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ABSTRACT 

 

Narrow-leafed lupin (NLL; Lupinus angustifolius L.) is a major grain legume crop that is 

valuable for sustainable agriculture. The grain has recently gained recognition as a human 

health food as it is high in protein and fibre, along with other beneficial properties. 

However, due to its recent domestication and narrow-genetic base, the crop harbours 

undesirable traits which limit grain quality. Understanding the genetic factors underlying 

these traits to develop improved NLL cultivars has been difficult. This PhD research used 

various genomic and transcriptomic resources for NLL, developed by the Agriculture and 

Food business unit of the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO), to identify and investigate the genetic factors that underlie two traits important 

for grain quality.  

Chapter One provides a general introduction and comprehensive review of literature on 

lupin origin and domestication, the uses and areas of improvement for NLL grain, the 

current knowledge of quinolizidine alkaloid (QA) biosynthesis in NLL and NLL seed 

biology with a focus on the seed coat. 

Experimental Chapters Two–Five concern the biosynthesis of the toxic quinolizidine 

alkaloids (QAs) and their accumulation in narrow-leafed lupin grain. QAs are secondary 

metabolites that protect the plant from insect pests, but limit the value of the grain as their 

levels must remain below 0.02% in the grain for food and feed purposes. The genetic and 

environmental factors that increase grain QA levels are not well understood. Chapter Two 

examines the expression of QA biosynthetic genes in bitter (high-QA producing) and 

sweet (low-QA producing) lupin, and uses this information to identify candidate genes 

involved in QA biosynthesis, the regulation of the pathway and transport of QAs into the 

grain. Chapters Three and Four examine the response of QA biosynthesis to abiotic 

(drought and increased temperature) and biotic (aphid predation and wounding) stresses, 

and how this affects QA accumulation in the grain. The involvement of the jasmonate 

plant-signalling pathway in regulating QA biosynthesis is also examined in Chapter Four. 

Chapter Five identifies a candidate gene controlling the low-QA locus iucundus (iuc), 

which has been vital for producing low-QA cultivars.  

Chapter Six concerns the high proportion of seed weight of narrow-leafed lupin in the 

unmetabolisable seed coat, which affects its nutritional quality and the ease of dehulling 

the grain. In this chapter, optical coherence tomography—a rapid non-destructive 
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imaging technique—is used to screen an ethyl methanesulfonate-mutagenised narrow-

leafed lupin population for mutant lines with altered seed coat thickness and proportion.  

This work contributes substantially to the understanding of QA biosynthesis and 

regulation in NLL. The genetic mechanisms underlying QA biosynthesis in NLL have 

not been well elucidated, and reliance on the recessive low-QA locus iuc for NLL 

breeding limits genetic diversity in this crop. This PhD research identifies major sites of 

QA biosynthesis in sweet and bitter lupin, and subsequently gene targets are proposed for 

future pre-breeding programs to reduce QA content of the grain, including those involved 

in QA biosynthesis, regulation of the pathway and QA transport. A strong candidate gene 

for controlling Iuc was identified, and once validated, will enable the development of 

molecular markers to accurately track this gene and facilitate the introgression of wild 

accessions to broaden the genetic base of the crop. This research also identified 

environmental factors—temperature and drought stress—that increase grain QA levels. 

The findings from this research will assist in the production of improved NLL cultivars, 

with safe grain QA levels that are stable across environmental stresses that NLL growers 

will endure during a growing season. This serves to enhance the quality and ultimately 

the value of NLL, a major grain legume crop, and encourage its use in sustainable 

agricultural practices. 
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ANOVA analysis of variance 

AP2/ERF APETALA2/ethylene response factor 
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qRT-PCR quantitative reverse transcription polymerase chain reaction 
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SNP single nucleotide polymorphism 
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1.1 INRODUCTION 

Narrow-leafed lupin (NLL; Lupinus angustifolius L.) is a major grain legume crop that is 

important for sustainable farming systems. It has been traditionally used in rotations with 

cereals—as a disease break and to fix nitrogen in the soil—and the grain has been used 

as an animal feed (Herridge and Doyle, 1988; Kurlovich, 2002). In recent decades, the 

grain has gained attention as a human health food for its high protein and fibre content, 

as well as other beneficial properties (Petterson, 1998; Johnson et al., 2003; Duranti et 

al., 2008; Lima‐Cabello et al., 2017). However, NLL is a recently domesticated crop and 

still harbours some undesirable traits, limiting its value and overall grain production. The 

genetic base of NLL is very narrow due to its recent domestication, and breeding 

programs rely on just a few domestication genes (Gladstones, 1970; Berger et al., 2012). 

It has been difficult to identify genes controlling agronomically important traits for 

breeding improved NLL varieties, due to the lack of genomic and transcriptomic data for 

NLL. The recent advent of such datasets will assist in the rapid improvement of this crop 

(Kamphuis et al., 2015; Hane et al., 2017). This research project makes use of these 

datasets to identify candidate genes and regulatory mechanisms underlying quinolizidine 

alkaloid (QA) biosynthesis and accumulation in NLL grain, as these are toxic secondary 

compounds which affect the use of the grain. This project screens an ethyl 

methanesulfonate (EMS)-mutagenised NLL population for reduced seed coat proportion, 

as the thick, unmetabolisable seed coat of NLL reduces the value of the grain. 

1.1.1. Lupin origin and domestication  

Lupinus is a diverse genus that is divided into two major groups: Old World species, 

originating from the Mediterranean and East Africa, and New World species, originating 

from South America (Cowling, 1998). Lupins have traditionally been used as a human 

food and animal feed in the Mediterranean and Andean region, for green manure 
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production, and as a rotational forage crop due to its soil improvement and nitrogen-fixing 

properties (Herridge and Doyle, 1988; Gladstones, 1994). More than 400 Lupinus species 

are known, but only four have been domesticated and are of agronomic and commercial 

interest—Old World species L. angustifolius (NLL), L. albus and L. luteus, and New 

World species L. mutabilis—with NLL being the most widely used in agricultural 

practices (FAOSTAT, 2016; DPIRD, 2017).  

The domestication of lupin can be traced back more than 4,000 years in the Mediterranean 

region and the American continent (Kurlovich, 2002), but was only developed as a 

modern agricultural crop in the early 20th century. This led to the identification of several 

natural mutants for agronomically beneficial traits. Six genes controlling these traits have 

since been incorporated into modern varieties, namely for low alkaloid content 

(iucundus), seed coat permeability (mollis), white-coloured flowers (leucospermus) and 

reduced pod shattering (tardus and lentus), and removal of the vernalisation requirement 

for flowering (Ku) (von Sengbusch, 1942; Gladstones, 1970; Kurlovich, 2002).  

Interest in developing NLL as a grain legume in Australia arose during the mid-20th 

century due to its suitability for the acidic sandy soil of the Western Australian region 

(Gladstones, 1970; Gladstones, 1994). The Australian breeding program commenced in 

the 1960s, with early phases focusing on the use of domestication genes and conventional 

breeding (Gladstones, 1994). From 1967, efforts were also directed towards increasing 

yields and developing resistance to plant diseases and pests (Gladstones, 1994; Buirchell, 

2008). NLL is susceptible to the fungal diseases anthracnose, fusarium, Pleiochaeta root 

rot, and phomopsis; resistance to anthracnose remains a major aim for NLL breeding 

(Clements et al., 2005b). Aphids are a major insect pest of NLL and, in addition to causing 

significant yield losses by feeding, can transmit the plant viruses cucumber mosaic virus 

(CMV) and bean yellow mosaic viruses (BYMV) (Berlandier and Sweetingham, 2003; 
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Clements et al., 2005b). Resistance to aphid predation in lupin has been associated with 

QA levels in the plant, particularly for L. luteus cultivars which have very low QA levels 

but have been unsuccessful in Australia due to their susceptibility to aphids (Adhikari et 

al., 2012). Attempts to broaden the genetic base of NLL and introduce disease resistance 

through crosses with wild accessions resulted in some improvements to the crop. 

However, this was constrained by the difficulties associated with the retention of 

recessive domestication genes (Gladstones, 1994; Clements et al., 2005b). This, along 

with its recent domestication, means that NLL has a very narrow genetic base and many 

agronomic limitations remain within the species (Berger et al., 2012; Berger et al., 2013).  

1.1.2 Nutritional properties of NLL grain and areas of improvement for food and 

feed markets 

While NLL grain has been traditionally used as a feed source for cattle and sheep, it has 

recently gained attention as a higher-value human health food. The grain is high in protein 

(30–40%) and soluble fibre (30%) and low in fat and starch (Petterson, 1998), giving it a 

low glycaemic index. It is also gluten-free and has various nutraceutical benefits by 

influencing satiety and lowering blood pressure and cholesterol, benefitting those that 

suffer from lifestyle diseases such as obesity, diabetes and cardiovascular disease 

(Johnson et al., 2003; Duranti et al., 2008; Lima‐Cabello et al., 2017). 

The grain however still has some undesirable traits which limit its value. While it is high 

in protein, it is low in the essential amino acids methionine and cysteine (Hove, 1974; 

Petterson, 1998). Some storage proteins, the conglutins, are allergenic and affect a small 

percentage of the population (Goggin et al., 2008; Foley et al., 2011). The grain is low in 

oil compared to soybean (Hansen and Czochanska, 1974), and its thick seed coat 

constitutes a large proportion of unmetabolisable grain biomass (Hove, 1974; Lush and 

Evans, 1980; Petterson, 1998). The grain also accumulates toxic QAs, which affect its 
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suitability for food and feed markets (Wink, 1993; Boschin and Resta, 2013; Frick et al., 

2017). To fully realise the potential of NLL grain as a health food, further molecular 

characterisation of lupins is needed to assist breeding for improved seed quality traits. 

This PhD research will focus on two of these undesirable grain traits: the accumulation 

of QAs and the thick seed coat. 

1.2 QUINOLIZIDINE ALKALOIDS IN NLL 

Quinolizidine alkaloids are toxic secondary metabolites found within the genus Lupinus. 

While they offer the plant protection against insect pests (Wink, 1992; Berlandier, 1996; 

Wang et al., 2000; Philippi et al., 2015), they are a concern for the human consumption 

of NLL grain as elevated levels confer a bitter taste and may result in acute anticholinergic 

toxicity, characterised by symptoms such as blurry vision, headache, weakness and 

nausea (Daverio et al., 2013). Grain QA levels can vary considerably from year to year 

under field conditions (Cowling and Tarr, 2004), often exceeding the industry limit 

(0.02%) for food and feed purposes, which limits the value of the grain (Cowling, 1998). 

It is not well understood which environmental conditions cause elevated QA levels. As 

such, an understanding of the QA biosynthetic pathway is essential in assisting NLL 

breeders and farmers to produce high-value crops consistently. 

1.2.1 Biosynthesis of QAs 

While the chemistry of QAs has been well characterised with more than 170 structures 

identified (Wink, 1993), the biosynthetic pathway has only been partially elucidated, and 

information on enzymes and genes involved in QA biosynthesis is limited. For the period 

of this PhD research, only two genes of the biosynthetic pathway had been functionally 

characterised. Each lupin species produces a particular QA profile, although the 

beginning of the biosynthetic pathway is common to all lupin species, with the major QAs 
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produced in NLL being lupanine, 13-hydroxylupanine, angustifoline and α-isolupanine 

(Priddis, 1983; Wink et al., 1995). 

QAs are derived from the amino acid lysine, which is decarboxylated to form the 

intermediate cadaverine by lysine/ornithine decarboxylase (Fig. 1.1) (Leistner and 

Spenser, 1973; Bunsupa et al., 2012a). The gene Lupinus angustifolius lysine/ornithine 

decarboxylase (LaL/ODC) has been identified in controlling this step of the pathway 

(Bunsupa et al., 2012a). Cadaverine then undergoes oxidative deamination, by copper 

amine oxidase, to yield 5-aminopentanal which is then spontaneously cyclised to ∆1-

piperideine Schiff base (Leistner and Spenser, 1973; Golebiewski and Spenser, 1988; 

Bunsupa et al., 2012a). Very recently, a L. angustifolius copper amine oxidase has been 

functionally characterised in carrying out this reaction (Yang et al., 2017). It has been 

suggested that in addition to these reactions, a series of reactions including Schiff base 

formations, aldol-type reactions, hydrolysis, oxidative deamination and coupling gives 

rise to form the major QAs (Dewick, 2002). These can then be further modified by 

dehydrogenation, oxygenation, hydroxylation, glycosylation or esterification to form a 

wide variety of structurally related QAs (Wink and Hartmann, 1982a; Saito et al., 1993; 

Ohmiya et al., 1996). The acyltransferase tigloyl-CoA:(–)-13α-hydroxymultiflorine/(+)-

13α-hydroxylupanine O-tigloyltransferase (HMT/HLT) forms acetylated products of 

13α-hydroxylupanine and 13α-hydroxymultiflorine, encoded by L. albus HMT/HLT 

(LaHMT/HLT) (Saito et al., 1992; Suzuki et al., 1994; Okada et al., 2005). The 

acyltransferase ρ-coumaroyl-CoA/feruloyl-CoA: (+)-epilupinine/(–)-lupinine O-

coumaroyl/feruloyltransferase (ECT/EFT-LCT/LFT) forms acetylated products of 

lupinine and epilupinine (Saito et al., 1992; Suzuki et al., 1994; Okada et al., 2005; 

Bunsupa et al., 2012b). L. angustifolius acyltransferase (LaAT) may be involved in the 

formation of QA esters, though its enzymatic function has not been confirmed (Bunsupa 

et al., 2011). 
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Figure 1.1: QA biosynthetic pathway (Frick et al., 2017). Dotted lines represent unknown 

reactions of the pathway. L/ODC; lysine decarboxylase, CuAO; copper amine oxidase, 

ECT/EFT-LCT/LFT; ρ-coumaroyl-CoA/feruloyl-CoA: (+)-epilupinine/(–)-lupinine O-

coumaroyl/feruloyltransferase, HMT/HLT; tigloyl-CoA:(–)-13α-

hydroxymultiflorine/(+)-13α-hydroxylupanine O-tigloyltransferase. 
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1.2.2 Localisation of QA biosynthesis and accumulation  

QAs are synthesised predominantly in aerial tissues of lupin as opposed to roots, as 

L/ODC is localised to chloroplasts (Wink and Hartmann, 1982b; Bunsupa et al., 2012a), 

the LaL/ODC transcript level is highest in young leaves of bitter NLL, and barely 

detectable in mature leaves, cotyledons, hypocotyls and roots (Bunsupa et al., 2012a), 

cadaverine is incorporated into lupanine in aerial tissue but not in roots (Wink, 1987b), 

and grafting experiments in lupin, whereby high-QA lupin scions are grafted onto low-

QA lupin roots and vice versa, show that shoots are more important than roots in 

determining overall plant QA content (Waller and Nowacki, 1978; Lee et al., 2007). Once 

synthesised, QAs are translocated to reproductive organs via the phloem (Wink and Witte, 

1984), and to a lesser extent, the xylem (Lee et al., 2007). No studies have yet investigated 

the extent of QA biosynthesis within seeds themselves. It has been estimated that, based 

on measures of translocation of QAs and total QAs in reproductive tissues of L. albus, of 

the QAs that accumulate in seeds, half are synthesised within the seed and half are 

translocated (Lee et al., 2007). However, no such estimates have been determined for L. 

angustifolius. 

