
 
 
 
 
 

Dissecting the genetic control of flowering time for improved 

phenological adaptation in narrow-leafed lupin              

(Lupinus angustifolius L.) 
 
 
 
 

Candy Mae Taylor 
 

BSc (First Class Honours) Genetics and Breeding 
 
 
 
 

 
 
 
 
 

This thesis is presented for the degree of Doctor of Philosophy 

The University of Western Australia 

UWA School of Agriculture and Environment 

 
2019 

  



2 
 

  



3 
 

THESIS DECLARATION 
 
I, Candy Mae Taylor, certify that:  
 
This thesis has been substantially accomplished during my enrolment in this degree.  
 
This thesis does not contain material which has been submitted for the award of any other degree or 
diploma in my name, in any university or other tertiary institution. 
 
In the future, no part of this thesis will be used in a submission in my name, for any other degree or 
diploma in any university or other tertiary education institution without the prior approval of The 
University of Western Australia and, where applicable, any partner institution responsible for the 
joint-award of this degree.  
 
This thesis contains published work and work prepared for publication, including work(s) which have 
been co-authored. The work(s) are not in any way a violation or infringement of any copyright, 
trademark, patent, or rights whatsoever of any person.  
 
This thesis does not contain any material previously published or written by another person, except 
for where due reference has been made in-text and in the following Authorship Declaration. 
 
The work(s) described in this thesis were generously funded and supported by The Grains Research 
and Development Corporation (GRDC; DAW00238 - Development of lupin molecular markers tagging 
yield QTL genes and yield-related phenology traits), The University of Western Australia (UWA) and 
The Commonwealth Scientific and Industrial Research Organisation (CSIRO).  
 
Completion of sample collection, laboratory analysis and statistical analysis for the gene expression 
analyses presented in CHAPTER 2 were completed by Ms Weilu Zhang under my co-supervision. 
 
Bioinformatic support was kindly provided by Gagan Garg (CSIRO) for the genomic re-sequencing 
analyses and genetic variant calling described in CHAPTERS 2 & 3 of this thesis, and by Dr Mahsa 
Mousavi-Derazmahalleh for linkage disequilibrium analyses in CHAPTER 4.  
 
Rapid population development, as described in CHAPTER 3, was achieved by Dr Federico Ribalta, Dr 
Janine Croser and their technical staff (UWA) using proprietary technology and/or protocols.  
 
Statistical support was kindly given by Dr Katia Stefanova (Curtin University and UWA) for the 
experimental design and analysis of raw data presented in CHAPTER 4 of this thesis.   
 
Signature: 

Date: 26/07/2019  



4 
 

ABSTRACT 
 
Narrow-leafed lupin (Lupinus angustifolius L.) is a pulse crop of tremendous potential for sustainable 

agriculture and human health. However, its widespread adoption has in-part been limited by a lack 

of varieties with a range of flowering times necessary to adapt the crop to diverse climates, 

particularly mid-long season environments. Breeding for phenological variation has been made 

difficult by the narrow genetic base of the crop, a consequence of recent and intensive 

domestication. Addressing this challenge requires a greater understanding of the genetic basis for 

flowering time regulation.  

 

This thesis has sought to determine the extent of genetic diversity for flowering time in the species 

and additionally identify the genomic location of flowering time loci in domesticated and wild 

germplasm, with the aim of: (i) assessing allelic diversity for known flowering time genes to 

potentially uncover new, novel phenotypes; (ii) identifying germplasm with valuable genetic 

diversity for breeding; (iii) facilitating the design of genetic markers to improve the efficiency of 

selection during breeding; and (iv) identifying candidate genes to better understand how genetic 

networks regulating flowering time have evolved within the legume family and may be best 

manipulated to produce novel flowering phenotypes in the future.   

 

The first experimental chapter of this thesis explored genetic diversity of LanFTc1, the main gene 

under selection for early, vernalisation-independent flowering in domesticated germplasm. A 1,423 

bp deletion in the promoter region of LanFTc1 was previously hypothesised as the casual mutation 

for the Kulikup (Ku) allele widely adopted in Australian breeding. Using a combination of short-read 

sequencing and PCR-based assays, the LanFTc1 promoter region was genotyped in a panel of 48 

diverse narrow-leafed lupins. This validated the 1,423 bp deletion as the underlying molecular basis 

for the Ku allele, and additionally identified two new independent variants, including 1,208 bp and 

5,162 bp deletions, the latter of which was identified as being the causal mutation for the Julius (Jul) 

allele in European breeding. Phenotyping and assessment of gene expression profiles via qPCR 

revealed that, similar to Ku, these two new deletions reduce the time to flowering in the absence of 

vernalisation relative to the wild-type. However, whilst the 5,162 bp deletion in Jul was found to be 

functionally equivalent to Ku, the 1,208 bp deletion resulted in a mid-season flowering phenotype, 

which is potentially valuable for diversifying phenology in domestic germplasm.  

 

In the second experimental chapter, the genomic location of the artificially-induced efl mid-late 

season flowering time locus was mapped for the first time. Two whole-genome sequencing bulked 
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segregant analysis (BSA) approaches (QTLseq and G’) were used to rapidly map the broader location 

of efl in an F2 bi-parental population. While several genomic regions were found to be significantly 

associated with flowering time in the two bulks, the G’ analysis indicated significant divergence 

between efl and Efl genotypes on pseudochromosome NLL-10. An accelerated single seed descent 

(aSSD) pipeline was used to quickly generate an F6 recombinant inbred line (RIL) population, to 

complement the BSA analyses. Traditional linkage mapping was conducted in the F6 RILs using 2,314 

markers obtained by DArTseq genotyping-by-sequencing. This confirmed that the efl locus is located 

on NLL-10 within a region of 26 Kb, which includes two annotated genes and encompasses a genome 

assembly gap. The resolution of the genetic map is sufficient that tightly linked genetic markers can 

be designed for breeding purposes, which will enable the rapid and efficient development of new efl 

varieties.  

 

The final experimental chapter broadly assessed the extent of genetic diversity for flowering time 

across the narrow-leafed lupin species. A panel of 377 wild and domesticated narrow-leafed lupins 

were phenotyped in partially replicated trials over two years in controlled environments under fully 

and mildly vernalising conditions. Altered responsiveness to vernalisation appeared to be the main 

strategy in which phenological diversity was achieved in both wild and domesticated narrow-leafed 

lupins. The earliest flowering times were observed in domesticated cultivars and breeding lines, 

while intermediate flowering times that are potentially desirable for breeding purposes were 

commonly identified in wild germplasm from Morocco and the eastern Mediterranean. A 

combination of traditional genome-wide association study (GWAS) analyses and GWAS meta-

analyses incorporating leaf nodes at flowering identified a total of 190 new putative QTLs for 

flowering time, the majority of which were observed under mild vernalisation treatment. The effect 

of LanFTc1 on phenological diversity was independently assessed using ANOVA, which revealed that 

the series of deletion genotypes in the promoter of the gene explained approximately 50% of the 

variation in flowering times under mild vernalisation. This research ultimately provides a useful 

foundation for further studies characterising the genetic architecture of flowering time in narrow-

leafed lupin.     

 

Overall, the research presented in this thesis greatly contributes to our understanding of flowering 

time control in narrow-leafed lupin. In particular, it address previous gaps of knowledge in regards to 

known flowering time alleles in domesticated germplasm and provides insight into the significance 

of the vernalisation pathway in both wild and domesticated germplasm for diversifying phenology.   
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CHAPTER 1 

 

General Introduction 
 

 

 

1.1. A brief introduction to the attributes, origins and classification of 
Lupinus 

 

Lupinus, more commonly known as lupin, represents one of more than 750 genera from the third 

largest and second most economically important family of flowering plants, known as the Fabaceae 

or legume (Leguminosae) family (LPWG 2017). With one of the highest observed rates of speciation 

among plants (Drummond 2008; Drummond et al. 2012; Hughes and Eastwood 2006), the genus 

Lupinus is both large and incredibly diverse. In addition to having colonised a wide range of habitats 

and ecosystems with varied climates, Lupinus species exhibit a range of life histories (including 

annual and perennial), growth habits (including herbaceous and woody types), morphological 

characters (including digitate and unifoliate leaves, and rough and soft coated seeds), pollination 

strategies (including varying degrees of self- and cross-pollination), and chromosome number (2n = 

32 to 52) (Wolko et al. 2011). Although the genus contains a wealth of diversity, all species within it 

are easily identified by their striking terminal inflorescence with papilionate (butterfly- or pea-like) 

flowers, among other features (Cowling et al. 1998).    

 

Approximately 275 species of Lupinus have been recorded and classified into one of two main 

groups distinguished by their geographic origins, including: firstly, the Old World group, which 

comprises 13 species from the Mediterranean region of Europe and Northern Africa (Gladstones 

1974; Mahé et al. 2011); and secondly, the New World group, containing approximately 260 species 

from the North, Central and South Americas. Although several hypotheses have previously been 

proposed in the literature regarding the origins of lupins, as discussed by Cowling et al. (1998) and 

Eastwood et al. (2008), genetic evidence suggests that the genus is likely to have originated from the 

Old World and that at least two separate dispersal events were responsible for establishing the New 

World group, which is thought to have diverged approximately 10 million years ago (Drummond 

2008; Drummond et al. 2012; Eastwood et al. 2008; Hughes and Eastwood 2006). The genus as a 

whole is reported to have three centres of diversity, including: firstly, the Mediterranean and 

Northern Africa in the Old World; secondly, eastern South America, also referred to as the Atlantic 
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South American distribution (Wolko et al. 2011); and lastly, the western New World, which includes 

western North America, Mexico and Central America, and the western South America or Andean 

regions (Drummond et al. 2012). The origin of individual species within the two major groups is still 

largely unknown. The exception to this is narrow-leafed lupin (Lupinus angustifolius L.), an Old World 

species for which genetic and phylogeographic analyses have recently indicated to have an ancestral 

distribution in the Iberian Peninsula and Northern Africa, with eastward migration to the Aegean, 

Balkan and Middle Eastern regions of the Mediterranean (Mousavi-Derazmahalleh et al. 2018).     

 

Among agriculturally important legume genera, lupins have a relatively unique classification within 

the Fabaceae. Although nested together in the Papilionoideae subfamily (LPWG 2017) with other 

pulses (i.e. legume grains), such as chickpea (Cicer) and lentil (Lens), plus oilseed and pasture genera, 

such as peanut (Arachis) and clover (Trifolium), Lupinus belongs to the more basal genistoid clade 

(Cardoso et al. 2012; Cardoso et al. 2013; Wojciechowski et al. 2004). In addition to the high rate of 

speciation with the genus, this wide phylogenetic separation and divergence from other 

agriculturally important genera makes Lupinus an extremely interesting model to study the evolution 

of traits from ancestral to more recently derived clades in the Papilionoideae subfamily.   

 

1.2.  International and domestic narrow-leafed lupin production 
 

Narrow-leafed lupin represents the most widely adopted and economically important lupin crop in 

cultivation today across the globe. It is predominantly grown as an autumn- and spring-sown annual 

pulse crop on light, sandy soils in Australia and several Northern European countries (including 

Poland, Russia, Germany, Ukraine and Belarus), respectively. Within Australia, most crops are 

traditionally sown from late-April through to late-May, with flowering occurring through late-July to 

mid-September, and harvest occurring during October and November (OGTR 2013). However, the 

exact windows for each of these events are heavily dependent upon soil type and climatic 

constraints, and are continually evolving. For example, as farms expand in size within Western 

Australia, earlier dry-sowing of narrow-leafed lupin crops before the season break has become more 

common practice due to machinery and labour resource constraints and the need to prioritise the 

sowing of cereal crops with the season break (Fletcher, Lawes & Weeks 2016). Traditionally, narrow-

leafed lupin grain is marketed as a valuable high-protein (30-40%) feed for ruminants, poultry and 

fish. However, in recent years, the grain has also been promoted as a gluten-free human health 

food, owing to a rise in studies demonstrating its exceptional nutritional properties, such as high 

soluble fibre (30%), low fat and carbohydrate content, plus the associated medical benefits to the 

management of several serious diseases, including diabetes, obesity and cardiovascular disease 
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(Belski et al. 2011; Duranti et al. 2008; Foyer et al. 2016; Kouris-Blazos and Belski 2016; Lee et al. 

2006; Lima-Cabello et al. 2017). In addition to the economic value of the grain, narrow-leafed lupin is 

also valuable in terms of sustainable farming practices. As a break crop grown in rotation with 

cereals or oil-seed species, narrow-leafed lupin crops are able to assist with the management of 

grass weeds and root and foliar diseases (Harries et al. 2015). Additionally, their ability to fix 

nitrogen through symbiosis with Bradyrhizobium bacteria (Herridge and Doyle 1988) and their 

capacity to mobilise soil-bound phosphorus through root exudates (Lambers et al. 2013) makes 

them a beneficial component of crop rotations for soil improvement. This not only reduces on-farm 

input costs for fertilisers, but has also been shown to result in substantial yield improvements for 

subsequent cereal crops, detectable even three year after the lupin crop (Doyle et al. 1988; Seymour 

et al. 2012).        

 

Over the last decade, approximately 1.2 million tonnes of lupins have been produced on 900,000 

hectares (ha) of land world-wide per year on average (FAO 2018). Australia, which has maintained a 

position as the world’s leading producer since 1981, accounts for more than 60% of this total 

production (FAO 2018) and principally grows narrow-leafed lupin. However, despite this 

considerable statistic, domestic production of narrow-leafed lupin has been declining since 1999, at 

which time Australia alone produced almost 2 million tonnes of grain (FAO 2018). Furthermore, 

although narrow-leafed lupin was once the most widely adopted winter break and pulse crop in 

Australia, the area sown to both canola and chickpea has now surpassed that of narrow-leafed lupin 

(Figure 1.1) (FAO 2018). This transition away from lupins is particularly noticeable in Western 

Australia (WA), where narrow-leafed lupin has historically been the most popular break crop option 

due to the high prevalence of sandy, acidic soils on which few other crops are capable of performing 

well, particularly in the northern wheatbelt. According to the most recent national statistics on crop 

production, the land allocated to lupin in WA has declined at an average rate of 43,500 ha per year 

from 1,133,000 ha (and 1,637,000 tonnes, accounting for 83% of domestic production) during peak 

production in 1999/2000 (ABARE 2000) to 350,000 ha (and 441,000 tonnes, accounting for 68% of 

domestic production) in 2017/2018 (ABARE 2018).       
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Figure 1.1: Area (in thousands of hectares) allocated to three break crops in Australia from 1961 to 

2017. Data source: FAO (2018). 

 

Survey studies have attributed much of the recent land use changes across the WA wheatbelt to the 

combined effects of the agronomic developments and limitations for different broad-acre crop 

species (Harries et al. 2015), which ultimately affect their economic viability and risk (Fletcher 2019). 

For example, the degree of cultivar improvement in canola with respect to phenology, disease and 

herbicide resistance (Potter et al. 2009), and hybrid production has likely contributed to its rise in 

popularity during the late 2000’s (Harries et al. 2015). Meanwhile, the frequency with which break 

crops are required to assist with the management of diseases, weeds and soil nutrition has begun to 

reduce owing to technological developments in wheat agronomy (Harries et al. 2015), such as 

conservation tilling practices (Llewellyn et al. 2012), the decreasing cost and release of new 

fungicides, integrated weed-control methods (Walsh and Powles 2007), or the creation of modelling 

and prediction tools to assist with the timing or rate of fertiliser application (Robertson et al. 2012).  

 

Numerous issues have affected past and present narrow-leafed lupin agronomy and production, 

including, but not limited to: (i) low genetic diversity among domesticated cultivars (Berger et al. 

2012a; Berger et al. 2013); (ii) a limited number of options for and efficacy of selective herbicides 

(Owen et al. 2014; Owen et al. 2015); (iii) the accumulation of alkaloids in the grain, which exceed 

the 0.02% industry threshold (Frick et al. 2017); (iv) and unfavourable growing conditions during the 

early 2000’s (ABARE 2000; ABARE 2002; ABARE 2004). However, perhaps one of the most crucial 

limitations to maintaining or improving upon the adoption of narrow-leafed lupin is the critically 

limited availability of elite varieties with specific adaptation to the various climates across the WA 

and eastern state wheat belts (Berger et al. 2012a; Berger et al. 2012b). Enhancing the phenological 

adaptation of lupin crops to various climatic zones across Australia is likely to reduce yield variability 
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and the currently greater overall economic risk of producing lupins relative to wheat and alternative 

break crops, such as canola (Fletcher 2019).            

 

1.3. The process and consequences of domesticating narrow-leafed lupin 
 

1.3.1. A brief history of the process of and traits selected during the domestication of 
narrow-leafed lupin 

 

The recent and fragmented domestication history of narrow-leafed lupin makes it a relatively unique 

annual grain crop among those in cultivation today. Although not dating as far back as some cereal 

and legume grains from the Old World and Middle East (Zohary and Hopf 1973), the historical 

cultivation of several lupin species is well documented to have occurred during and since classical 

Greek and Roman times (roughly 800 BC to 600 AD), and may even have occurred as early as 2,000 

BC in Egypt (Gladstones 1970; Hondelmann 1984). For examples, L. albus (an Old World species 

commonly known as white lupin) and L. mutabilis (a New World species also known as pearl or 

Andean lupin) were commonly grown in rotation with cereals either as green manure crops for soil 

improvement on unproductive lands, or for the production of bitter grain, which after being boiled 

and steeped, was used as a feed for both animals and poorer classes among society (Hondelmann 

1984). Narrow-leafed lupin too is reported to have had similar historical uses and is even noted as 

having being used as a coffee substitute (Gladstones 1970). However, whilst such cultivation led to 

the beginning of gradual domestication of white and pearl lupins owing to the selection for plants 

with large, water-permeable seeds and non-shattering pods (Gladstones 1970), the domestication of 

some lupin species only occurred more recently during the 20th century.  

 

The first active efforts to domesticate and breed narrow-leafed lupin began during the late 1920’s in 

Germany, Poland and Russia, as all three countries sought to increase/widen their domestic 

production of high protein food sources, decrease their reliance on fertilisers for soil improvement 

and reduce their grain imports following World War I (Gladstones 1982; Kubok 1988). Although 

already grown primarily as a green manure crop in both countries and known to thrive on infertile 

sandy soils, the greatest barriers to the increased adoption of lupins as a fodder or grain crop were 

considered to be: (i) the presence of bitter and toxic quinolizidine alkaloids, and the costly methods 

of removing them from the grain prior to consumption (von Sengbusch 1938); and, (ii) hard, water-

impermeable seed coats, or “hard seededness”, which prevented uniform germination and crop 

establishment and led to volunteer plants that could act as sources for fungal disease and 

contamination with changing plant varieties (Forbes and Wells 1968). The iucundus (iuc) and mollis 
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(moll) recessive loci were identified as natural mutants for reduced alkaloid production (von 

Sengbusch 1938) and soft seededness (Mikołajczyk 1966), respectively. Relatively little progress was 

subsequently made by European breeding programs following the outbreak of World War II.  

 

It was not until the 1960’s-1970’s that the second period of domestication came following roughly a 

decade of research into the agronomic potential of existing European white, yellow (L. luteus L.) and 

narrow-leafed lupin varieties in WA. Whilst narrow-leafed lupin was deemed to be the most 

successful and widely adapted of these species for the local soils and climates in the WA wheat belt 

(Gladstones 1977), two major limitations for the potential broad-scale commercial adoption of the 

crop were identified: (i) the occurrence of pod shattering (seed dehiscence), which reduced yields 

and prevented mechanical harvesting; and, (ii) the inability to reliably differentiate sweet forage and 

grain varieties from bitter green manure types, which would lead to contamination between 

domestic and landrace types. Again, three natural recessive mutants were identified as solutions to 

these agronomic issues. The leucospermus (leuc) locus was selected as an appropriate visual marker 

for domestic types due to the production of white flowers, white seeds with varying shades of 

brown marbling, and lighter greener foliage (Gladstones 1967b). Meanwhile, the combination of two 

individual loci, named lentus (le) and tardus (ta), were able to largely prevent or significantly delay 

the tendency for pods to shatter in the presence of dry, warm conditions (Gladstones 1967a).     

 

1.3.2. The genetic consequences of domestication 
 

The recent, fragmented and science-based domestication history of narrow-leafed lupin has severe 

genetic consequences for domesticated germplasm. Compared to wild populations from the 

Mediterranean, molecular genetic markers reveal a greatly reduced representation of the species’ 

total genetic diversity captured in domesticated Australian and European varieties (Figure 1.2) 

(Berger et al. 2012a), which in turn affects the capacity to breed for many agronomic traits. This 

depletion in genetic diversity has primarily resulted from an extremely strong founder effect – that 

is, a reduction in the genetic diversity (i.e. genetic bottleneck) due to the foundation of new 

populations descended from a small number of ancestors. At least within the Australian breeding 

program, all five domestication genes were derived from two European cultivars, including Borre 

(moll, iuc) and New Zealand Blue (le, ta, leuc), and/or their natural mutants (Cowling 1999; Cowling 

and Gladstones 2000). Among the reasons for there being such a small number of founding parental 

lines are: firstly, that once a gene conferring a particular domestication trait had been found within 

one breeding program, screening for alternative genetic variants was unlikely to have continued 

(Berger et al. 2012a); secondly, although different breeding programs had independently identified 
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unique genetic mutants for particular traits, such as reduced alkaloid content in the case of Germany 

and Russia, a reluctance to collaborate for fear of sharing intellectual property prevented germplasm 

exchange between breeding programs (Gladstones 1970); and lastly, due to the temporal separation 

between peak activity of the various international breeding programs for narrow-leafed lupin, the 

exchange of germplasm was similarly limited.  

 

 
Figure 1.2: Principal component analysis depicting the proportion of total species genetic diversity 

captured in Australian and European narrow-leafed lupin (Lupinus angustifolius L.) varieties and 

breeding lines relative to wild germplasm from the species’ native Mediterranean distribution. 

Figure source:  Berger et al. (2012a). 

 

Whilst all cultivated crops experience a founder effect during domestication (Flint-Garcia 2013), 

Berger et al. (2012a) argue the effects of this bottleneck are more severe for narrow-leafed lupin in 

comparison to some other species, and additionally leave domesticated germplasm vulnerable to 

further losses of genetic diversity. Neolithic founder crops, such as lentil (Lens culinaris) (Hamwieh et 

al. 2009) or einkorn wheat (Triticum monococcum) (Kilian et al. 2007), have regained some genetic 

diversity since domestication, not only via crossing back to wild relatives before strong selection for 

domestication traits, but also through evolution and/or directional selection pressures following 

thousands of years of cultivation and the introduction into new environments (Berger et al. 2012a). 
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However, as a domestic crop of less than 100 years, narrow-leafed lupin has not yet had sufficient 

time to regain novel genetic diversity within a domesticate background. Furthermore, the nature of 

its domestication has also hindered the generation of such genetic diversity. As domestication 

occurred within a limited number of science-based breeding programs (Gladstones 1982; Kubok 

1988; von Sengbusch 1938), there has been very little opportunity for the development of narrow-

leafed lupin landraces (i.e. domesticated, locally adapted lines that have developed over time in 

reproductive isolation from other populations of the same species). Landraces serve as valuable 

germplasm to diversify breeding programs without the problems associated with the introgression 

of wild accessions, including the introduction of disadvantageous alleles (Ceccarelli et al. 1995; 

Erskine 1997; Lopes et al. 2015). Consequently, breeders have had to rely heavily on making crop 

improvements through crosses among elite varieties (Stefanova and Buirchell 2010). However, this 

has left domesticated gene pools vulnerable to further genetic bottlenecks through small effective 

population sizes, particularly when the selection for domestication traits and yield was also coupled 

with strong directional selection for other desirable agronomic traits. Ultimately, this history has 

compromised genetic diversity and the potential to breed for novel and adaptive traits for continual 

crop improvement in narrow-leafed lupin. The continuation of strategic breeding pipelines, such as 

the base-broadening approach conceived by Cowling, Buirchell & Falk (2009) and described in the 

context of narrow-leafed lupin by Berger et al. (2013), or the implementation of alternative 

methods, like optimal contribution selection (Cowling et al. 2016), will be required to address the 

lack of genetic diversity among elite, modern breeding lines and cultivars via the introgression and 

retention of novel allelic variation from wild accessions and outdated, historical cultivars.    

 

1.4. Narrow-leafed lupin phenology and adaptation 
 

1.4.1. Phenology, flowering time, and vernalisation 
 

Phenology is defined as the timing of historical life events and is a powerful determinant of plant 

adaptation, as various stages of plant development (e.g. germination, emergence, etc.) must be 

aligned to meet both the abiotic and biotic seasonal resources and constraints within a particular 

habitat (Nelson et al. 2010a). Arguably, the most critical phenological trait for annual plant species is 

flowering time. Not only does the timing of flowering itself determine the potential reproductive 

success of a plant, but it also influences the phenology of the seed/fruit developmental (or grain-fill) 

stage, which similarly influences overall seed yield, plus seed quality. For example, winter annual 

species must carefully time flowering to avoid severe frost events capable of damaging the pistil 

(female reproductive organs, including the ovaries) and stamen (male reproductive organs, including 
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the anthers), yet must also ensure that it is not delayed sufficiently long enough that floral structures 

and pollen viability during flowering, plus the subsequent development and maturation of seeds 

and/or fruits, are vulnerable to destructive waves of hot temperatures (> 30°C) and water deficits in 

spring. Given the unpredictable variability in resource availability, climatic conditions and biotic 

factors, such as pollinator or pathogen presence, plants must remain plastic, and in order to do so, 

modify their phenology based on several environmental (e.g. photoperiod or day length and 

ambient temperature) and endogenous cues (e.g. gibberellic acid hormones) (Blackman 2017). 

 

One of the most important environmental signals modifying the phenology of flowering in 

Mediterranean annual species is vernalisation. This is a requirement for prolonged exposure to cold 

temperatures during winter. Until satisfied, the vernalisation requirement prevents (in the case of 

obligate types) or delays (facultative types) annual plants from flowering during the harsh winter 

season, but which once met, encourages the receptiveness of plants to other signalling pathways 

and promotes the initiation of flowering during the arrival of favourable conditions during spring 

(Kim et al. 2009). Studies of the model organism, Arabidopsis thaliana, have revealed that the 

memory of vernalisation is induced at a molecular level through epigenetic modification; that is, 

heritable changes in gene expression within an organism (though not inherited by gamete cells) due 

to rearrangement of protein-DNA complexes called chromatin. FLOWERING LOCUS C (FLC), a 

repressor of flowering, is the primary target for this epigenetic modification in Arabidopsis (Bastow 

et al. 2004; Michaels and Amasino 1999).  

 

Despite being well characterised in Arabidopsis, the genetic regulation of the vernalisation pathway 

in most other model and crop species is not as well understood. The vernalisation response has 

evolved independently across several angiosperm plant families (Ream et al. 2012), and as a 

consequence, not all of the genes involved in the pathway of Arabidopsis are broadly conserved in 

terms of presence or function across or within other plant families. For example, FLC appears to be 

broadly absent from most Papilionoideae legumes examined thus far (Hecht et al. 2005; Hecht et al. 

2011; Kamphuis et al. 2015), and whilst an orthologue is present in soybean (Glycine max) (Jung et 

al. 2012), it appears to be non-functional (Weller and Ortega 2015). Instead, alternative genes 

appear to play key roles in the repression of flowering until vernalisation, such as VERNALIZATION2-

LIKE (MtVRN2) in Medicago truncatula (barrel medic) (Jaudal et al. 2016), although the exact 

function and level of conservation of these genes across species within plant families is yet to be 

determined. Similarly, although the molecular basis for differences in vernalisation responsive is 

beginning to be uncovered for different ecotypes in Arabidopsis (Liu et al. 2014; Schwartz et al. 
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2009) and cereals (Chen et al. 2013; Fu et al. 2005; Golovnina et al. 2010; Konopatskaia et al. 2016; 

Milec et al. 2012; Muterko et al. 2015; Santra et al. 2009; Shcherban et al. 2012; Skøt et al. 2011; 

Takumi et al. 2011; Yan et al. 2006; Yan et al. 2004; Zhang et al. 2015), the genetic foundation for 

natural variation in vernalisation requirement in legumes, including narrow-leafed lupin, remains 

largely unknown.  

 

1.4.2. Phenotypic variation for flowering time and adaptation in wild populations 
 

Wild populations of narrow-leafed lupin occupy a broad distribution throughout the Mediterranean 

basin, ranging from the Iberian Peninsula and southern France towards the species’ northern habitat 

boundary, southwards to Morocco and Algeria in northern Africa, and eastwards through Italy, the 

Balkan Peninsula, the Aegean region and the Near East (Gladstones 1998). Importantly, this 

distribution encompasses strong climatic gradients, (particularly from the northern to more 

southerly latitudes), island micro-climates, and a broad range of topographies, all of which result in 

differing selection pressures and, therefore, variable phenology between populations and 

geographic origins.     

 

One of the most prominent trends among wild narrow-leafed lupins is a West-East gradient across 

their native distribution for genetic diversity and phenology (Mousavi-Derazmahalleh et al. 2018). To 

the West, within the Iberian Peninsula, Portuguese and Spanish populations have some of the latest 

recorded phenology, including low early vigour and late flowering (Berger et al. 2017), plus the 

strongest demand for vernalisation and/or inductive long day photoperiods (Lema et al. 2005). 

These traits, particularly delayed flowering time, adapt plants to the long, wet and cold winter 

climates in these regions, especially at higher altitudes in the mountainous landscapes of the Iberian 

Peninsula, and importantly enable escape from severe frost events (Berger et al. 2017). Additionally, 

this late phenology generally enables these populations to develop beneficially large root systems 

and canopies during the lengthy period of vegetative growth, though requires plants to produce 

small seeds capable of maturing during the subsequent short reproductive growth period that 

occurs as warm spring temperatures rise (Berger et al. 2017). Similarly, wild narrow-leafed lupin 

populations distributed along western Italy and the Islands of Sicily, Sardinia and Corsica are 

generally late flowering with strong vernalisation requirements, though coastal regions may also 

have populations with more moderate flowering times.    

