relatively recently-diverged isolates may serve to highlight novel and 

recent adaptations that are a result of adaptation to either host, region-specific environmental 

conditions or farming practices, or disease controls.   

Genome comparisons of these isolates revealed subtle differences in gene content, some of which 

may be related to pathogenesis. Overall we observed high levels of similarity, with minor variations 

such as in repetitive DNA or AT-rich region content, and gene functions unrelated to pathogenicity.  

However, among the pool of variable genes, a small number of effector-like candidates were 

predicted, which present interesting opportunities for future analyses.  We conclude that genomics 

can provide a useful guide to understand host-specific pathogenicity mechanisms at an intra-species 

or inter-isolate level.  
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Chapter 7 General Discussion 
The Food and Agriculture Organization (FAO) of the United Nations states that world hunger is on the 

rise (FAO, 2016). Global population is anticipated to rise to 10 billion by 2050, and a 50 percent 

increase in global food production is needed to feed this growing population (FAO, 2016). Meanwhile, 

global warming is threatening food security and production, and hence sustainable use of genetic 

diversity and resources is required for crop improvement in order to increase the resilience of crops 

to biotic and abiotic stresses arising from climatic changes (Abberton et al., 2015, FAO, 2016).    

Narrow-leafed lupin produces seeds with high nutritional value and the crop plays an important role 

in sustainable farming systems, in particular in Western Australia. However, several limitations, 

including its narrow genetic base and susceptibility to various fungal pathogens limit its wider 

adoption. Furthermore, these limitations also hinder the successful adaptation of narrow-leafed lupin 

to a changing climate (White et al., 2008). The research presented here used a wealth of next-

generation sequencing data to assist in setting a foundation for deeper understanding and addressing 

these two constraints. The novelty of the specific outcomes of this research compared to the literature 

has been discussed within the earlier experimental chapters (4-6). Here, I discuss how the research 

can contribute to narrow-leafed lupin improvement. 

7.1 Origin of narrow-leafed lupin and its role for lupin improvement  

Early research based on the observation of great morphological diversity suggested the Aegean region 

as the diversity centre of narrow-leafed lupin (Clements & Cowling, 1994). Plant breeding programs 

are highly dependent on the available genetic diversity (Wright & Gaut, 2005). The limited genetic 

base of domesticated narrow-leafed lupins compared to the wild germplasm was previously shown by  

Berger et al. (2012) and was attributed to a strong founder effect during the recent domestication of 

this species. In Australia initial breeding was mainly based on two genotypes, Borre (introduced from 

Sweden) and New Zealand Blue (introduced from New Zealand, but probably with a northern 

European origin). Efforts to broaden the genetic base of the crop were largely unsuccessful until very 

recently when improved introgressive crossing strategies were developed (Berger et al., 2013, 

Cowling, 1999). This lack of genetic diversity, along with strong selection for early phenology, limits 

the adaptation of Australian varieties. In Europe, the primary breeding programs of narrow-leafed 

lupin focused on identifying low alkaloids, pod indehiscence and water permeable seeds, followed by 

a search for early maturity and fast growth. In a study by Berger et al. (2012), the adaptation and 

genetic diversity of 1,248 wild and 95 domesticated narrow-leafed lupin was assessed using diversity 

arrays technology, which showed that the adaptation of the crop is limited by the complex relationship 

of phenology and vernalisation responsiveness. Hence, to expand the application of narrow-leafed 



 

P a g e  | 116 
 

lupin to a wider set of environments, the effective exploitation of genetic resources is necessary to 

broaden the crop’s genepool for future breeding (Berger et al., 2013).  

This PhD research provided an improved understanding of narrow-leafed lupin genetic resources. 