Identification of sites of QA biosynthesis and transport processes is essential for targeting 

the accumulation of QAs in grain. If QA biosynthesis within seeds themselves is not 

appreciable, this offers the means to target QA transport processes to reduce grain QA 

levels without compromising QA biosynthetic processes, which negatively affects plant 

fitness. In lupin, sweet (low QA) cultivars have considerably lower resistance to disease 

and predation than bitter (high QA) wild germplasm, increasing their susceptibility to 

insect attack and the transmission of aphid-borne viruses (Berlandier, 1996; Wang et al., 

2000; Adhikari et al., 2012). In particular, sweet L. luteus varieties, which are valued 

because of their very high protein content, are susceptible to aphid attack and, as such, 
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are unsuccessful in Australia, and resistance may be difficult to achieve with grain QA 

levels below 0.02% (Berlandier and Sweetingham, 2003; Adhikari, 2007). One concept 

for lupin breeding is to develop a ‘bitter/sweet’ phenotype—a plant that has sufficiently 

high QA levels in vegetative tissues to deter insect attack but contains low QA levels in 

grain (Wink, 1990; 1994). For this, transporters involved in the translocation of QAs from 

source tissues to seeds must be identified. Several genes have been identified in the 

transport of alkaloids in other plant species, belonging to the multi-antimicrobial 

extrusion protein (MATE), ATP-binding cassette (ABC) and purine uptake permease 

(PUP) transporter families (Morita et al., 2009; Shoji et al., 2009; Hildreth et al., 2011; 

Shitan et al., 2013; Yu and De Luca, 2013; Shitan et al., 2014a). The transporters of most 

interest for lupin breeding would be those involved in the import of QAs into the grain 

from the phloem, as QA levels in aerial tissue and phloem sap would ideally be high to 

deter feeding of sap-sucking insects such as aphids.  

1.2.3 Environmental factors affecting QA production 

There is a significant environmental impact on grain QA content in NLL, due to either 

regulation of QA biosynthesis or transport from source tissues to the seed, although this 

impact appears to be highly unpredictable, with QA levels poorly explained by 

environmental properties such as location and seasonal climate (Cowling and Tarr, 2004). 

Grain QA levels can often exceed industry limits, usually by a couple-fold, though 

concentrations up to 2120 mg/kg have been found in sweet NLL, exceeding the limit by 

more than ten times (Cowling and Tarr, 2004; Reinhard et al., 2006). There is, therefore, 

a great need to better understand how QA biosynthesis and transport is affected by 

environmental factors. 

Light regulates QA biosynthesis by affecting the conditions within the chloroplast, with 

L/ODC activated by reduced thioredoxin and a light-mediated shift in pH of the 
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chloroplast stroma from pH 7 to pH 8 during the day (Wink and Hartmann, 1981). QA 

biosynthesis also displays a diurnal rhythm whereby leaf QA concentrations are higher 

during the day and lower during the night (Wink and Witte, 1984). Drought conditions 

may increase QA content in NLL as drought stress can increase alkaloid levels in 

Nicotiana species, Papaver somniferum and Catharanthus roseus (Waller and Nowacki, 

1978; Szabó et al., 2003; Jaleel et al., 2007). The effect of drought on grain QA content 

in NLL is not clear, but the plant growth stage at which drought is imposed seems to play 

a role in whether QA content increases or decreases (Christiansen et al., 1997), yet the 

amount of rainfall is not strongly associated with seed QA content (Cowling and Tarr, 

2004). Ambient temperature seems to have an important effect on QA content, with a 

slight increase in mean temperature (3 °C) having a marked increase in grain QA content 

in European NLL varieties (Jansen et al., 2009; Jansen et al., 2015). Soil characteristics, 

such as soil pH and the type and amount of fertiliser used, also affect grain QA levels 

(Gremigni et al., 2001; Gremigni et al., 2003; Jansen et al., 2012). The response of grain 

QA content to environmental factors is also dependent on genotype, with some NLL 

cultivars more variable in QA content than others (Cowling and Tarr, 2004; Jansen et al., 

2015). 

While a few studies have investigated the role of abiotic stresses on QA biosynthesis, 

there are currently no reports of the impact of biotic stresses on grain QA content. As 

QAs play a role in the protection of the plant from predators, it is thought that QA 

accumulation may increase as part of a defence response when the plant comes under 

attack. Mechanical wounding of lupin leaves and plants, which may mimic herbivore 

action, has increased QA accumulation in vegetative material (Wink, 1983; Chludil et al., 

2013). Aphids are a major insect pest of lupins, which can cause significant yield losses 

(Berlandier and Sweetingham, 2003). While it is known that QAs are a feeding deterrent 

to aphids (Berlandier, 1996; Ridsdill-Smith et al., 2004; Adhikari et al., 2012; Philippi et 
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al., 2015), how QA production, and QA content in NLL grain respond to aphid attack has 

not yet been investigated. It is likely that various factors impact QA biosynthesis in a field 

situation, and the most important ones need to be identified to be able to develop a 

valuable NLL crop.  

1.2.4 NLL ‘low alkaloid’ locus iucundus 

In addition to the QA biosynthetic genes LaL/ODC and LaHMT/HLT, the low alkaloid 

locus iucundus (iuc), one of the ‘domestication genes’ in NLL, is known to control QA 

content. This low alkaloid locus arose from spontaneous mutation and was identified from 

wild germplasm during the 1920s (von Sengbusch, 1942), and was imperative in the 

selection of NLL as a food crop. Since the discovery of the mutation, iuc has been 

incorporated into all modern NLL cultivars. This mutation is recessive and follows a 

simple inheritance pattern of 1:3 segregation (von Sengbusch, 1942; Gustafsson and 

Gadd, 1965). The sole use of this locus to ensure low QA levels and the difficulty in 

tracking it in breeding programs—due to its recessive nature and the identity of the gene 

responsible being unknown—is part of the reason why the genetic diversity of NLL is 

low, as it is challenging to introgress wild accessions while still maintaining low-QA 

content. 

While the function of iuc is unknown, sweet NLL harbouring the locus appear to have 

lower levels of lysine than bitter wild NLL, suggesting that this mutation is affecting the 

early stages of the QA biosynthetic pathway (Bunsupa et al., 2012a). Markers linked to 

iuc have been developed to assist tracking the recessive locus, with one being 0.9 cM 

away from iuc, although it is not entirely accurate in determining phenotype from 

genotype (Li et al., 2011). Recently, dense mapping resources, an updated genetic map 

for NLL cultivar Tanjil, and the genome annotation have further narrowed the candidate 

gene region of iuc on NLL-07 (Hane et al., 2017). 
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1.2.5 Prospects for reducing QA content in NLL grain 

There is an opportunity to further elucidate the QA biosynthetic pathway in NLL grain 

and tackle the problem of QA accumulation for an emerging human health food. Recently 

developed genetic and genomic resources for NLL will facilitate the identification of 

genes involved in this pathway, including the generation of a comprehensive NLL 

genome sequence (Hane et al., 2017), as well as various transcriptomic datasets (Foley et 

al., 2015; Kamphuis et al., 2015). Genetic and genomic resources can be used in NLL to 

identify transcriptome-based candidate genes involved in QA biosynthesis and transport, 

using comparative analysis between high and low QA varieties and plant tissue types, as 

carried out in this PhD research project. The function of candidate genes may be studied 

in the genetic transformation of lupin, the primary method being Agrobacterium 

tumefaciens-mediated transformation of wounded seedling shoot apical meristems to 

generate transgenic shoots  (Pigeaire et al., 1997), or using various reverse-genetics 

approaches to identify whether knock-outs of candidate genes are beneficial in reducing 

grain QA content; if so, these novel alleles will serve as a source of non-transgenic pre-

breeding material for NLL breeding.  

A better understanding of the response of grain QA content to environmental factors is 

needed to identify how and when grain QA levels may be elevated in the field. This can 

be used to inform both farming and breeding practices in NLL. This project investigated 

the effect of both abiotic and biotic factors on grain QA content in NLL. Drought and 

increased temperature were selected because the impact of these factors has not been 

investigated in Australian NLL cultivars, despite their regular imposition during pod set 

in NLL. The effect of aphid predation and methyl jasmonate—a compound used to induce 

the jasmonate plant defence pathway—on QA production in NLL was also investigated.  
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Finally, the identity and function of the gene responsible for the iuc low alkaloid 

phenotype is investigated. The identification of this gene will allow further elucidation of 

the QA biosynthetic pathway, and for it to be easily tracked in breeding programs to 

improve of NLL. 

1.3 THE SEED COAT OF NLL   

The high proportion of seed weight in the seed coat of NLL compared to other grain 

legumes reduces its economic value; NLL seed coats account for around 25% of the seed 

weight, compared to 7% seed in soybean (Lush and Evans, 1980). While the seed coat is 

a source of energy for ruminants, it provides little metabolisable energy for monogastric 

animals due to the high content of indigestible fibre—comprising of mainly cellulose, 

hemicelluloses and pectins—and its removal improves the nutritive value of the grain 

(Brillouet and Riochet, 1983; Edwards and Van Barneveld, 1998). Seed coat thickness 

and its proportion relative to the total grain weight is important for the ease and economic 

viability of its removal (Clements et al., 2004). Additionally, a reduction in seed coat 

thickness or proportion may increase the metabolisable energy in the seed as well as the 

associated harvest yield, as a significant correlation has been found between seed coat 

proportion and seed weight, and protein and oil content (Clements et al., 2002; Mera et 

al., 2004).  

A reduction in seed coat thickness and proportion is a more recent breeding aim in NLL 

than a reduction of QA content in the grain (Clements et al., 2005b), and it appears to be 

achievable. Strong heritability has been found for seed coat proportion in NLL, and a 

reasonable variation for the trait can be found in germplasm (Clements et al., 2002; 

Clements et al., 2004; Mera et al., 2004). Other lupin species such as L. albus and L. 

mutabilis also have lower seed coat proportions than NLL (17% and 13%, respectively) 
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(Brillouet and Riochet, 1983), supporting the possibility that a reduced seed coat 

proportion may be achievable in NLL. 

Although some of the genetic mechanisms controlling seed coat development have been 

investigated in Arabidopsis thaliana and legume species Medicago truncatula, Lotus 

japonicus, and Glycine max (Haughn and Chaudhury, 2005; Moïse et al., 2005), the 

developmental pathways have not been completely elucidated. Seed coat development is 

a complex process, whereby the maternal integuments of the ovule differentiate into 

several layers of specialised cell types upon fertilisation, exchanging signals with the 

embryo and endosperm to ensure co-ordinated growth and development (Figueiredo and 

Köhler, 2014). At maturity, cells in the seed coat are dead, with the layers crushed 

together (Haughn and Chaudhury, 2005). The lupin seed coat is comprised of three layers, 

the outermost palisade layer, which is a double layer of cells, a layer of hourglass cells, 

and the innermost parenchymatous later, comprised of several layers of mesophyll cells 

(Miao et al., 2001). Genes involved in seed coat development include transcription 

factors, which may also regulate seed size, secondary wall-forming cellulose synthases, 

and those with roles in cell elongation and differentiation and programmed cell death, 

some of which are specifically expressed in the endosperm or seed coat (Batchelor et al., 

2002; Moïse et al., 2005; Nakaune et al., 2005; Schruff et al., 2006; Adamski et al., 2009; 

Stork et al., 2010).  

In this PhD research project, an ethyl methanesulfonate (EMS)-mutagenised NLL 

population was screened for reduced seed coat thickness. An EMS-mutagenised 

population generates novel and random variation in an otherwise homogeneous genetic 

background. When individual lines are identified with phenotypic variations in traits of 

interest, the identification of genes controlling these traits of interest may be carried out 

by identifying single nucleotide polymorphisms in genes which differ from the parent line 
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(Greene et al., 2003). If the trait is also of agronomic interest, the line harbouring the trait 

is an immediate source of non-transgenic pre-breeding material. Optical coherence 

tomography was used to screen for seed coat thickness, a technique typically used in a 

medical setting, but has successfully been used to measure seed coat thickness in lupin 

(Clements et al., 2004). This technique allows for the three-dimensional visualisation of 

living cells up to 1 mm deep without causing damage, by shining light on an area and 

measuring the back-scattering pattern of photons from cellular components to create an 

image (Hettinger et al 2000), and is a useful technique for rapidly and non-destructively 

examining valuable material, such as the EMS-mutagenised NLL seed. 