 

Contrastingly, populations which have migrated more recently in evolutionary times throughout the 

eastern Mediterranean (Mousavi-Derazmahalleh et al. 2018) into parts of the Balkan Peninsula, the 
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Aegean islands, and the Near East are generally characterised by earlier phenology and less demand 

for vernalisation. Indeed, some of the earliest flowering times recorded in wild narrow-leafed lupin 

to date have been observed in germplasm from coastal areas at low altitude in the Near East, Israel, 

Palestine and Greece (Clements and Cowling 1994; Gladstones and Crosbie 1979). In order to escape 

water deficits and warm temperatures during spring, these plants also have high early vigour and 

tend to develop less leaf biomass, plus larger though fewer seeds, all of which enables these plants 

to complete short lifecycles amidst warm spring conditions where water deficits are common 

occurrences (Berger et al. 2017). 

 

In addition to the West-East gradient for phenology, a North-South gradient through the species’ 

distribution can also be observed. Relative to populations from the north-western Mediterranean, 

wild narrow-leafed lupins from low altitude coastal regions of Morocco and Algeria representing the 

southern limits of the species’ habitat range have early phenology, both in terms of early vigour and 

flowering time, plus reduced vernalisation requirements (Berger et al. 2017). Similar to those 

populations from the eastern Mediterranean, the evolution of these phenotypes reflects the reality 

of inhabiting drought-prone climates and need to escape water deficits. Populations from the Anti-

Atlas mountainous region of southern Morocco also represent some of the most interesting and 

unique wild narrow-leafed lupin germplasm. Unlike mountainous types elsewhere within the 

species’ natural distribution, these populations appear to be early to very early flowering, most likely 

as a form of adaptation to the short-season, dry and yet cold climatic conditions of the Anti-Atlas 

region (Gladstones and Crosbie 1979).    

 

Although a wealth of phenotypic diversity for flowering time is evident in wild narrow-leafed lupins, 

this diversity has yet to be thoroughly investigated and characterised from a genetic perspective. To 

date, only two published studies have yet endeavoured to uncover quantitative trait loci (QTLs; 

sections of the genome which additively contribute to the phenotype for quantitative/continuous 

traits) in wild germplasm. The first of these studies examined the genetic background of a single wild 

Moroccan plant, P27255, along with an Australian breeding line, 83A:476, in a bi-parental mapping 

population of 89 individuals and roughly 530 codominant molecular markers. From 10 identified 

QTLs, including 9 minor QTLs accounting for roughly 2% or less of the total observed phenotypic 

variation, only two minor QTLs contributed by the wild Moroccan plant reduced time to flowering by 

roughly 1.6 and 0.8 days, respectively, while the remaining eight QTLs delayed flowering time 

(Boersma et al. 2008). Meanwhile, the second study, whilst assessing roughly 140 unique wild 

narrow-leafed lupin accessions representing the species’ natural distribution using approximately 
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11,700 single nucleotide polymorphism (SNP) molecular markers, was not able to detect any 

significant QTLs for flowering time (Mousavi-Derazmahalleh et al. 2018). This outcome may 

potentially be attributed to variability in the phenotypic data, which were collected over different 

years for groups of accessions. Overall, the genetic basis for phenotypic variation in wild germplasm 

remains largely unknown. 

 

1.4.3. Current genetic variation for flowering time in domesticated germplasm 
 

Relative to wild populations of narrow-leafed lupin, domesticated germplasm exhibits comparatively 

less phenotypic diversity for phenology, with a skewed representation towards early phenology 

driven by the need for breeders to adapt autumn- and spring-sown crops to the warm, drought 

prone spring conditions in Australia and the cool autumn/winter conditions of Northern Europe, 

respectively. Whilst this early phenology has in-part been established in most modern, elite varieties 

through the selection for several different loci that affect growth rate and/or branching habit 

(Adhikari et al. 2001; Gladstones 1994; Mikołajczyk 1963; Oram 2002; Święcicki and Święcicki 1995), 

the three most influential loci modify the responsiveness/requirements of plants to/for 

vernalisation, and consequently target flowering time. These three loci, named Kulikup (Ku), Julius 

(Jul) and efl, are described in detail below. 

 

1.4.3.1. The dominant Ku locus 
 

The most widely adopted of the three known loci for early flowering time regulation, particularly 

within the Australian breeding program, is the Ku locus. The dominant allele was first identified by 

Dr John Gladstones as a natural and spontaneous mutation in a single plant among a crop of the 

European variety, Borre, grown on a property in Kulikup, WA (Gladstones and Hill 1969). Subsequent 

field trials distributed across the high and low rainfall districts of the WA wheatbelt during the 

1960’s indicated that Ku facilitated an early phenology by effectively eliminating the requirement for 

vernalisation typical of wild-types (ku genotype) and was capable of advancing flowering time by two 

to five weeks with autumn sowings, depending upon season length (Gladstones and Hill 1969). Due 

to the adaptation afforded by Ku, particularly within the northern districts where temperatures are 

not always low enough and long enough in duration to reliably satisfy the vernalisation requirement 

for obligate wild-type ku genotypes, it was immediately subject to strong selection in the breeding 

program and has since been bred into almost all Australian varieties since the first released Ku 

variety, Unicrop, in 1973 (Cowling 1999).  
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The dominant Ku allele also appears to influence other environmental signalling pathways that 

promote flowering in addition to vernalisation responsiveness. Controlled growth cabinet and field 

trials both indicate that Ku varieties are less responsive to photoperiod (i.e. day length) than wild-

type ku varieties, for which time to flowering is increased by short days (< 12 hours) and reduced by 

inductive long day (> 12 hour) photoperiods (Berger et al. 2012b; Christiansen et al. 2008; Rahman 

and Gladstones 1972; Rahman and Gladstones 1974). Accumulated thermal time (degree-days; the 

sum of the average daily temperature above a baseline temperature, conventionally taken as 0 °C) 

instead appears to play a greater role in Ku types and flowering time occurs more much rapidly with 

warmer average temperature (Berger et al. 2012b; Reader et al. 1995). However, more research is 

required to better understand the mechanisms behind both the photoperiod and temperature 

responses in Ku relative to ku genotypes, as not all Ku types respond to either signal in the same 

manner. For example, more recently released Australian Ku varieties, such as Mandelup (2004), 

typically flower seven days earlier on average than the original, pioneering Ku varieties, such as 

Unicrop (1973) (Berger et al. 2012b). 

 

Following the development of several key genetic and genomic resources, the location of Ku has 

been resolved within the narrow-leafed lupin genome and its genetic identity and underlying 

mutation believed to have been uncovered. Perhaps the most important of these resources has 

been a wild x domestic F8 recombinant inbreed line (RIL) mapping population derived from a cross 

between an Australian breeding line, 83A:476 (maternal parent; genotypes include moll, iuc, le, ta, 

leuc and Ku), and a wild Moroccan accession, P27255 (paternal parent; genotypes include Moll, Iuc, 

Le, Ta, Leuc and ku). Although originally developed in order to develop the first genetic linkage maps 

of the narrow-leafed lupin genome and to map the genomic position of each of the respective 

domestication loci, the population also enabled mapping of the Ku locus. Continual improvements to 

genetic marker and nucleotide sequencing technology since the release of the first linkage map in 

2005 (Boersma et al. 2005) have enabled progressive revisions of the genetic map which are better 

able to piece together the genome linkage groups and resolve the location of loci (Hane et al. 2017; 

Kamphuis et al. 2015; Kroc et al. 2014; Nelson et al. 2010b; Nelson et al. 2006; Zhou et al. 2018). 

Currently, the finest genetic resolution of Ku deliminates the locus to a 0.7 cM interval delimiting 

413 Kb of nucleotide sequence on Chromosome NLL-10 (Hane et al. 2017). 

 

In addition to facilitating the mapping of Ku, the 83A:476 x P27255 F8 RIL population has also 

enabled estimation of the phenotypic contribution of Ku to flowering time. In two consecutive 

winter-sown field experiments based in Perth, Western Australia, Ku was shown to have both an 
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additive effect, reducing time to flowering by roughly 10.5 days, and a small genotype x environment 

effect of approximately ±0.6 days (Boersma et al. 2008). Overall, the locus accounted for roughly 

81% of phenotypic variation for flowering time in that particular study, providing evidence that 

supports conclusions of Ku and the vernalisation response dominating the regulation for flowering 

time in domesticated and wild narrow-leafed lupins, respectively (Rahman and Gladstones 1972). 

Echoing these results, another independent study in the same population has similarly found Ku to 

be the most influential locus in a number of controlled environments with varying temperature and 

photoperiod conditions, accounting for more than 95% of all flowering time variation within the 

83A:476 x P27255 background in certain conditions insufficient to satisfy the vernalisation 

requirement (Matthew Nelson and Jens Berger, unpublished data).  

 

Lastly, through development of the 83A:476 x P27255 F8 RIL population and subsequent linkage 

mapping, a strong candidate gene for Ku was identified, leading to the identification of the 

underlying gene and causal mutation. In efforts to further revise the reference narrow-leafed lupin 

genetic map and saturate it with new moleuclar markers, Kroc et al. (2014) designed several new 

markers based on expressed tag sequences (ESTs) from legumes and gene sequence information 

from the model organism, Arabidopsis, for flowering related homologues. One such marker mapped 

to the same position as Ku on NLL-10 without recombination, highlighting the related gene as a 

strong candidate gene. The gene, named LanFTc1, is a FLOWERING LOCUS T (FT) homologue and 

member of the PHOSPHATIDYLETHANOLAMINE-BINDING PROTEIN (PEBP) domain gene family, 

which is responsible for integrating signals from the vernalisation, photoperiod and autonomous 

pathways to promote floral initiation through the upregulation of floral meristim identitity genes in 

Arabidopsis (Kim et al. 2009; Turck et al. 2008). In addition to the gene having a plausible role in the 

floral initiation based on an model species, the genetic region containing LanFTc1 and Ku was also 

shown through comparative analysis to have extensive collinearity with a section of the M. 

truncatula chromosome, Mt-7, containing three FT homologues, one of which was reported to 

facilitate an early flowering phenotype in the absence of vernalisation in M. truncatula (Jaudal et al. 

2013; Laurie et al. 2011).  

 

Sequencing of LanFTc1 in the 83A:476 and P27255 parents revealed a number of polymorphisms, 

including a very distinctive 1,423 bp deletion in the promoter region of the gene in the Ku genotype 

(Nelson et al. 2017). Additionally, gene expression analyses in both parents grown with and without 

vernalisation treatment revealed LanFTc1 was only significantly upregulated early during vegetative 

growth following vernalisation in the wild-type P27255 parent, whilst expression was consistently 
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high irrespective of vernalisation treatment for 83A:476 and the Ku genotype (Nelson et al. 2017). 

These data, coupled with perfect correlation between PCR (polymerase chain reaction) marker-

based assays for the 1,423 bp deletion and gene expression analyses in a subset of 28 F8 RILs (Nelson 

et al. 2017), provides a very strong case for the involvement of LanFTc1 in the vernalisation response 

pathway of narrow-leafed lupin and that a 1,423 bp deletion in its promoter underlies the Ku 

genotype, enabling early flowering time, most likely by preventing the repression of the gene by 

transcription factors that are normally silenced through vernalisation.      

 

1.4.3.2. The dominant Jul locus 
 

Similar to the Australian breeding program which sought early phenology to ensure grain maturation 

prior to the onset of water deficits during summer in autumn-sown crops, Northern Europe too had 

long searched for early flowering time variation to enable spring-sown crops to mature before the 

arrival of harsh autumn/winter conditions, particularly in northern production zones that experience 

high amounts of summer rainfall that encourage prolonged vegetative and reproductive growth, 

plus makes the crops more susceptible to diseases (Mikołajczyk 1966). Shortly after the discovery of 

Ku, a second dominant early flowering time gene named Jul was identified by Dr J. Mikołajczyk in the 

Russian-bred variety, Krasnolistny, which was presumed to have been derived from Palestinian or 

other near eastern populations. Similar to Ku, Jul appears to induce early flowering by silencing the 

obligate vernalisation requirement characteristic of wild-types and has also been shown to respond 

to photoperiod in a near-identical manner to Ku, suggesting that these genotypes may be allelic 

variants of the same gene (Rahman and Gladstones 1972). However, this has yet to be verified, 

either through crossing to test segregation of phenotypes, at a genomic level through genetic 

linkage mapping of Jul, or at the sequence level by sequencing LanFTc1.  

 

1.4.3.3. The recessive efl locus 
 

The third known locus in domestic germplasm is the artificially derived recessive locus, efl. Following 

the discovery of Ku, Australian researchers began to search for alternative sources of early 

phenology following concerns that Ku varieties might flower excessively early with early autumn 

sowings in long-season production zones, leaving crops vulnerable to frost and lengthy cold winters 

(Gladstones 1977; Gladstones and Hill 1969). The treatment of seeds of the Swedish variety, Borre, 

with 0.24% aqueous ethylene imine (a potent mutagen) by Dr Clive Francis during the 1960’s 

resulted in the development of the efl mutation (Gladstones 1977). As efl induced a facultative 

requirement for vernalisation, reducing the requirement but not completely removing it, it created a 
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desirable intermediate flowering time that was roughly 10-14 days earlier than ku wild-types (such 

as Australian variety, Uniharvest) and two to three weeks later than Ku vernalisation-insensitive 

types (such as Australian variety, Unicrop) in long-season environments (Anonymous 1982). Indeed, 

the first efl variety, named Chittick (1982), reportedly had a flowering time phenotype close to the 

optima for the targeted production zones in the southern WA wheatbelt and lacked the agronomic 

problems associated with early sowing of Ku varieties, such as reduced crop height and increased 

susceptibility to abiotic and biotic stresses (Anonymous 1982). Despite these initially positive 

reviews, efl has only been bred into one other Australian variety, Wandoo (1986) (Cowling 1999), as 

the yield improvements of emerging elite Ku varieties superseded efl genotypes, even in the cool, 

long-season environments of southern WA and the eastern states of Australia (Stefanova and 

Buirchell 2010). No research has yet been undertaken to map the locus for genetic marker 

development, nor identify the underlying gene or mutation to determine the biological processes 

behind the efl phenotype.       

 

1.4.4. Limitations of narrow-leafed lupin production with current phenological diversity 
and future prospects 

 

The maintenance and expansion of current narrow-leafed lupin production levels are both 

threatened and restricted by the limited diversity for flowering time and vernalisation response in 

modern cultivars. Critically, there is an inability to adequately match phenology with the varied 

climates present across Australian agricultural districts, both in WA and the eastern states. 

Presently, two major groups of Australian cultivars exist with an average of 20 days difference in 

flowering time (Figure 1.3): (i) early flowering, vernalisation unresponsive Ku genotypes; and (ii) late 

flowering, vernalisation responsive ku types. Whilst the former are very well-adapted to low- to mid- 

rainfall environments in the northern WA wheatbelt, their early, temperature responsive phenology 

prevents them from capitalising on favourable growing conditions in the high-rainfall environments 

in southern WA and in the eastern states (Berger et al. 2012a; Berger et al. 2012b). Contrastingly, 

the latter group is too unreliable in southern WA, where low and enduring winter temperatures are 

not consistently achieved to fulfil the strong vernalisation requirement of ku wild-types. For 

example, flowering time has been shown to vary as many 40 days for the same ku genotypes 

between years in the same location as a result of fluctuating winter temperatures (Berger et al. 

2012b). The phenological gap between these two groups has largely been unfilled, with the 

exception of three now-outdated varieties that are either (i) no longer commercially available to 

farmers, in the case of Chittick (efl), or (ii) possess the same advanced agronomic traits as Ku 

genotypes in relation to resistance to various pests, diseases or herbicides, as in the case of Jindalee 
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(suspected to be efl genotype, though not confirmed) (John Gladstones, personal communication) 

and Wandoo (efl) (Cowling 1999).  

 

 
Figure 1.3: Days to flowering for Australian varieties, released between 1965 and 2005, with Ku 

(vernalisation unresponsive), ku (obligate vernalisation response) or efl (facultative vernalisation 

response) genotypes. Data source: Berger et al. (2012b). 

 

The adaptation, yield-potential, profitability and adoption of narrow-leafed lupin crops would be 

greatly enhanced through the development of new varieties that are (i) mid- to late-flowering and 

(ii) are either unresponsive to vernalisation, or have lesser demands for vernalisation in terms of 

duration and/or minimum temperature relative to the ku wild-type. Recent modelling studies 

indicate simulated lupin varieties with delays of 14 and 22 days in flowering time relative to 

Mandelup (Ku) are likely to increase average annual grain yields by 13% (or ~390 kg/ha) and 16% (or 

~480 kg/ha), respectively, in high-rainfall environments of the southern WA wheatbelt  (Chen et al. 

2015; Chen et al. 2017). Additionally, such simulated varieties may also be advantageous for low-

rainfall environments in terms of enabling early sowing (before the end of April), which would allow 

crops to capitalise on favourable conditions during seasons with high rainfall availability and out-

yield Mandelup (Chen et al. 2017). Lastly, mid- to late-flowering cultivars may also present as 

valuable alternatives to Ku genotypes in future given projected climate change scenarios, which 
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forecast both an increase in the frequency of extreme temperatures and mean annual temperature 

(CSIRO and BOM 2015). As Ku varieties are highly temperature responsive, flowering may become 

progressively earlier, posing problems for mechanical harvesting due to reduced crop height, plus 

yield reductions.  

 

1.5. The role of genetics in crop improvement   
 

1.5.1. Improved breeding efficiencies using marker assisted selection 
 

Identifying the loci or genes that contribute to important agronomic/adaptive traits and additionally 

understanding the ways in which they are inherited and/or regulated has important practical 

implications for plant breeding. Specifically, this knowledge makes it possible to develop molecular 

genetic markers linked to desirable traits (or, preferably, based on the causal gene variant itself), 

which can be used to assist the introgression and selection of those traits into breeding programs 

through marker-assisted selection (MAS).  

 

MAS greatly enhances the efficiency of several aspects of the plant breeding cycle and has the 

capacity to accelerate the development and release of new varieties. One of the most advantageous 

aspects of MAS is the ability to broadly screen germplasm and seek out suitable parental lines and 

genetic variation for crossings. This is particularly valuable when highly diverse lines may be utilised 

during “base-broadening” of the domestic gene pool, and ultimately reduces the number of crosses 

that must be made each year in order to make genetic progress for a particular trait. Secondly, MAS 

has the potential to make it simpler to screen for traits that may (i) have expensive or time-

consuming phenotyping procedures, (ii) are not evident until later stages of development, and/or 

(iii) are greatly influenced by environmental factors that may cause difficulty in accurately 

phenotyping and screening progeny (Collard and Mackill 2008; Jung and Müller 2009). Thirdly, co-

dominant molecular markers are able to differentiate between homozygotes and heterozygotes, 

enabling plants with fixed desirable genotypes to progress, whilst those that are heterozygote or 

homozygous for disadvantageous genotypes to be quickly eliminated. This is especially important 

when selecting recessive genes in self-pollinating crops, such as narrow-leafed lupin, as this genetic 

variation may be masked by dominant alleles and easily lost during the early stages of breeding 

cycles. Additionally, MAS is able to greatly accelerate targeted backcrossing, where one or a few 

target genes are introgressed into an elite background by repeated crossing of each generation to 

the same recurrent parent. Molecular markers for the trait(s) of interest in combination with those 

of flanking genes able to assist with this process, ensuring that “linkage drag” is minimised during 
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selections (Collard and Mackill 2008). That is, the desired trait(s) are successfully introduced into the 

elite background, whilst neighbouring linked genes that are potentially deleterious or inferior are not 

introgressed. Lastly, MAS has applications in the process of gene pyramiding, in which several 

favourable genes are combined together into a single breeding line. For quantitative traits, such as 

flowering time, in which the phenotype is affected by multiple genes, molecular markers can provide 

confidence that several loci that will collectively create a desirable phenotype have been co-

selected. While the costs and benefits of using MAS must always be carefully weighed by breeders, 

these advantages afforded by MAS collectively enable breeding programs to generally operate more 

cost-effectively, rapidly and reliably with smaller cohorts of breeding lines, which is important as 

breeding programs are significantly limited by size and space requirements for field and glasshouse 

screening.    

 

1.5.2. Uncovering and engineering new phenotypic variation through allele mining of 
candidate genes 

 

In addition to the immediate practical breeding implications of MAS described above, the discovery 

of the loci/genes and their associated mutations which underlie important crop traits also has 

important roles for pre-breeding research. Firstly, such knowledge facilitates a greater 

understanding of how the genes within a network interact to regulate a particular trait and, 

therefore, how they may be further manipulated for crop development. For example, understanding 

how the vernalisation response is mediated in plant species could inform pre-breeders how to most 

effectively induce a variety of responses and phenology, either through modifying the repressors of 

flowering or upregulating those genes that promote flowering.  

 

Secondly, and of more direct importance for future breeding, such knowledge also enables “allele 

mining”; the identification of novel genetic variation within genes of known or presumed roles in 

regulating specific traits. Allele mining may be achieved through a variety of means, including PCR-

based approaches, such as Targeting Induced Local Lesion In Genomes (TILLING) and Ecotype 

TILLING (EcoTILLING). These approaches detect chemically-induced mutations within a single genetic 

background or natural variation within a panel of unrestricted size, diversity and domestication 

status (Colbert et al. 2001; Till et al. 2006), respectively, and have successfully been used to study 

flowering time genes and/or uncovered several polymorphisms affecting phenotypes in Arabidopsis 

(Hanano and Goto 2011), hexaploid wheat (Triticum aestivum) (Chen et al. 2011), rice (Oryza sativa) 

(Du et al. 2017) and sugar beet (Frerichmann et al. 2013). In future, however, emerging genome 

editing technologies, such as the clustered regularly interspaced short palindromic repeat 
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(CRISPR)/CRISPR-association protein (Cas) system (Gasiunas et al. 2012; Jinek et al. 2012), may begin 

to play a more pivotal role in allele mining and breeding. Not only may several site-specific 

mutations replicating naturally occurring polymorphisms may be programmed into elite genetic 

backgrounds within the space of a single generation, making pyramiding a feasible task and 

eliminating the time-requirements and difficulties encountered with backcrossing, but genome 

editing can also be used to purposefully engineer novel variation in circumstances where 

advantageous genetic diversity cannot be found within wild or domesticated germplasm (Scheben et 

al. 2017).  

 

1.6. Approaches for locus, gene, and allele discovery 
 

1.6.1. Candidate gene approach 
 

The candidate gene approach is a common strategy used to identify the genes controlling specific 

traits when plausible assumptions can be made regarding the biological function of the trait and/or 

its specific locus has been mapped (Pflieger et al. 2001). It firstly involves screening for genetic 

polymorphisms in proposed candidate genes, which are pre-defined based on their having a known 

biological role that is compatible with the trait of interest (i.e. functional candidate genes) or, 

alternatively, being linked with the trait through genetic mapping (i.e. positional candidate genes). 

Statistical analyses are then conducted to test for the perfect association and linkage of these 

polymorphisms with phenotypic variation for the trait, before complementary experiments, such as 

gene cloning or genome editing, can then be used to validate the causal gene (Pflieger et al. 2001). 

With the increasing affordability of next generation sequencing (NGS) and advent of third generation 

long-sequencing technology, the candidate gene approach is progressively becoming an even more 

feasible and cost-effective method, owing to the improved resolution and clarity of genome, 

transcriptome and methylome data, and increased capacity to screen a larger number of genes 

and/or individuals.   

 

1.6.2. Linkage mapping 
 

In cases where the genetic foundation for certain loci or traits has not yet been studied, linkage 

mapping is a traditional plant genetics approach to firstly locate the position of known and/or 

unknown Mendelian (i.e. single gene trait) and quantitative trait loci (QTL; i.e. trait influence by 

several genes) within the genome, before then candidate genes can be identified. This approach 

takes advantage of the Mendelian law of independent assortment, in which all genes should 
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randomly assort during meiosis (DNA replication in reproductive cells). The lack of independent 

assortment is known as genetic linkage (or linkage disequilibrium) whereby those genes that are 

positioned closely together on a single chromosome have an increased likelihood and frequency of 

being co-inherited. Using bi-parental plant populations derived from a single cross between 

genetically divergent parents with opposing phenotypes/genotypes for one or more traits/loci of 

interest, the relative position and distance between co-dominant molecular markers can therefore 

be determined, and the position of loci for traits of interest mapped by those markers tightly linked 

to the associated phenotype. 

 

Whilst a very successful approach, linkage mapping requires the development of mapping 

populations, which can be a very time-consuming and labour-intensive process. Although a number 

of different bi-parental mapping populations may be used for linkage analysis (including F2, testcross 

and first backcross populations used to such great effect by Mendel (1866)), the most commonly 

employed, effective and reproducible are those that have an exceptionally high degree of 

homozygosity (>99%), including recombinant inbred lines (RILs), near isogenic lines (NILs) or double 

haploids (DH) (Figure 1.4). With the exception of DH populations, which although are quick to 

produce can only be generated in a limited number of species, the development of such genetically 

stable populations requires several generations of self-pollination or backcrossing. Once developed, 

the populations should be genotyped, a process that has been much facilitated with the 

development of high-throughput genomic technologies, followed by linkage mapping analyses to 

achieve high-resolution linkage maps.  
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Figure 1.4: Schematic illustration of the process of developing three popular types of bi-parental 

populations (marked in red boxes) for linkage mapping in self-pollinating plant species. Blue crosses 

denote outcrosses between two parents, whilst the green semi-circular arrows denote self-

pollination, and the yellow explosion star represents induced chromosome doubling. The number of 

self-pollination and backcrossing events undertaken during the development of RILs and NILs, 

respectively, may vary depending on the complexity of the target trait, ease of population 

development, and time available for population development. Figure modified from: Collard et al. 

(2005). 

 

Fortunately, complementary approaches such as QTL-seq, are able to reduce the time and labour 

constraints of traditional linkage mapping to locate large-effect loci (Takagi et al. 2013). QTL-seq is a 

form of bulked segregant analysis (BSA) (Giovannoni et al. 1991; Michelmore et al. 1991), in which 

the DNA of several individuals (typically from an F2 bi-parental population) representing the two 

phenotypic extremes for a particular trait is pooled together into two respective bulk samples. The 

DNA pools are then subject to genotyping (whole genome resequencing in the case of QTL-seq) in 

comparison to the parents of population. Given that all loci apart from those controlling the trait of 

interest should be independently assorting in both of the bulks, the genotype data are then 

screened for genomic regions with unequal representation of both of the parental genotypes, 

enabling loci controlling the trait to be mapped. Depending upon how genetically divergent the 

parents are and the size of the population, the resolution and power from QTL-seq may be sufficient 

that subsequent linkage mapping in highly homozygous F6–F8 populations is not required, saving 
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considerable time by eliminating the need for further population development (Takagi et al. 2013). 

Alternatively, it will at the very least enable identification of the broader genomic areas harbouring 

QTLs for the trait of interest, reducing the overall number of molecular markers that must be 

genotyped for linkage mapping in subsequent generations. Several candidate QTLs for flowering 

time related genes have been identified through QTL-seq in cucumber (Cucumis sativus L.) (Lu et al. 

2014), chickpea (Cicer arietinum L.) (Srivastava et al. 2017), tomato (Solanum lycopersicum L.) 

(Ruangrak et al. 2018), and broccoli (Brassica oleracea L. var italica) (Shu et al. 2018).       

 

1.6.3. Association mapping 
 

Association mapping (or genome-wide association studies, GWAS) is a second and alternative 

approach to identify QTLs for traits of interest. Like linkage mapping, it detects QTLs by testing for 

significant associations between genotypes for each molecular marker across the genome with the 

trait phenotype(s). The crucial difference between QTL and association mapping is the use of 

unstructured, often natural, populations (or “panels”) comprising unrelated plant accessions. This is 

a highly advantageous approach for several reasons: First and foremost, the use of natural 

populations of unrestricted size, geographic origin and domestication status provides an extremely 

efficient means of broadly surveying for genetic diversity for one or more traits within a species. In 

contrast, the capacity to detect QTLs using linkage mapping depends upon both the phenotypic and 

genotypic variation between the population parents, which represents only a fraction of the total 

species diversity (Huang and Han 2014). Secondly, association mapping has the potential to achieve 

greater mapping resolution as it is able take advantage of historic recombination events, which in 

comparison to the limited degree of meiotic recombination during the development of bi-parental 

mapping populations, enables greater genetic resolution. Lastly, as the panels for association 

mapping are assembled using any assortment of existing accessions or varieties, no time or 

resources are required to develop a genetic population.    

 

Though first developed and finding success in human medicine (Klein et al. 2005; Ozaki et al. 2002), 

GWAS has remained a popular avenue to study the genetic control of quantitative traits in plants 

since the publication of one of the pioneering studies, which explored the genetic architecture of 

flowering time in maize (Zea mays) (Buckler et al. 2009). Its power to identify QTLs and candidate 

genes for both simple and complex traits is likely to continue to grow as more sophisticated 

statistical models are developed for association testing (Miao et al. 2018), plus multi-trait or multi-

environment analyses, as is common in animal breeding (Bolormaa et al. 2014; Bouwman et al. 

2018; Hayes and Goddard 2001).    
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1.7. Conclusions  
 

Narrow-leafed lupin is a valuable legume grain and an important break crop for sustainable farming. 

Although once very popular within Australia, the land allocated to narrow-leafed lupin and the 

production of grain has been steadily declining for almost two decades. Whilst this unfortunate 

trend is due to a combination of complex causes, one of the most significant of these is the lack of 

phenological diversity in domesticated germplasm. As a consequence, farmers do not have access to 

varieties that are locally adapted to the unique agricultural environments across Australia, 

particularly in medium-high rainfall areas of southern WA and the eastern states. This problem can 

in part be attributed to the recent, fragmented domestication of the species, which has severely 

reduced genetic variation for phenology in domestic germplasm, as has the continual directional 

selection for early, vernalisation-unresponsive flowering to benefit of the northern WA wheatbelt.     

 

In order to increase narrow-leafed lupin’s profitability, competitiveness with other break crops, and 

wider adoption throughout Australia, varieties with greater diversity for flowering times must be 

bred. This task will be most rapidly and efficiently achieved with the assistance of genetic research. 