Demographic analyses coupled with phylogeny, population structure and linkage disequilibrium 

analyses in wild narrow-leafed lupins from across the Mediterranean basin, revealed that there is a 

strong East-West Mediterranean division, greater genetic diversity in the West, and an eastward 

migration followed by a strong founder effect. Taken together, this suggests that the western 

Mediterranean is the centre of genetic diversity in wild narrow-leafed lupin, rather than the Aegean 

origin hypothesised by Clements and Cowling (1994). Furthermore, a shift in flowering time of west 

(late flowering)/east (early flowering) populations was found to be the result of local climatic 

adaptation as shown by ANOVA, haplotype block and  genome-environment association study 

(Chapter 4). In addition, this research provides the first molecular evidence suggesting that the 

western Mediterranean is the location of the founder population of domesticated narrow-leafed lupin 

(Chapter 5). 

Identification of the western Mediterranean as the centre of species genetic diversity and founder 

population for domesticated narrow-leafed lupin will revolutionise various aspects of narrow-leafed 

lupin improvement, including germplasm collection, genetic conservation and exploitation. A number 

of different genebanks hold collections of narrow-leafed lupin (Berger et al., 2013). The map of 

accessions used in my study is widely congruent with the distribution map of narrow-leafed lupin 

species as suggested by Gladstones (1998). However, my finding highlights the danger of using solely 

phenotypic morphological characters to assess species diversity. Based on molecular diversity data, I 

recommend focussing additional seed collection efforts on the western Mediterranean, the most 

genetically diverse region. In addition to expanding the genetic base of the crop, breeding efforts 

should be initiated to incorporate novel alleles from the primary diversity pool (western 

Mediterranean) into elite crops. Although this may be practically difficult, it can be achieved by a 

breeding approach described by Cowling et al. (2009), in which wild materials can be introgressed 

through a backcross method, while simultaneously retaining domestication and adaptation genes. 

Early analysis of results suggest this approach is proving effective (Berger et al., 2013), which can be 

consolidated and extended in future breeding efforts. 

The application of climatic information in this research was successful to show trace of local 

adaptation in narrow-leafed lupin phenology. Western Mediterranean material was shown to be late 

flowering as a result of local adaptation. Current varieties of narrow-leafed lupin are either very early 

(Ku allele, which most varieties have) or very late (wild type ku allele) (Taylor et al., 2018). Having this 
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better understanding of the spread of flowering time diversity will help to identify target accessions 

across the West/East range to fill in the gap between those two extremes.  

The genome-environment association study reported here serves as an initial foray into the 

identification of loci associated with local adaptation in narrow-leafed lupin. This method could be 

expanded to other crops where georeferenced data are available. Although no candidate gene based 

on the functional annotation could be identified in the current study, future analysis using whole 

genome resequencing data could provide a higher resolution to mine the identified genomic regions 

showing significant association with climatic variables (e.g. genomic regions associated with 

precipitation in driest month/quarter and annual mean temperature) (Chapter 4). 

7.2 Genomic resources of fungal pathogens for lupin improvement 

Narrow-leafed lupin improvement is not only hindered by this crop’s limited genetic base, but also by 

its susceptibility to various fungal pathogens (White et al., 2008). Climate change will exacerbate the 

situation by affecting the occurrence, prevalence and distribution of plant pathogens (Bebber & Gurr, 

2015). It is projected that this will also influence host-specificity and plant-pathogen interactions (Elad 

& Pertot, 2014). This means that traditional methods of crop disease management, such as crop 

rotation and selection of single dominant resistance genes alone may not be able to keep up with 

these changes. Hence, to tackle crop diseases effectively, it is necessary to understand pathogen 

adaptations and to develop alternative or complementary methods of resistance breeding. 

Reductions in cost of genome sequencing accompanied by advances in bioinformatics have enabled 

greater understanding of molecular mechanisms responsible for pathogens’ genome evolution, life-

style and pathogenicity (Aylward et al., 2017, Klosterman et al., 2016). Reference genome sequences 

allow in silico identification of effectors (Jones et al., 2018), which are protein molecules secreted from 

pathogens that interact with specific host proteins (effector targets) and manipulate plant cell 

functions to overcome plant defence mechanisms. In some cases, such as in Ustilago maydis (smut 

fungus of maize), this approach has allowed the characterization of novel effector proteins that were 

previously unknown (Kämper et al., 2006).  