1.4 CURRENT STATUS FOR THE IMPROVEMENT OF NLL GRAIN AS A 

FOOD AND FEED SOURCE  

There is a realistic opportunity to create a more valuable crop from NLL, the grain of 

which is an emerging human health food. Although the recent domestication and narrow 

genetic base of NLL mean that the crop still harbours some undesirable traits—such as 

the accumulation of QAs in the grain and its thick seed coat—the excellent genomic and 

transcriptomic resources available for NLL offer significant opportunities for identifying 

genes controlling important agronomic traits to improve the crop. This will allow for such 

genes to be easily tracked in breeding programs to facilitate the introgression of wild 

material to broaden the genetic base of the crop.  

 

  



 

 

16 

 

  



 

 

17 

 

 

 

 

 

 

 

 

Chapter Two 

 

Identification of candidate genes involved in quinolizidine 

alkaloid biosynthesis and transport in narrow-leafed lupin 

(Lupinus angustifolius L.) 
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2.1 ABSTRACT 

Quinolizidine alkaloids (QAs) are toxic secondary metabolites that complicate the end-

use of narrow-leafed lupin (Lupinus angustifolius L.), as levels sometimes exceed the 

industry limit for the grain to be used for food and feed purposes. However, little is known 

about how QAs are produced in lupin, with the biosynthetic pathway only partly 

elucidated. Additionally, while aerial tissues are more important than roots in determining 

overall QA levels, with the QAs accumulating in the grain, the degree to which QAs are 

produced in the developing seed itself has not been measured. Here, the extent of QA 

biosynthesis within lupin seed, flower, leaf, stem and root tissues was assessed by 

measuring levels of QA biosynthetic gene expression and levels of QA accumulation in 

these tissues, for both low-QA and high-QA producing accessions. It was demonstrated 

that the low-QA phenotype of narrow-leafed lupin is associated with a decrease in QA 

gene expression in stem and leaf tissues, while in other tissues, including seeds, QA gene 

expression is low and similar for low- and high-QA producing narrow-leafed lupin. This 

suggests that QA production narrow-leafed lupin seeds is much lower than in aerial 

tissues. This QA biosynthetic gene expression data in tissues of low- and high-QA 

narrow-leafed lupin was used to inform a comparative analysis between low- and high-

QA narrow-leafed lupin tissue-specific transcriptomes to identify additional candidate 

genes involved in QA biosynthesis, which may have a similar expression pattern to the 

characterised QA biosynthetic genes, as well as in the regulation of the pathway and 

transport of QAs from aerial tissues to the grain. This research provides the first direct 

assessment of QA production in narrow-leafed lupin seed tissue, with implications for the 

reduction of QA content in narrow-leafed lupin grain. As QA biosynthesis within the 

seeds themselves is likely not appreciable, as evidenced by low QA biosynthetic gene 

expression for both low-and high-QA producing narrow-leafed lupin accessions, this 

makes the concept of a lupin phenotype with high QA content in aerial tissue and low QA 
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content in grain more realistic, and may be achieved by altering the transport of QAs into 

the grain. The candidate genes proposed in this study, particularly those involved in the 

transport of QAs into seeds, could be targeted in future pre-breeding efforts to reduce QA 

levels in narrow-leafed lupin grain. 
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2.2 INTRODUCTION 

Quinolizidine alkaloids (QAs) are toxic secondary metabolites that play a role in the 

defence of plants against insect pests (Wink, 1992; Ridsdill-Smith et al., 2004; Adhikari 

et al., 2012), but are bitter tasting and often toxic to animal and human health (Allen, 

1998). They are the main anti-nutritional substance in lupin grain, with narrow-leafed 

lupin (NLL; Lupinus angustifolius L.) being a major grain legume crop that is important 

for sustainable agricultural systems (Herridge and Doyle, 1988; French and Buirchell, 

2005). Traditionally, NLL grain has been used as an animal feed, although it has gained 

attention as a human health food as it is high in protein (30–40%) and fibre (30%), low 

in fat and starch, and possesses certain beneficial nutraceutical properties (Petterson, 

1998; Duranti et al., 2008; Lima‐Cabello et al., 2017). Due to this use as a food and feed 

source, one goal of lupin breeding is to produce grain with QA concentrations at palatable 

and safe levels, with an industry threshold of 0.02% total grain levels implemented in 

Australia and some European countries (Cowling, 1998; Boschin et al., 2008; Jansen et 

al., 2009). 

Cultivated ‘sweet’ NLL grain levels vary considerably depending on genotype and 

environmental conditions (Cowling and Tarr, 2004; Boschin et al., 2008), despite 

breeding efforts to produce much lower QA levels than their wild ‘bitter’ counterparts, 

by selecting for a low-alkaloid locus arising from natural spontaneous mutation -

(iucundus) (von Sengbusch, 1942). Factors such as sunlight, drought, temperature, 

season, site elevation, soil characteristics, and the presence of insect predators or 

herbivores are all thought to affect QA production (Wink, 1983; Wink and Witte, 1984; 

Christiansen et al., 1997; Gremigni et al., 2001; Gremigni et al., 2003; Chludil et al., 2009; 

Jansen et al., 2009; Jansen et al., 2012), with grain QA content often exceeding industry 

thresholds (Cowling and Tarr, 2004; Reinhard et al., 2006). There is therefore a need to 
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elucidate the QA biosynthetic pathway, for which molecular and regulatory mechanisms 

are poorly understood, to identify how and when QA thresholds are exceeded in lupin 

crops. 

The QA biosynthetic pathway has been partly elucidated, with only two genes involved 

in the pathway being functionally characterised, and has been summarised in a recent 

review (Frick et al., 2017). The pathway begins with the decarboxylation of lysine to yield 

cadaverine, which is controlled by Lupinus angustifolius lysine/ornithine decarboxylase 

(LaL/ODC) (Bunsupa et al., 2012a). A copper amine oxidase then acts in the deamination 

of cadaverine to yield a pathway intermediate common to the formation of all QAs 

(Leistner and Spenser, 1973; Golebiewski and Spenser, 1988). After the formation of 

major structural QAs such as tetracyclic lupanine, sparteine and multiflorine, and bicyclic 

lupinine, further modification can yield a variety of structurally related QAs (Wink and 

Hartmann, 1982a; Saito et al., 1992; Suzuki et al., 1994; Ohmiya et al., 1996). L. albus 

tigloyl-CoA:(–)-13α-hydroxymultiflorine/(+)-13α-hydroxylupanine O-tigloyltransferase 

(LaHMT/HLT) forms acetylated products of 13α-hydroxylupanine and 13α-multiflorine 

(Okada et al., 2005) and a second acyltransferase, L. angustifolius acyltransferase (LaAT) 

is suggested to be involved in the formation of QA esters, though its enzymatic function 

has not been confirmed (Bunsupa et al., 2011). 

QAs are synthesised predominantly in the aerial tissue of lupin, and not root tissue (Wink 

and Hartmann, 1982b; Wink, 1987b; Lee et al., 2007), and are transported mainly via the 

phloem, but also via the xylem (Wink and Witte, 1984; Lee et al., 2007), to accumulate 

in seeds. However, the degree to which QAs are produced in the seed itself has not yet 

been assessed. This knowledge is important for informing pre-breeding approaches to 

produce NLL grain with low QAs. An advantageous phenotype in NLL would be one that 

is ‘bitter/sweet’—a plant with sufficiently high QAs in vegetative tissue to deter insect 
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attack but with low grain QA levels (Wink, 1990; 1994). If biosynthesis within seeds 

themselves is not appreciable, then this may allow grain QA levels to be controlled by 

altering the transport of QAs from aerial tissues to the grain. This focus on QA transport 

processes, rather than reducing biosynthesis throughout the plant, may realise such a 

bitter/sweet lupin phenotype. While the concept of a bitter/sweet phenotype has been 

postulated some time ago (Wink, 1990; 1994), no studies have focussed on the QA 

transport process to achieve this.  

Until recently, it has been difficult to identify genetic traits underlying QA biosynthesis 

and transport in lupin due to a lack of genomic and transcriptomic data sets. Genomic and 

transcriptomic resources which are available for NLL include genetic maps (Boersma et 

al. 2005; Nelson et al., 2010; Yang et al., 2013; Kroc et al., 2014; Kamphuis et al., 2015), 

large genomic insert libraries (Kasprzak et al., 2006; Gao et al., 2011), transcriptomic 

resources (Foley et al., 2015; Kamphuis et al., 2015), preliminary draft genome data (Gao 

et al., 2011; Yang et al., 2013; Kamphuis et al., 2015) and a recently developed high-

quality draft genome (609 Mb) with 33, 076 annotated protein-coding genes (Hane et al., 

2017), which may now be used to identify genes in involved in QA biosynthesis and 

transport. Additionally, the need to maintain a low-QA content, solely through the use of 

the iucundus locus, is one reason why only a small fraction of the lupin gene pool has 

been exploited for lupin breeding and, subsequently, that the genetic diversity of NLL 

cultivars is low (Berger et al., 2012).  

As such, the aim of this study was to increase the understanding of the sites of QA 

biosynthesis in NLL, and then use a whole-genome approach to identify candidate genes 

which may be useful in future pre-breeding practices to reduce grain QA levels. This was 

achieved by measuring both QA levels and QA gene expression in the vegetative and 

reproductive tissue of high- and low-QA NLL varieties. Additionally, QA gene 
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expression was measured in vegetative and reproductive tissue of cultivars of other 

agronomically important lupin species L. albus, L. luteus and L. mutabilis, for which QA 

accumulation in the grain also complicates their use.These have different properties to 

NLL which are of agronomic interest, such as high protein content for L. luteus grain, and 

high oil content for L. mutabilis grain (Petterson, 1998). Interestingly, large differences 

in both QA levels and QA gene expression were found in vegetative tissues such as leaves 

and stems between high and low QA NLL varieties, but no such difference was found for 

QA gene expression in seeds. This data was used to inform a transcriptome analysis in 

comparing bitter and sweet NLL to identify candidate genes involved in QA biosynthesis, 

pathway regulation and QA transport from aerial tissues to the grain. 
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2.3 MATERIALS AND METHODS 

 

2.3.1 Lupin accessions 

Seed of NLL cultivars Tanjil and Unicrop, NLL accession P27255 and other lupin 

cultivars L. albus Kiev, L. luteus Pootalong, and L. mutabilis Czech were obtained from 

the Australian Lupin Collection housed at the Department of Primary Industries and 

Regional Development (DPIRD). For the pedigree relationships among the NLL 

cultivars, see Fig. 2.1. NLL accession P27255 is a bitter wild accession from Morocco. 

NLL cultivars Tanjil and Unicrop and accession P27255 have been used to generate 

transcriptomic resources, and additionally Tanjil has been used to generate genomic 

resources for the crop, available at http://www.lupinexpress.org (Kamphuis et al., 2015; 

Hane et al., 2017). 
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Figure 2.1: Pedigree relationships among the main narrow-leafed lupin cultivars released 

in Australia (1967–2006). Circles indicate key single crosses; diamond represent complex 

crosses. Bold lines indicate crosses involving Australian cultivars. Domestication genes: 

moll (soft seeds), iuc (sweet), ta (non-shattering), leuc (white flowers and seeds), Ku 

(early flowering). All cultivars released after Unicrop in this diagram have these genes 

except for Marri (lacks Ku) and Chittick (efl rather than Ku). Abbreviations: Gls-R (grey 

leaf spot resistant), An-R (anthracnose resistant), Ph-R (phomopsis resistant, Bs-MR 

(brown spot moderately resistant), MRB (moderately restricted branching). From 

Boersma 2007 (adapted from Cowling 1999).  
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2.3.2 Lupin growth and tissue collection for QA content and gene expression 

analyses 

Seeds of NLL cultivar Tanjil and wild accession P27255 for QA analysis were sterilised 

in hypochlorite solution, scarified by nicking the seed coat and vernalised in jiffy pots at 

9 °C for three weeks. Jiffy pots were then planted in 3.7 L pots with Arabidopsis Mix 

(SSM0630) from Richgro Garden Products and Amazon Soils. Plants were treated with 

a Banrot fungicide treatment, inoculated with Rhizobium Group G, given ¼ tsp Macrocote 

fertiliser and watered every 2–3 days. Plants were grown under glasshouse conditions 

with natural light. Root, stem and leaf collections occurred at approximately 40 days after 

flowering from actively growing sites (young stem and leaf tissue and lateral roots). 

Mature grain was collected from additional plants. After harvesting, all samples were 

snap frozen in liquid nitrogen and stored at –80 °C until further analysis. Tissue for QA 

analysis was collected from single plants.  

The lupin varieties used for gene expression analysis were NLL cultivars Tanjil and 

Unicrop, wild NLL accession P27255 and other lupin cultivars L. albus Kiev, L. luteus 

Pootalong, and L. mutabilis Czech. Plants were grown as described above, but seeds were 

vernalised for two weeks in Petri dishes at 4 °C and planted in sandy soil. Seed 

development stage collections (defined as the number of days after anthesis; DAA) were 

carried out according to the time points collected by Foley et al. (2011) which capture 

seed development from the beginning of development to physiological maturity, as 

described by Dracup and Kirby (1996). Flower collections occurred as tissue became 

available. Root, stem and leaf tissue for gene expression analysis were collected from 

single plants, while flower and seed development stage tissues were collected from 

combined plants.  
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2.3.3 QA quantification of NLL tissue  

Tissue for QA quantification was ground using a mortar and pestle with liquid nitrogen. 

Five hundred milligrams of ground tissue for each sample was submitted to the 

ChemCentre (www.chemcentre.wa.gov.au) for QA content analysis by capillary gas 

chromatography, as described by (Priddis, 1983; Harris and Wilson, 1988), where the 

limit of quantification (LOQ) for each QA is 0.001%.  

Statistical analyses were carried out using GenStat, 18th edition. Data for QA 

quantification of sweet (cultivar Tanjil) and bitter (accession P27255) NLL tissues was 

square-root transformed to normalise the residuals, and presented as the mean and 

standard error (SE) of six biological replicates. Two-way analysis of variance (ANOVA) 

was used for statistical testing of total QA content between tissue types of Tanjil and 

P27255. One-way ANOVA was used for statistical testing of the relative proportion of 

individual QAs in each P27255 tissue and two-sample t-test was used to test relative 

proportion of individual QAs between Tanjil and P27255 seed tissue.  