Specifically, expanding our currently limited understanding of the genetic foundation of flowering 

time control and vernalisation responsiveness in narrow-leafed lupin will better inform pre-breeders 

how best to further manipulate phenology, and will also open up opportunities for breeders to use 

genomic technologies. Additionally, owing to the phylogeny of narrow-leafed lupin, such knowledge 

will also have an academic benefit, contributing to our understanding of how the genetic pathways 

for flowering time have progressively evolved within the legume family. 

 

1.8. Research objective and aims 
 

The overall objective of this thesis was to explore the extent of genetic diversity for flowering time in 

narrow-leafed lupin and to better understand the underlying genetic mechanisms and pathways for 

flowering time control with respect to vernalisation response in this species. To meet this objective, 

the following aims were established: 

 

1) To explore genetic variation in LanFTc1, the main early flowering time gene in domesticated 

varieties, in efforts to: (i) determine whether the Jul phenotype is also controlled by LanFTc1 

and, if so, whether Jul is allelic with, or even identical to, Ku; (ii) identify novel genotypic variants 

(other than Ku and ku) that may have the potential to diversity flowering time phenotypes in 
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breeding programs; and (iii) uncover more detail about the molecular mechanisms by which 

LanFTc1 regulates flowering time through the vernalisation response pathway (CHAPTER 2).   

2) To undertake the first genetic mapping of the efl locus, which was previously selected for 

intermediate flowering time in a small number of Australian varieties, in order to: (i) facilitate 

genetic marker design for breeding purposes; and (ii) identify candidate genes for efl, which may 

enhance our understanding of other genes involved in the vernalisation pathway and floral 

regulation of narrow-leafed lupin (CHAPTER 3). 

3) To undertake a comprehensive exploration of species-wide phenotypic and genetic diversity for 

flowering time in the presence and absence of vernalising conditions with the potential of 

identifying new QTLs and parental lines for breeding, plus new candidate genes to understand 

the genetic regulation of flowering time in narrow-leafed lupin, both within and outside of the 

vernalisation pathway (CHAPTER 4).    

 

1.9. Thesis outline and structure 
 

This thesis contains five chapters and is presented as a series of scientific papers, including one 

published manuscript and two manuscripts being prepared for submission to journals in due course. 

CHAPTER 1 comprises a thorough review of the literature relevant to this thesis and additionally 

outlines the motivation and gaps in knowledge that give rise to my defined research objective and 

aims. Regrettably, due to the nature of the thesis-by-publication format, there is an unavoidable 

repetition of some of this content in the introduction and discussion sections of the subsequent 

experimental chapters, plus the general discussion at the end of the thesis. CHAPTER 2 represents 

the first experimental chapter and examines the genetic variation in LanFTc1, including using a 

candidate gene approach to determine whether the European early flowering time locus, Jul, is 

allelic to the Australia’s equivalent locus, Ku. This chapter has been published in the peer reviewed 

journal, “Plant, Cell and Environment”, and has been reformatted for the purpose of consistency 

within the thesis. CHAPTER 3 details an experiment, where QTL-seq and conventional linkage 

mapping are used to locate the genomic position of efl and identify positional candidate genes. This 

manuscript is ready for submission to a journal for publication. The final experimental chapter, 

CHAPTER 4, comprises a genome wide-association study in which a comprehensive examination of 

species-wide genetic variation for flowering time is conducted in the presence and absence of 

vernalisation. A general summary and discussion of the implications of the results from CHAPTERS 2 

to 4, plus suggestions for future research, are provided in CHAPTER 5.  
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2.1. Abstract 
 

Narrow-leafed lupin (Lupinus angustifolius L.) cultivation was transformed by two dominant 

vernalisation-insensitive, early flowering time loci known as Ku and Julius (Jul), which allowed 

expansion into shorter season environments. However, reliance on these loci has limited genetic and 

phenotypic diversity for environmental adaptation in cultivated lupin. We recently predicted that a 

1,423 bp deletion in the cis-regulatory region of LanFTc1, a FLOWERING LOCUS T (FT) homologue, 

derepressed expression of LanFTc1 and was the underlying cause of the Ku phenotype. Here, we 

surveyed diverse germplasm for LanFTc1 cis-regulatory variation and identified two further deletions 

of 1,208 and 5,162 bp in the 5' regulatory region, which overlap the 1,423 bp deletion. Additionally, 

we confirmed that no other polymorphisms were perfectly associated with vernalisation 

responsiveness. Phenotyping and gene expression analyses revealed that Jul accessions possessed 

the 5,162 bp deletion and that the Jul and Ku deletions were equally capable of removing 

vernalisation requirement and up-regulating gene expression. The 1,208 bp deletion was associated 

with intermediate phenology, vernalisation responsiveness, and gene expression and therefore may 

be useful for expanding agronomic adaptation of lupin. This insertion/deletion series may also help 

resolve how the vernalisation response is mediated at the molecular level in legumes. 

 

2.2. Introduction 
 

Narrow-leafed lupin (Lupinus angustifolius L.) is one of three fully domesticated Old World Lupinus 

species originating from the Mediterranean and northern Africa (Gladstones 1974). It is 

predominantly grown in Australia and several northern European countries, including Poland, Russia, 

Germany, Ukraine and Belarus, as a winter and summer annual pulse crop, respectively (FAO 2014; 

Gladstones 1970). The grain is most commonly marketed as a high protein livestock and aquaculture 

feed. However, in light of the nutritional and metabolomics properties of narrow-leafed lupin seed 

(Lima-Cabello et al. 2017) and the associated benefits to human health and disease prevention 

(Foyer et al. 2016; Kouris-Blazos & Belski 2016), it is also being promoted in the human food market. 

In addition to high-protein grain production, narrow-leafed lupin has great agricultural value as a 

superior break crop. Lupin crops mobilise soil-bound phosphorus through carboxylate exudation 

(Lambers et al. 2013) and improve soil nitrogen through symbiosis, which, together with disease and 

weed control, is beneficial to the performance of subsequent crop rotations (Seymour et al. 2012).   
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Following domestication, one of the most important achievements in narrow-leafed lupin breeding 

has been the manipulation of phenology. In most wild populations, a prolonged period of exposure 

to cold winter temperatures, known as vernalisation, is required to promote the transition from 

vegetative to reproductive growth (Rahman & Gladstones 1972). However, this trait caused great 

difficulty in the global transitioning of the species from a green manure and fodder crop into a broad 

acre grain crop. Within key production zones of Australia, winter temperatures are often mild and 

incapable of reliably saturating the vernalisation requirement from year to year, leading to delayed 

phenology, susceptibility to terminal drought stress and reduced final yields (Berger et al. 2012b; 

Gladstones 1977). Similarly, strong vernalisation requirement was also a problem for summer 

cropping of lupin in northern Europe, where cool and wet autumn conditions hindered grain 

maturation, particularly if sowing was delayed by the late arrival of spring or growing regions receive 

high amounts of summer rainfall (Kubok 1988; Mikołajczyk 1966). Two naturally-occurring dominant 

mutations were discovered independently during the 1960’s in Australia and northern Europe and 

effectively removed the requirement for vernalisation, thereby improving the adaptation and yield 

stability of narrow-leafed lupin in short season environments. The most widely adopted of these is 

Ku, which arose as a spontaneous mutant in the cultivar ‘Borre’ and is capable of advancing 

flowering time by up to five weeks in Australia (Gladstones & Hill 1969). It has been selected in 

almost all elite Australian cultivars released since the 1970’s (Cowling 1999; Stefanova & Buirchell 

2010) and has also been commonly used in European breeding programs (Boersma et al. 2007). The 

second mutation, Julius (Jul), was first discovered in the Russian bred cultivar, Krasnolistny, and 

became an important source of early phenology in Polish breeding during the 1980’s (Kubok 1988; 

Mikołajczyk 1966). Due to striking similarity in photoperiodic as well as vernalisation responsiveness, 

Ku and Jul were thought to be controlled by the same gene (Rahman & Gladstones 1972). 

 

Global production of narrow-leafed lupin grain has stagnated in recent years with a leading cause 

being the limited genetic and adaptive diversity available within domesticated breeding pools of 

narrow-leafed lupin (Berger et al. 2012a). This lack of diversity largely stems from the species’ recent 

domestication, which was based on a small number of founding individuals, and subsequent strong 

and persistent selection for key traits, such as phenology, all of which have resulted in severe genetic 

bottlenecks (Berger et al. 2012a; Cowling 1999; Stefanova & Buirchell 2010). Among the 

consequences for these bottlenecks is a reduction in genetic variation for flowering time within a 

domestic background. Furthermore, any variation that is present is hidden by the dominant 

overriding effect of the Ku and Jul loci.  
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A lack of phenological diversity is problematic for two main reasons. Firstly, despite the profound 

influence Ku and Jul have had in adapting narrow-leafed lupin to short-season production 

environments, many regions still lack options for cultivars adequately matched to their respective 

climates (Berger et al. 2008a; Berger et al. 2012b). The southwest of Western Australia and the 

eastern states of Australia are two such regions, where longer growing seasons coupled with 

reduced evapotranspiration could support later flowering cultivars and achieve higher yields (Chen 

et al. 2017). Secondly, the reliance on Ku and lack of genetic diversity due to domestication 

bottlenecks will reduce the ability of breeders to select stress tolerant cultivars adapted to climate 

change, which threatens future yield potential of lupins and crop harvestability (Nelson et al. 2010a). 

New genetic variation for phenology is required to increase the adoption of narrow-leafed lupin in 

longer-season environments and to maintain or extend feasible production zones in the face of 

climate change.  

 

Recently, the genetic identify of Ku was revealed as a FLOWERING LOCUS T (FT) homologue, LanFTc1 

(Nelson et al. 2017). In Arabidopsis, FT has a well-defined role as a floral integrator gene, 

coordinating signals from the vernalisation, photoperiod and circadian clock pathways to promote 

flowering at an opportune time (Turck et al. 2008). A 1,423 bp deletion in the promoter region of 

LanFTc1 was implicated as the casual mutation for the Ku allele, as its presence was perfectly 

predictive of vernalisation responsiveness in 216 wild and domesticated accessions and was 

associated with de-repressed expression of LanFTc1 in the absence of vernalisation (Nelson et al. 

2017). Given the demonstrated capacity for mutations in the non-coding sequence of this gene to 

modify its expression and plant phenology, we endeavoured to find other polymorphisms that may 

affect cis-regulation of LanFTc1 and provide alternative sources of flowering time variation. Here, we 

report the discovery of a series of insertion/deletions (INDELs) in the 5’ regulatory region of this 

gene which are associated with altered vernalisation responsiveness, flowering time and LanFTc1 

gene expression in the absence of vernalisation. 

 

2.3. Materials and methods 
 

2.3.1. Screening for polymorphisms within the genomic region of LanFTc1 in diverse 

germplasm  

 

Polymorphisms in the LanFTc1 genomic region were explored in a panel of 48 narrow-leafed lupin 

accessions (Supplementary Table 2.1) comprising: (i) the species reference genome cultivar, Tanijl 
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(Hane et al. 2017); (ii) 43 accessions, including 30 genetically diverse wild accessions representing 

the natural geographic range of the species throughout the Mediterranean Basin (Mousavi-

Derazmahalleh et al. 2017) and 13 fully- or semi-domesticated accessions from Australia and Europe, 

all for which short-read sequencing data were generated to assemble the LanFTc1 region; (iii) 

Krasnolistny, the first cultivar described as carrying the Jul early flowering time locus (Mikołajczyk 

1966); (iv) and three Polish cultivars (Kazan, Mirela and Sur) with Krasnolistny in their pedigree 

(Kubok 1988). 

 

The genomic sequence encompassing roughly 7 Kb upstream and 2 Kb downstream of the LanFTc1 

coding region was extracted from the Tanjil narrow-leafed lupin reference genome (Hane et al. 

2017) plus the 43 accessions with short read sequencing data by aligning Illumina Paired End reads 

from each accession to the Tanjil reference using Bowtie2 v2.2.9 (--sensitive) (Langmead & Salzberg 

2012). Variants were called using samtools and bcftools (Li 2011; Li et al. 2009), which were then 

filtered to remove artefactual sequence variant calls arising from misalignments close to large (> 

1,000 bp) INDELs and polymorphisms that were physically disrupted by others.  

 

Both Tanjil and the P27255 wild-type LanFTc1 sequence (GenBank ID KT862491) served as 

references to genotype the 1,423 bp INDEL polymorphism previously identified by Nelson et al. 

(2017) in the 5’ regulatory region and to survey for other alternative INDEL variations in this same 

region. After discovering additional INDELs in the 7 Kb sequence upstream of LanFTc1, PCR primers 

were designed in the immediately adjacent sequences to screen for presence/absence of these 

INDELs for those accessions (Krasnolistny, Kazan, Mirela and Sur) for which no re-sequencing data 

were obtained.  A summary of the INDELs the different PCR primers assay and the conditions for PCR 

amplification are provided in Supplementary Table 2.2. To confirm the size and boundary of the 

newly identified INDELs, as determined from alignment of the short read sequences to the P27255 

and Tanjil references, the nucleotide sequence of PCR products was determined by Sanger 

sequencing. 

 

Additional INDELs and single nucleotide polymorphisms (SNPs) were also assessed in the coding and 

remaining non-coding sequences within the extracted LanFTc1 genomic region in the 44 wild and 

domestic accessions using Tanjil as the reference genome. The P27255 wild-type LanFTc1 sequence 

(GenBank ID KT862491), encompassing approximately 5 Kb upstream and 800 bp downstream of the 

LanFTc1 coding region, was used as the reference to call variants within the 1,423 bp sequence in 

the 5’ regulatory region that is deleted in the Tanjil reference genome.  
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2.3.2. Measuring degree-days to flowering and vernalisation responsiveness in diverse 

germplasm 

 

The panel of 48 diverse accessions was phenotyped for time to flowering in two partially replicated 

trials (n = 1-3, as outlined in Supplementary Table 2.1) for preliminary assessment of LanFTc1 

polymorphism genotype effect on vernalisation responsiveness and time to flowering. The first trial 

included 40 accessions representing the 0 bp, 1,208 bp and 1,423 bp INDEL variants. Data were 

gathered for all accessions except for P22603, which failed to germinate. In the second trial, six 

accessions carrying the 5,162 bp INDEL were compared with ten representatives of the three other 

INDEL variants.  

 

All seeds were germinated in Jiffy-7® peat pellets within a controlled environment room (CER) at The 

University of Western Australia (Perth, Australia), which was maintained at 20°C constant 

temperature and with a 14 hour photoperiod. Two vernalisation treatments were provided: (1) a full 

vernalisation treatment in which two-day old seedlings were transferred to a 4 °C room (14 hour 

photoperiod) for 32 days before transferring to the CER for a further 140 days; and, (2) a mild, partial 

vernalisation treatment, whereby seven-day old seedlings were transferred to the 4 °C room for a 

total of eight days before transferring to the CER for a further 140 days. A mild vernalisation 

treatment was preferred to a fully non-vernalising treatment where accessions with a strong 

vernalisation requirement would not flower at all. Thus, the mild vernalisation treatment was 

designed to allow the degree of vernalisation responsiveness to be measureable in the most strongly 

vernalisation responsive accessions. All plants were transferred to the controlled environment room 

on the same day with approximately the same accumulated degree-days (~190 degree-days, with 0 

°C as the baseline temperature) and were placed in a randomised block design.  

 

Flowering was scored immediately after anthesis, which was indicated by an erect standard petal 

(i.e. open flower) or the changing colour of petals. To accommodate the few accessions which did 

not flower within the allocated time of the experiment, even with mild vernalisation treatment, 

flowering time was transformed to rate of flowering by taking the reciprocal of the degree-days to 

flowering. Three-way ANOVA was performed on the rate to flowering data using Genstat V.18, with 

vernalisation treatment and deletion category as main effects, and accessions nested within deletion 

category to subdivide variance among and within categories. Category effects were compared using 

orthogonal contrasts by least significant difference (LSD). ANOVA was performed separately for each 
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phenotyping trial, and residual plots used to identify outliers and check that errors were randomly 

and independently distributed. 

 

2.3.3. Assessing the relationship of INDEL variation in the 5’ regulatory region and 

LanFTc1 gene expression 

 

Following the preliminary analysis of LanFTc1 polymorphism effect on phenotype, a subset of 

accessions representing four variants of prominent INDELs in the 5’ regulatory region of LanFTc1 was 

selected from the original panel of 48 accessions to more precisely phenotype flowering time and 

vernalisation responsiveness, and to correlate these traits with LanFTc1 gene expression. The 

representative subset included the following narrow-leafed lupins: (i) P27255, a wild Moroccan 

accession that is highly responsive to vernalisation; (ii) 83A:476, a vernalisation-insensitive Australian 

breeding line; (iii) P22660, a wild Israeli accession with mild sensitivity to vernalisation; (4) P29039, a 

vernalisation-insensitive Belarussian breeding line; and (iv) Russian cultivar, Krasnolistny, also 

insensitive to vernalisation. P27255 and 83A:476 are the parents for a wild x domestic F8 

recombinant inbred line (RIL) mapping population (Boersma et al., 2005; Kroc et al., 2014; Nelson et 

al., 2010b; Nelson et al., 2006). 

 

Seeds were scarified and imbibed in Milli-Q water for six hours before being immediately sown (non-

vernalised treatment) or incubated in a darkened room at 4°C for 21 days in petri dishes (vernalised 

treatment). On the day of sowing the vernalised seeds, both treatments had accumulated 

approximately equal degree-days (calculated using base-line temperature of 0 °C). All plants were 

grown in a phytotron located at The University of Western Australia (Perth, Australia) with a diurnal 

temperature range of 18 ± 0.5 °C (day) to 14 ± 0.5 °C (night) and exposed to natural photoperiod (10-

12 hours daylight during May to October 2017). Flowering time and degree-days to flowering was 

scored immediately after anthesis and the data analysed as outlined above.    

 

The four uppermost fully emerged leaves were harvested for gene expression analyses from three 

biological replicates per treatment per accession at five growth stages: 4-leaf, 8-leaf, 12-leaf, 16-leaf 

and flowering. Samples were harvested between 12:00-14:00 hours and immediately snap-frozen in 

liquid nitrogen. RNA isolation, cDNA synthesis and quantitative reverse transcription PCR (qRT-PCR) 

were conducted according to the methods of Taylor et al. (2016) and Nelson et al. (2017). Briefly, 

the relative expression of LanFTc1 was calculated as the average cycle threshold (CT) for two primer 

pairs, which had previously been designed by Nelson et al. (2017) using transcript sequences from 

the draft Tanjil reference genome assembly (Kamphuis et al. 2015) to be specific to LanFTc1 and to 
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target unique portions of the coding sequence for gene-wide transcription assessment. The average 

LanFTc1 CT value was then normalised against Ubiquitin C (UBC), which had been validated as a 

robust reference gene under the same experimental conditions (Taylor et al. 2016), and relative 

expression was finally expressed as 40-ΔCT. This method reports relative transcript abundance on a 

Log2 scale, where a value of 40 represents the mean level of expression of UBC and the fold 

difference between treatments is calculated as 2ΔΔCT (where ΔΔCT is equal to difference in average 

ΔCT between vernalised and non-vernalised treatments) when primer efficiency is approximately 2.0 

(Bari et al. 2006).  

 

Nested ANOVA and polynomial linear regression of relative gene expression over degree-days to 

flowering were performed in Genstat v18 as described above. Nested polynomial linear regression 

demonstrated non-significant differences between accessions within INDEL size categories, and 

therefore only the INDEL size category results are presented. The regressions were compared using 

orthogonal contrasts. The regression equations generated by Genstat were then used to plot 

smooth fitted curves, and we included the biological replicate data points for context. 

 

2.3.4. Characterising the LanFTc1 promoter region 

 

Relative to P27255, representing the wild-type LanFTc1 sequence, three large, distinct INDELs were 

identified in the 5’ regulatory region. Two of the INDELs, which were associated with modified gene 

expression and phenology, were assessed relative to the wild-type for the presence/absence of 

transcription factor binding site motifs previously identified by Nelson et al. (2017). Putative binding 

site motifs were identified in that study using two open-access web-interface platforms, including: 

JASPAR 2014, which contains CORE Plantae matrix models (Mathelier et al. 2014); and PLACE, which 

contains cis-acting regulatory DNA elements in plants (Higo et al. 1999).  

 

2.3.5. Assessment of linkage disequilibrium in the LanFTc1 genomic region 

 

To determine the likelihood of other polymorphisms within the LanFTc1 genomic region being 

involved in modifying the response to vernalisation, we measured the association of each 

polymorphism with vernalisation responsiveness among the 44 accessions previously genotyped for 

polymorphisms in the LanFTc1 genomic region. This was done by measuring pairwise linkage 

disequilibrium (r2) of SNP and INDEL variants identified relative to the P27255 wild-type LanFTc1 

reference sequence with the vernalisation responsiveness phenotype, which was scored as a multi-

allelic genotype (unresponsive, mildly responsive, and responsive). An r2 value was also calculated 



64 
 

for the four INDEL variants as a single multi-allelic polymorphism (0 bp, 1,208 bp, 1,423 bp and 5,162 

bp). All pairwise r2 values (--ld-window-r2 0) were calculated using PLINK v1.9 (Purcell et al. 2007). 

Default filtering settings in PLINK were used to remove markers with low quality or that were almost 

monomorphic from analysis. A linear adjusted association analysis was also conducted in PLINK v1.9 

to determine the significance and strength of the association between the sequence variants and 

vernalisation responsiveness phenotype.  

 

2.4. Results 
 

2.4.1. Screening for polymorphisms within the genomic region of LanFTc1 in diverse 

germplasm 

 

A 1,423 bp deletion between 4,248 and 2,826 bp upstream of the ATG start codon of LanFTc1 was 

previously hypothesised as the causal sequence variant modifying vernalisation responsiveness in 

the breeding line, 83A:476 (Ku), compared to the wild-type LanFTc1 sequence represented by 

P27255, and no polymorphisms were observed between accessions in the coding sequence (Nelson 

et al. 2017). To dissect this further, we surveyed the LanFTc1 genomic region, from approximately 7 

Kb upstream to 2 Kb downstream of the coding region in the Tanjil reference genome (Hane et al. 

2017), for polymorphisms in 44 accessions of narrow-leafed lupin. This analysis revealed a total of 

260 SNPs and 56 INDELs relative to Tanjil, excluding the 1,423 bp INDEL (Table 2.1; Supplementary 

Table 2.3). Importantly, no polymorphisms were found in the coding sequence. The genomic region 

features containing the most SNPs and INDELs (all less than 30 bp in length) were the large third 

intron and the 5’ regulatory region, which contained approximately 50% and 32% of all 

polymorphisms. Variant calling using the P27255 wild-type LanFTc1 sequence revealed a further 17 

SNP and eight small INDELs (less than 20 bp in length) within the 1,423 bp sequence in the 5’ 

regulatory region which is deleted in the Tanjil reference genome (Supplementary Table 2.4).   
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Table 2.1: A summary of SNP and INDEL polymorphisms (excluding the large INDEL within the 5’ 

regulatory region) observed in the genomic region from approximately 7 Kb upstream to 2 Kb 

downstream of LanFTc1 in 44 accessions of narrow-leafed lupin relative to the Tanjil narrow-leafed 

lupin reference genome. Genomic region features include regulatory regions adjacent to the coding 

sequence (CDS), and the untranslated regions (UTRs), exons (coding sequences) and introns (non-

coding intra-genic sequences) of LanFTc1.  

LanFTc1 genomic 
region feature 

Coordinates on 
Pseudochromosome NLL-10 

Coordinates on 
Scaffold_276_44 

Number of SNP 
polymorphisms 

Number of 
INDEL 

polymorphisms 
5’ regulatory 
region 

8,016,843 – 8,023,566 3,823 – 10,546 91 11 

5’ UTR 8,023,567 – 8,023,842 10,547 – 10,822 1 1 
Exon 1 (CDS) 8,023,843 – 8,024,040 10,823 – 11,020 0 0 
Intron 1 8,024,041 – 8,024,162 11,021 – 11,142 1 0 
Exon 2 (CDS) 8,024,163 – 8,024,225 11,143 – 11,205 0 0 
Intron 2 8,024,226 – 8,024,381 11,206 – 11,361 2 3 
Exon 3 (CDS) 8,024,382 – 8,024,420 11,362 – 11,400 0 0 
Intron 3 8,024,421 – 8,030,939 11,401 – 17,919 127 29 
Exon 4 (CDS) 8,030,940 – 8,031,155 17,920 – 18,135 0 0 
3’ UTR 8,031,156 – 8,031,424 18,136 – 18,404 3 2 
3’ regulatory 
region 

8,031,425 – 8,033,155 18,405 – 20,135 35 10 

Total   260 56 
 

We then used P27255 and Tanjil as references to genotype the 1,423 bp INDEL and determine if 

there were any other major INDEL variations in the 5’ regulatory region in 42 additional wild and 

domestic accessions. The wild-type LanFTc1 sequence was present in a total of 29 wild accessions 

from the Mediterranean and two vernalisation responsive Australian cultivars (all known to carry the 

ku allele), while the 1,423 bp deletion was present in 10 Australian and Polish Ku cultivars. 

Importantly, two new large INDEL variants were identified. The first of these was a 1,208 bp deletion 

observed between 3,970 and 2,763 bp upstream of the ATG start codon in the Israeli accession, 

P22660, relative to the P27255 wild-type LanFTc1 sequence. The majority of this smaller deletion 

overlapped with that of the 1,423 bp variant. However, as determined from Sanger sequencing 

(GenBank ID MH166758), the first 277 bp at the 5’ end of the 1,423 bp deletion was retained in 

P22660, whilst a further 62 bp immediately downstream of the 1,423 bp variant had been deleted 

(Figure 2.1). The second INDEL variant was a prominent deletion of 5,162 bp in P29039 (a 

Belarussian breeding line) and Emir (a Polish cultivar) positioned between 6,209 and 1,048 bp 

upstream of the ATG start codon relative to the P27255 reference. Sanger sequencing supported a 

shared origin of the 5,162 bp deletion as both P29039 and Emir had identical deletion breakpoints 
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(GenBank ID MH166759). This large deletion completely spanned the 1,423 bp and 1,208 bp 

deletions (Figure 2.1).  

 

 
Figure 2.1: A schematic illustrating the positions of INDEL genotypes in the 5’ regulatory region of 

LanFTc1 relative to the start codon (ATG) of the coding sequence (CDS).  The wild-type LanFTc1 

sequence (ku) was obtained from P27255, a wild Moroccan accession, and the 1,423 bp deletion (Ku) 

from the Tanjil reference genome. A 5,162 bp deletion (Julius or Jul) was found in several European 

breeding lines and cultivars, including Krasnolistny (Russian cultivar), P29039 (Belarussian breeding 

line) and Emir (Polish cultivar). A 1,208 bp deletion was identified in P22660, a wild accession from 

Israel. Critical regions of the regulatory region, if deleted, enable high (CH, shaded dark grey) and 

moderately high (CM, shaded light grey) levels of LanFTc1 expression, respectively, relative to the 

wild-type sequence. 

 

To determine if the narrow-leafed lupin cultivars carrying Jul contain the wild-type sequence or one 

of the three deletion genotypes, a PCR-marker (Supplementary Table 2.2) approach was used. This 

confirmed that Krasnolistny, the original Jul cultivar, and three Polish cultivars known to descend 

from it (Kazan, Mirela and Sur) contain the 5,162 bp deletion as detected in P29039 and Emir 

(Supplementary Figure 2.1).  
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2.4.2. Measuring degree-days to flowering and vernalisation responsiveness in diverse 

germplasm 

 

To explore whether the four prominent INDEL variants in the 5’ regulatory region of LanFTc1 may 

affect vernalisation responsiveness and phenology in narrow-leafed lupin, we phenotyped rate to 

flowering (reciprocal of degree-days to flowering) in the full panel of 48 accessions under both mildly 

and fully vernalising conditions across two trials, with 39 accessions in the first trial (Figure 2.2a) and 

17 accessions in the second trial (Figure 2.2b) (Supplementary Table 2.1). In both trials, there were 

strong INDEL variant by vernalisation treatment interactions (P < 0.001), in which vernalisation 

response was consistently proportional to flowering time (Figure 2.2). Thus, the strongest 

vernalisation response was observed in the late flowering wild-type accessions (0 bp INDEL), 

followed by the intermediate flowering 1,208 bp INDEL accession, and finally the early flowering 

1,423 bp and 5,162 bp accessions, both of which had a small response to vernalisation (Figure 2.2b). 

Accordingly, the large differences in rate to flowering observed between the 0 bp, 1,208 bp, and the 

1,423 bp and 5,162 bp variants under mild vernalisation were greatly reduced under full 

vernalisation. Thus, under fully vernalising conditions, the strongly vernalisation responsive wild-

types (0 bp deletions) flowered at the same rate as the intermediate 1,208 bp INDEL variant, and 

only marginally slower than the weakly vernalisation responsive accessions with the 1,423 bp and 

5,162 bp deletions.    
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Figure 2.2: Average rate to flowering (reciprocal of degree-days to flowering) in mildly and fully 

vernalising conditions for narrow-leafed lupins possessing various insertion/deletions (INDELs) in the 

5’ regulatory region of LanFTc1 in two phenotyping trials. (a) Trial 1 included narrow-leafed lupins 

carrying the 0 bp deletion (n = 29), 1,208 bp deletion (n = 1), and 1,423 bp deletion (n = 9). (b) Trial 2 

included narrow-leafed lupins with the 0 bp deletion (n = 2), 1,208 bp deletion (n = 1), 1,423 bp 

deletion (n = 8), and 5,162 bp deletion (n = 6). The least significant difference (LSD) value is provided 

to compare responses within and between vernalisation treatments in each phenotyping trial (a: LSD 

= 0.00020; b: LSD = 0.00011).  

 

2.4.3. Assessing the relationship of INDEL variation in the 5’ regulatory region upon 

LanFTc1 gene expression 

 

Based on the association between phenology and vernalisation responsiveness with INDEL variation 

in the 5’ regulatory region of LanFTc1, we measured LanFTc1 gene expression in five representative 

accessions, grown with and without vernalisation treatment. Four of the accessions included 
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P27255, P22660, 83A:476 and P29039, representing the 0 bp (ku), 1,208 bp, 1,423 bp (Ku) and 5,162 

bp deletions, respectively. Krasnolistny was also included to gain further evidence implicating the 

5,162 bp deletion in the 5’ regulatory region of LanFTc1 as the causal mutation for the Jul locus.  