Chapter 6 outlined the development of genomic resources for two broad host-range fungal pathogens, 

including one isolate of Botrytis cinerea isolated from L. angustifolius and two isolates of Sclerotinia 

sclerotiorum, isolated from L. angustifolius and L. mutabilis. Although public genome data for 

reference isolates of these two pathogens are already available (Derbyshire et al., 2017, Van Kan et 

al., 2017), the focus of this study was to investigate putative pathogenicity genes associated with 

virulence in lupin via comparative genomics between isolates from lupin and other hosts. Several 
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novel effectors unique to lupin species were predicted (Chapter 6). Detection of minor differences 

between these relatively recently-diverged isolates may also serve to highlight novel and recent 

adaptations that are a result of adaptation to either host, region-specific environmental conditions or 

farming practices, or disease controls. 

Traditional resistance breeding typically relies on identification of one-to-one relationships between 

dominant R (resistance) genes and pathogen elicitors. A risk of this approach is the potential over time 

for the breakdown of resistance (Pavan et al., 2010). An alternative approach proposed by de Almeida 

Engler et al. (2005) is to use mutated susceptibility (S) genes, as they are predicted to provide more 

durable and broad-spectrum resistance. For example, in barley and Arabidopsis, resistance to 

powdery mildew was achieved by loss-of-function mutations in Mlo (a negative regulator of defence 

gene, PEN) (Gawehns et al., 2013, Pavan et al., 2010). Although the recessive nature of S genes as well 

as their pleiotropic effects makes their identification challenging, pathogen effectors can serve as a 

guide to detect S genes (Cockram et al., 2015, Gawehns et al., 2013, Liu et al., 2006, Zhong et al., 2017). 

An increase in the number of identified effectors can help in screening for suitable effector targets, 

which consequently can be applied for S genes resistance breeding programs. Identification of novel 

effectors unique to lupin species - as presented in the current study - provides an opportunity for 

future protein-protein interaction experiments, which enables characterization of effector targets and 

S genes that can be used for durable resistance lupin breeding. Finally, these genome sequences can 

be used for developing genetic tools such as molecular markers to identify or differentiate between 

pathogens.  

7.3 Future directions 

In summary, long-term sustainability of narrow-leafed lupin cropping can only be achieved if the 

genetic diversity of the species can be preserved and applied in breeding programs. Active seed 

collecting over several decades provides a comprehensive sampling of L. angustifolius diversity in ex 

situ collections around the world. It is vital that these collections are maintained and regenerated to 

preserve genetic diversity for future generations of plant breeders. A clear model for incorporating 

wild diversity from ex situ collections into breeding programs was described by Cowling et al. (2009) 

and initial results are promising (Berger et al., 2013). In parallel with the ex situ conservation of the 

wild materials, developing and performing the in situ conservation should be considered as well, to 

ensure not only the conservation of plant materials, but also the extension of evolutionary processes 

that could lead to adaptive traits and new genetic diversity.  

Although the application of genome wide/environment association studies (GWAS) in this research 

did not find precise causal genes for traits under the study, GWAS application in a resequencing panel 
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could provide a better picture in this regard. Availability of lupin pathogen genome sequences 

provides an opportunity for future studies of lupin-pathogen interactions, which are necessary to 

develop long-lasting resistance in this crop. Due to the variability among pathogen isolates of the same 

species, a pathogen strain repository should be developed alongside the sequence repositories, which 

can facilitate future research. When precise gene information is available (e.g. on adaptive genes, 

resistance or susceptible genes), applying genome editing tools such as CRISPR could provide an 

excellent opportunity to create novel cultivars with multiple genes only in one generation.  
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