2.3.4 Transcriptomic analysis of bitter vs. sweet NLL and identification of candidate 

genes involved in QA biosynthesis, regulation and transport 

Differential gene expression analysis was carried out using transcripts for bitter 

(accession P27255) and sweet (cultivars Tanjil and Unicrop), available at 

http://www.lupinexpress.org/downloads (Kamphuis et al., 2015). The RNA-Seq libraries 

used for transcriptome analysis contain data for five tissue types for each of the NLL 

accessions—stem, leaf, flower, root and seed (pooled from a variety of seed development 

stages). Differential gene expression analysis was carried out as described in Kamphuis 

et al. (2015). In brief, reads from each NLL accession were mapped to the cultivar Tanjil 

reference genome using Tophat2 v2.0.9 (--b2-very-sensitive) (Kim et al., 2013) and 

Cuffdiff from the cufflinks package (Trapnell et al., 2012) and the Tanjil genome 

http://www.chemcentre.wa.gov.au/
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annotation (GTF file) (Hane et al., 2017) was used to find differentially expressed genes 

between the three NLL accessions, comparing combined mRNA from all five tissues for 

each accession. Cuffdiff was also used to find genes differentially expressed between 

tissue types for each NLL accession. Significant differences in expression required a q-

value < 0.05. Protein annotations for these genes were identified using InterProScan 

(Jones et al., 2014). 

To identify candidate QA biosynthetic genes from those genes identified as upregulated 

in bitter vs. sweet NLL and in leaf and stem vs. other tissues, a literature search was 

conducted to identify genes with homology to alkaloid biosynthetic genes in other plant 

species (Dewey and Xie, 2013; Hagel and Facchini, 2013; Beaudoin and Facchini, 2014; 

Pan et al., 2016). To identify a putative copper amine oxidase gene (CAO-like) involved 

in QA biosynthesis, a BLASTN search was conducted against the NLL Tanjil gene 

annotation to identify genes of similar sequence to Nicotiana tabacum CAOs involved in 

alkaloid biosynthesis (NtDAO1; AB289457 and NtMPO1; AB289456) (e-value < 1e-04, 

identity > 70%). Of those, expressions profiles were examined through RNA-Seq data 

from different tissue types for sweet (cultivars Tanjil and Unicrop) and bitter (accession 

P27255) NLL (Kamphuis et al., 2015). 

To identify candidate genes involved in QA regulation or seed-specific transport, a search 

was carried out by searching protein annotations for associated keywords. In the case of 

transcription factors, these were protein annotations for genes upregulated in bitter 

(accession P27255) compared to sweet (cultivars Tanjil and Unicrop) NLL and/or 

upregulated in leaf and stem compared to other tissues with the keywords ‘leucine zipper’, 

‘helix-loop helix’, ‘transcription factor’, ‘bZIP’, ‘homeobox’, ‘MYB’, ‘ERF’, ‘AUX’, 

‘WRKY’ and ‘zinc finger’. In the case of transporters, these were protein annotations for 

genes upregulated in bitter (accession P27255) compared to sweet (cultivars Tanjil and 
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Unicrop) NLL and/or upregulated in seed compared to other tissues with the keywords 

‘ABC’, ’transporter’, ‘multi antimicrobial extrusion protein’ and ‘purine permease’. 

Sequences of candidate genes were then aligned to transcription factors or transporters 

associated with alkaloids in plant species N. tabacum, Coptis japonica and Catharanthus 

roseus (Morita et al., 2009; Shoji et al., 2009; Hildreth et al., 2011; Shitan et al., 2013; 

Yamada and Sato, 2013; Yu and De Luca, 2013). 

2.3.5 RNA extraction and cDNA synthesis 

For root, stem, leaf, flower and the later seed development stages, tissue was ground in 

liquid nitrogen to a fine powder using a mortar and pestle. For seed development stages 

4–8, 9–12 and 13–16 DAA, samples were ground in a Precelleys homogeniser in 

conjunction with the Cryolys cooling system. RNA extractions were carried out using 

approximately 100 mg tissue (up to 400 mg was used for root tissue due to low RNA 

levels) and TRIzoL reagent, according to (Kamphuis et al., 2015). RNA samples were 

then treated with Ambion TURBO DNA-free DNase Treatment, according to the 

manufacturer’s directions. The quality and quantity of RNA was assessed using a 

Nanodrop to ensure that the A260/A230 ratio > 1.8 and A260/A280 ratio > 2.0. cDNA synthesis 

reactions were carried out using 1 µg RNA with the iScript Reverse Transcription 

Supermix for qRT-PCR (Bio-Rad), following the manufacturer’s recommendations. 

2.3.6 Primer design for qRT-PCR 

A BLAST search was conducted against the NLL Tanjil gene annotation (Hane et al., 

2017) using the following GenBank accessions: LaL/ODC; AB560664, LaHMT/HLT; 

EF381744 and LaAT; AB581532 (Okada et al., 2005; Bunsupa et al., 2011; Bunsupa et 

al., 2012a) (e-value < 1e-04, identity > 70%). A single gene was returned for both 

LaL/ODC (Lup009726.1) and LaAT (Lup021586.1), while two hits were returned for 

LaHMT/HLT (Lup022250.1 and Lup022251.1), which were 13 kb apart on the same 



 

 

30 

 

scaffold, in which case qRT-PCR primers were designed to specifically amplify the gene 

with highest sequence similarity to EF381744 (Lup022251.1). Regions of these genes 

were PCR amplified and sequenced for lupin species used in this study, and primers were 

designed based on the most conserved sequences. Primers were also designed based on 

NLL genomic sequence for an unannotated candidate QA transporter gene L. 

angustifolius jasmonate-inducible alkaloid transporter-like (LaJAT-like) 

(Scaffold_62_1). This gene was annotated using FGENESH gene prediction software 

(Solovyev et al., 2006).  

Several candidate reference genes were investigated which are stably expressed across 

developmental series in Arabidopsis or had been previously used for qRT-PCR of lupin 

genes (Czechowski et al., 2005; Borek and Nuc, 2011). These genes included two 

ubiquitin genes UBC9 and UBC10 (At4g27960 and At5g53300), a PP2A gene 

(At1g13320), a TIP41-like gene (At4g34270) and an actin (ACT) gene (J01298) (Table 

S1). A BLASTN search was conducted against the NLL gene annotation (e-value < 1e-

04, identity > 70%) to identify genes of similar sequence to the above genes. 

All primers were designed using the software Primer 3 v.4.0 (Untergasser et al., 2012) 

and the following parameters: product size 80–200 bp, primer length 20 bp (min 18, max 

24), melting temperature 60 °C (min 59, max 61), primer GC% 40–60, max self-

complementarity 5, max 3’ self-complementarity 3 and max poly-x 3. A BLASTN search 

was carried out for primers against the NLL Tanjil genome and gene annotation to ensure 

specificity. An overview of the primer sequences and their optimal annealing 

temperatures is in Table S2. 
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2.3.7 Detection of genes by qRT-PCR 

qRT-PCR was performed in 10 µL reactions with 5µL SsoFast Evagreen Supermix (Bio-

Rad), 4 µL 1:50 cDNA reaction dilution and 1 µL primer mix containing 5 µM each of 

forward and reverse primers, including a reference gene and non-template control on each 

plate. Reactions were prepared using an Eppendorf epMotion 5075 robot, and three 

technical replicates were carried out for each sample. Amplification was performed in 

384-well plates on a Biorad CFX384 Touch Real Time PCR machine at 95 °C for 2:30 

min, followed by 41 cycles of 95 °C for 15 sec, 57 °C for 30 sec and 72 °C for 30 sec. 

Melt curve analysis was carried out at the end of the amplification cycle in 0.5 °C 

increments from 70 °C to 95 °C, each step lasting 15 sec, to ensure primer specificity. 

Standard curves were produced for degenerate primers where binding sequence differed 

for a particular lupin accession (Table S2, Fig. S1). Relative gene expression was 

calculated using the 2-∆∆CT method (Livak and Schmittgen, 2001) where the average Ct 

values of technical replicates were normalised to the reference gene.  

Data for gene expression analyses are presented as the mean and SE of three biological 

replicates. Data comparing QA biosynthetic gene expression tissues of several lupin 

species was log-transformed to normalise the residuals. Two-way ANOVA was used to 

assess the effect of tissue, lupin accession, and the tissue × lupin accession on QA 

biosynthetic gene expression. 

To determine an appropriate reference gene, expression analysis (qRT-PCR) was carried 

out as described above for three biological replicates of each tissue type (root, stem, leaf, 

flower and seed development stage 13–16 DAA) for each lupin accession (n = 88). 

Bestkeeper v.1 (Pfaffl et al., 2004) was used to determine appropriate reference genes. 

LaUBC9-like (Lup018255.1) was suitable across all tissues and lupin varieties using 

primers conserved for all varieties as evidenced by RNA-Seq data (Table S1). 
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2.3.8 Promoter analysis 

Promoter sequences 1.5 kb upstream of coding sequences of validated and candidate QA 

biosynthetic genes investigated in this study (Lup009726.1, Lup000530.1, Lup022251.1 

and Lup021586.1) were analysed for common transcription factor binding sites. Sweet 

(cultivar Tanjil) and bitter (accession P27255) NLL gene promoter sequences were 

amplified by PCR and sequenced (see Table S2 for primers). The 500 bp upstream 

sequence was searched for transcription factor binding sites against the Plant Cis-acting 

Regulatory DNA Elements (PLACE) database (Higo et al., 1999) and PlantPAN2.0 using 

all species in settings (Chang et al., 2008) and site similarity cut off of 1. Sequence 

alignments were carried out using the sequence alignment function of CLC Genomics 

Workbench v. 9 with default parameters.  
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2.4 RESULTS 

2.4.1 QA levels in tissues of high-QA and low-QA producing NLL 

To determine the amount and QA composition found in tissues of sweet and bitter NLL, 

QA levels in root, stem, leaf and mature seed were measured in sweet cultivar Tanjil and 

bitter accession P27255. Total QA levels in all tissues of P27255 were significantly higher 

than the respective tissues of Tanjil (Fig. 2.2) (P ≤ 0.05), with QA levels in P27255 seed 

and leaf being 130 and 78 times higher than the corresponding tissues in Tanjil, 

respectively. Within P27255, total QAs were highest in seed tissue, followed by leaf, 

stem, and root tissue, with the QA levels in seed being significantly higher than the other 

tissues and levels in leaves higher than roots (P ≤ 0.05). In Tanjil, the seed had 

significantly higher QA levels than the other tissues (P ≤ 0.05), but levels did not 

significantly differ between leaf, stem and root tissues. 

Individual QA ratios did not differ significantly between vegetative or seed tissues in 

P27255, and in the seed, these were present as lupanine (44%), 13-hydroxylupanine 

(33%), angustifoline (19%), and α-isolupanine (4%). For Tanjil seed, individual QAs 

were present as lupanine (58%), α-isolupanine (15%), angustifoline (14%), and 13-

hydroxylupanine (13%). Tanjil seed had a smaller proportion of 13-hydroxylupanine and 

a higher proportion of α-isolupanine than P27255 seed (P ≤ 0.05), whereas the relative 

proportions of lupanine and angustifoline did not differ significantly. Tanjil root, stem 

and leaf tissues has much lower levels of individual QAs than Tanjil seeds; lupanine, α-

isolupanine and angustifoline were detected in all tissues, while 13-hydroxylupanine was 

not.  
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Figure 2.2: QA content in tissues of NLL sweet cultivar Tanjil and bitter accession 

P27255. Mean and standard error represent six biological replicates (five for P27255 

seed). Two-way ANOVA was performed on square-root transformed data (LSD = 0.050). 

Different letters denote significant differences (P ≤ 0.05).  

 

2.4.2 Transcriptomic analysis of bitter vs. sweet NLL 

Transcriptomic analysis was carried out for bitter vs. sweet varieties of NLL to identify 

candidate genes involved in QA biosynthesis, regulation, and transport into seed tissues. 

The RNA-Seq libraries used for transcriptome analysis contain data for five tissue 

types—stem, leaf, flower, root and seed (pooled from a variety of seed development 

stages)—for two sweet cultivars (Tanjil and Unicrop), and one bitter accession (P27255) 

(Kamphuis et al., 2015). Differential gene expression analysis was carried out using 

pooled transcripts from the five tissue types to identify transcripts upregulated in bitter 

compared to sweet NLL (Supplementary Data File 1). Of the 63,271 total transcripts 
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identified in the Tanjil transcriptome assembly, 1,473 transcripts were significantly 

upregulated in P27255 compared with Tanjil (802) and/or Unicrop (1,031) (Fig. 2.3, 

Table S3). These transcripts corresponded to 863 annotated genes in the Tanjil genome 

(Supplementary Data File 1). Differential gene expression analysis was also carried out 

using tissue-specific data sets for each NLL accession to identify transcripts upregulated 

in a tissue-specific manner (Supplementary Data Files 2, 3, and 4). In general, for all three 

NLL varieties, root, flower and seed tissues had the most differentially expressed 

transcripts compared to other tissues, while stem and leaf tissue has the least (Table S4). 

 

 
Figure 2.3: Number of transcripts significantly upregulated in bitter (P27255) vs. sweet 

(Tanjil and Unicrop) NLL varieties. Transcripts for the analysis are present in the NLL 

Tanjil genome annotation (Hane et al., 2017) and root, stem, leaf, flower and developing 

seed tissue RNA-Seq data sets for each NLL accession (Kamphuis et al., 2015) were 

combined for analysis. 
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2.4.3 Identification of candidate genes involved in QA transport, pathway regulation 

and biosynthesis 

To identify candidate genes involved in the transport of QAs into the seed from aerial 

tissues, genes with a transporter annotation that were differentially expressed between 

bitter (accession P27255) and sweet (cultivars Tanjil and Unicrop) NLL, and/or 

upregulated in seed tissue compared to other tissues were identified. Of those genes 

upregulated in bitter vs. sweet NLL, 22 had protein annotations associated with 

transporters (Supplementary Data File 1). Of those genes upregulated in seed vs. other 

tissues for each NLL accession, 13 genes with transporter annotation were identified for 

P27255, six in Tanjil and 23 in Unicrop (Supplementary Data Files 2, 3 and 4). From 

these genes, a candidate list of nine transporters involved in the transport of QAs to the 

grain in NLL was chosen based on expression as evidenced by RNA-Seq data and 

homology to other alkaloid transporters (Table 2.1). This led to the identification of an 

unannotated gene in the current genome assembly that displays an interesting expression 

pattern in that it is seed-specific, more highly expressed in bitter compared to sweet NLL 

(P ≤ 0.05), and has the highest expression in early seed development, which is decreased 

during seed development (P ≤ 0.05) (Fig. 2.4). 