 

2.4.3.1. Flowering time is earlier and vernalisation responsiveness is reduced or 

effectively lost in accessions with a deletion genotype  

 

Orthogonal contrasts revealed that the flowering behaviour of the representative subset was 

consistent with the larger association study (Figure 2.2). INDEL genotype by vernalisation treatment 

interactions were highly significant (P < 0.001), and ranked in the same order as previously. Thus, the 

wild-type 0 bp deletion was much more vernalisation responsive than the 1,208 bp deletion (Pdiff < 

0.001), which in turn was more responsive than the 1,423 bp and 5,162 bp INDELs (Pdiff < 0.001) 

which had a similar low response to vernalisation (Pdiff = 0.883) (Table 2.2). The two accessions with 

the 5,162 bp deletion genotype also had a similar low response to vernalisation (Pdiff = 0.450), 

although P29039 was always slightly later flowering than Krasnolistny (Pdiff < 0.001) (Table 2.2).  

 

Table 2.2: Average days and degree-days to flowering in vernalised and non-vernalised treatments 

for narrow-leafed lupins representing the 5’ regulatory region wild-type sequence (ku) for LanFTc1 

and three major deletion variants of 1,208 bp, 1,423 bp (Ku), and 5,162 bp (Jul). Differences between 

accession means within and across treatments greater than 1.9 days and 33.64 degree-days are 

significant (least significant difference P < 0.05). 

  Days to flowering Degree-days to flowering 
Accession Deletion genotype Vernalised Non-vernalised Vernalised Non-vernalised 

P27255 0 bp (ku) 53.7 134.3 1023.2 2434.8 

P22660 1,208 bp 49.0 67.0 941.5 1256.5 

83A:476 1,423 bp (Ku) 51.0 49.0 976.5 941.5 

P29039 5,162 bp (Jul)  58.3 55.7 1104.8 1058.2 

Krasnolistny 5,162 bp (Jul) 52.3 50.7 999.8 970.7 
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2.4.3.2. LanFTc1 is expressed to varying degrees in accessions with a deletion 

genotype independently of vernalisation treatment 

 

All accessions had high gene expression under vernalising conditions during vegetative growth, 

starting from a common high basal level at the 4-leaf stage (approximately 277 degree-days, Figure 

2.3a). The deletion size categories (1,208 bp, 1,423 bp and 5,162 bp) had similar curvilinear increases 

in relative transcript abundance in the late vegetative stage (approximately 750 degree-days), while 

the wild-type (0 bp deletion) showed a flat slope, with no change in transcript abundance over time 

(P = 0.851).  

 

Relative LanFTc1 expression varied greatly among the accessions in the absence of vernalisation 

(Figure 2.3b). Those with the 1,423 bp and 5,162 bp deletions behaved similarly to their respective 

vernalised treatments, with similar curvilinear increases in transcript abundance in the late 

vegetative stage.  By contrast, relative expression levels in the accession (P22660) with the smaller 

1,208 bp deletion rose rapidly from an intermediate basal level and reached similar levels as the 

larger deletion categories by the mid-vegetative stage (Figure 2.3b). Finally, the wild-type (0 bp 

deletion) had a slow linear increase in relative gene expression throughout the vegetative phase, 

starting from the lowest level of expression at the 4-leaf stage, and reached similar levels to the 

three deletion categories by the onset of flowering (Figure 2.3b).  
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Figure 2.3: Relative expression of LanFTc1 at various degree-days from 4-leaf stage (approximately 

277 degree-days) to first flowering in deletion categories of narrow-leafed lupin (red circle, 0 bp 

deletion wild-type; yellow triangle, 1,208 bp deletion; blue square, 1,423 bp deletion; green 

diamond, 5,162 bp deletion) with (a) and without (b) vernalisation.  The quadratic regression model 

(QR) captured 94.7% of variance, and indicated significant intercept, linear and quadratic slope 

differences (P < 0.001) between category/vernalisation treatment combinations.  The final sampling 

time is at first flower, and therefore varies widely between treatment combinations. 
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2.4.4. Characterising the LanFTc1 promoter region 

 

The gene expression profiles of the three deletion variants indicate that sections of the 5’ regulatory 

region are critical for regulating flowering time via the vernalisation pathway and LanFTc1. It appears 

that the 1,423 bp and 5,162 bp deletions are functionally equivalent, as they both result in 

insensitivity to vernalisation and similar LanFTc1 expression profiles (Figure 2.3). Therefore, crucial 

regulatory elements responsible for full gene suppression in the absence of vernalising conditions 

should reside within the 1,423 bp INDEL sequence (Figure 2.1). The functional activity of the 1,208 

bp INDEL further refines this critical region. As the first 277 bp at the 5’ end of the 1,423 bp INDEL 

are not also deleted within the 1,208 bp INDEL, it suggests that this 277 bp region is critical for 

establishing complete de-repression of LanFTc1 (CH; critical region for high early expression and 

vernalisation insensitivity). Additionally, as the 62 bp sequence at the 3’ end of the 1,208 bp deletion 

is conserved in the wild-type, this indicates that the 1,146 bp sequence common to the 1,208 bp, 

1,423 bp and 5,162 bp INDELs is responsible for establishing a moderate level of early gene activity 

without vernalisation (CM; critical region for moderate early expression and moderate vernalisation 

responsiveness).   

 

We next explored variation in the CH and CM critical regions that may explain differences in 

vernalisation responsiveness and LanFTc1 expression. Both critical regions were screened for 

candidate transcription factor binding motifs that may have roles in the repression of LanFTc1 within 

the P27255 representative wild-type sequence from the comprehensive list compiled by Nelson et 

al. (2017). A total of 31 individual motifs were found within the CH region, including six in which the 

motif overhangs the CH region and the adjacent 5’ wild-type sequence and/or contains an alternative 

SNP allele in one or more vernalisation responsive accession(s) (Supplementary Tables 2.4 and 2.5). 

Meanwhile as many as 168 individual motifs were identified within the CM region, including seven 

for which one or more vernalisation responsive accession(s) have SNPs (Supplementary Tables 2.4 

and 2.5). Among all of the motifs identified upstream of the coding sequence within the 5’ 

regulatory region and 5’ UTR, the binding sites for three and five types of transcription factors were 

unique to the CH and CM regions, respectively, including several reported to have roles in determining 

flowering time (Table 2.3). Only a single type of transcription factor, named BRI1-EMS-SUPPRESSOR 

1 (BES1), was common to both critical regions yet absent in the remainder of the adjacent 5’ UTR 

and 5’ regulatory region.     
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Table 2.3: A list of candidate transcription factor (TF) binding site motifs unique to sequences within 

the 5’ regulatory regions critical for establishing moderate (CM) or high (CH) levels of de-repressed 

LanFTc1 expression during early vegetative growth.  

Motifs present 
in the wild-

type sequence 

Motifs 
present in 

the CH 
sequence  

Motifs 
present in 

the CM 
sequence  

Role of TF in flowering within other 
angiosperms 

References 

AGL9 1a 0 

AGAMOUS-LIKE 9 (AGL9), also known as 
SEPALLATA3 (SEP3), is a MADS-box TF that is 

involved in establishing identity of petals, 
stamens and carpels in Arabidopsis. In rice 

(Oryza sativa), knock out of two AGL9/SEP3 
homologues, OsMADS7 and OsMADS8, also 

results in delayed flowering. 
 

Mandel & 
Yanofsky (1998) 

Pelaz et al. (2000) 
Cui et al. (2009) 

ATHB5 1 0 

ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 5 
(ATHB5) is a homeodomain leucine zipper 

(HDZip) TF that forms a heterodimer with its 
family member, ARABIDOPSIS THALIANA 

HOMEOBOX PROTEIN 16 (ATHB16), which 
regulates photoperiodic responsiveness in 

Arabidopsis. 
 

Johannesson et al. 
(2001) 

Wang et al. (2003) 
De Smet et al. 

(2013) 

PI 1 0 

PISTILLATA (PI) is a MADS-box TF that is involved 
in establishing identify of petals and stamens in 

Arabidopsis. 
 

Hill & Lord (1989) 
Bowman et al. 

(1989) 

AT3G20750 0 1 

AT3G20750 (also known as GATA29) is a member 
of the GATA protein family and contains a HAN 

domain, which has roles in regulating cell 
differentiation and speciation, including for floral 

organs, in Arabidopsis. The rice (Oryza sativa) 
AT3G20750 homologue, NECK LEAF 1 (NL1), has 

a similar role in floral organ identity, and its 
overexpression is thought to affect regulation of 
Hd3a, a rice FT homologue, and delay flowering. 

 

Reyes et al. (2004) 
Zhao et al. (2004) 

Behringer & 
Schwechheimer 

(2015) 
Wang et al. (2009) 

Tamaki et al. 
(2007) 

 

C1 0 1 
C1 is a MYB TF involved in anthocyanin 

biosynthesis, thus flower colouration, in maize 
(Zea mays). 

Paz-Ares et al. 
(1987) 

Sainz et al. (1997) 
Mola et al. (1998) 

 

MADSA 0 1 

MADSA, also known as AGAMOUS-LIKE 20 
(AGL20) and SUPPRESSOR OF OVEREXPRESSION 

OF CONSTANS 1 (SOC1) in Arabidopsis, is a 
MADS-box TF activated in the shoot apical 

meristems during the transition from vegetative 
to floral development, and which integrates 

signals from the giberellin (GA) pathway, and 
also the photoperiod pathway through 

CONSTANS (CO) via FT.   
  

Borner et al. 
(2000) 

Yoo et al. (2005) 

NAC6 0 1 NAC6 (also known as NAC2 or AtNAC2) is a Ooka et al. (2003) 
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member of the NAC TF family, which has roles in 
regulating morphogenesis and stress responses, 
and is itself involved in the regulation of stamen 

development in Arabidopsis.  
 

Mandaokar et al. 
(2006) 

 

WRKY 0 1 

WRKY20 is a member of the WRKY TF family that 
has roles in plant stress responses and 

development. Wild soybean (Glycine soja) 
homologue WRKY20 is abundantly expressed in 
flowers and floral meristems, and is thought to 

be involved in positive regulation of the 
autonomous pathway. Its overexpression in 
Arabidopsis results in early flowering and is 

associated with upregulation of floral integrator 
genes, including FT and SOC1.    

 

Luo et al. (2013) 

BES1 1 2 

BES1 is a member of the BES1/BZR1 TF family 
and interacts with EARLY FLOWERING 6 (EF6) 

and RELATIVE OF EARLY FLOWEIRNG 6 (REF6) in 
Arabidopsis to repress the photoperiodic 

pathway and FLOWERING LOCUS C (FLC), a 
repressor of FT. 

Noh et al. (2004) 
Yu et al. (2008) 

a Note that six of seven nucleotides forming this motif are located within the CH region and that one 

or more vernalisation responsive accessions contain a SNP within the motif.   

 

2.4.5. Assessment of linkage disequilibrium in the LanFTc1 genomic region 

 

To rule out the involvement of other polymorphisms in the LanFTc1 gene region being involved in 

modifying vernalisation responsiveness, we measured the association of each polymorphism with 

the vernalisation responsiveness phenotype. A total of 48 INDELs and 206 SNPs were used for 

pairwise calculation of linkage disequilibrium (r2) with the vernalisation responsiveness genotype. 

Low r2 values of 0.35 or less were observed for the vast majority of polymorphisms (Figure 2.4).  One 

INDEL point at 752 bp in the P27255 wild-type reference sequence, which represents the 1,423 bp 

deletion in the 5’ regulatory region, was the only variant with an r2 value of 1.0 and perfect linkage 

with the vernalisation responsiveness phenotype (Figure 2.4). An r2 value of 1.0 was also achieved 

when grouping the 1,423 bp, 5,162 bp and 1,208 bp deletions together as a single multi-allelic 

INDEL. The major association between the 1,423 bp INDEL and vernalisation responsiveness 

phenotype was highly significant (PLINK linear regression, coefficient t-statistic = 32.58, Bonferroni 

adjusted P = 6.60e-27). There was an additional small association with vernalisation responsiveness 

for a 1 bp INDEL at position 3,215 bp relative to the P27255 wild-type sequence (PLINK linear 

regression, Bonferroni adjusted P = 0.04) (Figure 2.4).   
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Figure 2.4: Linkage (represented as r2) of insertion/deletions (INDELs; black triangles) and single 

nucleotide polymorphisms (SNPs; grey circles) identified in the narrow-leafed lupin LanFTc1 wild-

type genomic sequence, represented by Moroccan accession P27255, with vernalisation 

responsiveness. The positions of polymorphisms are indicated relative to the base pair (bp) position 

along the wild-type LanFTc1 genomic sequence (GenBank ID KT862491) and a schematic of the 

LanFTc1 genomic features, including: regulatory regions (RRs; solid black line), untranslated regions 

(UTRs; solid white bar with black border), exons (solid black bar with black border), and introns (solid 

grey bar with black border).  An r2 value of 1.0 represents perfect linkage with vernalisation response 

phenotype. Asterisks denote significant associations between polymorphisms and the vernalisation 

responsiveness phenotype (Bonferroni adjusted P values: * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** 

P < 0.001).        

 

2.5. Discussion 
 

2.5.1. A series of cis-regulatory variants in a legume FT homologue 

 

A 1,423 bp deletion in the 5’ regulatory region of LanFTc1, an FT homologue, was recently 

hypothesised as the causal mutation behind the Ku locus that has been significant in establishing 

narrow-leafed lupin as a viable pulse crop in Australia and northern Europe (Nelson et al. 2017). 

Here, we have shown that another two independently occurring mutations, namely 1,208 bp and 

5,162 bp deletions, overlap the same region of the promoter, creating a series of cis-regulatory 

variants that de-repress LanFTc1 expression to varying extents. Additionally, we have shown that the 

1,423 bp deletion, plus all three deletions when scored as a singular multi-allelic variant at the same 
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position, are the only sequence variants in the LanFTc1 wild-type sequence that are perfectly 

associated with vernalisation response and, as a consequence, early flowering time under non-

vernalising conditions. The remaining 206 SNPs and 48 small INDELs within the 13 Kb wild-type 

genomic region are not associated with vernalisation responsiveness (r2 ≤ 0.35; Figure 2.4), with the 

exception of one small INDEL (1 bp), which is weakly linked (r2 = 0.35; Figure 2.4). This finding 

compliments those of Nelson et al. (2017), where presence/absence of the 1,423 bp deletion was 

perfectly predictive of vernalisation responsiveness in 216 accessions, and provides compelling 

evidence that the INDEL series are the likely causal mutations modifying vernalisation 

responsiveness, and thus phenology. However, we have not yet ruled out the possibility that other 

variants outside of this 13 Kb genomic region are also strongly or perfectly associated with 

vernalisation responsiveness. Lastly, we found strong evidence that the 5,162 bp deletion 

corresponds to Jul, supporting previous speculation that these two dominant early flowering time 

genes discovered independently in Australian and European breeding programs (Rahman & 

Gladstones 1972) are in fact different alleles of the same gene, LanFTc1. We are currently 

developing bi-parental genetic populations to confirm this conclusion. 

 

To the best of our knowledge, this is the first report of a naturally occurring series of mutations in 

the non-coding region of a floral integrator gene in any legume species. However, it adds to a 

growing list of literature similarly reporting series of cis-regulatory variants of vernalisation and 

photoperiodic pathway genes in Arabidopsis and cereal crops. The largest and most widely published 

allelic series identified to date involves VRN-1, a MADS-box transcription factor that is orthologous 

to APETALA1 in Arabidopsis (Yan et al. 2003) and which is involved in maintaining down-regulation of 

floral repressors following vernalisation within members of the Poaceae family (Chen & Dubcovsky 

2012). Within the promoter and intronic regions, a staggering number of INDELs ranging in size from 

20 bp to 6,850 bp, in addition to a single SNP, have been identified in the A, B, D and G genomes of 

various di-, tetra- and hexaploid wild and domestic wheats and their progenitors (Fu et al. 2005; 

Golovnina et al. 2010; Konopatskaia et al. 2016; Milec et al. 2012; Muterko et al. 2015; Santra et al. 

2009; Shcherban et al. 2012; Takumi et al. 2011; Yan et al. 2004; Zhang et al. 2015), plus the H 

genome of barley (Hordeum vulgare L.) (Fu et al. 2005). Our study also adds to others in Arabidopsis 

(Liu et al. 2014; Schwartz et al. 2009), perennial ryegrass (Lolium perenne) (Skøt et al. 2011), and 

wheats and barley (Chen et al. 2013; Yan et al. 2006) showing that FT orthologues have similarly 

been a common target for the evolution of natural flowering time variation in a range of plant 

families. Lastly, a series of 7 bp tandem repeat INDELs has also been identified in Arabidopsis to 
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modify the cis-regulation of CONSTANS (CO), a gene which encodes a zinc-finger transcription factor 

responsive to the photoperiodic and circadian clock flowering pathways (Rosas et al. 2014).  

 

2.5.2. Implications for breeding and expansion of the adaptive range of narrow-leafed 

lupin  

 

Discovery of an INDEL series in the promoter region of LanFTc1 has major practical implications in 

light of its demonstrated capacity to modify vernalisation responsiveness and flowering time in 

narrow-leafed lupin. The Ku (1,423 bp deletion) and Jul (5,162 bp deletion) alleles have already been 

widely incorporated into domestic breeding programs in Australia and Europe. However, the 1,208 

bp deletion present in the Israeli wild accession, P22660, represents a new form of valuable variation 

that has the potential to delay flowering time by approximately 2.5 weeks in the absence of 

vernalisation. Such variation would be extremely beneficial in expanding the production range of 

narrow-leafed lupin, plus increasing crop adaptation and yield potential in current environments 

with longer seasons, such as the southern Western Australian and eastern Australian growing 

regions. The predominance of the Ku and Jul alleles in breeding programs means that, without prior 

knowledge of the 1,208 bp INDEL variant, it would not be easily identified in the early stages of 

segregation from hybrids with breeding lines containing the dominant early alleles, Ku or Jul. The 

PCR marker designed by Nelson et al. (2017) will serve as a useful resource to screen for the 1,208 

bp INDEL in future breeding (Supplementary Table 2.2a).  

 

Similar to the 1,208 bp deletion identified in wild germplasm from Israel, it is interesting to note that 

Jul is thought to have originated from the same region of the Middle East (Mikołajczyk 1966). 

Evaluation studies of previous germplasm collection trips (Clements & Cowling 1994; Gladstones & 

Crosbie 1979) and a recent genetic and adaptive diversity analysis (Mousavi-Derazmahalleh et al. 

2017) have identified the Eastern Mediterranean and Northern Africa (including but not limited to 

parts of Morocco, the Middle East, and Aegean islands) as key geographic regions associated with 

early phenology in the natural habitat of L. angustifolius. The lower elevation and latitude of these 

regions, in combination with reduced, variable rainfall and increased seasonal temperatures, results 

in shorter growing seasons with heightened abiotic stresses that drive phenological evolution 

(Berger et al. 2008b; Berger et al. 2017). Therefore, it is possible that valuable cis-regulatory 

variations of LanFTc1 or other genes regulating time to flowering exist in wild populations of narrow-

leafed lupin from these origins. We are currently exploring this possibility in our research activities. 
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2.5.3. Understanding the regulation of FT homologues and the mediation of 

vernalisation responsiveness in the legume family  

 

In addition to the potential benefits to narrow-leafed lupin breeding, the discovery of two new 

INDEL variants within the 5’ regulatory region has also enabled us to explore which part of the 

promoter is critical for retaining normal repression of LanFTc1 in the absence of vernalisation and, 

which if manipulated, is capable of modifying phenology. This critical region has been further divided 

into two zones, one of which is critical for establishing a medium level of de-repressed gene 

expression (CM), while the second enables high and completely de-repressed transcriptional state 

(CH). However, at this stage, it remains unclear as to why these regions are critical and what role(s) 

the deleted sequences play in the wild-type ku allele.  

 

As evidenced from variant series in other species and flowering time genes, cis-regulatory changes 

are mediated by polymorphisms in a number of different ways. The classical FT promoter in 

Arabidopsis contains four major blocks (Adrian et al. 2010; Liu et al. 2014), comprising: firstly, the A 

block, positioned roughly 400 bp upstream of the ATG start codon and which contains a number of 

transcriptional elements, such as those bound by CO (Tiwari et al. 2010); secondly, the B block, 

located approximately 1.8 Kb upstream of the coding sequence and containing two conserved 

binding sequences for basic helix-loop-helix (bHLH) proteins (Adrian et al. 2010); the distal C block, 

located roughly 5.2 Kb upstream of the start codon and which contains binding elements for 

proteins involved in delivering CO to motifs within Block A (Cao et al. 2014); and lastly, an 

intermittent sequence roughly 3.7 Kb upstream of the ATG transcription start site that includes a 

block known as ID, which is involved in establishing physical proximity of the A and C blocks for 

photoperiod responsiveness. It is the latter in which two INDELs influencing promoter efficiency 

have evolved in Arabidopsis (Liu et al. 2014). The first of these includes an approximately 1.1 Kb 

insertion near block ID that causes an excessive physical distance between blocks A and C, 

preventing their normal interaction. Meanwhile, a smaller deletion of approximately 250 bp 

contrastingly provides sufficient proximity of blocks A and C, such that the ID block is redundant. 

Previous research from Książkiewicz et al. (2016) has indicated a lack of sequence conservation 

between the 1,423 bp deletion (Ku) and ID block, therefore suggesting that the INDEL series in 

LanFTc1 is unlikely to operate in a similar manner to that of the FT series in Arabidopsis. The 

discovery of the 5,162 bp deletion in Jul accessions in this study also suggests that this is not the 

case, as a significantly large proportion of the promoter that may correspond to other blocks has 

been deleted. However, further research to characterise the sequences either side of the 5,162 bp 
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INDEL may be required to firmly eliminate the improvement of promoter efficiency by modification 

to regulatory element proximity as one possible consequence of the INDEL series in LanFTc1.               

     

Alternative ways in which the INDEL series may instead modify cis-regulation of LanFTc1 is through 

changing the profile of transcription factor binding sites within the promoter region or their capacity 

to be bound. A straightforward explanation is the complete removal of transcription factor binding 

site motifs from within the three deletions. We refined a list of candidate transcription factor motifs 

from Nelson et al. (2017), revealing a total of 168 and 31 individual motifs present in the wild-type 

promoter sequence yet which are absent in the CM and CH regions, respectively (Supplementary 

Table 2.5 and 2.6). However, this is still an extremely large number of candidate transcription factor 

motifs, and it will be very difficult to further resolve which may or may not have functional roles in 

LanFTc1 regulation, especially if no further variants are found overlapping this region.  

 

Copy number of transcription factor binding sites also represents another possibility of cis-regulatory 

modification. As has been demonstrated in Arabidopsis, increasing from three to four tandem 

repeats of a 7 bp motif for CYCLING DOF FACTOR 1 (CDF1) in the promoter of CO increases the day-

time repression of this gene and significantly delays flowering time (Rosas et al. 2014). We identified 

motifs for the binding site of a single transcription factor, named BES1, present once within the CH 

and twice within the CM critical regions (Table 2.2 and Supplementary Tables 2.5 and 2.6), yet 

nowhere else in the 5’ UTR and 5’ regulatory region of LanFTc1. In Arabidopsis, BES1 interacts with 

EARLY FLOWERING 6 (EF6) and RELATIVE OF EARLY FLOWERING 6 (REF6) proteins to respectively 

repress the photoperiodic pathway, through unknown means, and FLOWERING LOCUS C (FLC), a 

repressor of FT that is itself repressed by vernalisation (Noh et al. 2004; Yu et al. 2008). Therefore, 

although both FLC and REF6 are apparently absent from the narrow-leafed lupin genome (Hane et 

al. 2017), there is precedence for BES1 involvement in the regulation of flowering time and it is 

conceivable that it could be involved in the direct regulation of LanFTc1 through partnership with 

other flowering time genes. In such a scenario, deletion of two copies of the BES1 binding site motif 

via the 1,208 bp INDEL genotype would be sufficient to elevate LanFTc1 expression to an 

intermediate level, and deletion of all three motifs via the 1,423 bp or 5,162 bp INDELs would fully 

de-repress expression. With genome editing tools, such as the CRISPR/Cas-9 system (Bortesi & 

Fischer 2015), and more efficient transformation protocols in narrow-leafed lupin (Barker et al. 

2016), it may be feasible to modify BES1 binding site motifs in the wild-type sequence to test the 

validity of this hypothesis in future. If BES1 has a role in regulating LanFTc1, BES1’s known 

involvement within the photoperiodic pathway could explain why cultivars with the 1,423 bp 
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deletion are also less responsive to inductive long days than wild-types without the large deletion in 

the promoter region of LanFTc1 (J. D. Berger, unpublished data).   

 

Lastly, the location of INDELs relative to transcription factor binding site motifs can influence the 

affinity for transcription factor binding, as demonstrated in the case of the FT homologue allelic 

series in perennial ryegrass (Skøt et al. 2011). Relative to the wild-type sequence designated as the C 

haplotype, a deletion of five nucleotides positioned seven to 11 bp downstream of a conserved 

motif (the A haplotype) resulted in a two day delay in flowering time, whereas a six nucleotide 

deletion positioned one to six bp directly 3’ of the conserved motif (the B haplotype) resulted in a 

seven day flowering time delay. Here, we have identified three classes of transcription factor binding 

site motifs which are disrupted by the 5’ end of the CH region and which are completely absent in the 

CM region. However, motifs for these same transcription factors are also found on several occasions 

elsewhere within the LanFTc1 genomic region, and small INDEL polymorphisms present in 

vernalisation responsive accessions without the 1,208 bp, 1,423 bp or 5,162 bp INDELs can also be 

found disrupting some of these motifs. Therefore, it seems unlikely that any of these motifs are 

functional or critical to LanFTc1; however, further research will be required to better characterise 

other motifs adjacent to the large deletions.  

 

Despite our lack of knowledge as to how they impact gene expression, the discovery of the INDEL 

variant series in the 5’ regulatory region of LanFTc1 has provided us with a rare opportunity to 

better explore possible ways in which FT homologues are regulated, and vernalisation 

responsiveness is mediated, at the molecular level outside of the Brassicaceae and Poaceae. At 

present, our greatest understanding concerning vernalisation response within the legume family 

comes from Medicago truncatula (Weller & Ortega 2015). In this model species, an FTa1 homologue 

is upregulated following the return of warm conditions post-vernalisation, and loss-of-function 

mutations within the coding sequence render plants insensitive to vernalisation (Laurie et al. 2011). 

Three induced mutant lines with dominant early, vernalisation-insensitive flowering have been 

shown to contain transposon insertions in the large third intron or the 3’ regulatory region that 

result in up-regulated expression of FTa1, suggesting that these genomic regions are important sites 

for conferring transcriptional repression in the wild-type (Jaudal et al. 2013). However, similar to the 

present story in narrow-leafed lupin, it is unknown what elements within these regions are 

important for the vernalisation pathway and FTa1 transcription. Thus far, it appears that 

methylation in the FTa1 genomic region is unlikely to play a role, with no differences observed 

between the mutants with induced transposon insertions and wild-type plants (Jaudal et al. 2013). 
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The discovery of further INDEL variants in LanFTc1 could provide further clues of how signalling 

mediated through the vernalisation pathway is centred on FT homologues at the molecular level in 

the Fabaceae. 
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3.1.  Abstract 
 

Narrow-leafed lupin (Lupinus angustifolius L.) breeding has enforced strong directional selection for 

early, vernalisation-independent flowering as a means of adaptation to short-season agricultural 

environments in Australia and parts of northern Europe. However, this trend has severely depleted 

both genetic and phenotypic diversity for flowering time, which has compromised the adaptation 

and yield potential for this valuable pulse crop in mid-high rainfall, longer-season environments. The 

efl allele is an underutilised genetic source for mid-late season flowering with a facultative 

vernalisation response that has the potential to diversify phenology in domesticated varieties. To 

encourage its adoption in breeding programs and to better understand how flowering time is 

regulated in narrow-leafed lupin, we mapped the genomic location of efl for the first time. A 

combination of (i) two next-generation sequencing (NGS) bulked segregant analysis (BSA) 

approaches in an F2 population, and (ii) traditional linkage mapping in an F6 recombinant inbred line 

(RIL) population, resolved efl to a 3.0 cM interval on linkage group NLL-10. Anchoring flanking 

markers to the Tanjil reference assembly revealed that this equated to a 26 Kb interval that 

encompassed an assembly gap of undetermined size. The efl locus was shown to be distinct from the 

Ku locus, being located ~ 2.5 Mb from LanFTc1, the causal gene for Ku. Six molecular markers were 

located within 1 cM of efl and can be used for marker-assisted introgression of efl into modern 

breeding lines. Two annotated genes were found within the defined efl locus, but both appear to be 

weak functional candidates. The emergence of new and improved genomic resources, such as 

transcriptome datasets or the impending revision of the Tanjil reference genome assembly, may 

assist with the identification of more plausible candidate genes in future studies. 

 

3.2. Introduction 
  

Narrow-leafed lupin (Lupinus angustifolius L.) has emerged as a valuable pulse crop following its 

recent domestication from a winter-annual legume within the Mediterranean and Northern Africa 

(Gladstones 1970). It’s capacity to improve soil fertility through symbiotic nitrogen fixation and the 

mobilisation of soil-bound phosphorus (Lambers et al. 2013) makes it a sustainable break crop, 

reducing fertiliser input costs and providing opportunities to reduce the severity of weeds, pests and 

diseases that affect cereals (Harries et al. 2015). Additionally, the crop has great potential for human 

health owing to the exceptional nutritional properties of the grain (e.g. high fibre and protein 

content, and low glycaemic index and carbohydrate content), which have an abundance of positive 
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associated benefits to serious diseases, such as diabetes, heart disease and obesity (Foyer et al. 

2016).  

 

Throughout the course of its cultivation, strong directional selection for early phenology has been 

the main strategy to increase the adaptation of narrow-leafed lupin to short-season agricultural 

environments (Berger et al. 2012b). Within Australia, the dominant Ku early flowering time locus has 

been widely adopted to enable drought-escape in the warm, Mediterranean climates in the north of 

the Western Australia (WA) grainbelt (Gladstones and Hill 1969). Meanwhile, adoption of the early 

flowering time locus Julius (Jul), which is allelic to Ku (Taylor et al. 2019), has been necessary for the 

timely maturation of crops during the high-rainfall summer season before the onset of winter in 

parts of northern Europe (Mikołajczyk 1966).  

 

However, continual breeding with these two early flowering time loci since the 1960’s has reduced 

phenological variation among elite varieties and limited the broader adaption of narrow-leafed lupin 

to mid-long season environments (Berger et al. 2012a). The need to increase genetic diversity for 

phenology has been reinforced through modelling, which indicates yield improvements of as much 

as 13-16% (approximately 390-480 kg/ha) would be possible with delays of two to three weeks in 

flowering time relative to early Ku varieties (Chen et al. 2017). 

 

The artificially-induced efl locus represents a novel source of genetic variation that facilitates a mid-

late flowering time in narrow-leafed lupin (Anonymous 1982; Gladstones 1977). This is achieved by 

relaxing the duration and/or temperature requirements necessary for vernalisation; the period of 

prolonged exposure to cold temperature during winter required for floral initiation, which is 

characteristic of many Mediterranean annuals, including wild-type narrow-leafed lupins (Gladstones 

1977). Whilst the original efl-variety, Chittick, was believed to have a phenology close to the optimal 

for many mid-high rainfall environments at the time of its release in the 1980’s (Anonymous 1982), it 

was rapidly outcompeted by earlier flowering varieties with new and crucial agronomic advances, 

such as resistance to phomopsis stem and pod blight (Cowling et al. 1988; Cowling et al. 1987; 

Cowling and Wood 1989). Renewed selection for efl, in combination with the continued selection for 

other key agronomic traits, remains as a difficult task as there are currently no molecular markers 

available to improve the efficiency of selection. Therefore, undertaking a genetic mapping study to 

identify the location in the genome and candidate genes for efl is of great importance and would 

allow further studies to determine how efl integrates vernalisation signalling and regulates flowering 

time. 
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The genomic positions of Mendelian loci and quantitative trait loci (QTL) are traditionally identified 

through linkage mapping in advanced, highly homozygous populations derived between two parents 

with contrasting genotypes/phenotypes for one or more traits of interest. Although a well-

established and successful method, linkage mapping is often a time-consuming and laborious 

process due to the nature of population development, which typically occurs over six to eight 

generations to achieve acceptable levels of homozygosity.  

 

Fortunately, advances in population development and alternative genetic mapping analysis 

methodologies have been able to address this shortcoming. Speed breeding approaches, such as 

accelerated single seed descent (aSSD) (Munday et al. 2016) and rapid generatin technology (RGT) 

(Mobini and Warkentin 2016), significantly reduce the time required to develop highly homozygous 

populations by drastically shortening the lifecycle of each generation of plants (Watson et al. 2018). 

This is achieved by manipulating and optimising growth conditions, including ambient temperature, 

photoperiod, and aspects of light quality, such as the ratio of red to far-red light (Croser et al. 2016), 

and potentially also employing in vitro techniques to bypass periods of seed maturation (or 

dehydration and dormancy) which occur after the embryo has also reached physiological maturity 

(Ribalta et al. 2017). As a result, approaches like aSSD are able to cycle through several generations 

of selfing per year, as opposed to one generation per year in the field or two to three generations 

per year in a standard glasshouse environment.  

 

Contrastingly, alternative genetic mapping approaches, such as bulked segregant analysis (BSA) have 

made it possible to conduct genetic mapping and candidate genetic mapping and candidate gene 

identification for loci at a much earlier stage of population development. Briefly, BSA permits the 

detection of putative Mendelian traits or QTLs by identifying divergent genotypes between two 

samples, each of which comprises the DNA from multiple individuals with a shared, extreme 

phenotype (Giovannoni et al. 1991; Michelmore et al. 1991). In addition, BSA has been 

advantageously adapted several times in recent years to integrate whole-genome next generation 

sequencing (NGS) technology for molecular marker development (Abe et al. 2012; Magwene et al. 

2011; Takagi et al. 2013). This enables a much higher density and even coverage of molecular 

markers to be produced across the genome than in conventional or array-based approaches to 

marker development.  
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Here, we report the first efforts to map the efl locus for mid-late flowering time in narrow-leafed 

lupin. We used two complementary approaches, including: 1) two NGS-BSA analyses, QTLseq (Takagi 

et al. 2013) and G’ (Magwene et al. 2011), in an F2 mapping population; and 2) traditional linkage 

mapping in an F6 RIL population that was quickly advanced using aSSD. Together, these approaches 

convincingly located efl within a 26 Kb interval on pseudochromosome NLL-10, and additionally 

confirm that efl is distinctive from the Ku and Jul loci conditioned by LanFTc1, which is also on NLL-10 

(Nelson et al. 2017; Taylor et al. 2019).  

 

3.3. Methods 
 

3.3.1.  Genetic population development 

 

F2 and F6 bi-parental mapping populations were derived from Australian varieties, Chittick (the 

original efl variety; maternal parent) and Geebung (paternal parent). A wild-type ku genotype was 

required as the Efl parent, as a dominant and early flowering Ku genotype would mask the efl 

phenotype in the progeny. Of four Australian ku varieties (Geebung, Marri, Uniharvest and 

Uniwhite), Geebung was selected as being the most genetically divergent from Chittick on the basis 

of pedigree information (Cowling 1999) and genetic distinctiveness, as determined from Euclidean 

distance matrixes produced from approximately 10,000 DArTseq SNP markers (Mousavi-

Derazmahalleh et al. 2018b).   

 

Chittick and Geebung seeds were germinated on petri dishes lined with moistened filter paper and 

vernalised in the dark at 4°C for 21 days. The seedlings were then potted and grown at 20°C with 

natural photoperiod (ranging 10-12 hours) in a phytotron at The University of Western Australia, 

Perth (Australia), from March to September 2016. The germination of seeds was completed in two 

batches, which were staggered by 10 days to allow for the synchronisation of flowering between 

genotypes.  

 

An F1 seed produced from crossing was germinated and vernalised, as described above, during 

September 2016 before being transferred to a pot housed in a 20oC phytotron with natural 

photoperiod (ranging from 11.75 – 14 hours) from October 2016 to April 2017. PCR-based assays of 

the LaIND_026 molecular marker (Kamphuis et al. 2015), for which Chittick and Geebung have 

contrasting alleles, were used to confirm this plant was a true F1 hybrid. Following self-pollination, 

more than 1,000 F2 seeds were harvested from the single F1 plant, 200 of which were utilised for BSA 
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in the F2 generation, whilst a further 330 individual seeds underwent recombinant inbred line (RIL) 

development.      

 

An aSSD approach (Munday et al. 2016) utilising an optimised ratio of red to far-red light for legumes 

(Croser et al. 2016) was used to rapidly develop an F6 RIL population. To further accelerate the aSSD 

process for ku narrow-leafed lupins, the seeds were germinated in Jiffy-7® pellets at 4°C for 21 days 

before being transplanted to pots and grown at 24°C (day)/20°C (night) under the optimised lighting 

system in a controlled growth facility.  

 

3.3.2.  Phenotyping F2 and F6 mapping populations 

 

Two hundred F2 progeny, 10 F1 hybrids, and 20 individuals of each parental variety (Chittick and 

Geebung) were phenotyped for days to flowering from mid-May to late-August 2017 in a phytotron 

located at The University of Western Australia, Perth (Australia). To maximise the phenotypic 

distinction between efl and Efl genotypes, a mild vernalisation treatment of 40 days at 15°C under 

natural daylight (ranging from 10–11.5 hours) was provided after sowing of the seeds into Jiffy-7® 

pellets. This treatment was determined as the most appropriate based on comparisons of flowering 

time under various vernalisation regimes for Geebung and Australian cultivar, Jindalee, whose 

phenology is intermediate between Chittick and Geebung (unpublished data, Jens D. Berger). The 

temperature of the phytotron was maintained at 21°C following vernalisation. Flowering time was 

scored when the first flower was fully opened (i.e. displayed an erect standard petal) or displayed a 

deepening pink pigmentation on the petals, both of which are indicative of anthesis (Dracup and 

Kirby 1996). The F2 and parental plants were placed according to a randomised block design.  

 

The F6 RIL population and parental varieties were phenotyped from mid-June to late-September 

2018. Three seeds per RIL line were sown where possible; however, 17 RILs had seed sufficient only 

for one or two biological replicates (Supplementary Table 3.1). Three and 12 biological replicates of 

Chittick and Geebung were also phenotyped, respectively. All plants were placed in a block design 

and grown under the same environment and conditions as per the trial for the F2 population (i.e. 

with vernalisation treatment, 10-12 hour photoperiod, and 21°C constant ambient temperature 

after vernalisation). Flowering time was again scored at the first signs of anthesis, which was 

indicated by flowers either fully opening or changing colour pigmentation, and was then averaged 

across the replicates of each RIL line.       
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3.3.3.  Genotyping populations segregating for efl 

 

3.3.3.1. F2 population genotyping 

 

DNA was extracted using a CTAB method (Doyle and Doyle 1990) from the young leaves of the 33 

earliest and 33 latest flowering individuals from the F2 population, in addition to a representative of 

each of the parental varieties. DNA concentrations were calculated using the QubitTM 3.0 

Fluorometer (Thermo Fisher Scientific). Early (efl-like) and late (Efl-like) bulk DNA samples were 

created by pooling together equal quantities of DNA from each of the 33 earliest and latest 

individuals, respectively. The bulk and parental DNA samples were submitted to Novogene (Hong 

Kong) for  2 x 150 bp Paired-End library preparation using the default recommomendations in the 

NEBNext® DNA Library Prep Master Mix Set for Illumina® kit, and whole-genome sequencing at 

approximately 30x (bulks) and 10x (parents) coverage using Illumina® sequencing by synthesis 

technology.  

 

The short-read sequencing data for the parental varieties were aligned to the Tanjil narrow-leafed 

lupin reference genome (Hane et al. 2017) using Bowtie2 v2.2.9 (--sensitive) (Langmead and Salzberg 

2012) and variants called using samtools and bcftools (Li 2011; Li et al. 2009). A pseudoreference 

genome assembly for Chittick was generated using the pseudoREF package (v0.1.2) 

(https://github.com/yangjl/pseudoRef) for R computing software (R Core Team, 2013). The short-

read sequencing data for the two bulks were then mapped to the Chittick pseudoreference before 

single nucleotide polymorphism (SNP) and insertion/deletion (indel) variants were called using GATK 

(Hanna et al. 2010).  

 

3.3.3.2. F6 population genotyping 

 

Freeze-dried leaf material from the 185 F6 RILs and two population parents was provided to Diversity 

Arrays Technology Pty Ltd (Canberra, Australia) for DNA extraction and subsequent DArTseqTM 

(hereafter, DArTseq) genotyping-by-sequencing (Sansaloni et al. 2011), as detailed by (Mousavi-

Derazmahalleh et al. 2018a), to produce SNP and presence/absence variation (PAV) markers.  

 

3.3.4.  Next generation sequencing bulked segregant analysis (NGS-BSA) in the F2 

population 
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Two NGS-BSA analyses were conducted using the QTLseqr v.0.7.4 package (Mansfeld and Grumet 

2018) for R computing software (R Core Team, 2013). Within QTLseqr, the SNP and INDEL data 

generated from the F2 bulks were firstly filtered to remove low quality SNPs and INDELs (minGQ of 

99), plus those with extremely low or high coverage (≤ 10 and ≥ 400 reads, respectively) and with 

over- or under-representation of the reference allele frequency (≥ 0.85 and ≤ 0.15, respectively) 

across both bulks.  

 

QTLseq analysis was then conducted based on the methods of Takagi et al. (2013) with minor 

modification, as specified by Mansfeld and Grumet (2018). Briefly, this analysis calculates the 

alternate allele frequency (SNP/indel-index) for each SNP/indel marker based on their respective 

read depths, and seeks out genomic regions (QTLs) with significant deviation in the SNP/indel-index 

between bulks (Δ(SNP/indel-index)). A sliding window size of 1 Mb was set to generate tricube-

smoothed Δ(SNP/indel-index) values, and 10,000 bootstrap replications were used to calculate read 

depth-based 95% confidence interval at each SNP/indel location.  

 

The second BSA performed was a G’ analysis based on the methods of Magwene et al. (2011) with 

minor modification, as outlined by Mansfeld and Grumet (2018). Briefly, this analysis operates by 

calculating weighted G test statistics (G’) and detecting putative QTLs where the observed allele 

frequency significantly deviates from that expected for a particular molecular marker. A sliding 

window size of 1 Mb was used to estimate tricube-smoothed G’ and Δ(SNP/indel-index) values. 

Δ(SNP/indel-index) thresholds of ≥ 0.1 and ≤ -0.1 were set to temporarily filter out SNPs and INDELs 

within potential QTL regions in order to achieve a G’ log-normal null distribution, from which a p-

value for each SNP/indel was estimated based on the distribution mean and variance. Negative log10 

p-values and Benjamini-Hochberg false discovery rate (Benjamini and Hochberg 1995) adjusted p-

values (threshold for significance, q = 0.01) were subsequently calculated. Plots of the QTLseq and G’ 

analyses were created using the circlize package for R (Gu et al. 2014).    

 

3.3.5.  Linkage and QTL mapping in the F6 RIL population 

 

SNP and PAV DArTseq markers were assessed and filtered for quality control purposes. Markers with 

> 50% call rate, a homozygous allele frequency between 0.2-0.8, and which had a Chi-square p-value 

> 1e-05 were retained. SNPs were additionally assessed for heterozygosity, with those having > 15% 

being filtered out. All markers were then phased according to the parental genotypes, and those 

markers with an ambiguous phase were duplicated, with both phases retained. The efl genotypes 

were inferred by classifying F6 RIL flowering times as early (i.e. 71-79 days to flowering) or late (i.e. 
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83-95 days to flowering). RILs with intermediate flowering times (i.e. 80-82 days to flowering) were 

scored as missing values. The efl and marker genotypes were encoded in the same way: ‘A’ 

representing the maternal efl genotype, ‘B’ representing the paternal Efl genotype and ‘-‘ 

representing missing or heterozygous values. 

 

A linkage map for the F6 RIL population was then created using the ASMap (Taylor and Butler 2017) 

and qtl (Broman et al. 2003) packages for R computing software. The following settings were 

implemented: the Kosambi method for genetic distance calculation; a count function to minimise 

the sum of recombination events; a p-value threshold of 1e-18 for clustering markers; and a 

maximum of 15 cM between linked markers. RILs with excessive missing values (i.e. > roughly 550 

missing values) , crossovers (i.e. > 50) or double crossovers (i.e. > 10) were removed from map 

construction, and RILs with greater than 95% allelic similarity (i.e. “clones”) were combined to create 

a consensus genotype. Clusters with ≤ 5 markers were discarded, as were linkage groups containing 

only ambiguous markers where their respective mirrored partners mapped appropriately within 

larger linkage groups.  

 

3.3.6.  Defining the locus interval and candidate genes for efl 

 

The size and coordinates of the efl locus were defined by the closest flanking SNP/PAV markers from 

the same pseudochromosome and which mapped on either side of the marker representing the 

phased efl phenotype. The physical location of the locus was then defined according to the closest 

flanking markers anchored to physical genome map. The physical coordinates of markers were 

determined by BLAST of the DArTseq marker sequences to the Tanjil reference genome assembly 

(Hane et al. 2017) using a minimum sequence identity threshold of 80% and e-value threshold of 5-7. 

Positional candidate genes were defined as those genes from the Tanjil reference genome assembly 

(Hane et al. 2017), which were annotated within the genomic interval for the efl locus, as 

determined by linkage/QTL mapping.  

 

3.4. Results 
 

3.4.1.  Phenotyping the F2 mapping population and creating efl- and Efl-like bulks 

 

A clear phenotypic distinction was observed between population parents, Chittick (efl) and Geebung 

(Efl), with a difference in mean time to flowering of 15.5 days (Figure 3.1). Following the 
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expectations for a single recessive gene, the F1 progeny had an average flowering time equal to that 

of Geebung at 84.5 days, and early (efl-like) to late (Efl-like) flowering times segregated in an 

approximately  1:3 ratio within the F2 population (χ 2 (DF = 1, n = 198) = 0.17, p-value > 0.05). Given 

the potential overlap between the efl- and Efl-like phenotypic distributions, conservatively sized bulk 

samples were formed comprising the 33 earliest efl- and latest Efl-like F2 individuals, respectively. 

 

 
Figure 3.1: Frequency of flowering times for an F2 narrow-leafed lupin population (n = 200) 

segregating for the efl locus for intermediate flowering time and reduced length and/or temperature 

requirements for vernalisation. The population was derived from a single cross between Australian 

varieties, Chittick (efl) and Geebung (Efl), whose mean flowering times (n = 20) are indicated by 

yellow and dark blue arrows, respectively. Yellow and dark blue boxes indicate those F2 individuals 

with phenotypic extremes and whose DNA was pooled together to form early, efl-like (n = 33) and 

late, Efl-like (n = 33) bulks for bulked segregant analysis.   

 

3.4.2.  Bulked segregant analysis indicates a high degree of divergence between efl- and 

Efl-like genotypes on NLL-10 

 

Illumina high-throughput sequencing produced: (i) 42,338,865 (~ 13x depth coverage) and 

34,313,565 (~ 11x depth coverage) short reads for the Chittick and Geebung parental varieties, 

respectively; and (ii) 99,570,915 (~ 33x depth coverage) and 111,121,086 (~ 35x depth coverage) 

short reads for the efl- and Efl-like bulks, respectively. The Chittick pseudoreference was assembled 

and contained 630,185 polymorphic substitutions from the Tanjil reference. Relative to the Chittick 
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pseudoreference genome, a total of 1,446,202 SNP and indel polymorphisms were called for the F2 

bulk samples using GATK, of which 307,252 markers were considered high-quality and suitable for 

use in BSA. 

 

A single QTL of significance at the 95% confidence interval was detected on NLL-10: 14,162,820-

14,896,419 using the QTLseq approach (Supplementary Table 3.2). While an average tri-cubed 

smoothed ∆SNP/indel-index of 0.39 was achieved within this region, a maximum ∆SNP/indel-index 

value of 0.70 occurred at a C/G SNP, for which the efl- and Efl-like bulks had SNP/indel-indexes of 

0.84 and 0.14, respectively. Several additional regions with large absolute tricube smoothed 

∆SNP/indel-index values were also observed on other pseudochromosomes (Figure 3.2), but were 

not statistically significant at a 95% confidence interval.  
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Figure 3.2: Genome-wide genotypic divergence between two F2 population bulks segregating for the 

narrow-leafed lupin efl locus for intermediate flowering time. The population was derived between 

Australian varieties, Chittick (efl) and Geebung (Efl). Track A: Tricube smoothed ∆SNP/INDEL-index 

(blue line) produced from QTLseq bulked segregant analysis. Track B: -log10p-values (blue line) 

derived from G’ bulked segregant analysis. Track C: SNP/INDEL-index for the efl-like (orange dots) 

and Efl-like (red dots) bulks, relative to a pseudoreference genome for the Chittick parental variety. 

The grey shaded areas denote the 95% confidence interval for significant (Track A) and the 99% false 

discovery rate threshold (i.e. q = 0.01; Track B). 

 

A total of 14 significant QTLs were detected in the G’ BSA analysis (Table 1), including five QTLs on 

NLL-10. Similar to the QTLseq analysis, this pseudochromosome appeared to be highly divergent 

between the efl- and Efl-like F2 bulks and appeared to contain a substantial degree of noise (Figure 

3.2). Of the QTLs on NLL-10, which were relatively evenly distributed across the 

pseudochromosome, G’QTL11 overlapped the interval harbouring the single QTL detected in the 

QTLseq analysis (Table 3.1). However, the largest G’ and -log10p-values were observed on QTL, 

G’QTL07 (Table 3.1).   
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Table 3.1: Statistics for QTLs significantly associated with the narrow-leafed lupin efl locus for 

intermediate flowering time in a bulked segregant analysis using the G’ approach. The two bulks 

each comprised 33 early and late flowering individuals, respectively, from an F2 mapping population 

derived between Australian narrow-leafed lupin varieties, Chittick (efl) and Geebung (Efl).  

QTL 
number 

Pseudochromosome Start 
position 
(bp) 

End 
position 
(bp) 

Length (bp) Number of SNP and 
INDEL markers 
spanning the QTL 
region 

Maximum 
G’ value 

Mean q value 
(for 99% FDR 
confidence 
interval) 

G’QTL01 NLL-01 
            

7,112,915  
            

8,430,169  1,317,254 548 6.3 0.00121 

G’QTL02 NLL-02 
            

4,534,389  
          

19,477,778  14,943,389 46,405 6.5 0.00110 

G’QTL03 NLL-02 
          

21,397,814  
          

23,039,128  1,641,314 1,398 7.8 0.00097 

G’QTL04 NLL-04 
          

26,196,732  
          

26,449,079  252,347 484 6.1 0.00103 

G’QTL05 NLL-05 
            

1,020,749  
            

2,210,913  1,190,164 1,450 6.1 0.00104 

G’QTL06 NLL-08 
            

2,405,903  
            

2,650,955  245,052 30 5.2 0.00375 

G’QTL07 NLL-10 
            

1,393,385  
            

4,663,457  3,270,072 5,656 13.3 0.00141 

G’QTL08 NLL-10 
            

5,490,883  
            

6,959,960  1,469,077 623 4.9 0.00507 

G’QTL09 NLL-10 
            

7,233,885  
            

7,772,363  538,478 35 6.2 0.00246 

G’QTL10 NLL-10 
          

9,762,716  
          

11,096,943  1,334,227 109 9.4 0.00114 

G’QTL11 NLL-10 
          

12,314,523  
          

15,572,832  3,258,309 4,224 12.4 0.00058 

G’QTL12 NLL-13 
          

10,562,039  
          

12,047,644  1,485,605 1,532 5.5 0.00162 

G’QTL13 NLL-15 
            

7,843,335  
            

8,437,009  593,674 202 5.8 0.00112 

G’QTL14 NLL-16 
            

3,648,563  
            

4,473,013  824,450 195 7.0 0.00107 

    

3.4.3.  Phenotyping the F6 recombinant inbred line mapping population 

 

A total of 185 F6 RILs were developed from the original 330 F2 seeds over a period of 13 months from 

early May 2017 to late May 2018, with an average generation time of approximately 13.5 weeks. 

Flowering times in the F6 RILs followed a bimodal distribution with an approximate 1:1 ratio of early 

(efl-like; 71-79 days) to late (Efl-like; 83-94 days) phenotypes (χ 2 (DF = 1, n = 173) = 0.98, p-value > 

0.05), as expected for a single gene trait within a RIL population. As in the F2 generation, a small 

degree of overlap was observed between the early and late phenotypic classes at roughly 80-82 days 

to flowering (Figure 3.3). The parent controls, Chittick (efl) and Geebung (Efl) were separated by a 

nine day difference in mean time to flowering.    
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Figure 3.3: Frequency of mean days to flowering for 185 F6 narrow-leafed lupin recombinant inbred 

lines (1-3 biological replicates per RIL) segregating for the efl locus for intermediate flowering time. 

The population was derived from a single cross between Australian varieties, Chittick (efl) and 

Geebung (Efl), and accelerated single seed descent from the F2 generation. The mean flowering 

times for the parental varieties (Chittick, n = 3; Geebung, n = 12) are indicated by yellow and dark 

blue arrows, respectively.  

 

3.4.4.  Linkage mapping localises efl to a 26 Kb region on NLL-10 

 

DArTseq genotyping of the F6 RIL population (n = 185) and its parental varieties, Chittick and 

Geebung, produced 2,503 SNP and 17,710 PAV molecular markers. Following stringent quality 

filtering and the mirror-phasing of 355 ambiguous markers, a total of 1,248 SNP and 1,473 PAV 

markers, plus one marker representing the efl trait, were available for linkage mapping. This filtered 

set of markers adequately represented all pseudochromosomes, except for NLL-11, NLL-15 and NLL-

19, which each had five or less markers remaining (Supplementary Table 3.3).  

 

The preliminary linkage map comprised 76 linkage groups, which far exceeded the number of 

haploid chromosomes (n =20) for narrow-leafed lupin. Twenty-seven of these linkage groups were 

made up almost exclusively of ambiguously-phased markers whose mirror partners mapped well in 

larger linkage groups. As a result, these linkage groups were discarded from subsequent mapping, in 

addition to 10 small clusters with fewer than five loci. Three F6 RILs (CxG_F6_100, CxG_F6_101, and 
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CxG_F6_155) were identified as being problematic based on their high frequency (n = 16 to 28) of 

double crossovers, and were therefore removed from further analysis. A consensus RIL genotype 

was created for two RILs (CxG_F6_215 and CxG_F6_218) that reported 98% similarity in genotype; 

conflicting scores at 50 marker loci were scored as missing values.   

 

The final linkage map (Supplementary Table 3.4) incorporated 1,035 SNP, 1,279 PAV markers and the 

efl locus for 181 F6 RILs. A total of 23 linkage groups were constructed, which largely represented 17 

of the 20 haploid chromosomes for narrow-leafed lupin (Table 3.2). The size of individual linkage 

groups ranged from 0.6 to 131.8 cM (Table 3.2), producing an overall map size of approximately 

781.2 cM. 
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Table 3.2: Summary of the 23 linkage groups constructed in a genetic map of an F6 RIL population (n 

= 181) derived between Australian varieties, Chittick (efl, ku) and Geebung (Efl, ku), which 

incorporated 2,314 DArTseq markers and one marker corresponding to the efl phenotype. Asterisks 

(*) denote incidences where a linkage group was not found to largely represent one of the 20 

narrow-leafed lupin pseudochromosomes.    

Pseudochromosome 
represented by linkage group 

Linkage group ID  Size of linkage group (cM) Number of markers in 
linkage group 

NLL-01 (top)  CxG_LG01 27.7 43 
NLL-01 (bottom) CxG_LG02 0.6 10 
NLL-02 CxG_LG03 80.7 227 
NLL-03 (top) CxG_LG04 1.7 12 
NLL-03 (bottom) CxG_LG05 86.3 188 
NLL-04 (top) CxG_LG06 41.5 80 
NLL-04 (bottom) CxG_LG07 23.3 43 
NLL-05 CxG_LG08 26.4 86 
NLL-06 (top) CxG_LG09 6.4 21 
NLL-06 (bottom) CxG_LG10 44.3 342 
NLL-07 CxG_LG11 17.5 84 
NLL-08 CxG_LG12 8.0 24 
NLL-09 CxG_LG13 77.2 92 
NLL-10 CxG_LG14 131.8 403 
NLL-11 *   
NLL-12 (top) CxG_LG15 4.4 12 
NLL-12 (bottom) CxG_LG16 12.5 55 
NLL-13 CxG_LG17 7.1 27 
NLL-14 CxG_LG18 75.0 198 
NLL-15 *   
NLL-16 CxG_LG19 26.4 72 
NLL-17 (top) CxG_LG20 5.5 36 
NLL-17 (bottom) CxG_LG21 0.7 8 
NLL-18 CxG_LG22 67.1 222 
NLL-19 *   
NLL-20 CxG_LG23 9.1 30 
 

The efl locus mapped to a 1.2 cM interval on the CxG_LG14 linkage group, which largely represented 

pseudochromosome NLL-10 (Figure 3.4; Supplementary Table 3.4). However, as the physical position 

of one of the markers establishing this interval was placed on NLL-06 in the pseudochromosome 

assembly, the efl locus was ultimately delineated to a 3.0 cM region defined by the closest pair of 

flanking SNP markers on NLL-10 (Figure 3.4; Supplementary Table 3.4). This interval corresponded to 

a 26 Kb physical region between 5,535,258 – 5,561,298 bp on pseudochromosome NLL-10, which 

also includes a gap of undetermined size in the Tanjil reference genome assembly. The locus 

overlapped the physical region for one QTL (G’QTL08) identified in the G’ NGS-BSA analysis (Table 

3.1).  
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Figure 3.4: Schematic of the CxG_LG14 linkage group produced from mapping with 2,315 co-

dominant markers in a Chittick x Geebung F6 RIL population comprising 181 individuals. A marker 

corresponding to the efl mid-late flowering time allele was mapped to a 1.2 cM interval between 

markers LangCGRIL_SNP1280 and LangCGRIL_PAV04800. However, the closest flanking markers 

from the same physical pseudochromosome were LangGCRIL_SNP1280 and LanCGRIL_SNP1281, 

which are separated by 3.0 cM and correspond to a 26 Kb interval on NLL-10 that includes a genome 

assembly gap. 

 

3.4.5.  Assessing candidate genes for efl  

 

Within the 26 Kb region of NLL-10 of the Tanjil genome delimiting the efl locus were two annotated 

genes: (i) WEAK CHLOROPLAST MOVEMENT UNDER BLUE LIGHT 1-like (NLL-10: 5,532,592 – 

5,538,116); and (ii) ALPHA-AMYLASE-like (NLL-10: 5,542,270 – 5,545,458). Given the predicted 

biological roles of these genes, which included chloroplast avoidance responses under high intensity 

blue light and starch metabolism, respectively, these genes were considered to be weak functional 

candidates for efl. The nearest genes outside the 26 Kb region were similarly considered as unlikely 
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candidates on a functional basis (Supplementary Table 3.5). For example, two AP2-LIKE ETHYLENE-

RESPONSIVE TRANSCRIPTION FACTOR ANT genes directly downstream of the efl locus have roles in 

establishing floral organ initiation and development, but not in the convergence of 

endogenous/exogenous signalling pathways coordinating the transition from vegetative to 

reproductive growth.  

 

3.4.6.  efl is not conditioned by a deletion in the LanFTc1 promoter 

 

The physical locations of markers flanking efl on NLL-10 mapped approximately 2.5 Mb upstream of 

LanFTc1, the gene underlying the Ku locus, providing clear evidence that efl is a distinct locus. To 

further support this conclusion, the whole-genome short-read sequencing data generated for 

Chittick and Geebung were aligned to the wild-type (ku) P27255 LanFTc1 promoter sequence 

(GenBank ID KT862491) (Nelson et al. 2017). This exercise indicated that both parents (efl and Efl 

genotypes) share the wild-type ku allele for the LanFTc1 promoter. 