To identify candidate genes involved in the regulation of QA biosynthesis, transcription 

factors that were differentially expressed between bitter (accession P27255) and sweet 

(cultivars Tanjil and Unicrop) were identified. Of those genes upregulated in the bitter vs. 

sweet NLL, 79 had protein annotations associated with transcription factors. Nineteen of 

these genes showed sequence similarity to transcription factors regulating alkaloid 

production in other plant species (Supplementary Data File 1). Thirteen transcription 

factors were chosen as candidate transcription factors based on a log-fold change in 

P27255 compared to cultivars, protein annotation, homology to known alkaloid 
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transcription factors and expression patterns as evidenced by RNA-Seq data (Table 2.2). 

These genes generally had increased expression in stem and leaf tissues compared to other 

tissues, as evidenced by RNASeq data, including Lup012917.1 which, while not 

identified as significantly upregulated in P27255 compared to cultivars, had the highest 

sequence similarity of the Tanjil annotated genes to CrWRKY1 (tBLASTx; total bit score 

184.8, e-value 1e-04). 
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Table 2.1: Candidate QA seed transporters identified in NLL using differential gene expression analysis. AShows where transcripts for each gene are 

significantly upregulated in seed compared to certain tissues for NLL varieties Tanjil (T), Unicrop (U) and P27255 (P). B Log2 (Fold-change) shows 

genes for which transcripts are significantly upregulated in P27255 compared to Tanjil or Unicrop, for combined seed, flower, leaf, stem and root 

tissues. Genomic location (Scaffold_62_1:122,653-130,019) represents unannotated gene. Accession numbers for alkaloid transporter genes: CjABCB1 

(AB043999), CjABCB2 (AB674325), CjABCB3 (AB674326), NtMATE1 (AB286961), NtMATE2 (AB286962), NtJAT (AM991692), and NtNUP1 

(GU174267). 
 

Lupin gene number Interpro annotation Differentially expressed 

in seed vs. other tissue 

typesA 

Tissue type 

expressed (RNA-

seq data) 

Log2(Fold-change) 

P27255 vs. Tanjil or 

UnicropB 

Alkaloid transporter homology tblastx 

Gene Query cover % E-value 

Lup029867.1 IPR027417 P-loop containing 

nucleoside triphosphate hydrolase 

Flower U, Leaf UP, 

Stem U, Root U 
Seed Not significant CjABCB3 33 9E-10 

IPR003439 ABC transporter-like 

IPR003593 AAA+ ATPase domain 

IPR013525 ABC-2 type transporter 

IPR017871 ABC transporter, conserved 

site 

Lup002070.1 IPR003439 ABC transporter-like 

Flower, Leaf U,P, 

Stem U, P, T, Root U, T 
Seed and flower Not significant 

CjABCB3 41 1E-11 IPR027417 P-loop containing 

nucleoside triphosphate hydrolase 

IPR003593 AAA+ ATPase domain CjABCB1 40 4E-11 

IPR013525 ABC-2 type transporter CjABCB2 35 3E-13 
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Lup019421.1 IPR029481 ABC-transporter 

extracellular N-terminal domain 

IPR003439 ABC transporter-like 

IPR027417 P-loop containing 

nucleoside triphosphate hydrolase 

IPR003593 AAA+ ATPase domain 

IPR013525 ABC-2 type transporter 

IPR013581 Plant pleiotropic drug 

resistance (PDR) ABC transporter 

associated 

Flower U, Leaf P, 

Stem U, P, Root U, T 
Seed Not significant N/A 

 

Lup015405.1 IPR002293 Amino acid/polyamine 

transporter I 

Flower, Leaf U, 

Stem U, Root U Seed, leaf, stem, 

root 
3.3 (Unicrop) N/A 

IPR029485 Cationic amino acid 

transporter, C-terminal 

Lup005232.1 IPR002528 Multi antimicrobial 

extrusion protein 

Flower, Leaf U, P, 

Stem U, P, Root U Seed 2.94 (Unicrop) 

NtMATE1 91 2E-86 

NtMATE2 90 5E-87 

NtJAT 76 7E-56 

Lup006116.1 IPR002528 Multi antimicrobial 

extrusion protein 

Flower U, Leaf U, P, 

Stem U. P, Root U, T Seed 1.89 (Tanjil) 

NtJAT 95 2E-134 

NtMATE2 89 6E-108 

NtMATE1 88 1E-105 

Scaffold_62_1: 

122,653-130,019 

IPR002528 Multi antimicrobial 

extrusion protein 

Flower, Leaf U, P, 

Stem U, P,  Root U Seed 2.34 (Unicrop) 

NtJAT 97 0 

NtMATE2 99 3E-107 

NtMATE1 96 2E-105 

Lup021412.1 IPR030182 Purine permease, plant Flower U, Leaf U, P, 

Stem U, Root U 
Seed Not significant NtNUP1 70 2E-46 

Lup007469.1 IPR030184 WAT1-related protein Flower T, Leaf U, P, 

Stem U, P, Root U 
Seed and flower 1.98 (Unicrop) N/A 
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Figure 2.4: L. angustifolius jasmonate-inducible alkaloid transporter-like (LaJAT-like) 

expression in tissues of sweet and bitter NLL varieties. LaJAT-like is absent from the 

Tanjil gene annotation and is located on Scaffold_62_1:122,653-130,019 (Hane et al., 

2017). Two-way ANOVA was used to compare expression of two sweet (Tanjil and 

Unicrop) and one bitter (P27255) NLL accession in different tissues. Different letters 

indicate significant differences in expression between tissue types (LSD = 0.067; P ≤ 

0.05). DAA (days after anthesis) denotes stages of seed development. Mean and standard 

errors represent six (sweet) or three (bitter) biological replicates. 
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Table 2.2: Candidate transcription factors regulating QA genes in NLL using differential 

gene expression analysis. Log2 (fold_change) determined from the combined root, stem, 

leaf, flower and developing seed RNA–Seq data sets of bitter (P27255) compared to sweet 

(Tanjil and Unicrop) NLL (Kamphuis et al., 2015). Homology to known transcription 

factors involved in alkaloid regulation in other plant species (tBLASTx, e-value cut off 

1e-04). Accession numbers NtERF221/ORC1 (CQ808982), CrWRKY1 (HQ646368), 

CrMYC2 (AF283507), CrZCT2 (AJ632083).  

Gene annotation 

Log2(fold_change) 

P27255 vs Tanjil 

Log2(fold_change) 

P27255 vs Unicrop Family 

Homology to known 

alkaloid transcription 

factor 

Lup004262.1 3.45 3.37 MYB   

Lup022127.1 3.20 3.43 AP2/ERF NtERF221/ORC1 

Lup006621.1 – 2.17 AP2/ERF NtERF221/ORC1 

Lup011213.1 – 2.66 WRKY CrWRKY1 

Lup018024.1 2.63 4.13 bZIP  

Lup024892.1 – 2.09 bHLH  

Lup006187.1 1.93 3.52 

helix-loop-

helix CrMYC2  

Lup026681.1 2.11 2.20 

helix-loop-

helix   

Lup017300.1 2.17 2.50 

helix-loop-

helix   

Lup015739.1 – 3.87 Zinc Finger CrZCT2 

Lup024807.1 3.06 4.82 Zinc Finger  

Lup012912.1 1.76 – Zinc Finger   

Lup012917.1 – – WRKY CrWRKY1 
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To identify candidate genes involved in QA biosynthesis — in addition to L. angustifolius 

acyltransferase (LaAT) and the functionally validated L. angustifolius lysine/ornithine 

decarboxylase (LaL/ODC) and L. albus tigloyl-CoA:(–)-13α-hydroxymultiflorine/(+)-

13α-hydroxylupanine O-tigloyltransferase (LaHMT/HLT) — a sequence similarity 

approach using BLAST was used with known sequences of functionally characterised 

genes involved in alkaloid production in other plant species. A search for putative NLL 

copper amine oxidase (CAO-like) genes involved in QA production returned four 

candidate genes present in the Tanjil gene annotation which showed homology to 

NtDAO1 (AB289457) and NtMPO1 (AB289456) (BLASTN; >70% identity, e-value = 

0): Lup025119.1, Lup029091.1, Lup020717.1 and Lup000530.1. Transcripts for 

Lup025119.1, Lup029091.1 and Lup020717.1 were not significantly more highly 

expressed in P27255 than Tanjil or Unicrop, and were expressed in all tissues of the three 

NLL varieties as evidenced by RNA-Seq data, and were therefore discarded as candidate 

genes involved in QA production. Lup000530.1 was only detected in stem and leaf tissue 

of P27255 and was not detected in any tissues of Tanjil and Unicrop (Fig. 2.5), and 

represented a good candidate for involvement in the QA biosynthetic pathway. This gene 

was designated LaCAO-like for follow-up gene expression analysis. 

The tissue-specific analysis (Supplementary Data Files 2, 3 and 4) also identified genes 

encoding two major latex-like proteins (LaMLP1-like and LaMLP2-like) (Lup019334.1 

and Lup015922.1) and one berberine bridge-like enzyme-like protein (LaBBE-like) 

(Lup003016.1) which are co-expressed with LaL/ODC, in that expression is restricted to 

leaf and stem tissue and absent in root, seed and flower tissue, as well as more highly 

expressed in bitter vs. sweet NLL (Fig. 2.5). Two MLP-like genes located adjacent to 

Lup015922.1 also displayed a similar expression pattern (LaMLP3-like; Lup015921.1 

and LaMLP4-like; Lup015923.1; Fig 2.5). Genome locations of LaL/ODC, LaHMT/HLT, 

low-QA locus iucundis (iuc) and other candidate QA biosynthetic genes are outlined in 
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Table 2.3. Most genes occur on separate linkage groups, except for LaL/ODC and 

LaCAO-like which are located on scaffolds 37.3cM apart on NLL-15 and iuc and LaBBE-

like which are located on scaffolds 51.5cM apart on NLL-07 and the three MLP-like genes 

on NLL-06. 

 

 
Figure 2.5: FPKMA for candidate QA biosynthetic genes in tissues of sweet (Tanjil) and 

bitter (P27255) NLL. Candidate QA biosynthetic genes L. angustifolius copper amine 

oxidase-like (LaCAO-like; Lup000530.1), acyltransferase (LaAT; Lup021586.1), major 

latex-like protein 1 (LaMLP1-like; Lup019334.1), major latex-like protein 2 (LaMLP2-

like; Lup015922.1), major latex-like protein 3 (LaMLP3-like; Lup015921.1), major latex-

like protein 4 (LaMLP4-like; Lup015923.1) and berberine bridge enzyme-like (LaBBE-

like; Lup003016.1), compared with lysine/ornithine decarboxylase (LaL/ODC: 

Lup009726.1). Note: for all genes, FPKM values in root, flower and seed tissues are less 

than 1.3 FPKM (data not shown). AFragments Per Kilobase of transcript per Million 

mapped reads. 
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Table 2.3: Genome locations of characterised and candidate QA biosynthetic genes (Hane 

et al. 2017). Nd. = not determined. 

Gene/locus name Lup gene number 

Scaffold 

number 

NLL linkage 

group 

Reference 

LaL/ODC Lup009726.1 Scaffold_190 NLL-15  

LaCAO-like Lup000530.1 Scaffold_10_8 NLL-15  

LaHMT/HLT Lup002250.1/Lup02251.1 Scaffold_423 NLL-04  

LaAT Lup021586.1 Scaffold_40_1 NLL-16  

iucundus Nd. 

 

Nd. 

NLL-07 

(Boersma 

et al., 2005; 

Nelson et 

al., 2010) 

LaBBE-like Lup003016.1 Scaffold_12_32 NLL-07  

LaMLP1-like Lup019334.1 Scaffold_336 NLL-10  

LaMLP2-like Lup015922.1 Scaffold_29_1 NLL-06  

LaMLP3-like Lup015921.1 Scaffold_29_1 NLL-06  

LaMLP4-like Lup015923.1 Scaffold_29_1 NLL-06  
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2.4.4 Expression of QA biosynthetic genes in NLL 

A series of qRT-PCRs were conducted to validate the expression levels of some of the 

candidate genes involved in QA biosynthesis and to determine the expression patterns of 

these genes in bitter and sweet NLL. The expression of LaL/ODC and candidate QA 

biosynthetic genes LaCAO-like and LaAT exhibited similar patterns, with the highest 

expression levels being in the leaf and stem tissue of bitter accession P27255, with low 

or absent expression in other P27255 tissues and also in most tissues of low-QA NLL 

Tanjil and Unicrop (Fig. 2.6a,b,d). The expression of LaL/ODC and LaAT were 

significantly more highly expressed in leaf and stem tissue of P27255 compared to all 

other NLL tissues (P ≤ 0.05; Table S5). The expression of LaCAO-like was significantly 

more highly expressed in leaf tissue of P27255 compared to all other NLL tissues (P ≤ 

0.05), with expression between Unicrop and P27255 stem tissues not differing 

significantly (Table S5). The expression of all three genes did not differ significantly in 

root, flower or seed tissues between P27255 and Tanjil or Unicrop. The expression of 

LaL/ODC was not significantly higher in P27255 compared to Tanjil and Unicrop over 

seed development although differ significantly for all three NLL over seed development 

(P ≤ 0.05), with the highest LaL/ODC expression identified during early developmental 

stages (4–8 DAA), and declining towards physiological maturity (33–38 DAA) (Fig. 2.7). 