 

3.5. Discussion 
 

3.5.1.  Perspectives on bulked segregant analysis and traditional linkage mapping  

 

NGS-approaches are sufficiently powerful to rapidly detect QTLs observed in advanced, homozygous 

populations (e.g. F6-8 RILs) in earlier generations, provided that there is an adequate population size, 

number of individuals within each bulk, and depth of sequencing (Takagi et al. 2013). The G’ analysis 

was able to detect the efl locus in this study. However, neither the QTLseq nor G’ NGS-BSA methods 

alone were not able to unambiguously map efl due to the additional detection of several other 

significant QTLs (Figure 3.2; Table 3.1).  

 

As flowering time is a quantitative trait, it is reasonable to assume that some of the other significant 

associations detected do in fact correspond to other minor QTLs segregating in the population. 

Consequently, these QTLs are worth following up in further research to continue exploring the 

genetic regulation of flowering time in narrow-leafed lupin.  

 

However, the presence of these other significant associations, particularly on NLL-10, may also be a 

reflection on the completeness of the Tanjil reference genome assembly, which the Chittick 

pseudoreference was based upon. Extreme fluctuation in directionality of the ∆SNP/indel-index was 
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observed on NLL-10 in the QTLseq analysis (Figure 2). In addition, 59 of the 78 SNP/PAV makers that 

were genetically mapped to NLL-10 but were physically mapped to other Tanjil 

pseudochromosomes/scaffolds were located within intervals corresponding to significant QTLs 

identified through NGS-BSA (Supplementary Table 3.2; Table 3.1). Together, these results suggest 

that there are several gaps or conflicts to resolve in the current assembly. As the NGS-BSA 

approaches rely upon prior knowledge of the physical coordinates of molecular markers, noise was 

potentially therefore introduced into the analysis, leading to an inflated number of significant QTLs 

being detected.   

  

In contrast to the BSA approaches where several QTLs were identified, traditional linkage mapping of 

the efl phenotype as a Mendelian trait had a far greater capacity to unambiguously resolve the 

genomic location specific to efl locus. Linkage mapping is, therefore, a highly important 

complementary exercise to validate QTLs identified in BSA, particularly when seeking out a specific 

locus or BSA indicates issues with reference genome quality. Rapid population development using 

protocols, such as the aSSD (Croser et al. 2016; Munday et al. 2016) utilised in this study, are an 

effective way to address the main limitation of genetic mapping in homozygous populations, 

ensuring that the time frame of the approach is compatible with BSA to rapidly map QTLs.   

 

The linkage map produced in this study provides a reminder of the importance in carefully selecting 

parents that are appropriate for the objectives of a population’s development. Chittick and Geebung 

share a coefficient of coancestry of 0.365 (Wallace Cowling, personal communication), meaning 

there is a 36.5% probability that the two alleles at any locus in their progeny are identical by 

descent. Due to the close pedigree relationships between Chittick and Geebung (Cowling 1999), the 

complete genome was not adequately represented in the genetic map. This was evidenced by the 

facts that: (i) all 23 linkage groups did not represent the full length of the pseudochromosome that 

they most greatly represented; and (ii) six of the 20 narrow-leafed lupin pseudochromosomes were 

represented by two linkage groups separated by large physical distances (Table 3.2; Supplementary 

Table 3.4). (The absence of linkage groups for three of the 20 narrow-leafed lupin 

pseudochromosomes can be explained by the stringent quality filtering of DArT markers). A similar 

outcome was observed in the construction of a genetic map for the F8 RIL narrow-leafed lupin 

population derived between Unicrop x Tanjil (Yang et al. 2013), which share a 0.203 coefficient of 

coancestry (Wallace Cowling, personal communication).    
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As many regions of the genome are not sufficiently divergent between Chittick and Geebung to 

allow segregation analysis, the genetic map produced by F6 RIL population in this study would not be 

suitable as a reference genetic map for the species. This is unlike the maps produced from domestic 

x wild  83A:476 x P27255 F8 RIL population (Kamphuis et al. 2015; Kroc et al. 2014; Nelson et al. 

2010; Nelson et al. 2006), in which all of the pseudochromosomes are represented more fully. 

However, incomplete genome representation was not problematic for the purposes of this study, as 

efl was located in a highly polymorphic genomic region. This was demonstrated by the fact that 

17.4% of the DArTseq markers in the genetic map were present on the linkage group representing 

NLL-10; a pseudochromosome which constitutes < 3% of the 609 Mb Tanjil reference genome (Hane 

et al. 2017).   

 

3.5.2.  efl and the vernalisation pathway in narrow-leafed lupin 

 

A primary objective of mapping efl in this study was to identify candidates and increase our 

understanding of how this allele regulates flowering time in narrow-leafed lupin. Although no 

candidate genes with convincing biological roles were identified in this study, it has nevertheless 

been informative and expanded our knowledge of regulation mediated through the vernalisation 

pathway. In particular, it has provided insight into which genes definitively do not condition the efl 

mid-late flowering phenotype. 

 

FLOWERING LOCUS T (FT) homologues from the phosphatidylethanolamine-binding protein family 

(PEBP) family have been well established as important regulators of flowering time in multiple 

angiosperm plant families. Polymorphisms in the regulatory regions of these genes can lead to a 

range of novel phenotypes and altered responses to vernalisation and/or photoperiod (Chen et al. 

2013; Liu et al. 2014; Schwartz et al. 2009; Skøt et al. 2011; Yan et al. 2006). Indeed, a series of three 

independent and unique deletions in the promoter of LanFTc1 have been shown to correspond to 

the Ku and Julius loci for vernalisation-unresponsive, early flowering time in narrow-leafed lupin 

(Taylor et al. 2019). However, we have clearly demonstrated that efl is independent of LanFTc1, as 

efl physically maps approximately 2.5 Mb distal from LanFTc1 on NLL-10. Furthermore, the genomic 

location of the remaining three narrow-leafed lupin FT homologues (Hane et al. 2017; Kroc et al. 

2014; Nelson et al. 2017) (Supplementary Table 3.6), in addition to other PEBP family members and 

putative flowering time regulatory genes, also firmly eliminates them as potential candidate genes 

for efl (Supplementary Table 3.6). It is reasonable to hypothesise, therefore, that a novel gene must 

instead underlie efl.  
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Consequently, we strongly advocate for a continuation of research to seek out appropriate 

candidate genes for efl. Little is currently known about how those legume species which are 

responsive to vernalisation perceive and integrate vernalisation signalling. In Arabidopsis thaliana, 

several floral integrator genes that promote floral initiation, including FT, are negatively regulated by 

a repressor named FLOWERING LOCUS C (Helliwell et al. 2006; Searle et al. 2006). However, the FLC 

clade is thus far notably absent from the Fabaceae family (Hane et al. 2017; Hecht et al. 2005; Hecht 

et al. 2011), and it is not yet known which genes lie upstream of legume FT homologues with respect 

to the vernalisation pathway. Identifying the gene underlying efl could therefore improve our 

understanding of the genetic networks regulating vernalisation in narrow-leafed lupin. Additionally, 

as this species is from a basal clade in the Papilionoideae subfamily of legumes (Legume Phylogeny 

Working Group 2017), it may also provide insight into how the same pathway may have evolved and 

is regulated in other model and agriculturally significant legume species in more recently derived 

clades. 

 

3.5.3.  Breeding application 

 

With the exception of eight outdated varieties (Fest, 1973; Uniwhite, 1967; Uniharvest, 1971; Marri, 

1976; Chittick, 1982; Wandoo, 1986; Geebung, 1987; and Jindalee, 2002), all Australian narrow-

leafed lupins released since breeding began in the 1960’s have inherited a single allele (Ku) for early, 

vernalisation-unresponsive flowering time (Cowling 1999; Stefanova and Buirchell 2010). The efl 

allele represents a second source of genetic variation, which produces a desirable mid-late season 

phenotype with a reduced, facultative requirement for vernalisation (Gladstones 1977; Landers 

1995).     

 

Introgression of efl into the genetic backgrounds of modern, elite breeding lines with other superior 

and indispensable agronomic traits would be made vastly more efficient with the use of marker-

assisted selection (MAS). The development of the genetic linkage map in this study makes this 

process feasible, as an abundance of SNP and PAV markers which were located within 1 cM of efl 

and can be converted to simple, efficient markers for MAS. Given the short genetic distance 

between efl and these markers, they should be highly predictive of efl genotype with individual 

marker accuracy greater than 99% and much higher when flanking markers are used in combination. 

Identifying the causal variant underlying efl would allow the deployment of a perfectly predictive 

marker.  
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3.5.4.  Resources for future research 

 

This study has provided strong foundations for further research to discover the identity of efl and to 

explore how this allele regulates flowering time through the vernalisation pathway in narrow-leafed 

lupin. In particular, it has generated valuable resources for this purpose. For example, the Chittick x 

Geebung RIL population may be utilised in transcriptome analyses to establish differentially 

expressed genes between efl and Efl genotypes. Such analysis would potentially allow the 

identification of new candidate genes with more plausible functional roles. This would be 

particularly valuable in the event that the upcoming revision of the Tanjil reference genome (Lars 

Kamphuis, personal communication) is unable to resolve the assembly gap in the efl locus or if efl is 

a variable gene absent from Tanjil.  

 

Additionally, the whole-genome re-sequencing data sets generated for the parents and bulks in this 

study will undoubtedly assist with the identification of the causal mutation for the efl allele once a 

suitable candidate gene has been identified. This is because whole-genome re-sequencing at high 

coverage enables a much larger number of SNP polymorphisms to be identified than through 

alternative marker technologies, such as array or genotyping-by-sequencing  (Scheben et al. 2017). 

As efl was artificially induced through mutagenesis with ethyleneimine (Anonymous 1982; 

Gladstones 1977), a chemical which most commonly produces guanine to thymine transversions at a 

single nucleotide position (Clancy 2008; Verschaeve and Kirsch-Volders 1990), the causal mutation 

should be readily identified with these sequencing data sets in future.  

 

Lastly, the present study has also generated another important resource that will benefit other 

aspects of narrow-leafed lupin research. Similar to that based on the Unicrop x Tanjil population 

(Yang et al. 2013), the Chittick x Geebung linkage map may be a valuable tool for the upcoming 

revision of the Tanjil reference genome assembly (Lars Kamphuis, personal communication). 

Specifically, the genetic position of markers in this map may help to place currently unmapped 

scaffolds and potentially help resolve any conflicts between mapped scaffolds.     
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4.1.  Abstract 
 

Intricate genetic networks have evolved to integrate environmental and endogenous signals, and 

promote flowering in plants during favourable conditions to maximise the probability of successful 

reproduction. The identity and roles of genes within such networks are known to vary widely among 

and within different plant families. Narrow-leafed lupin (Lupinus angustifolius L.) is a good model to 

explore how the genetic regulation of flowering time, particularly with respect to the vernalisation 

signalling pathway, which has evolved and diverged among agriculturally important legume species. 

Using genome-wide association studies (GWAS), we conducted a comprehensive survey of genome-

wide variation based on 41,212 DArTseq markers for flowering time using 377 wild and 

domesticated accessions under controlled environment conditions in 2016 and 2017. Two 

vernalising treatments (mild and fully vernalising) were followed by growth at constant 20 °C day-

night. This helped to distinguish genetic effects based on vernalisation response and thermal time to 

flowering. Phenotypic correlations between degree-days to flowering (DDTF) and number of leaf 

nodes on the main stem at flowering (LNF) were moderate with full vernalisation (r2 = 0.56 in 2016 

and r2 = 0.40 in 2017), and high with mild vernalisation (r2 = 0.91 in 2016 and r2 = 0.95 in 2017). 

Univariate GWAS analysis was conducted on DDTF and LNF. A range of 4 to 13 significant genetic 

associations were found in univariate GWAS analysis of DDTF and LNF with strong vernalisation, and 

almost double this number with mild vernalisation, across 2016 and 2017. Meta-analysis (i.e. co-

analysis of two separate but correlated traits) of DDTF and LNF did not change the number of 

significant genetic associations with strong vernalisation, but resulted in up to 86 new and unique 

associations with flowering under moderate vernalisation. A total of 190 unique genetic marker 

associations (q < 0.01) were collectively identified throughout the genome using standard GWAS and 

GWAS meta-analyses. None of these associations corresponded to a major flowering time gene in 

domesticated narrow-leafed lupins, LanFTc1, and indicated that marker density was a limitation for 

this study. However, this research has nevertheless provided valuable information on the dominance 

of the vernalisation pathway, new genetic associations with thermal time to flowering, and the 

distribution of adaptive phenology within the species, which overall provides a strong foundation for 

further studies on the genetic regulation of flowering time in this species.  

 

4.2. Introduction 
  

Flowering time is one of the most crucial determinants of successful reproduction in angiosperms 

and must be meticulously timed to coincide with favourable conditions, while simultaneously 
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minimising the exposure to detrimental abiotic and biotic stresses (Rathcke and Lacey 1985). 

Consequently, large and complex genetic networks have evolved to finely regulate flowering time by 

integrating and responding to various endogenous and environmental signals. For example, more 

than 300 different genes are thought to have roles in coordinating floral initiation in Arabidopsis 

thaliana (Bouché et al. 2016). However, whilst the genetic regulation of flowering time has been 

extensively studied and is becoming increasingly better understood in Arabidopsis, vastly different 

gene networks and signalling pathway interactions have emerged between and within different 

angiosperm families (e.g. (Ream et al. 2012)), which are yet to be as well-characterised.      

 

Narrow-leafed lupin (Lupinus angustifolius L.) is a recently domesticated annual pulse crop of 

Mediterranean origin (Gladstones 1970) and represents an interesting model to study the genetic 

regulation of flowering time within the Fabaceae. The majority of agriculturally important legume 

grain and pasture species belong to two recently derived clades within the Papilionoid legume sub-

family. These include: (i) the Galegoid clade, which is characterised by long-day, vernalisation-

responsive species, such as pea (Pisum sativum) and chickpea (Cicer arietinum); and (ii) the 

Phaseoloid clade, which includes short-day species like common bean (Phaseolus vulgaris) and 

soybean (Glycine max) (Weller and Ortega 2015). However, lupins join peanut (Arachis hypogaea) as 

the only agriculturally significant legumes with distinct basal lineages within the Papilionoid sub-

family (Cardoso et al. 2012; Cardoso et al. 2013). In addition, the Lupinus genus has one of the 

highest known speciation rates of any plant species (Drummond et al. 2012; Hughes and Eastwood 

2006; Lavin et al. 2005) and variable phenological responses and strategies, even among species 

from similar geographic origins (Berger et al. 2017). Consequently, new insights into the divergence 

and evolution of genetic pathways for flowering time among legumes at a genus and sub-family level 

may be revealed through studies of narrow-leafed lupin.  

 

Relatively little is currently known about the genetic identity, diversity and complexity of floral 

regulation in this species beyond the main early flowering time gene in domesticated germplasm, 

LanFTc1 (Książkiewicz et al. 2016; Nelson et al. 2017; Taylor et al. 2019), and the presence/absence 

of homologous gene families with roles in model species (Hane et al. 2017). Only two studies to date 

have yet sought to locate and quantity the phenotypic effect of quantitative trait loci (QTL) in 

narrow-leafed lupin. The first of these used a recombinant inbred line (RIL) population, which 

represented only two individuals and was dominated by a single locus (Ku) (Boersma et al. 2008). 

Contrastingly, Mousavi-Derazmahalleh et al. (2018a) explored a diverse panel of wild accessions, but 

was limited by using flowering time data collected over several seasons in uncontrolled 
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environments with no measure of different vernalisation exposure. Further genome-wide 

exploration for QTLs across in both wild and domesticated germplasm is, therefore, a priority for 

future research under controlled environment conditions.  

 

Complementary statistical approaches are growing increasingly popular to improve the power and 

success of genome-wide association studies (GWAS). In particular, univariate meta-analyses have 

been widely applied in human medical and animal breeding research to enable the discovery of 

putative QTLs which are common between different association panels and/or environments, and to 

increase overall QTL discovery (e.g. (Lambert et al. 2013; Pharoah et al. 2013; Stahl et al. 2010)). 

Similarly, multivariate meta-analyses of correlated traits are now common-place in animal breeding 

to improve the total number of associations identified, particularly for loci that may have 

insignificant/modest phenotypic effects on traits through conventional univariate GWS (Bolormaa et 

al. 2016; Bolormaa et al. 2014; Bouwman et al. 2018; Pausch et al. 2017). Following success in other 

fields, meta-analyses are now emerging in plant genetics and breeding studies, for example in GWAS 

of disease resistance traits in canola (Brassica napus) (Fikere et al. 2018).  

 

The objective of this study was to conduct a comprehensive genome- and species-wide exploration 

of putative QTLs for flowering time in narrow-leafed lupin using GWAS. To tease apart regulation 

mediated by the vernalisation pathway and endogenous signalling mechanisms, a large and diverse 

panel of 377 wild and domesticated individuals were phenotyped under two different vernalisation 

regimes over two years. Additionally, we sought to determine whether univariate and multivariate 

meta-analyses using leaf node phenotypes on the main stem can help to improve the discovery of 

significant associations and putative candidate genes. 

 

4.3. Methods 
 

4.3.1.  Assembling and phenotyping a highly diverse panel of wild and domesticated 

germplasm 

 

A highly diverse panel of 377 narrow-leafed lupins was assembled for the purposes of this study 

(Supplementary Table 4.1) and comprised: (i) 206 wild accessions, including 203 of which reflect the 

species’ natural Mediterranean distribution, and three accessions which have been naturalised in 

exotic environments; (ii) seven landraces from countries which have introduced the species for 
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cultivation; plus (iii) 80 breeding lines and (iv) 84 cultivars originating from Australia and 11 other 

countries.  

 

All plants were grown in a controlled environment room (CER) at The University of Western 

Australia. To accommodate the size of the panel, phenotyping was conducted in subsets over two 

consecutive years (2016 and 2017). The first year included 216 predominantly wild accessions, while 

the second year phenotyped 205 accessions, with a large focus on fully- and semi-domesticated lines 

(Supplementary Table 4.1). Forty-four accessions were common to both years of phenotyping. In 

addition, partially replicated, randomised block designs were imposed to further maximise the use of 

space within the CER (n = 1-3, as outlined in Supplementary Table 4.1).  

 

In both years, two treatments were used to tease apart the effects of vernalisation on phenological 

diversity. All seeds were firstly germinated in Jiffy-7® peat pellets in the CER, which was maintained 

at 20 °C constant ambient temperature and with a 14 hour photoperiod. Two-day old seedlings were 

then transferred to a 4 °C controlled temperature (CT) room with 14 hour photoperiod for a full 

vernalisation treatment over 32 days, before returning to the CER for a further 140 days. A mild 

vernalisation treatment at 4 °C in the same CT room was imposed on seven-day old seedlings over a 

period of eight days before they were similarly transferred to the CER for an additional 140 days. 

This treatment was chosen over one without any form of vernalisation in order to reduce the 

number of cases where plants may not flower. The sowing of treatments was staggered such that 

both treatments returned to the CER on the same day with equivalent accumulated degree-days 

(approximately 190 degree-days, with a 0 °C baseline temperature).  

 

Degree-days to flowering (DDTF) and number of leaf nodes on the main stem at flowering (LNF) 

were scored at anthesis, which was indicated by an erect standard petal (i.e. open flower) or the 

changing colour of petals (Dracup and Kirby 1996). Plants that did not flower or underwent floral 

reversion were designated missing values.  

 

Statistical analyses of the traits (DDTF and LNF) were conducted using ASReml®-R. Outliers were 

firstly detected and removed among accessions with biological replicates. Best linear unbiased 

estimate values (BLUEs) were then calculated using a fixed effects model accounting for accession, 

vernalisation, and their interaction, plus spatial effects.    
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4.3.2.  Genotyping with DArTseq 

 

DNA was extracted from the young leaves of 172 accessions using a CTAB method (Doyle and Doyle 

1990). The quality and concentration was assessed using gel electrophoresis and QubitTM 3 

Fluorometer (Thermo Fisher Scientific) assays, respectively. DNA concentrations were then adjusted 

to approximately 20 – 50 ng/ µL. Samples were submitted to Diversity Arrays Technology Pty Ltd 

(Canberra, Australia) for DArTseqTM (hereafter referred to as DArTseq) genotyping-by-sequencing, as 

described by Mousavi-Derazmahalleh et al. (2018a,b). The sequencing data from DArTseq were 

combined with the data for the remaining 205 accessions in the panel which were previously 

genotyped by Mousavi-Derazmahalleh et al. (2018b).  

 

Single nucleotide polymorphism (SNP) and SilicoDArT (presence/absence variation, or PAV) markers 

were then stringently filtered for quality, and were discarded from further analyses if they did not 

meet the following parameters: (i) mapped to a pseudochromosome in the Tanjil reference genome 

assembly (Hane et al. 2017); (ii) had a call rate of ≥ 0.8 (i.e. less than or equal to 20% missing values); 

(iii) had an average call rate, or read depth, of ≥ 10 and ≤ 80; and (iv) had a heterozygote frequency 

of ≤ 0.1. 

 

4.3.3.  Assessing linkage disequilibrium, population structure and phylogenetic 

relationships in the panel 

 

Assessment of linkage disequilibrium (LD), population structure, and phylogenetic relationships was 

made using SNP data only. A correlation coefficient (r2) measure of LD was calculated for each pair of 

SNPs within sliding windows of 1 Mb (-ld-windor-r2 0) using PLINK (version 1.9) (Purcell et al. 2007). 

Mean r2 values across all pseudochromosomes/scaffolds were calculated for each unique pairwise 

distance value and plotted in R software (R Core Team, 2013). The maximum average r2 value was 

considered to represent the overall LD within the genome. The physical distance at which LD 

decayed was calculated as the minimum pairwise distance corresponding to half of the maximum 

average LD value. Measures of LD and LD decay were made for the entire panel, and additionally 

compared between domesticated vs wild germplasm.  

 

Principal component analysis (PCA) was then undertaken in the SNPRelate package (Zheng et al. 

2012) for R software using a subset of SNPs, which had been “pruned” to avoid the strong influence 

of SNP clusters with high degrees of linkage. The SNP pruning was conducted in SNPRelate using an 

r2 threshold of 0.7, as calculated using the correlation method for LD.  
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A phylogenetic tree was produced to further explore kinship within the panel. A pairwise distance 

matrix between accessions in the panel was created with 1000 bootstraps using the unpruned SNP 

dataset in the dartR package for R (Gruber et al. 2018). An unrooted phylogenetic tree was then 

constructed using the NEIGHBOR program (utilising the Neighbour-Joining algorithim) in PHYLIP (v. 

3.695) (Felsenstein 1989). The tree was plotted and annotated using the ggtree package in R (Yu et 

al. 2017).   

 

4.3.4.  Genome-wide association: univariate analysis 

 

GWAS analyses were conducted for each trait in each year independently for SNP and PAV genotypic 

datasets. Association testing was conducted using the FarmCPU model (Liu et al. 2016) implemented 

in the Genomic Association and Prediction Integrated Tool (GAPIT) R package (version 3.0) (Wang 

and Zhang 2018). The first three principal components from the PCA described above were supplied 

to account for population structure. The GAPIT function “Model.selection=TRUE” was used to 

determine the optimum number of eigenvectors to utilise for each trait. P-values were adjusted for 

false discovery rate (FDR) (Benjamini and Hochberg 1995) and significant associations were defined 

as those with q < 0.01. Manhattan plots were constructed using the qqman package for R software 

(Turner 2018).   

 

4.3.5.  Genome-wide association: meta-analysis 

 

Meta-analyses were used to test for significant associations across both years of phenotyping for a 

single trait and to co-analyse related/correlated traits in one or both years of phenotyping. All GWAS 

meta-analyses were conducted using METAL software (Willer et al. 2010) with unadjusted P-values 

from GWAS of individual traits in GAPIT. METAL conducts meta-analyses using a weighted Z-score 

statistic approach. Again, P-values were adjusted for false discovery rate (FDR) (Benjamini and 

Hochberg 1995) and significant associations were defined as those with q < 0.01.   

 

4.3.6.  Exploring the gene content linked to significant associations 

 

The gene content surrounding significant marker associations was explored by identifying: (i) the 

genes (if any) that intersect significant markers; and (ii) the closest genes immediately upstream and 

downstream of each significant GWAS marker. These genes were identified via BLASTN of the 

physical coordinates of markers on the Tanjil scaffold assembly against the Tanjil reference genome 
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(Hane et al. 2017) using an e-value cut off of 1e-28 and a 90% sequence identity threshold. 

Functional annotations for each of the gene were generated by the Interpro database (Zdobnov and 

Apweiler 2001) and sourced from Kamphuis et al. (2015). 

 

4.3.7.  Genotyping LanFTc1 promoter variation and statistical analysis of its phenotypic 

influence  

 

As an association with the major flowering time gene, LanFTc1, was not detected through GWAS 

(see Results), the significance of promoter variation at this gene was assessed independently. The 

four promoter variants were genotyped across the panel using two PCR-based assays previously 

described by Nelson et al. (2017) and Taylor et al. (2019). Using Genstat® (17th edition), an ANOVA 

with orthogonal contrast of the four genotypes was conducted to differentiate the effects of 

genotype and its interaction with vernalisation on DDTF.    

 

4.4. Results 
 

4.4.1.  Observation of diverse phenotypes for flowering time 

 

Highly significant (p < 0.001) differences in DDTF were observed among accessions within each 

vernalisation treatment in both years of phenotyping. In 2016, flowering time was approximately 

normally distributed under fully vernalising conditions (Supplementary Figure 4.1) and ranged from 

736 to 1905 DDTF (Figure 4.1). A similar distribution was again observed for this treatment in 2017, 

although flowering was slightly earlier in this year, instead varying between 716 to 1419 DDTF. In 

contrast to full vernalisation, the mild treatment greatly expanded phenotypic variation. A much 

more uniform and broader distribution of flowering times was observed during 2016 

(Supplementary Figure 4.1), when mostly wild germplasm was surveyed: flowering times were 

spread between 790 to 2845 DDTF (Figure 4.1) with an average of 1820 DDTF. Due to poor plant 

establishment, a similar trend was not observed in this treatment during 2017. Flowering times were 

recorded for only 97 out of 205 accessions and DDTF was instead highly skewed towards earlier 

phenotypes (Supplementary Figure 4.1).  
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Figure 4.1: Flowering time, measured as degree-days to flowering (DDTF), for narrow-leafed lupins 

grown with fully and mildly vernalising treatments in (A) 2016 (B) and 2017. The solid black 

horizontal lines indicate an equal flowering time under both vernalisation treatments. Accessions 
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positioned below this line are responsive to vernalisation. Accessions are colour-coded according to 

their country of origin and shaped according to their domestication status. Note that the “Europe” 

origin grouping includes domesticated germplasm from several European countries but excludes 

wild germplasm of European origin. The “Other” group comprises domesticated material from 

origins other than Australia or “Europe” that actively or have previously produced/bred narrow-

leafed lupins. Both (A) and (B) exclude accessions that did not have phenotypic data for both 

treatments. 

 

A very strong interaction between accession and vernalisation (p < 0.001) was observed in both 

years, with the majority of accessions demonstrating a small to extreme positive response to full 

vernalisation (Figure 4.1). Small responses in DDTF were frequently observed in domesticated 

cultivars and breeding lines. Meanwhile, more extreme responses in DDTF were seen in wild 

germplasm, particularly from western Mediterranean countries, such as Spain, Portugal and France. 

Vernalisation responses which were intermediate of early and late domesticated narrow-leafed 

lupins were identified in Moroccan, Greek and Israeli wild types (Figure 4.1). The most diverse range 

of phenotypes and responses to vernalisation was found in Greek and Moroccan germplasm.    

      

Significant differences (p < 0.001) among accessions and between vernalisation treatments were 

also observed for LNF in both years. Under full vernalisation, accessions ranged from 12 to 30 LNF, 

and the trait was normally distributed (Supplementary Figure 4.2). However, a much larger range 

was observed under mild vernalisation. For example, in 2016, LNF reached a maximum of 111. As 

per DDTF, the distribution of LNF in the mildly vernalised treatment in 2017 was heavily skewed 

towards lower values (Supplementary Figure 4.2).  

 

A moderate positive correlation was identified between DDTF and LNF under full vernalisation (r2 = 

0.56 in 2016 and r2 = 0.40 in 2017). However, the correlation of these traits was greatest under mild 

vernalisation (r2 = 0.91 in 2016 and r2 = 0.95 in 2017).  

 

4.4.2.  DArTseq marker genotyping 

 

DArTseq genotyping produced 40,120 co-dominant SNP and 41,613 PAV markers in the panel of 377 

narrow-leafed lupin accessions. Of these, 14,271 SNP and 26,941 PAV markers (a total of 41,212 

DArTseq markers) passed stringent filtering and were of suitably high quality for use in population 

structure and disequilibrium analyses, plus GWAS. LD pruning of the SNP markers at a threshold of r2 

= 0.7 created a smaller subset of 4,630 unlinked markers used for PCA analysis only.    
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4.4.3.  Population structure and linkage disequilibrium 

 

The PCA largely differentiated the GWAS panel of narrow-leafed lupin accessions on the basis of 

their domestication status and country of origin (Figure 4.2). With the exception of several breeding 

lines that closely resembled Spanish, Portuguese, Italian or Greek wild lines, the domesticated 

germplasm clustered tightly together and separate from other groups. A large division was observed 

also between wild accessions from the western and eastern Mediterranean. For example, 

germplasm from Portugal, Spain and Algeria was distant from that originating from Syria, Turkey and 

Cyprus. The divide between the west and east was mainly connected by wild types from central 

Mediterranean countries, including France, Italy and Greece. Approximately 19.10% of total variance 

explained was captured by the first two eigenvectors.  

 

 
Figure 4.2: Principal component analysis (PCA) of 377 narrow-leafed lupin accessions based on 

genotypic data for 6,050 single nucleotide polymorphisms (SNPs). This set of SNPs had been filtered 

to exclude those found in tightly linked SNP clusters with r2 > 0.7. Individual accessions are shaped 

according to their domestication status and are coloured with respect to their country of origin. 

Note that all domesticated germplasm from European countries is categorised with “Europe” origin, 

whilst wild germplasm is categorised with respect to its actual country of origin. The proportion of 
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variance explained by each of the first two principal components, or eigenvectors, is indicated as a 

percentage on the axis titles.        

 

Similar to the PCA, phylogenetic analysis also showed a large general divide between domesticated 

and wild germplasm (Figure 4.3). Primitive and founding European, Australian and South African 

cultivars were basal to the domesticated group (e.g. P25873 Glumbowitzer Blaue; P20629 New 

Zealand Blue; P25872 Giepie; etc.), as were all landraces and several wild Israeli accessions. The 

more derived clades of domesticated germplasm comprised the progeny of backcross and RIL 

populations, which were tightly clustered with their domesticated parents. Accessions of various 

western and central Mediterranean origins were basal to the wild section of the phylogenetic tree. 

However, with the exception of these admixed basal accessions, a clear transition from the western 

(i.e. Spain and Portugal) to central (i.e. Italy, France and Algeria) to the eastern (i.e. Greece, Turkey, 

Syria, Cyprus) Mediterranean was observed.      

 
Figure 4.3: Phylogenetic tree depicting the kinship of 377 narrow-leafed lupins on the basis of 

genotypic data for 15,440 single nucleotide polymorphism (SNP) genotypes. Accessions are colour-

coded according to their country of origin. Note that “Europe” includes all domesticated germplasm 
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from European countries breeding or producing narrow-leafed lupin, but excludes wild germplasm. 

Letters to the left of the accession identifier indicate domestication status.        

 

The full narrow-leafed lupin panel (n = 377) reported an overall low measure of LD, with r2 = 0.195. 

This was very similar to the overall LD calculated for wild germplasm alone (n = 206; r2 = 0.204), yet 

was much lower than LD for domesticated types, including cultivars, breeding lines and landraces (n 

= 171, r2 = 0.414). In all cases, the LD rapidly decayed and halved within a physical interval of 

approximately 11.96 Kb (Figure 4.4). However, LD decay plateaued much more slowly and at higher 

average r2 levels in the domesticated germplasm, as in comparison to the wild germplasm only or 

the panel as a whole (Figure 4.4).    

 

 
Figure 4.4: Average decay of linkage disequilibrium (LD; as measured by the correlation method, r2) 

with increasing physical distance (Kb; kilo base pairs) between single nucleotide polymorphisms 

(SNPs) throughout the narrow-leafed lupin genome. The blue line represents LD decay in the entire 

panel of 377 accessions assembled for genome-wide association of flowering time, whilst the yellow-

dashed and purple lines represent LD decay in wild (n = 206) and domesticated (n = 171; including 

landraces, breeding lines, and cultivars) germplasm, respectively. The distance (11.96 Kb) at which 

LD decays in all three groups of germplasm is indicated by the vertical, dashed black line.     
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4.4.4.  Flowering time and leaf node associations discovered with univariate GWAS 

analyses 

 

A collective total of 63 unique SNP and PAV markers were significantly associated (q < 0.01) with 

DDTF across the panel (Supplementary Table 4.2). No markers were common to both years of 

phenotyping or vernalisation treatments. Significant associations were most frequently identified on 

pseudochromosome NLL-12, with a total of eight significant markers across all treatments and years. 

NLL-16 was the only pseudochromosome without any significant association. Steep “peaks” or 

“towers” comprising several significant consecutive markers within very small physical distances 

were absent from Manhattan plots (Figure 4.5). However, there were several cases where two or 

more significant markers were located within approximately 50 Kb to 1 Mb. For example, under mild 

vernalisation, two SNP and one PAV marker were identified within a 710 Kb region on NLL-11. A total 

of nine significant SNP and PAV markers had minor allele frequencies < 0.05. The proportions of 

positive and negative effects of marker genotype on DDTF were roughly 50:50. Interestingly, the 17 

largest absolute effects were observed in the mildly vernalised treatment, whilst the 17 lowest 

absolute effects were observed in the fully vernalised treatment.  
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Figure 4.5: Manhattan plots illustrating the statistical association between 14,271 single nucleotide 

polymorphism (SNP) markers and degree-days to flowering in narrow-leafed lupins grown in (A) 

2016 under full vernalisation, (B) 2016 under mild vernalisation, (C) 2017 under full vernalisation, 

and (D) 2017 under mild vernalisation. The x-axes represent the physical distance along 

pseudochromosomes NLL-01 to NLL-20. Solid red horizontal lines indicate the threshold for 

significance at a false discovery rate confidence interval of 99%.    

 

A total of 19 SNP and 13 PAV markers were found in significant association (q < 0.01) with LNF across 

both years and vernalisation treatments (Supplementary Table 4.3). A maximum of four significant 

associations were identified on singular pseudochromosomes (NLL-08 and NLL-09), while three 

pseudochromosomes had none (NLL-04, NLL-14 and NLL-16). Similar to the univariate GWAS 
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analyses for DDTF, there were no steep “peaks” or “towers” identified, but two sets of two markers 

were located within 500 – 900 Kb of each other on NLL-01 and NLL-09. An approximate 50:50 ratio 

of positive to negative phenotypic effects were again observed. However, whilst the largest absolute 

effect identified was an associated reduction of 39 LNF, the smallest was approaching 0 LNF. All of 

the smallest absolute effects except one were observed in the fully vernalising treatment and the 

largest were in the mildly vernalising treatment. Interestingly, a single SNP marker was identified in 

the mild treatment in both years of phenotyping, but had contrasting phenotypic effects.       

 

Among the various univariate analyses, seven markers were found significantly associated with both 

traits. Overall, the markers common to both traits represented 11.1% (i.e. 7/63) of the significant 

associations for DDTF, and 21.2% (i.e. 7/33) of all associations with LNF. However, vernalisation 

treatment greatly reduced the discovery of common marker associations, and all but one was 

identified in the mildly vernalised treatments. Consequently, common markers represented 3.8% 

(i.e. 1/26) and 16.2% (i.e. 6/37) of significant associations with DDTF under fully and mildly 

vernalising conditions, respectively (Supplementary Table 4.2). Meanwhile, common markers 

represented 0% and 33.3% (i.e. 7/21) of the markers significantly associated with LNF under full and 

mild vernalisation treatments, respectively (Supplementary Table 4.3). A similar trend was observed 

when comparing the correlation of q-values between traits, where r2 ranged from 0.09 to 0.23 under 

mild vernalisation and no correlation was observed with full vernalisation (r2 = 0.00 to 0.01) 

(Supplementary Table 4.4).   

  

4.4.5.  Putative flowering time QTL discovery through univariate and multivariate GWAS 

meta-analysis 

 

Several GWAS meta-analyses were conducted to (i) co-analyse a single trait per vernalisation 

treatment in both years, and (ii) to simultaneously co-analyse DDTF and LNF for a single vernalisation 

treatment in one or both years (Supplementary Table 4.5).  

 

In general, univariate meta-analysis of traits across two years did not improve the outcome. For 

example, univariate meta-analysis of DDTF across years consistently reduced the total number of 

significant (q < 0.01) SNP and PAV marker associations in both vernalisation treatments as compared 

to univariate GWAS (Figure 4.6). Meta-analysis did not identify new associations, not previously 

identified through conventional univariate GWAS in each year, and resulted in the loss of eight 

markers that were initially significant in each separate univariate GWAS analysis. The analyses 

performed slightly better for LNF, however, and while several markers were also lost through 
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univariate meta-analysis, a small number (≤ 6) of new associations were identified in meta-analysis 

across years (Figure 4.6). 

 

 
Figure 4.6: Venn diagrams comparing the number of significant DArTseq marker associations (at a 

99% false discovery rate confidence interval) between traditional univariate GWAS analysis and 

univariate or multivariate GWAS meta-analysis in a panel of 377 narrow-leafed lupins. The panel was 

phenotyped for degree-days to flowering (DDTF) and leaf nodes at flowering (LNF) under fully and 
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mildly vernalising conditions over two years, including: 2016, which mainly comprised wild 

germplasm; and 2017, which mostly comprised domesticated cultivars and breeding lines. 

Traditional univariate GWAS analyses in each year (white circles) are compared with univariate 

GWAS meta-analysis of both years (yellow circles) for DDTF (A & B) and LNF (C & D). Meanwhile, 

traditional univariate GWAS analyses (white circles) of DDTF and LNF are compared with multivariate 

meta-analysis (blue circles) in 2016 (E & F) and 2017 (G & H). Lastly, traditional univariate GWAS 

analysis of DDTF in each year (white circles) is compared with multivariate meta-analysis across both 

years (pink circles) (I & J). 

 

In comparison, the multivariate meta-analyses that combined traits within a single year were more 

successful in identifying new associations. However, this was greatly influenced by vernalisation 

treatment. Marked improvements in the number of associations were observed in the multivariate 

meta-analysis of traits under mild vernalisation (Figure 4.6), particularly in 2017 where 86 new 

markers were found significantly associated with DDTF and LNF and roughly two thirds of the 

markers identified in univariate GWAS of DDTF remained significant in meta-analysis. However, 

small losses in the total number of marker associations were observed for DDTF and LNF in both 

years under full vernalisation (Figure 4.6).        

 

Lastly, the multivariate meta-analysis of DDTF and LNF across years generally enabled greater power 

than univariate meta-analysis of DDTF across years alone. Again, however, this differed between 

vernalisation treatments. Under mild vernalisation, a larger number of significant associations from 

conventional GWAS of DDTF in each individual year were retained in the multivariate than univariate 

meta-analysis (Figure 4.6). For example, seven markers associated with DDTF in 2016 were 

conserved in the multivariate meta-analysis across years as compared to three markers in univariate 

meta-analysis. In contrast, in the fully vernalised treatment, a further loss of markers identified in 

traditional GWAS of DDTF was observed in the multivariate meta-analysis across years compared 

with the univariate meta-analysis of DDTF in both years. For instance, one marker out of 13 originally 

identified in traditional univariate GWAS of DDTF was retained in the multivariate meta-analysis 

across years, while four markers remained in the univariate meta-analysis across years. However, 

multivariate meta-analysis did lead to the discovery of seven new significant associations, whereas 

univariate meta-analysis across years did not produce any.              

 

Although meta-analysis did not always improve the number of significant associations compared 

with traditional univariate GWAS or identify unique associations, the associated markers generally 
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had the same directionality (i.e. positive or negative) for phenotypic effect in both analyses (Table 

4.1). In particular, univariate meta-analysis of LNF over both years, in addition to the multi-trait 

meta-analyses within individual years, reported a very high percentage (90 - 100%) of markers with 

identical directional effects. The directionality of phenotypic effects of markers significantly 

associated with DDTF was more variable across the two years of phenotyping, however, and affected 

both the multi-trait and multi-year meta-analysis. More variation in phenotypic effect directionality 

was also observed in the mild relative to fully vernalised treatments of DDTF and LNF (Table 4.1).      

 

Table 4.1: Number and percentage of single nucleotide polymorphism (SNP) and presence/absence 

variation (PAV) markers with the same phenotypic effect directionality (i.e. positive or negative) 

when significantly associated (q < 0.01) through GWAS meta-analyses of degree-days to flowering 

(DDTF) and/or leaf nodes on the main stem at flowering (LNF) in narrow-leafed lupins. The plants 

were grown under fully and mildly vernalising treatments in one or two years of phenotyping in 2016 

and 2017. 

Meta-analysis Full vernalisation Mild vernalisation 
DDTF – 2016 & 2017 5 (55.5%) 7 (63.6%) 
LNF – 2016 & 2017 5 (100.0%) 11 (91.7%) 
DDTF & LNF – 2016 11 (100.0%) 23 (100.0%) 
DDTF & LNF – 2017 8 (100.0%) 103 (98.1%) 
DDTF & LNF – 2016 & 2017 7 (63.6%) 19 (54.3%) 
 

4.4.6.  Exploring the gene content linked to putative QTLs  

 

The 190 significant DArTseq markers identified in GWAS analyses were located within genes (135 

markers) or within 150 Kb of genes, providing a set of 274 unique positional candidate genes. None 

of these candidates corresponded to known flowering time orthologues annotated in the Tanjil 

reference genome (Hane et al. 2017). Key terms related to signalling pathways and plant growth 

were searched in the functional domain and role terms from InterPro (Table 4.2; Supplementary 

Tables 4.6 & 4.7). This revealed several genes with functional domains and/or roles potentially 

relevant for flowering time, including sensitivity to red light, auxin and ethylene response, meristem 

development, and functional binding domains.    
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Table 4.2: Frequency at which key terms related to signalling pathways and functional domains 

related to flowering time integration and plant growth were found among the annotations from the 

InterPro database (Zdobnov and Apweiler 2001) for positional candidate genes associated with 

narrow-leafed lupin flowering time in GWAS. 

Category Term Frequency among annotation terms 
Temperature sensing and signalling Cold 0 
 Heat 7 
 Vernalisation 0 
Light detection and signalling Light 4 
 Blue light 0 
 Red light 1 
 UV 0 
Hormone signalling and response Auxin 2 
 Ethylene 2 
Plant development Flower 0 
 Meristem 2 
 Reproduction 1 
 Vegetative 0 
Regulation and functional domains Regulation 13 
 AP2 2 
 B-box 1 
 bZIP 0 
 ERF 4 
 MYB 7 
 RAV 0 
 Ubiquitin 2 
 Zinc finger 11 
 

4.4.7.  Effect of LanFTc1 on flowering time variation  

 

Despite the known importance of LanFTc1 on flowering time (Nelson et al. 2017, Taylor et al. 2019), 

no association was detected near the genomic region containing this gene in any of the GWAS 

analyses. As the nearest DArTseq markers were located 49 Kb upstream and 119 Kb downstream, 

LanFTc1 INDEL promoter variation was genotyped using PCR-based assays (Nelson et al. 2017; Taylor 

et al. 2019), and the effect of LanFTc1 on DDTF was individually measured by ANOVA.   

 

Genotyping revealed that within the panel: (i) the Jul variant (5,162 bp deletion) was observed in 29 

European and South African cultivars and breeding lines only; (ii) the Ku variant (1,423 bp deletion) 

was present in 62 domesticated types of all origins; and (iii) that the 1,208 bp deletion genotype was 

found in 23 wild accessions from Israel and Greece, plus two breeding lines and one cultivar from 
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Europe and America (Supplementary Table 4.1). The remaining 260 accessions within the panel 

possessed the ku wild-type.    

 

ANOVA was completed for the first year of phenotyping only, which had fewer missing DDTF values 

than the second year, particularly within the mildly vernalised treatment. The proportion of variance 

explained by LanFTc1 was greatly influenced by vernalisation treatment. With full vernalisation, 

genetic variation at LanFTc1 accounted for 12.1% of phenotypic variation observed. However, the 

effect of LanFTc1 was considerably greater under mild vernalisation, and a total of 51.1% of variation 

in DDTF was explained by LanFTc1 promoter genotype. 

 

4.5. Discussion 
 

The primary objective of this study was to explore genetic diversity and potential QTLs for flowering 

time in a diverse range of wild and domesticated narrow-leafed lupins. Overall, considerable genetic 

variation in flowering time was observed across the species under controlled environment 

conditions, with the trait ranging from 716 to 2845 DDTF. An important finding, however, was that 

the extent of phenological diversity was greatly affected by vernalisation treatment. Both mean and 

maximum flowering times were roughly 1.5-fold greater under mildly vernalising conditions, as 

opposed to fully saturating vernalisation. With mild vernalisation exposure, the earliest phenology 

was consistently identified in domesticated germplasm and wild accessions originating from parts of 

northern Africa, Greece and the Near East associated with shorter and milder winter seasons, which 

mirrors previous germplasm evaluations (Berger et al. 2017; Berger et al. 2012; Clements and 

Cowling 1994; Gladstones and Crosbie 1979; Mousavi-Derazmahalleh et al. 2018a). A little more 

than 50% of all phenotypic variation observed under mild vernalisation was explained by the known 

allelic variation at a single gene, LanFTc1, which integrates vernalisation signalling (Nelson et al. 

2017; Taylor et al. 2019). Ultimately, these findings collectively support earlier research implicating 

the vernalisation pathway as the primary driver of phenology in narrow-leafed lupin (Gladstones and 

Hill 1969; Rahman and Gladstones 1972; Rahman and Gladstones 1974), and that modification to its 

absolute requirement, duration, and/or effectual temperature range is the main adaptive strategy 

for wild and domesticated narrow-leafed lupins (Adhikari et al. 2012; Landers 1995), particularly in 

environments prone to terminal drought (Berger et al. 2017; Berger et al. 2012). 

 

The second and innovative objective was to evaluate the impact of GWAS meta-analysis on the 

discovery of genetic markers that are significantly associated with flowering time regulation in 
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narrow-leafed lupin. Overall, we found that meta-analyses uncovered a small to large number of 

new associations that were not previously identified through traditional univariate GWAS. In 

addition, the associated markers that were identified through meta-analysis typically had consistent 

effects on phenotype in terms of the direction of their impact. However, unlike in medical and 

animal studies (e.g. Bolormaa et al. (2016); Bolormaa et al. (2014); Lambert et al. (2013); Pharoah et 

al. (2013); Stahl et al. (2010)), both univariate and multivariate meta-analysis generally did not 

increase the total number of markers associations above the numbers achieved through 

conventional GWAS for each trait in each year, particularly under fully vernalising conditions.  

  

Various aspects of the experimental design in this study are likely to have limited the value of meta-

analyses, particularly across years. Firstly, the unbalanced composition of wild and domestic narrow-

leafed lupins phenotyped in each year would have affected population structure in each univariate 

GWAS and led to dissimilar markers being associated with DDTF in each year. Secondly, the 

implementation of partial replication may have further impacted the ability for meta-analysis to find 

similar association between years. Partial replication has been proven as a successful approach in 

breeding (Cullis et al. 2006; Moehring et al. 2014) and allowed us to incorporate more accessions in 

the present study, thereby potentially enabling more significant genetic associations to be found. 

However, one of the pitfalls of this design is the increased vulnerability to data loss. Data loss was 

experienced in the mildly vernalised treatment of 2017 due to poor plant establishment and led to 

loss of genotype replication and accuracy, which reduced the value of meta-analysis across years.  

 

It would be interesting to see whether traits other than LNF may help to improve the efficiency of 

meta-analyses in future narrow-leafed lupin flowering time studies. LNF has moderately strong 

phenotypic correlation and genetic overlap with flowering time in maize (Zea mays) (Li et al. 2016). 

However, the genetic overlap between the two traits was much lower in the present study, with only 

11% of the associations for DDTF identified through univariate GWAS also being common to LNF. A 

number of other phenological and seemingly unrelated physiological traits are correlated with 

flowering time in narrow-leafed lupin and may be suitable to trial in GWAS meta-analyses, including 

days to podding, maturity, the end of flowering time, and seed size (Berger et al. 2017). Similarly, 

collection site information may serve as useful “traits” for wild germplasm, as phenology is strongly 

driven by the environment and correlated with climatic and geographic factors, including latitude 

and various measures of rainfall or ambient temperature (Berger et al. 2017; Mousavi-

Derazmahalleh et al. 2018a). The use of such collection site traits should be treated with caution, 

however, as they may also amplify issues for GWAS associated with population structure.      
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An interesting outcome from this study was our inability to detect an association with orthologues of 

known flowering time genes from other species, in addition to our initial inability to detect an 

association with LanFTc1. The latter was particularly surprising in light of LanFTc1 being the main 

gene exploited in narrow-leafed lupin breeding programs for early, vernalisation-unresponsive 

flowering (Berger et al. 2012), and it previously having been established as a major-effect gene 

explaining roughly 80% of the natural flowering time variation in the 83A:476 x P27255 F8 RIL  

population (Boersma et al. 2008). Instead, it required a priori knowledge of important INDEL 

variation at LanFTc1 for us to seek out an association through targeted genotyping using a previously 

published INDEL marker (Nelson et al. 2017; Taylor et al. 2019). This highlights the importance of 

using sufficient marker density such that the whole genome is within LD of one or more marker. In 

this study, the closest DArTseq markers to LanFTc1 were 49 Kb upstream and 176 Kb downstream 

from the untranslated regions of the gene. These distances far exceeded the 11.96 Kb distance of LD 

decay identified in this study (Figure 3). Thus, a major recommendation of this research is the use of 

substantially higher marker density through whole genome resequencing, which would be expected 

to yield at least 3,270,084 markers (or one marker per 3.4 Kb) based on the number of 

polymorphisms between Tanjil and P27255 identified in Hane et al. (2017). A whole genome 

resequencing approach would also have the additional advantage that recent variants such as the Ku 

allele at the LanFTc1 gene could be identified, which are too recent to have yet formed linkage 

disequilibrium with surrounding sequence variants (Taylor et al. 2019).  

 

4.6. Conclusions 
 

Flowering time is a crucial adaptive trait that greatly influences the overall fitness of flowering 

plants. Here, we conducted a broad-scale genome-wide assessment of the intricate genetic 

networks that regulate floral transitioning according to environmental and endogenous signals in 

narrow-leafed lupin. Flowering time variation was far greater in the absence of strong vernalisation, 

and modified responsiveness to this signalling pathway appeared to be the main strategy to achieve 

early phenology in domesticated germplasm and wild types from drought-prone environments 

across the species’ natural geographic distribution. Overall, further work will be necessary to 

validate the 190 putative QTLs identified through univariate GWAS and GWAS meta-analyses in this 

study. Whole genome resequencing and repeated phenotyping, particularly at higher levels of 

replication and with more homogenous mixtures of wild and domesticated germplasm, in particular, 

would address the main limitations of this research and provide greater confidence that the 
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associations detected are both meaningful and reproducible. Nevertheless, this study provides a 

valuable foundation for further research, including useful information about the genetic architecture 

of flowering time in this species in terms of the magnitude and dominance of the vernalisation 

pathway relative to other signalling mechanisms or genes for intrinsic earliness/lateness.  
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CHAPTER 5 

 

General discussion 
 

 

 

Narrow-leafed lupin is an important pulse crop for sustainable agriculture (Doyle et al. 1988; 

Seymour et al. 2012) with tremendous potential for human health and medicine (Foyer et al. 2016; 

Kouris-Blazos and Belski 2016). Review of the literature (CHAPTER 1) revealed that one of the main 

limitations for maintaining or increasing narrow-leafed lupin production within mid-long season 

environments, particularly in the southern Western Australia and eastern Australian wheatbelts, is 

an absence of elite varieties with appropriately adaptive mid-late season phenology (Berger et al. 

2012a; Berger et al. 2012b; Chen et al. 2017). This issue has partly arisen due to heavy directional 

selection for early vernalisation-unresponsive flowering time targeted to a single production area, 

but also due to the reduced genetic diversity within breeding programs, which reflects the recent 

and fragmented domestication of the species in isolation from its ancestral origin in the 

Mediterranean region (Berger et al. 2012a; Berger et al. 2012b). Addressing this industry-based 

limitation is made difficult because novel genetic and phenotypic diversity of wild and domesticated 

narrow-leafed lupins has not yet been extensively explored to identify valuable loci and germplasm 

for flowering time. Furthermore, the limited flowering time loci which are known and are present in 

domesticated germplasm are yet not well-characterised, which restricts their effective use and/or 

exploiting their full potential. Expanding our knowledge in these areas is therefore of the upmost 

importance from an applied research perspective. In addition, narrow-leafed lupin is a valuable 

model to explore the evolution and divergence of flowering time genetic regulatory networks and 

signalling pathways among agriculturally important legumes due to its basal position in the 

phylogeny of the Papilionoid sub-family of legumes (Cardoso et al. 2012; Cardoso et al. 2013; 

Wojciechowski et al. 2004). Consequently, dissection of genetic regulation of flowering in narrow-

leafed lupin may also make important contributions to the broader knowledge of flowering time 

control in legumes and beyond.  

 

With these conclusions in mind, the research in this thesis aimed to comprehensively explore the 

phenotypic and genetic diversity for flowering time across the species and genome, and to expand 

our understanding of the genetic mechanisms by which flowering time is controlled in narrow-leafed 
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lupin, particularly with respect to vernalisation. To fulfil this overall aim, several key research 

objectives were identified, including:  

1) Better characterising genetic variation for LanFTc1, the gene controlling early, vernalisation-

unresponsive flowering time in domesticated lupins (CHAPTER 2). 

2) Genetic mapping the efl locus for mid-late flowering time and facultative vernalisation 

requirement for the first time (CHAPTER 3). 

3) Surveying phenotypic and genome-wide genetic diversity for flowering time within and beyond 

the vernalisation pathway in a large collection of narrow-leafed lupin accessions (CHAPTER 4). 

 

Here, each of the four experiments within this thesis are brought together to address their collective 

implications on the basic knowledge of flowering time regulation and practical applications in 

breeding of narrow-leafed lupins. In addition, this discussion provides perspectives on the limitations 

of the research presented in this thesis and outlines priorities for future studies. 

 

5.1. Expanding our knowledge on the genetic regulation of flowering time 

in narrow-leafed lupin 
 

Little was previously known about the genetic regulation of flowering time in narrow-leafed lupin. 

Three loci that induce early or intermediate phenotypes in domesticated narrow-leafed lupins were 

described in the literature, including: (i) Kulikup (Ku) (Gladstones and Hill 1969) and (ii) Julius (Jul) 

(Mikołajczyk 1966), which both result in near-identical early, vernalisation-unresponsive flowering 

(Rahman and Gladstones 1972; Rahman and Gladstones 1974); and (iii) efl, an intermediate 

flowering time locus with facultative vernalisation requirement (Gladstones 1977; Landers 1995). 

However, until the research reported in this thesis, the genomic location and evidence concerning its 

underlying mutation had only been reported for Ku, which was located on pseudochromosome NLL-

10 and suggested to be conditioned by a deletion in the promoter of an FT floral integrator gene 

homologue, LanFTc1 (Kroc et al. 2014; Nelson et al. 2017). Aside from Ku, Jul and efl, only nine other 

minor quantitative trait loci (QTLs) for flowering time had been reported in the 83A:476 x P27255 

domesticated x wild F8 recombinant inbred line (RIL) population (Boersma et al. 2008). However, 

these loci had minor effects and the use of arbitrary molecular markers means that is extremely 

difficult and imprecise, if at all possible, to determine the genetic or physical location of these QTLs 

in the Tanjil reference genome assembly. Consequently, the general species-wide genomic 

regulation of flowering time was also not well-characterised in narrow-leafed lupin. The research in 

this thesis makes substantial contributions towards addressing these gaps in knowledge. 
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Perhaps the most significant scientific contribution of this thesis was the advances made in the 

characterisation of LanFTc1. In CHAPTER 2, short-read sequencing data for 43 diverse accessions 

were aligned to the ku wild-type promoter of LanFTc1, in which a 1,423 bp deletion was recently 

hypothesised as the causal variant for the Ku locus in Australian domesticated narrow-leafed lupins 

(Nelson et al. 2017). This analysis showed that, of the 206 SNP and 48 INDELs present in the LanFTc1 

gene, only the 1,423 bp deletion was associated with loss of vernalisation responsiveness (Chapter 2; 

Taylor et al. 2019). Two additional novel INDEL mutations of 5,162 bp and 1,208 bp in length were 

detected in the same region of the LanFTc1 promoter as Ku, but with different start/stop intervals 

(Chapter 2; Taylor et al. 2019). While the 1,208 bp deletion was found in just one re-sequenced 

accession (an Israeli wild type), the 5,162 bp deletion was frequently observed in European cultivars 

with the early flowering Jul locus. Subsequent gene expression analyses and phenotyping (CHAPTER 

2; Taylor et al. 2019) confirmed that each of the three INDEL variants resulted in varying degrees of 

cis-acting de-repression of LanFTc1, and that this de-repression is responsible for fully or partially 

reducing vernalisation-responsiveness and establishing early and early-mid flowering times relative 

to the ku wild-type. Given that all three deletion genotypes resulted in gain-of-function phenotypes, 

it can be assumed that all three variants are dominant over the ku wild-type. Furthermore, on the 

basis of their near-identical and constitutively high expression of LanFTc1 from as early as the four-

leaf stage of development, the Ku and Jul genotypes are likely to be co-dominant with each other, 

plus dominant over the 1,208 bp deletion, which did not achieve similar levels of expression until the 

eight-leaf stage of plant development. In CHAPTER 4, the cis-regulatory variation at LanFTc1 was 

found to explain roughly 55% of phenotypic variation for flowering time in a diverse panel 

representing both domesticated and wild germplasm (under mild vernalisation treatment). Here, it is 

proposed that the variants for LanFTc1 be designated as: LanFTc1ku for the wild-type; LanFTc1Ku for 

the Ku allele conferred by the 1,423 bp deletion in the promoter; LanFTc1Jul for the Julius allele 

comprising a 5,162 bp deletion in the promoter; and LanFTc1P22660 for the 1,208 bp deletion found in 

Israeli accession, P22660.                 

 

From the perspective of long-day legumes more generally, it is perhaps not surprising to discover 

that LanFTc1 is such an influential gene for flowering time in narrow-leafed lupin or to find that 

several natural adaptive mutations have independently arisen within a cis-regulatory region. The FTa 

and FTb gene clades are broadly implicated in the integration of vernalisation and/or photoperiod 

signals (Weller and Ortega 2015) and dominant mutations in these homologues may lead to early 

flowering phenotypes, as observed in Medicago truncatula (Jaudal et al. 2013; Laurie et al. 2011) 
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and Pisum sativum (Hecht et al. 2011). Most recently, Ortega et al. (2019) demonstrated that cis-

regulatory changes to an FTa homologue most likely underlies a major locus for early flowering time 

that was an important adaptive strategy for the transitioning of chickpea (Cicer arietinum) into a 

summer-grown pulse crop during its domestication. Furthermore, an FTa1 homologue has been 

identified as a candidate for one of the two most important QTLs for early, vernalisation-

unresponsive flowering time in white lupin (L. albus) (Rychel et al. 2019). Taken together, this 

suggests that variation of FT homologues is a common strategy to achieve adaptive phenology 

among long-day species in basal and more recently derived clades in the Papilionoid legumes. 