HMT/HLT displayed a separate expression pattern to the other QA genes, generally 

expressed at similar levels tissues in all the three NLL varieties, with significantly lower 

expression in seed compared to other tissues (P ≤ 0.05) (Fig. 2.6c, Table S5).  
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Figure 2.6: Relative expression of QA biosynthetic genes in different tissue types of six 

varieties of lupin. Five varieties are sweet (NLL cultivars Tanjil and Unicrop, L. luteus 

Pootalong, L. albus Kiev, and L. mutabilis Czech) and one is bitter (NLL accession 

P27255). (A) LaL/ODC (Lup009726.1), (B) LaCAO-like (Lup000530.1), (C) 

LaHMT/HLT (Lup022251.1), note: primer pair not suitable for L. luteus Pootalong, (D) 

LaAT (Lup021586.1), note: seed expression plotted on secondary axis due to high 

expression level in L. luteus seed. Mean and standard error represent three biological 

replicates. Untransformed data is shown. For statistical analysis of log-transformed data 

see Table S5. DAA = days after anthesis. 
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Figure 2.7: Lysine/ornithine decarboxylase (LaL/ODC; Lup009726.1) expression in 

developing NLL seed. DAA (days after anthesis) denotes seed development stage. Two-

way ANOVA was used to compare expression in seed development stages of sweet 

(Tanjil and Unicrop) and bitter (P27255) lupin. No significant differences were found 

between NLL accessions. Mean and standard errors represent three biological replicates. 

Different letters denote significant differences between seed development stages (LSD = 

0.027; P ≤ 0.05). 

 

2.4.5 Expression of QA biosynthetic genes in other agronomically important lupin 

species 

While NLL is currently the major lupin species in agriculture, other important species 

include L. luteus, L. albus, and L. mutabilis. QA levels in the grain of these species also 

complicates their use and development as food and feed crops and as such, there was 

interest in measuring the expression of the candidate QA biosynthetic genes identified in 

NLL, in these other lupin species. The primers used for qRT-PCR of these genes, 

mentioned previously to measure gene expression in NLL, were designed based on the 

most conserved sequences between NLL and these other species, as evidenced by 

sequencing of PCR-amplified gene fragments.    
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As for bitter NLL accession P27255, the expressions of LaL/ODC, LaCAO-like and LaAT 

were significantly higher in leaf and/or stem tissue of sweet cultivars L. albus Kiev, and 

L. mutabilis Czech, compared to other tissues (P ≤ 0.05) (Fig. 2.6a,b,c; Table S5). For 

sweet cultivar L. luteus Pootalong, the expression of LaL/ODC was low and similar to 

expression in NLL cultivars Tanjil and Unicrop, and LaCAO-like expression was 

significantly higher in leaf tissue compared to other tissues (P ≤ 0.05). LaAT expression 

was also significantly higher (P ≤ 0.05) in developing seed tissue of L. luteus Pootalong 

compared to other tissues (Fig. 2.6d). 

While primers for LaHMT/HLT were not suitable to measure its gene expression for L. 

luteus Pootalong, LaHMT/HLT expression for L. mutabilis Czech was found to be similar 

to the NLL varieties, with significantly lower expression in developing seed compared to 

other tissues (P ≤ 0.05) (Fig. 2.6c; Table S5). L. albus Kiev displayed a slightly different 

expression pattern to the other lupin varieties, with higher expression displayed in root 

and stem tissues compared to other tissues (P ≤ 0.05) (Fig. 2.6c; Table S5). 

2.4.6 Promoter analysis of candidate QA genes for bitter and sweet NLL accessions 

As the gene expression of LaL/ODC, LaCAO-like and LaAT differed significantly 

between bitter and sweet NLL, the gene sequences and their promoter sequences, 

including those for LaHMT/HLT, were compared. The amino acid sequences of all four 

genes were identical between sweet (cultivar Tanjil) and bitter (accession P27255) NLL, 

with the coding sequence differing by one (LaHMT/HLT) or two (LaL/ODC, LaCAO-

like) synonymous single nucleotide polymorphisms (SNPs). The LaCAO-like promoter 

sequence was identical between Tanjil and P27255, while the LaAT promoter region 

differed by a single SNP, 1,360 bp upstream of the coding sequence (CDS). The 

LaHMT/HLT promoter region differed by four SNPs between Tanjil and P27255, as well 

as a 1 bp deletion in P27255 and a 68 bp region was duplicated in P27255 (693 bp 
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upstream of CDS) (Fig. S2). The LaL/ODC promoter region differed between Tanjil and 

P27255 by 11 SNPs, three single base insertions in P27255 as well as a 99 bp deletion in 

P27255 (1,183bp upstream CDS) (Fig. S2). 

As LaL/ODC, LaCAO-like and LaAT shared similar expression patterns, the promoter 

sequences of these genes were investigated for common transcription factor binding 

elements. Due to the number of these putative binding elements present in the promoter 

regions, the first 500 bp upstream of the coding sequence was investigated, using the 

P27255 promoter sequence for LaL/ODC as this sequence differed slightly to Tanjil. 

Transcription factor binding elements common to all three QA biosynthetic genes are 

outlined in Table S6, identified in the PLACE database and PlantPAN2.0 (Higo et al., 

1999; Chow et al., 2016). Common binding elements include those with roles in circadian 

rhythm, chloroplast gene expression, light regulation, regulation of responses, tissue-

specific regulation, and pathogen and salt induction. Transcription factors associated with 

these binding sites include homeodomain, zinc finger (DoF), MYC, bHLH, GT1-like, 

WRKY, alpha amylase, GATA, AP2, AT-hook, leucine zipper, and members of some of 

these families were represented in the candidate transcription factors presented in Table 

2.2, which are potentially involved in QA gene regulation. 

As LaL/ODC promoter sequences up to 1 kb upstream of the coding sequence differed 

between Tanjil and P27255, binding sequences specific to either accession were analysed 

to determine if there were any specific transcriptional regulators for this gene in low-QA 

or high-QA NLL (Table S7). Unique binding elements in the Tanjil promoter were 

associated with MYB, NF-YB; NF-YA;NF-YC, WRKY and AT-hook transcription 

factors, while unique binding elements to P27255 were associated with 

Homeodomain;ZF-HD, TBP, Homeodomain;HD-ZIP, DoF, AP2;RAV;B3, bHLH and 

SBP transcription factors, as well as a TATABOX 589 bp upstream of the coding 



 

 

51 

 

sequence that is associated with tissue-specific promoter activity of a pea legumin gene 

(Shirsat et. al., 1989).
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2.5 DISCUSSION 

QAs are toxic secondary metabolites and the main anti-nutritional substance in lupin grain 

that complicates its use for food and feed purposes. QAs are produced mainly in the aerial 

parts of plants as opposed to the roots (Wink, 1987b; Lee et al., 2007), and accumulate in 

the seeds (Wink and Witte, 1984); however, it is not known to what extent QAs are 

produced in the seeds themselves. The aim of this study was to assess the extent of QA 

biosynthesis in vegetative and reproductive tissues of NLL to identify candidate genes 

for reducing QA content in NLL grain.  

At harvest, it was found that the bitter NLL accession had higher total QA levels in all 

tissues than the sweet accession, especially in seed, for which levels were 130 times 

higher (Fig. 2.2). Additionally, for both accessions, the majority of QAs had accumulated 

in the seed compared to the vegetative tissues, with lupanine being the major QA in seed 

for both NLL varieties, while the relative proportions of 13-hydroxylupanine and α-

isolupanine differed between sweet and bitter seed.  

The expression of validated and candidate genes involved in QA biosynthesis was 

measured, and it was found that the sweet NLL cultivars had less QA gene expression in 

leaf and stem tissue than the bitter NLL accession, but this did not differ in the root, flower 

and developing seed tissue (Fig. 2.6). This expands on previous findings, where LaL/ODC 

expression was detected in leaf tissue of bitter NLL but not at all in sweet NLL vegetative 

tissues (Bunsupa et al., 2012a). The unchanged QA gene expression in the seed between 

the varieties suggests that the leaf and stem tissues influence overall grain QA content 

much more than the developing seed tissue, and that QA biosynthesis within seed tissue 

of NLL is much less than the estimate given for L. albus, which suggested that half of the 

QAs are produced within the seed/fruits (Lee et al., 2007). 
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These findings make the concept of a ‘bitter/sweet’ phenotype (Wink, 1990; 1994) more 

feasible for NLL. By impeding the transport of QAs from aerial tissues to the grain, it 

may be possible to produce a plant with high-QA levels in vegetative tissues, to deter 

insect attack, but with low-QA levels in the grain, without QA biosynthesis within the 

seed themselves causing QAs in the grain to reach unacceptable levels. This idea of 

‘transport engineering’—the long-distance manipulation of secondary metabolite 

accumulation in plants (Nour-Eldin and Halkier, 2013)—has recently been implemented 

to reduce the accumulation of toxic glucosinolates in Brassica species, by mutating 

glucosinolate seed transporters (Nour-Eldin et al., 2017). Table 2.1 provides a list of 

candidate seed-specific transporters that could be targeted in pre-breeding approaches to 

achieve a similar goal in NLL. Seed-specific expression for one candidate gene showing 

high sequence similarity to an N. tabacum nicotine alkaloid transporter (NtJAT) has been 

confirmed by qRT-PCR, and represents a good candidate for further study (Fig. 2.4). 

While QA gene expression within seed was investigated as a measure of QA production, 

a direct assessment of QA biosynthesis within the seed may be difficult to achieve without 

obstructing the import of QAs into seed tissue. QA biosynthesis within seeds may be 

possible as developing green oilseeds contain chloroplasts (Asokanthan et al., 1997; 

Ruuska et al., 2004), where L/ODC and the final enzyme of lysine biosynthesis are 

localised (Mazelis et al., 1976; Wink and Hartmann, 1982b; Bunsupa et al., 2012a), and 

where lupanine is synthesised (Wink et al., 1980). However, L/ODC activity appears to 

be regulated by light (Wink and Hartmann, 1981), and while low levels of light reaching 

developing Brassica napus seeds can activate light-regulated enzymes of photosynthesis 

(Ruuska et al., 2004), it is not known how light levels will affect the enzymes of QA 

biosynthesis in lupin seeds.  
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In this study, the QA biosynthetic gene LaL/ODC and candidates LaCAO-like and LaAT 

were found to display similar expression patterns across several lupin species (Fig. 2.6), 

suggesting that these genes are co-regulated. The NLL low-QA locus iucundus, which is 

present in all NLL cultivars, may be acting in the regulation of several QA biosynthetic 

genes in NLL leaf and stem tissue, as the promoter regions of the above three genes were 

mostly identical between bitter and sweet NLL. Candidate transcription factors regulating 

QA biosynthesis in NLL were identified (Table 2.2), but these are not located in the same 

genomic region as the iucundus locus (Hane et al., 2017), and may themselves be 

regulated by iucundus. 

L. albus and L. luteus cultivars also harbour a single, major low-QA locus, specific to 

each species (pauper and dulcis, respectively) (von Sengbusch, 1942; Frick et al., 2017). 

This may not be the case for L. mutabilis, as its breeding history is more recent, although 

low-QA varieties have been identified (von Baer and Gross, 1983). This study showed 

that LaL/ODC and LaCAO-like expression of L. luteus Pootalong is similar to NLL 

cultivars, but that L. albus Kiev and L. mutabilis Czech displayed higher gene expression 

levels in leaf and/or stem tissue for both genes. It is therefore possible that the low-QA 

loci in some lupin species are controlled by different genes, or in a different manner to 

the iucundus locus in NLL, to regulate QA production. The genetic mapping of pauper 

in L. albus and the synteny of L. albus with NLL suggests that pauper and iucundus are 

controlled by different genes (Książkiewicz et al., 2017). For sweet L. albus and L. luteus  

it has been suggested that the limiting step in the QA biosynthetic pathway follows the 

formation of cadaverine, and is not due to altered L/ODC activity, as lysine and 

cadaverine concentrations do not differ between sweet and bitter varieties (Saito et al., 

1993). However, the results of this study shows low gene expression of LaL/ODC in 

sweet L. luteus, similarly to sweet NLL (Fig. 2.6), although the expression levels in bitter 

L. luteus are not known. Alternatively, bitter NLL has higher levels of lysine and a 
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putative cadaverine conjugate than sweet NLL (Bunsupa et al., 2012a), suggesting that 

iucundus reduces QA content by limiting cadaverine formation. Identification of the 

genes underlying the low-QA loci for each species would allow us to possibly ‘stack’ 

these genes in NLL, to further decrease QA content in NLL grain. 

Additional genes were identified which may be involved in QA biosynthesis that have 

similar expression patterns to LaL/ODC in NLL (Fig. 2.5). These genes, encoding major 

latex-like (MLP-like) proteins (Lup019334.1, Lup015921.1, Lup015922.1 and 

Lup015923.1) and a berberine bridge-like (BBE-like) protein (Lup003016.1), may play a 

role in the formation of tetracyclic (e.g. lupanine) or bicyclic (e.g. lupinine) QAs from the 

∆1-piperidine intermediate (Frick et al., 2017). BBEs catalyse oxidative reactions for the 

synthesis of nicotine and benzylisoquinoline alkaloids (Facchini et al., 1996; Kajikawa et 

al., 2011) and may catalyse similar reactions for QA formation (Dewick, 2002), although 

this part of the pathway is largely unknown. An MLP-like protein is also co-regulated 

with an L/ODC in the QA-producing species Sophora flavescens (Han et al., 2015). These 

genes represent good candidates for follow-up analysis to elucidate more of the QA 

biosynthetic pathway. 

The genome locations of genes encoding functionally characterised QA enzymes 

LaL/ODC and LaHMT/HLT, the low-QA locus iucundus, and candidate genes as 

identified by differential gene expression analysis in this study, were investigated to 

identify any gene clusters. While it is thought that the genes controlling the biosynthesis 

of secondary metabolites in plants are randomly scattered throughout the genome, several 

examples of gene clustering have been identified (Nützmann and Osbourn, 2014). No 

evidence is found for this; any genes co-occurring on the same linkage group are at least 

37 cM apart (Table 2.3), however interestingly, MLP2-like is flanked by two additional 

MLP-like genes. 
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With a better understanding of QA biosynthesis in NLL, it can now be assessed how this 

biosynthesis is affected by environmental stresses often imposed upon a NLL crop, and 

how this may increase grain QA content to above acceptable levels for human and animal 

consumption. 

2.6 CONCLUSIONS 

This research provides the first direct measurement of QA biosynthesis within lupin 

reproductive tissues and provides a basis for future pre-breeding efforts which may target 

candidate genes proposed in this study to decrease QA accumulation in the grain. QA 

gene expression is lower in leaf and stem tissue of sweet NLL than bitter NLL, whereas 

gene expression is unchanged in reproductive tissues. This suggests that, especially in 

bitter NLL, the majority of QAs are produced in aerial tissues, and that the iucundus low-

QA locus acts in the regulation of QA biosynthetic genes, specifically in leaf and stem 

tissues. Several candidate genes for QA biosynthesis, the regulation of the pathway and 

seed QA transporters are identified. These genes may be targeted in future pre-breeding 

efforts to further reduce QA levels in NLL grain. A reduction of QA transport to the grain 

in particular, may allow QA levels to be high in aerial tissues to deter insect attack, but 

low in grain. This research advances our understanding of alkaloid biosynthesis in lupins 

and will help in the development of improved cultivars so that NLL grain can be used as 

a health food and in sustainable agricultural practices. 
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Chapter Three 

 

 

Response of grain QA content to drought and increased 

temperature in narrow-leafed lupin (Lupinus angustifolius L.) 

is cultivar specific 
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3.1 ABSTRACT  

Quinolizidine alkaloids are secondary metabolites that complicate the use of narrow-

leafed lupin (Lupinus angustifolius L.) grain as a food source, as levels often exceed the 

industry threshold of 0.02%. However, the genotypic and environmental influences on 

alkaloid production are poorly understood. Here, the effect of drought, increased 

temperature, and their combination, on alkaloid production was assessed in three narrow-

leafed lupin cultivars. A cultivar-specific response in grain alkaloid levels was observed; 

for cultivar Danja, a 5 °C increase in mean temperature increased grain alkaloid levels by 

51%; for Tanjil, drought increased levels by 62%; while Tallerack showed no response 

relative to control conditions. There was no interaction between increased temperature 

and drought stress for total grain alkaloid levels for any cultivar. The alkaloid levels in 

leaves of Danja correlated with grain alkaloid levels under increased temperature. The 

expression of LaL/ODC, a quinolizidine alkaloid biosynthetic gene, did not correlate with 

grain alkaloid levels, both between cultivars and under stress treatments. This research 

demonstrates that growers must consider the conditions under which they produce lupin 

grain, especially with a changing climate, and grow appropriate cultivars. Additionally, a 

better understanding of the genetic factors underlying alkaloid production in narrow-

leafed lupin is needed, to produce cultivars with consistently low alkaloid levels.  
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3.2 INTRODUCTION 

Increased temperature and drought are the major environmental factors affecting crop 

yields worldwide, which lead to a series of morphological, physiological, biochemical 

and molecular changes within a plant that can affect grain quality (Rizhsky et al., 2002; 

Rizhsky et al., 2004; Rodziewicz et al., 2014). Narrow-leafed lupin (Lupinus angustifolius 

L.; NLL) is a major grain legume crop, grown in Mediterranean environments that are 

characterised by hot and dry periods during pod set. NLL grain has received recognition 

as a human health food as it is high in protein and fibre (Petterson, 1998). However, the 

accumulation of quinolizidine alkaloids (QAs) affects grain quality. Levels of these toxic 

secondary metabolites must remain below 0.02% for the grain to be suitable for food and 

feed markets in Australia and some European countries (Cowling, 1998; Boschin et al., 

2008; Jansen et al., 2009), however this limit is often exceeded (Cowling and Tarr, 2004), 

reducing the value of the grain. It is not well understood which environmental factors 

elevate grain QA levels in NLL, as the levels vary depending on both genotype and 

environment, and are highly unpredictable over both time and location (Cowling and Tarr, 

2004).  

Drought conditions increase the alkaloid content in plant species such as Papaver 

somniferum and Catharanthus roseus (Szabó et al., 2003; Jaleel et al., 2007), and may 

increase QA content in lupin (Waller and Nowacki, 1978). However in European NLL 

cultivars, drought stress did not alter grain QA content relative to fully irrigated 

treatments, despite QA levels being influenced by the plant growth stage during which 

the drought was applied (Christiansen et al., 1997). Increased temperatures can 

substantially increase grain QA content in European NLL varieties (Jansen et al., 2009). 

What is not known is the combined impact of drought and increased temperature on grain 

QA content—an important consideration as both of these abiotic factors often occur 
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simultaneously. The molecular response of plants to a combination of drought and 

increased temperature differs from that of an individual stress (Rizhsky et al., 2002; 

Rizhsky et al., 2004; Suzuki et al., 2014), although relatively little is known about how 

this combination affects legumes.  

While a couple of studies have investigated the individual impacts of drought or increased 

temperature on grain QA content in European NLL varieties (Christiansen et al. 1997; 

Jansen et al. 2009), none have assessed their impact on Australian cultivars, with the 

exception of large-scale genotype × environment analysis (Cowling and Tarr, 2004). The 

impact of drought and increased temperature on grain QA content are particularly 

important factors in south-western Australia where NLL is widely grown, as in addition 

to the hot, windy weather imposed on plants during pod set, the sandy soils have poor 

water-holding capacity, imposing higher water-stress on plants (Hocking, 1982). The 

Australian breeding program has exploited little breeding material from other programs, 

such as from Europe, as this material has been developed for a different environment 

(Buirchell, 2008). For example, cultivars in the Australian breeding program have been 

bred for drought escape, due to a short growing season, mainly by introducing earlier 

flowering (Gladstones, 1970; French and Buirchell, 2005). Therefore, genotypic 

variations in the response of grain QA content to drought and increased temperature may 

exist between Australian and European NLL varieties. The impact of drought and 

increased temperature on grain QA content in NLL is also particularly important as 

climate change projections for the Mediterranean and Australian grain-growing regions 

predict that conditions will only get drier and warmer (Giorgi and Lionello, 2008; Head 

et al., 2014), and may have implications for the suitability of certain areas for growing 

NLL in the future.  



 

61 

 

Lastly, the impact of these abiotic stresses on the QA biosynthetic pathway has not yet 

been determined, which is important for understanding the causes of elevated grain QA 

levels to inform breeding approaches for reduced grain QA content. While QAs 

accumulate in the grain, it is the green aerial tissues that are the major sites of QA 

biosynthesis, which are then transported to the seeds primarily by the phloem (Wink and 

Hartmann, 1982b; Wink, 1987b; Lee et al., 2007; Bunsupa et al., 2012a). The QA 

biosynthetic pathway is partly elucidated and has been summarised in a recent review 

(Frick et al., 2017). Currently, only two genes involved in QA biosynthesis have been 

molecularly characterised—Lupinus angustifolius lysine/ornithine decarboxylase 

(LaL/ODC) and Lupinus albus tigloyl-CoA:(–)-13α-hydroxymultiflorine/(+)-13α-

hydroxylupanine O-tigloyltransferase (LaHMT/HLT) (Okada et al., 2005; Bunsupa et al., 

2012a). Two other genes—Lupinus angustifolius acyltransferase (LaAT) and Lupinus 

angustifolius copper amine oxidase (LaCAO-like)—have been suggested as being 

involved in QA biosynthesis (Bunsupa et al., 2011) (Chapter Two), although their 

molecular function has not been confirmed. 

In this study, the impact of drought, increased temperature, and the interaction of these 

stresses, on the production of QAs in three cultivars of NLL was assessed. These 

cultivars—Danja, Tanjil and Tallerack—were chosen as they represent a range of genetic 

diversity in Australian cultivars (Berger et al., 2012), as well as a range in QA levels that 

accumulate in the grain. The extent of drought and increased temperature on QA 

production was assessed by measuring QA levels in mature grain collected from plants 

subjected to these stresses from the beginning of pod set, and by measuring QA levels 

and QA biosynthetic gene expression in leaf material collected during pod set.   
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3.3 MATERIALS AND METHODS 

3.3.1 NLL cultivars 

NLL cultivars Danja, Tanjil, and Tallerack were obtained from the Australian Lupin 

Collection housed at the Department of Agriculture and Food of Western Australia 

(DAFWA). These cultivars represent a spread of genetic diversity (Berger et al., 2012) 

and a range of QA levels within Australian NLL cultivars. Danja generally has high-QA 

levels and Tallerack has low-QA levels (Gremigni et al., 2001; Cowling and Tarr, 2004; 

Adhikari et al., 2012). See Fig. 2.1 for the pedigree relationships among these cultivars.  

3.3.2 Determination of pot water-holding capacity 

Prior to sowing, 72 × 8.6 L capacity pots (160 mm diameter, 430 mm height) were filled 

with sandy loam soil, weighed, watered to excess, allowed to drain and weighed again 

after 24 h, with the difference in weight identified as the pot water-holding capacity (~ 

1.3 L per pot). 

3.3.3 Growth and treatment conditions 

Three seeds of a particular cultivar were sown into each pot and inoculated with 

Rhizobium Group G. Plants were grown in two identical growth cabinets set at 18/12 °C 

day/night cycle in a randomised block design and 12 h day length, with low light 

conditions from 6:30–8:30, full light from 8:30–16:30 and moderate light from 16:30–

18:30. Plants were watered every 2–3 days in order to maintain 100% water capacity. At 

ten days after sowing (DAS), seedlings were trimmed to one seedling per pot, fertilised 

with ¼ tsp Macrocote Blue fertiliser and ~0.6 g powdered superphosphate and potash, 

and treated with Banrot fungicide treatment, according to the manufacturer’s directions. 

Once 50% of plants had begun to flower on lateral stems (70 DAS), watering ceased for 

half of the plants in each cabinet; one cabinet was set to 24/16 °C, while the other was 
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maintained at 18/12 °C. Daytime temperatures reflected average temperatures in the 

south-west Australian grain-growing region during the vegetative growth and early pod 

set in a NLL crop (May–Sept) or increased temperatures towards the end of pod set and 

after the end of the growing season (Oct–Apr) (Dracup and Kirby, 1996; BOM, 2016). 

This moderate 5 °C increase in mean temperature ensured that the combined drought 

stress and increased temperature treatment did not result in reproductive failure of the 

plant. There were four treatments for each cultivar: (i) control, well-watered at 18/12 °C; 

(ii) drought at 18/12 °C; (iii) increased temperature (24/16 °C) and well-watered; and (iv) 

drought and increased temperature (24/16 °C). 

All pots were weighed every 2–3 days to maintain 100% water capacity in well-watered 

treatments and to monitor water-use in drought treatments. Once drought-treated plants 

were using 10–20 mL day–1 and wilting symptoms were observed, approximately two 

weeks after the cessation of watering, watering was recommenced to 35% field capacity. 

Pots continued to be weighed every 2–3 days to maintain watering treatments. Once the 

pods on first-order lateral stems were mature, watering was ceased and plants were left to 

dry for two weeks. 

3.3.4 Collection of samples 

After the commencement of stress treatments, young leaf material was collected from 

each plant every two weeks (~400 mg). Developing seeds (13–16 days after anthesis) 

were collected 3–4 weeks after the commencement of stress treatments. The total number 

of seeds set on each plant, as well as the number on the main stem and first-order lateral 

stems, was recorded. Mature grain which had set completely during stress treatments was 

collected for QA analysis. All tissue was placed immediately in liquid nitrogen and stored 

at –80 °C until further analyses. 
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3.3.5 QA quantification in NLL grain and leaf tissues 

Mature grain and leaf material were ground to a fine powder under liquid nitrogen using 

a mortar and pestle. QA analysis was carried out at the ChemCentre (WA) by capillary 

gas chromatography using 0.5 g of material (Priddis, 1983; Harris and Wilson, 1988). 

The limit of quantification for each QA is 0.001%.  

3.3.6 RNA extraction and cDNA synthesis 

Tissue was ground to a fine powder under liquid nitrogen; leaf material was ground using 

a chilled pestle, and developing seed tissue was ground in a Precelleys homogeniser 

(Bertin Instruments) in conjunction with the Cryolys cooling system. RNA extractions 

were carried out using ~100 mg of tissue and TRIzol reagent (Thermo Fisher Scientific), 

as described in (Kamphuis et al., 2015). Subsequently, RNA samples were treated with 

Ambion TURBO DNA-free DNase Treatment, according to manufacturer’s directions. 

The quality and quantity of RNA were assessed using a Nanodrop to ensure an A260/A230 

ratio > 1.8 and A260/A280 > 2.0. cDNA synthesis reactions were carried out using 1 µg 

RNA with the iScript Reverse Transcription Supermix (BioRad) for qRT-PCR, following 

manufacturer’s recommendations. 

3.3.7 Primer design and qRT-PCR 

Primers used in this study for qRT-PCR have been described previously (Chapter Two). 

These primers are used to amplify the reference gene LaUBC9-like (Lup018255.1), QA 

biosynthetic genes L. angustifolius lysine/ornithine decarboxylase (LaL/ODC; 

Lup009726.1) (Bunsupa et al., 2012a) and L. albus tigloyl-CoA:(–)-13α-

hydroxymultiflorine/(+)-13α-hydroxylupanine O-tigloyltransferase (LaHMT/HLT; 

Lup022251.1) (Okada et al., 2005), and candidate QA biosynthetic gene L. angustifolius 

copper-amine oxidase-like (LaCAO-like; Lup000530.1) (Chapter Two). Primer 
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sequences are outlined in Table S2. The expression of the candidate QA biosynthetic gene 

L. angustifolius acyltranferase (LaAT) (Bunsupa et al., 2011) was not measured, as it is 

either undetected or at barely detectable levels in NLL cultivars (Chapter Two). qRT-

PCR was carried out as outlined in Chapter Two, performed in 10 µL reactions with 5 µL 

SsoFast Evagreen Supermix, 4 µL 1:50 cDNA reaction dilution and 1 µL primer mix 

containing 5 µM each of forward and reverse primers, including a reference gene and 

non-template control on each plate. Relative gene expression was calculated using the 2–

∆∆CT method (Livak and Schmittgen, 2001) to normalise the average Ct values of technical 

replicates to the reference gene LaUBC9-like. The suitability of LaUBC9-like for this 

study was validated using BestKeeper software (Pfaffl et al., 2004)(Table S8).  