 

Relatively little is currently known about how FT homologues are repressed (either directly or 

indirectly) at a molecular level in legumes, nor which genes (if any) are responsible for this 

repression during the absence of inductive photoperiods and vernalisation. In soybean (Glycine 

max), the expression and sequence divergence one of four FTb homologues is consistent with it 

serving as a repressor of other FT genes (Zhai et al. 2014). However, soybean is known to possess a 

large number of FT homologues as the result of genome duplications events (Kong et al. 2010), 

which provides opportunity for neo-functionalisation and the development of novel gene functions. 

Furthermore, the regulation of one FT homologue by another is overall very rare and is yet reported 

in only one other species (Pin et al. 2010). These observations suggest legumes are most likely to 

generally be repressed through alternative means. Studies in M. truncatula have instead begun to 

explore whether the orthologues of Arabidopsis thaliana repressors may have similar roles in 

legumes. While the SHORT VEGETATIVE PHASE (SVP) repressor gene was found to have taken on a 

different function in floral development (Jaudal et al. 2014), the MtFTa1 homologue which 

integrates vernalisation and photoperiod signalling appears to be repressed by a VERNALISATION2-

LIKE homologue, MtVRN2 (Jaudal et al. 2016). As VRN2 represses FT expression through chromatin 

modification (Gendall et al. 2001), it is probable that both transcriptional and epigenetic 

mechanisms are involved in the repression of FTa1 via the vernalisation pathway in M. truncatula.  

 

A question which arose during the characterisation of LanFTc1, but which could not be answered in 

this thesis, was how do the deletions in the upstream regulatory region achieve de-repression? In 

CHAPTER 2, we proposed several potential molecular mechanisms through which the deletions may 

affect transcriptional regulation of LanFTc1 and additionally recommended genome editing, for 

example using CRISPR/Cas-9 technology (Bortesi and Fischer 2015), as one potential method to 

verify these possibilities. However, in light of the role of MtVRN2 in repression of MtFTa1 in M. 

truncatula, it would be interesting for future studies to also consider the potential for epigenetic 
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regulation of LanFTc1 in narrow-leafed lupin. Physical genomic regions less than 1 Kb in size may be 

targets for chromatin modification in Arabidopsis (Zhang et al. 2007), which suggests that 

modification to very small intervals may be possible. Experiments involving chromatin 

immunoprecipitation (ChIP) in the three LanFTc1 deletion genotypes relative to the ku wild-type 

promoter could therefore be useful to determine whether chromatin modification plays a role, while 

approaches like bisulphite sequencing could be used to explore DNA methylation (DeAngelis and 

Farrington 2008). 

 

A second important achievement in this thesis was mapping the efl mid-late flowering time locus for 

the first time (CHAPTER 3). Based on the results from linkage mapping in an F6 RIL population, we 

now know that efl resides on NLL-10 within a small 1.2 cM genetic interval corresponding to an 

approximately 26 Kb region in the Tanjil reference genome located 2.5 Mb upstream from LanFTc1 

(Hane et al. 2017). This conclusively demonstrated that efl is independent of LanFTc1. No strong 

functional candidate genes were identified within the 26 Kb region, which may point to a novel 

flowering time gene. However, we cannot rule out that the causal gene underlying the efl locus lies 

within a known gap of undetermined size in the genome assembly in this region (Hane et al. 2017).  

 

Given the need for intermediate flowering times in narrow-leafed lupin crops and the novelty of 

these findings, further work to identify plausible candidate genes for efl should be a high priority for 

future flowering time research in narrow-leafed lupin. Gene expression analyses were beyond the 

scope of this thesis, but would greatly benefit future functional candidate gene identification, 

particularly given the current limitations presented by the Tanjil reference genome assembly. 

Approaches such as RNAseq could be firstly conducted in the parental lines, Chittick (efl) and 

Geebung (Efl) to identify differentially expressed genes between genotypes over a time-course 

series, and qPCR could be used to validate key prospective candidate genes within the F7 RIL 

population. Another benefit of gene expression analyses is that the relative transcription of LanFTc1 

could be explored in Chittick and Geebung, which may provide an indication of whether the gene 

underlying efl is upstream or downstream of main floral integrator for the vernalisation pathway in 

narrow-leafed lupin. Should it be upstream, identifying the gene conditioning the efl phenotype 

could provide new clues for deciphering the molecular mechanisms for LanFTc1 repression in the ku 

wild-type, plus which repressor gene(s) target LanFTc1.    

 

The GWAS analyses presented in CHAPTER 4 represent the final contribution from this thesis 

towards an increased understanding of the phenotypic and genomic diversity for flowering time 
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control in narrow-leafed lupin. Using a panel of 377 wild and domesticated narrow-leafed lupins, 63 

DArTseq markers were significantly associated with degree-days from sowing to flowering through 

traditional GWAS, while GWAS meta-analysis revealed a further 127 DArTseq markers were 

significantly associated with degree-days to flowering and the number of leaf nodes at flowering. 

The majority of these associations were identified under mildly vernalising conditions, as opposed to 

fully saturating vernalisation. This outcome was consistent with the vernalisation pathway being the 

most important for regulating flowering time in this species (Adhikari et al. 2012; Gladstones and Hill 

1969; Landers 1995; Rahman and Gladstones 1972; Rahman and Gladstones 1974), and perhaps the 

most common or effective target for genetic polymorphisms to diversify phenology. Overall, the 

preliminary assessment of genome-wide diversity in this study provides a useful foundation for 

follow-up studies. However, it is also important to reflect upon the lessons and limitations 

encountered in this research, the most important of which were briefly discussed in CHAPTER 4, but 

which are also further explored below.  

 

Intriguingly, no associations were detected with narrow-leafed lupin orthologues of known flowering 

time genes from other species. This was despite using the FarmCPU model for statistical association 

testing, which is well suited for traits with moderately complex genetic architecture, including 

flowering time. For example, the FarmCPU is able to detect more associations with known flowering 

time candidate genes in Arabidopsis (Liu et al. 2016) and maize (Zea mays) (Miao et al. 2018) than 

alternative models, such as the generalised linear model (GLM) (Price et al. 2006), mixed linear 

model (MLM) (Yu et al. 2006), multi-locus mixed linear model (MLMM) (Segura et al. 2012), or 

compressed mixed linear model (CMLM) (Zhang et al. 2010). While this outcome suggests narrow-

leafed lupin may contain novel genes for flowering time that may not be present or yet identified in 

other species, it is also reasonable to expect some degree of conservation in flowering time genes. 

Consequently, we proposed in CHAPTER 4 that marker density was most likely the limiting factor 

preventing the association of known flowering time genes, including LanFTc1, which was 49 Kb away 

from the closest DArTseq marker. In comparison to DArTseq, which produced one marker per 11.65 

Kb on average before filtering, whole genome resequencing could theoretically yield as many, if not 

more than, one marker per 0.29 Kb (Hane et al. 2017). As such, the use of whole genome 

resequencing was strongly recommended to produce a higher density of molecular markers in future 

research.  

 

In addition to improving marker density, whole genome resequencing may also offer another key 

advantage for future studies seeking to identify genes and polymorphisms associated with adaptive 
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flowering time diversity in narrow-leafed lupin. This advantage is the capacity to discover large-scale 

structural variation in the genome. Structural variations include a wide form of mutations, including: 

INDELs (i.e. insertion/deletions); translocations, where a portion of the genetic sequence of one 

chromosome is transferred to another; inversions, where breaks within a chromosome are repaired 

with reversed end-to-end rearrangements; and copy number variations for genes and microsatellite 

repeats (i.e. repetitive DNA sequences) (Gabur et al. 2019). In recent years, these mutations have 

begun to gain recognition for their role in facilitating novel phenotypes (Gabur et al. 2019), which 

are frequently facilitated by modified gene expression patterns. The LanFTc1 allelic series in narrow-

leafed lupin provides a fantastic example of this, where large INDELs varying between one to several 

Kb in size produce adaptive early flowering times (CHAPTER 2; Taylor et al. 2019). However, large-

scale structural variants are not easily detected using many genotyping platforms, such as SNP-based 

arrays or reduced-representation short-read genotyping-by-sequencing technologies, like DArTseq. 

Whole genome resequencing is contrastingly much more powerful and capable of detecting 

mutations, as demonstrated in CHAPTER 2. In particular, long-read sequencing platforms (e.g. Pacific 

BioSciences, Menlo Park, USA and Oxford Nanopore Technologies, Oxford, UK) that typically produce 

sequences of 100 Kb or more in length are likely to be especially efficient and superior for 

uncovering structural variations (Pollard et al. 2018; Stephens et al. 2018).  

 

A second general limitation of the GWAS analyses presented in CHAPTER 4 was the approach taken 

for phenotypic analysis. In order to establish full and mild vernalisation treatments, phenotyping was 

conducted in a controlled environment with artificial lighting and temperature control, plus 

minimised exposure to abiotic and biotic stresses. In addition, the GWAS panel was subdivided for 

phenotyping over two separate years due to the size constraints of the controlled environment, and 

small differences in the replication of environments are likely to have occurred. Furthermore, each 

subset of the panel had unequal proportions of wild and domesticated germplasm. A recent meta-

analysis of glasshouse and field-based trials suggests that glasshouse-grown plants grow at faster 

rates, have different morphology and physiology, plus different source-sink ratios (Poorter et al. 

2016). Therefore, the design for phenotyping in this study may have affected the ability to detect 

QTLs associated with the autonomous/endogenous signalling pathway, such as age-related cues or 

hormone production, and also compromised the capacity to consistently identify QTLs in both 

rounds of phenotyping. A recommendation for future studies, therefore, would be to conduct a 

combination of glasshouse and field-based trials. Field-based trials are firstly faced with less space 

restrictions, which would mean that large GWAS panels could be phenotyped at high levels of 

replication in a single year, negating the need for partial replication in future. Additionally, field-
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based trials would ensure that any QTLs identified are a reflection of stimuli from a natural 

environment, and are therefore industry-relevant.  

 

Finally, an adapted mapping approach using specifically designed populations may be worth 

consideration for future phenology studies in narrow-leafed lupin due to strong population 

structure. Principal component analysis (PCA) and phylogenetic analysis based on SNP data indicated 

large genetic differentiation between wild germplasm from the eastern and western Mediterranean 

(CHAPTER 4, Figures 4.2 & 4.3). Similar results were also recently observed by Mousavi-

Derazmahalleh et al. (2018a), who additionally revealed that populations from the east had higher 

measures of linkage disequilibrium and lower genetic diversity. Given that early phenology was 

frequently found from eastern Mediterranean origins, including Greece and Israel, whilst the west 

was characterised only by late phenology in this thesis, the strong population structure among wild 

narrow-leafed lupins poses a potential issue for identifying false positive QTLs for flowering time in 

wild germplasm. Population structure is a fundamental issue for all GWAS analyses (Korte and 

Farlow 2013) and one of the most common ways for reducing its impact is through the incorporation 

of PCA values into a chosen model during GWAS (Price et al. 2006). This approach was taken for the 

GWAS analyses presented in this research (CHAPTER 4). However, another potential solution to this 

issue in future studies is the implementation a nested association mapping (NAM) approach.  

 

NAM mitigates population structure issues that affect natural panels by conducting association 

mapping in multiple bi-parental RIL populations that are derived from a genetically diverse set of 

founder accessions, of which one is a common parent to all populations (Yu et al. 2008). In this way, 

the best aspects of association and linkage mapping are combined to increase allelic richness and 

the resolution of mapping, while simultaneously reducing false positive associations through 

increased statistical power and additionally requiring lower marker density (Yu et al. 2008). NAM has 

been extremely successful for studying the genetic control of flowering time in several plant species, 

such as maize where 25 RIL families were developed (Buckler et al. 2009), barley (Hordeum vulgare) 

using 25 RIL families (Maurer et al. 2015), durum wheat (Triticum turgidum) using 12 RIL families 

(Kidane et al. 2019), and A. thaliana where 13 RIL families (Brachi et al. 2010). Therefore, NAM could 

potentially also benefit future studies in narrow-leafed lupin. However, the only disadvantages of 

NAM that might prevent it from being readily adopted, particularly in crops with modest global 

economic value, are the time and resources required for population development and phenotyping. 

Currently, only one highly genetically diverse RIL population exists for narrow-leafed lupin (Berger et 

al. 2013). The development of additional RIL populations using 83A:476 or P27255 (the latter of 
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which is perhaps more preferable due to its recessive LanFTc1ku genotype) as a common parent 

would be required before NAM could be applied in narrow-leafed lupin.   

 

5.2. Practical applications for narrow-leafed lupin breeding and 

germplasm collection 
 

An important motivation for studying the genetic identities and mechanisms for flowering time 

regulation in narrow-leafed lupin in this thesis was to help make the breeding of locally adapted 

cultivars more feasible and efficient. At present, the majority of Australian and European cultivars 

have early, vernalisation-unresponsive flowering times that are established through continual 

selection for the LanFTc1Ku and LanFTc1Jul alleles (CHAPTER 2). Such phenology enables adaptation to 

short-season environments, but limits yield potential in many mid-long season environments. 

Contrastingly, the smaller numbers of cultivars with the LanFTc1ku allele have later flowering times 

that are more conducive to achieving higher yields under long-season, medium-high rainfall 

climates. However, the capacity for LanFTc1ku cultivars to realise such high yields is greatly 

compromised by their excessively strong, obligate requirement for vernalisation, which cannot 

always be reliably met in many agricultural environments. Mid-season flowering time loci with or 

without facultative responses to vernalisation would greatly expanded the growing regions suitable 

for narrow-leafed lupin crops, particularly in the relatively mild mid-to-long season environments of 

southern Australia. The research in this thesis has provided several new genetic insights and 

resources to address this crucial industry-based objective, discussed in more detail below.  

 

One of the most significant achievements of this thesis from a practical perspective was the 

discovery of a new allele, LanFTc1P22660, which has potential to help fill the current void in adaptive 

crop phenology. As discussed above, short-read sequencing data was aligned to the wild-type 

LanFTc1 promoter sequence in CHAPTER 2, revealing a novel 1,208 bp deletion in a wild Israeli 

accession (P22660), which was associated with a small facultative vernalisation response and an 

early-mid flowering time in the absence of vernalisation (Taylor et al. 2019). This early-mid flowering 

time was roughly two to three weeks later on average than the homozygous LanFTc1Ku genotype. 

Modelling indicates such a relative delay in flowering time may lead to increases of 7-16% in yield in 

mid-high rainfall production zones (Chen et al. 2017). Therefore, the newly identified LanFTc1P22660 

allele is potentially valuable for breeding narrow-leafed lupin varieties adapted to longer season 

environments. Trials are currently underway to test if this allele provides a yield advantage in several 
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F3 family populations under field conditions in southern Western Australia (Wallace Cowling, 

personal communication).  

 

In addition to having identified the new LanFTc1 promoter variant, this thesis also contributes other 

valuable pieces of information to enable the rapid adoption of LanFTc1P22660 in breeding programs. 

First of all, as the molecular genetic basis for the allele is known, the PCR-based marker assay of the 

LanFTc1 promoter originally described by Nelson et al. (2017) can be used to confidently genotype 

the 1,208 bp INDEL with 100% accuracy. This assay may be an important tool for ensuring that the 

allele is not lost during the early phases of introgression, as gene expression analyses (CHAPTER 2) 

suggest it is likely to be recessive to the Ku allele and, by extension, the Jul allele that dominate the 

Australian and European breeding programs. Secondly, through screening the GWAS panel in 

CHAPTER 4, we revealed that in addition to also being widely found in wild Greek germplasm, 

LanFTc1P22660 is present in two European breeding lines and one American cultivar. Consequently, 

there is an option to introgress the allele from one domesticated background to another. This is 

potentially simpler and more efficient than introgression from P22660 or another wild accession, 

which would require sophisticated breeding approaches, such as the backcross method described by 

Cowling et al. (2009), to retain domestication genes and other indispensable agronomic traits. 

 

From a practical point of view, the other significant development in this thesis was successfully 

mapping the efl flowering time locus for the first time. In CHAPTER 3, we used traditional linkage 

mapping in an F6 RIL population to located efl within a 1.2 cM genetic interval on NLL-10 and 

identified eight DArTseq molecular markers 1.0 cM or less away from the efl locus. These markers 

could be easily converted to enable marker-assisted selection in breeding. As with LanFTc1P22660, the 

use of genetic markers would enhance the efficiency with which the recessive efl locus is fixed in 

elite breeding and would consequently encourage its adoption. This would be a very welcomed 

development for narrow-leafed lupin breeding, as efl is currently a much underutilised genetic 

source of phenological variation (Cowling 1999; Stefanova and Buirchell 2010). This is despite its 

demonstrated capacity to adapt crops and achieve higher yields than ku genotypes in mid-long 

season environments across Australia (Anonymous 1982). Furthermore, while efl complements 

LanFTc1P22660 in filling the general void of mid-season phenology in domesticated narrow-leafed 

lupins, it is unique in that it offers a slightly more delayed mid-late season phenotype that is roughly 

two weeks ahead of ku genotypes (CHAPTER 3), as opposed to an early-mid season that is two weeks 

behind Ku or Jul genotypes (CHAPTER 2). Lastly, because efl and LanFTc1P22660 are not allelic, there is 
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also scope to select both alleles in parallel to potentially generate more adaptive flowering time 

diversity. 

 

At this stage, the GWAS in CHAPTER 4 cannot offer similar practical benefits to breeding through 

marker-assisted selection of specific flowering time loci. This is because validation of the candidate 

genes identified in the GWAS was beyond the scope of this current thesis, and will require further 

substantial efforts, for example through repeated phenotyping at higher levels of biological 

replication. Therefore, at most, the genotypic and phenotypic data generated could be used for 

general whole-genome selection of genetic diversity associated with particular flowering times 

through genomic selection (Heffner et al. 2009). Realistically, however, such an approach may be 

economically inefficient for breeding given the low level of genetic diversity in domesticated narrow-

leafed lupins and the modest value of the total lupin crop globally (Berger et al. 2012a; Berger et al. 

2013).  

 

Despite this shortcoming, the GWAS study is nevertheless valuable from an applied perspective in 

terms of the information it contributes in regards to which geographic regions are conducive to the 

evolution of adaptive phenological diversity in wild germplasm. Recent population genomic studies 

of narrow-leafed lupin indicate that the western Mediterranean, including countries such as Portugal 

and Spain, is the origin of the species and the centre for genetic diversity in wild narrow-leafed 

lupins (Mousavi-Derazmahalleh et al. 2018a; Mousavi-Derazmahalleh et al. 2018b). A 

recommendation following this discovery was to concentrate further germplasm collection efforts in 

this region to capture the greatest genetic diversity (Mousavi-Derazmahalleh 2018). However, this 

may be counterproductive to uncovering new genetic diversity for adaptive phenology, as explored 

below.  

 

Throughout the thesis, genetic and phenotypic variation for early flowering time has been largely 

identified in eastern Mediterranean germplasm. In CHAPTER 2, a novel 1,208 bp INDEL in the 

promoter of LanFTc1 that produces an early-mid season flowering time was discovered in an Israeli 

wild type. Subsequent analysis in the GWAS (CHAPTER 4) indicated that this mutation was also highly 

prevalent in Greek germplasm, much of which was early flowering and mildly responsive to 

vernalisation. Similarly, the Jul allele for the LanFTc1 promoter (CHAPTER 2) which causes early, 

vernalisation-unresponsive flowering is also suspected to be of eastern Mediterranean origin, most 

likely from Palestine (Mikołajczyk 1966). Morocco was the only source of western Mediterranean 

germplasm to exhibit early phenology in phenotyping for the GWAS (CHAPTER 4). These results are 
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consistent with previous germplasm evaluations (Berger et al. 2017; Clements and Cowling 1994; 

Gladstones and Crosbie 1979; Mousavi-Derazmahalleh et al. 2018a), and strongly suggest that the 

shorter and milder winter seasons in these geogrpahic regions are especially conducive to the 

evolution of lower thermal times to flowering and vernalisaiton requirements.  

 

With the exception of Greece, the eastern Mediterranean is currently poorly represented relative to 

the west in the Australian Lupin Collection of narrow-leafed lupin germplasm. Based on the most 

recently available figures, a total of 37 accessions in this collection have been sourced from the east 

(including Israel, Turkey, Syria and Cyprus, but excluding Greece), which is equivalent to only 2.7% of 

the entire collection of 1,345 wild narrow-leafed lupins (Clements and Cowling 1991). Meanwhile, 

roughly 56% of the collection is represented by 765 accessions from Portugal, Spain and Morocco 

(Clements and Cowling 1991). Due to the disparity in representation between the eastern and 

western Mediterranean, future germplasm collection trips should therefore not only incorporate 

new genetic diversity from the west, but should also consider introducing more material from the 

east (other than Greece) in order to expand the adaptive phenological diversity within narrow-leafed 

lupin collections for agricultural purposes.  

 

5.3. Final remarks 
 

Research on the genetic architecture of flowering time in narrow-leafed lupin is important for 

understanding how conserved/divergent signalling pathways and mechanisms are among 

agriculturally important legumes, and for ultimately informing breeders how best to develop locally 

adapted varieties for agriculture. This thesis makes a substantial contribution to our knowledge on 

the genomic location, identities and molecular bases of three known flowering time alleles in 

domesticated germplasm, and has provided a preliminary analysis of genome-wide diversity across 

the species that will serve as useful foundation for further studies. The knowledge and resources 

generated in this research will make the development of early-mid and mid-late season varieties to 

fill the current void in adaptive phenology an easier venture. 
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APPENDIX 
 

Supplementary Figures and Tables 
 

 

 

 

This section contains Supplementary Figures and Tables for CHAPTERS 2 to 4 of this thesis. Due to 

the large file and display size of the Supplementary Tables, URL links and passwords are provided to 

download them from CloudStor.  

 

A.1.  Supplementary Figures 
 

 
Supplementary Figure 2.1: PCR markers to assay four major INDEL variants (0 bp, 1,423 bp, 1,208 bp 

and 5,162 bp) in the promoter region of LanFTc1, a FLOWERING LOCUS T homologue of narrow-

leafed lupin. a) The PCR marker designed by Nelson et al. (2017) can assay the 0 bp, 1,423 bp and 

1,208 bp deletions, as demonstrated using the representative accessions P27255, 83A:476 and 

P22660, which produce amplicons of approximately the expected sizes (2,277 bp, 854 bp, and 1,069 

bp, respectively). b) The PCR marker designed in CHAPTER 2 (Taylor et al. 2019) is able to assay the 

5,162 bp deletion, as demonstrated using four representative accessions, Krasnolistny, Kazan, Mirela 

and Sur, each of which produce amplicons of approximately the expected size (757 bp).  
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Supplementary Figure 4.1: Histograms of narrow-leafed lupin flowering times for accessions grown 

a) in 2016 with full vernalisation, b) in 2016 with mild vernalisation, c) in 2017 with full vernalisation, 

and d) in 2017 with mild vernalisation. Mainly wild germplasm was phenotyped in 2016, while 

predominantly domesticated germplasm was phenotyped in 2017. Poor plant establishment was 

observed in the mild vernalisation treatment for 2017.  
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Supplementary Figure 4.2: Histograms of leaf nodes on the main stem at flowering for narrow-

leafed lupin accessions grown a) in 2016 with full vernalisation, b) in 2016 with mild vernalisation, c) 

in 2017 with full vernalisation, and d) in 2017 with mild vernalisation. Mainly wild germplasm was 

phenotyped in 2016, while predominantly domesticated germplasm was phenotyped in 2017. Poor 

plant establishment was observed in the mild vernalisation treatment for 2017. 
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A.2.  Supplementary Tables 
 

A.2.1.  CHAPTER 2 Supplementary Tables 

 

Supplementary Tables 2.1 to 2.6 may be downloaded from CloudStor using the following:  

URL: https://cloudstor.aarnet.edu.au/plus/s/I0gJgO4FIZKoP2O  

Password: CMT_thesis2019 

 

Supplementary Table 2.1: Narrow-leafed lupin (Lupinus angustifolius L.) germplasm genotyped for 

polymorphisms in the genomic region (approximately 7 Kb upstream and 2 Kb downstream of the 

coding sequence) of LanFTc1, a vernalisation responsive FT homologue. 

 

Supplementary Table 2.2: a) Primers, b) PCR reaction, and c) cycling conditions used for PCR marker 

genotyping of the INDEL in the 5' regulatory region of LanFTc1, an FT homologue in narrow-leafed 

lupin (Lupinus angustifolius L.). 

 

Supplementary Table 2.3: A list of SNP (single nucleotide polymorphism) and INDEL 

(insertion/deletion) polymorphisms in 43 accessions of narrow-leafed lupin (Lupinus angustifolius L.) 

in the LanFTc1 genomic region (encompassing 7 Kb upstream and 2 Kb downsteam of the gene) 

relative to the Tanjil reference genome (Hane et al. 2017).  

 

Supplementary Table 2.4: A list of polymorphisms in 42 accessions of narrow-leafed lupin (Lupinus 

angustifolius L.) within the 1,423 bp sequence of the 5' regulatory region of LanFTc1, a FLOWERING 

LOCUS T homologue, which is deleted in the Tanjil reference genome (Hane et al. 2017). 

 

Supplementary Table 2.5: Transcription factor motifs identified in the wild-type sequence (ku; 

represented by accession P27255) of LanFTc1, the vernalisation responsive FT homologue in narrow-

leafed lupin (Lupinus angustifolius L.). 

 

Supplementary Table 2.6: A list of candidate transcription factor binding site motifs for sequences 

within the 5’ regulatory region and 5' UTR of LanFTc1 that are critical for establishing moderate (CM) 

or high (CH) levels of de-repressed LanFTc1 expression during early vegetative growth. 

 

https://cloudstor.aarnet.edu.au/plus/s/I0gJgO4FIZKoP2O
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A.2.2.  CHAPTER 3 Supplementary Tables 

 

Supplementary Tables 3.1 to 3.6 may be downloaded from CloudStor using the following:  

URL: https://cloudstor.aarnet.edu.au/plus/s/etdampMamgJOQhr 

Password: CMT_thesis2019 

 

Supplementary Table 3.1: Number of biological replicates and mean flowering times for 185 F6 

Recombinant Inbred Lines (RILs) derived from a cross between Australian varieties, Chittick (efl) and 

Geebung (Efl) and which are segregating for the efl locus for mid-late flowering time. 

 

Supplementary Table 3.2: Statistics from two bulked segregant analysis (BSA) analyses (QTLseq and 

G') conducted in the R package QTLseqR (Mansfeld & Grumet 2018) to map the efl locus for mid-late 

flowering time in narrow-leafed lupin. Columns with QTLseq results are highlighted in blue, while 

those with G' results are highlighted in green.  

 

Supplementary Table 3.3: Numbers of SNP and PAV markers produced from DArTseq genotyping 

and remaining after filtering and linkage construction for an F6 RIL population of narrow-leafed 

lupins derived between Australian varieties, Chittick (efl; mid-late season flowering) and Geebung 

(Efl; wild-type late flowering).  

 

Supplementary Table 3.4: Genetic linkage map incorporating 2,315 loci for 181 F6 Recombinant 

Inbred Lines (RILs) derived from a cross between Australian varieties, Chittick (efl) and Geebung (Efl), 

and which are segregating for the efl locus for mid-late flowering time.  

 

Supplementary Table 3.5: List of genes located within, or 50 Kb upstream/downstream, of the efl 

mid-late flowering time locus positioned on narrow-leafed lupin pseudochromosome NLL-10: 

5,535,258 - 5,561,298.  

 

Supplementary Table 3.6: Homologues of putative flowering time genes identified in the Tanjil 

narrow-leafed lupin (Lupinus angustifolius L.) reference genome assembly, adapted from Hane et al. 

(2017) to include their respective physical coordinates.  

 

 

  

https://cloudstor.aarnet.edu.au/plus/s/etdampMamgJOQhr
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A.2.3.  CHAPTER 4 Supplementary Tables 

 

Supplementary Tables 4.1 to 4.7 may be downloaded from CloudStor using the following:  

URL: https://cloudstor.aarnet.edu.au/plus/s/EnFoyeFD4PgmHJL  

Password: CMT_thesis2019 

 

Supplementary Table 4.1: History and phenotypic data for a panel of 377 diverse wild and domestic 

narrow-leafed lupins assembled for genome-wide association study of flowering time. 

 

Supplementary Table 4.2: Significant (q < 0.01) single nucleotide polymorphism (SNP) and 

presence/absence variation (PAV) marker associations with degree-days to flowering (DDTF) in a 

panel of 377 diverse narrow-leafed lupins. 

 

Supplementary Table 4.3: Significant (q < 0.01) single nucleotide polymorphism (SNP) and 

presence/absence variation (PAV) marker associations with leaf nodes on the main stem at flowering 

(LNF) in a panel of 377 diverse narrow-leafed lupins. 

 

Supplementary Table 4.4: Summary of correlations of q-values for single nucleotide polymorphism 

(SNP) and presence/absence variation (PAV) markers between various univariate and multivariate 

GWAS and/or GWAS meta-analyses involving different traits (DDTF, degree-days to flowering; LNF, 

leaf nodes at flowering) measured in narrow-leafed lupins under two different vernalisation 

treatments (VF, fully vernalising; VM, mildly vernalising) over two years of phenotyping (2016 and 

2017). 

 

Supplementary Table 4.5: Comparison of genome-wide associations (q < 0.01) from univariate and 

meta analyses of degree days to flowering (DDTF) and leaf nodes at flowering (LNF) for 377 narrow-

leafed lupins grown with full and mild vernalisation treatments and phenotyped over two years 

(2016 and 2017). 

 

Supplementary Table 4.6: Genes annotated in Hane et al. (2017) that are upstream, intersecting, 

and downstream of SNP and PAV markers significantly associated with flowering time in univariate 

GWAS and GWAS meta-analysis of 377 narrow-leafed lupins.    

 

Supplementary Table 4.7: Number of SNP and PAV markers significantly associated with flowering 

time in univariate GWAS and GWAS meta-analysis of 377 narrow-leafed lupin that are immediately 

https://cloudstor.aarnet.edu.au/plus/s/EnFoyeFD4PgmHJL
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upstream, intersect, or are immediately downstream of genes annotated in Hane et al. (2017), and 

the associated functional domains/roles of these genes.     
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