3.3.8 Statistical analyses 

Statistical analyses were carried out using GenStat, 18th edition. Data for grain number 

and grain QA content are presented as the mean and standard error (SE) of six biological 

replicates. Two-way analysis of variance (ANOVA) was used to assess the effect of 

drought, increased temperature and drought × temperature interaction on grain number 

and grain QA content for each cultivar. Data for QA content in leaf material are presented 

as the mean and SE of three biological replicates, where material from two plants were 

pooled for one replicate. Two-way ANOVA was used to assess the effect of cultivar, time 

and the cultivar × time interaction on leaf QA content of control plants, during seed 

development, and three-way ANOVA was used to assess the effect of drought, 

temperature, time, and all interactions on leaf QA content of stressed plants for each 

cultivar. Data for gene expression analyses are presented as the mean and SE of three 

biological replicates. Three-way ANOVA was used to assess the effect of drought, 

increased temperature, time, and all interactions on QA gene expression in leaf material 

of each cultivar during seed development, and two-way ANOVA was used to assess the 
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effect of drought, temperature, the drought × temperature interaction on QA gene 

expression in developing seed material, for each cultivar. Means were compared at the P 

≤ 0.05 level.  
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3.4 RESULTS 

3.4.1 Impact of drought, increased temperature and their combination on plant 

growth 

Three NLL cultivars—Danja, Tanjil and Tallerack—were subjected to drought, increased 

temperature or a combination of the two stresses from the beginning of pod set. First-

order lateral pods matured more quickly in plants subjected to higher temperature (24/16 

°C) than those at lower temperature (18/12 °C); the plants subjected to the higher 

temperature matured approximately two months after treatment started (56 days after 

stress) compared to three months for the plants subjected to lower temperature (84 days 

after stress). For all three cultivars, the different combinations of stress treatments resulted 

in fewer pods set on lateral branches relative to control plants, resulting in lower grain 

yields (Table 3.1). For cultivar Danja, both drought and increased temperature decreased 

total seed number, with a significant interaction found between drought and temperature 

(P ≤ 0.05). For cultivar Tanjil, only drought significantly decreased total seed number (P 

≤ 0.05), while for cultivar Tallerack, both drought and increased temperature significantly 

decreased total seed number (P ≤ 0.05). In all three cultivars, the number of seeds set on 

the main stem and first-order lateral stems (seeds collected for QA analysis) decreased 

significantly with the drought treatment (P ≤ 0.05).  
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Table 3.1: Grain yield for NLL cultivars Danja, Tanjil and Tallerack under stress treatments. Two-way ANOVA (P ≤ 0.05) was used to test for significant 

differences in grain number between stress treatments within each cultivar. Where the effect of temperature was not significant, values for watering 

treatments were pooled. Different letters denote significant differences. The means and standard errors of six biological replicates are presented, or twelve 

where data is pooled. 1 Total grain refers to all mature grain set per plant at the end of the experiment; 2 Refers to grain collected for QA analysis. 

 

  Danja Tanjil Tallerack 

  
Control Drought 

High 

temp 

Drought 

and High 

Temp 

Well-watered Drought 
Low 

Temp 

High 

Temp 
Well-watered Drought 

Total grain number 1 172.8 a 33.0 c 56.67 b 31.5 c 103.4 a 45.0 b 62.0 a 33.7 b 73.6 a 22.1 b 

LSD 19.99       32.12   Temp LSD = 25.54 Drought LSD = 25.54 

  Well-watered Drought Well-watered Drought Well-watered Drought 

Grain number on 

mainstem and first 

order lateral stems 2 

37.8 a 21.8 b 47.8 a 27.0 b 42.4 a 19.0 b 

LSD 11.63   13.51   8.98   
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3.4.2 QA content in grain set under stress treatments   

For cultivar Danja, a 5 °C mean increase in temperature from 18/12 °C to 24/16 °C 

increased grain QA levels by 51%, independent of watering treatment (P ≤ 0.05, LSD = 

0.089) (Fig. 3.1a). There was no significant effect of watering or interaction between 

watering treatment and temperature on total QA levels. Individual QAs lupanine and α-

isolupanine increased with higher temperature; lupanine increased by 98% and α-

isolupanine increased by 14%, relative to plants at lower temperature (lupanine; P ≤ 0.05, 

LSD = 0.062, α-isolupanine; P  ≤ 0.05, LSD = 0.001) (Table 3.2). For angustifoline and 

13-hydroxylupanine, a significant interaction was found between the temperature and 

watering treatments. Levels of angustifoline were higher with high temperature and well-

watered treatment than all other treatments, and levels of 13-hydroxylupanine were higher 

with high temperature and well-watered treatments, than low temperature and well-

watered treatment, with no other significant differences between treatments 

(angustifoline; P ≤ 0.05, LSD = 0.012, 13-hydroxylupanine; P ≤ 0.05, LSD = 0.038) 

(Table 3.2). 

In contrast to Danja, drought had a significant effect on grain QA levels in cultivar Tanjil, 

with drought-stressed plants producing 62% higher levels than the well-watered plants, 

independent of temperature (P ≤ 0.05, LSD = 0.038) (Fig. 3.1b). There was no significant 

effect of temperature treatment or interaction of watering treatment and temperature on 

total grain QAs. Lupanine increased under both increased temperature (67%) (P ≤ 0.05, 

LSD = 0.014) and terminal drought (100%) (P ≤ 0.05, LSD = 0.014) (Table 3.2). For 

angustifoline and 13-hydroxylupanine, a significant interaction was found between the 

temperature and watering treatments. Levels of angustifoline were higher with drought at 

low temperature than all other treatments, with no other significant differences between 

the treatments (P ≤ 0.05, LSD = 0.007). Levels of 13-hydroxylupanine were significantly 
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higher with drought at low temperature, than well-watered treatment at low temperature, 

with no other differences between treatments (P ≤ 0.05, LSD = 0.014) (Table 3.2). Levels 

of α-isolupanine did not differ significantly (Table 3.2).  

For cultivar Tallerack, there was no significant effect of watering treatment or 

temperature on total grain QA content and only α-isolupanine increased (75%) under 

increased temperature relative to low temperature (P ≤ 0.05, LSD = 0.004) (Fig. 3.1c; 

Table 3.2). Therefore the response of temperature and drought in terms of QA content 

accumulating in the grain appears to be cultivar-specific. 
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Figure 3.1: Grain QA content in three NLL cultivars under stress treatments, (A) Danja, 

(B) Tanjil and (C) Tallerack. No significant effect of watering treatment was found for 

cultivar Danja, and no significant effect of temperature was found for cultivar Tanjil, 

therefore data for these respective treatments was pooled. The means and standard errors 

of 12 (Danja and Tanjil) or six (Tallerack) biological replicates are presented. Two-way 

ANOVA (P ≤ 0.05) was used to test for significant differences in total QA between stress 

treatments within each cultivar; different letters denote significant differences. Note the 

difference in y-axis values for cultivar Danja.  
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Table 3.2: Mean levels of individual quinolizidine alkaloids (QAs) in grain from three 

NLL cultivars (Danja, Tanjil and Tallerack) subject to drought, increased temperature, 

and their combination. Two-way ANOVA was used to assess the effect of drought, 

increased temperature and drought × temperature interaction on individual QA levels. 

Where the effect of drought of temperature was not significant, the data for the 

corresponding factor was pooled. Mean values are for six replicates, or twelve where 

pooled. *For lupanine levels in Tanjil grain, both temperature and drought were 

significant, with no interaction between the two. LSD = least significant difference. N.S. 

= not significant. 

 

 

 

 

 

 

 

 
 Low temperature High temperature 

LSD 
NLL 

cultivar 

Quinolizidine 

alkaloid 
Well-watered Drought Well-watered Drought 

Danja 

lupanine 0.137 0.271 0.061700 

α-isolupanine 0.00408 0.00517 0.000604 

13-hydroxylupanine 0.1240 0.1580 0.1758 0.1512 0.038180 

angustifoline 0.0542 0.0544 0.0753 0.0573 0.012290 

Tanjil 

Lupanine 0.0388 0.0649 0.014080 

 *Well-watered = 0.0346 *Drought = 0.0692 0.014080 

α-isolupanine 0.00317 0.00467 0.00250 0.00400 N.S. 

13-hydroxylupanine 0.0275 0.0490 0.0368 0.0370 0.136800 

angustifoline 0.0125 0.0223 0.0145 0.0137 0.006540 

Tallerack 

lupanine 0.0147 0.0254 0.0232 0.0478 N.S. 

α-isolupanine 0.00497 0.00870 0.003660 

13-hydroxylupanine 0.0172 0.0262 0.0272 0.0336 N.S. 

angustifoline 0.0072 0.0096 0.0103 0.0122 N.S. 
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3.4.3 QA content in leaf material during seed development 

As QAs are predominantly synthesised in the aerial tissue of the plant (Wink and 

Hartmann, 1982b; Wink, 1987b; Lee et al., 2007), the differences in QA content in the 

leaves of the three cultivars under normal growing conditions was investigated. QA levels 

were measured in control plants—under well-watered and lower-temperature treatment—

of all three cultivars from the beginning of pod set on the main stem (Time 0), to the end 

of maturation of grain on first-order lateral stems (Time 72) to understand changes in QA 

production during seed development (Fig. 3.2). Total QA levels in cultivar Danja were 

consistently higher than cultivars Tanjil and Tallerack at each point, and levels increased 

significantly over time (P ≤ 0.05, LSD = 0.002). Total QA levels between Tanjil and 

Tallerack did not differ significantly from each other, or over time. In all cases, 13-

hydroxylupanine was the most abundant QA in leaf material of all cultivars, 

encompassing 60–84% of total QAs, followed by angustifoline in Danja leaf material, 

while levels of angustifoline mostly fell below the limit of quantification in Tanjil and 

Tallerack leaf material (Table S9). Levels of lupanine and α-isolupanine fell below the 

limit of quantification in all samples.  
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Figure 3.2: QA levels in leaf material of three NLL cultivars under low temperature and 

well-watered conditions, over a time course from the beginning of pod set on the main 

stem to maturation of lateral pods on first-order branches. The means and standard errors 

of three biological replicates are presented, each replicate consisting of pooled material 

from two individual plants. Two-way ANOVA was used to compare QA levels in each 

NLL cultivar at a certain time point. LSD = 0.002. The limit of quantification is 0.001%. 

 

3.4.4 QA content in leaf material under stress treatments 

QA content in leaf material from stressed plants was analysed at two time points (Time 

13 and Time 56) to quantify leaf QA levels at early and late seed development stages. For 

cultivar Danja, higher temperature caused leaf QA levels to increase 2.1-fold (P ≤ 0.05, 

LSD = 0.006), independent of watering treatment or the time that leaves were collected 

(Fig. 3.3a). For cultivar Tanjil, an increase in leaf QA levels was only identified over time 

(P ≤ 0.05, LSD = 0.001), with no effect of stress treatments (Fig. 3.3b). As grain QA 

levels for Tallerack did not differ under the stress treatments, the impact on leaf QA levels 

was not investigated.  
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Figure 3.3: QA levels in leaf material of NLL cultivars subjected to drought, increased 

temperature or their combination (measured at 13 and 56 days after the commencement 

of stress treatments; DAS). For cultivar Danja (A) a significant effect of temperature was 

found, independent of the time sampled and for cultivar Tanjil (B) only a significant effect 

of time was found. The means and standard errors of six biological replicates are 

presented, each replicate consisting of pooled material from two individual plants. Three-

way ANOVA (P ≤ 0.05) was used to test for significant differences in leaf QA content 

with the effects of drought, increased temperature and time, for each cultivar. Different 

letters denote significant differences. The limit of quantification is 0.001%. 
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3.4.5 QA biosynthetic gene expression in leaf material 

The expression of L. angustifolius lysine/ornithine decarboxylase (LaL/ODC; 

Lup009726.1), the first gene in the QA biosynthetic pathway, was measured in leaf 

material of the three cultivars under all stress treatments and during seed development, to 

identify any correlations with leaf and grain QA levels. Stress treatments generally 

reduced the expression of LaL/ODC in leaf material of all three cultivars and expression 

did not differ over seed development (expression was measured at 13, 28, 42, 56, 70 and 

84 days after the commencement of stress treatments). For cultivar Danja, LaL/ODC 

expression was decreased with both drought (P ≤ 0.05, LSD = 0.285) and increased 

temperature (P ≤ 0.05, LSD = 0.312) (Fig. 3.4a). For cultivar Tanjil, drought and 

increased temperature reduced LaL/ODC expression, with a significant interaction 

between the two treatments (P ≤ 0.05, LSD = 1.018) (Fig. 3.4b). For cultivar Tallerack, 

increased temperature reduced LaL/ODC expression (P ≤ 0.05, LSD = 0.396) (Fig. 3.4c). 

For cultivars Danja and Tanjil, the expression of L. albus tigloyl-CoA:(–)-13α-

hydroxymultiflorine/(+)-13α-hydroxylupanine O-tigloyltransferase (LaHMT/HLT; 

Lup0022251.1) was reduced under drought (Danja; P ≤ 0.05, LSD = 0.250, Tanjil; P ≤ 

0.05, LSD = 0.300) (Fig. 3.5a,b). For cultivar Tallerack, LaHMT/HLT expression was 

reduced under drought (P ≤ 0.05, LSD = 1.083), but also increased under increased 

temperature (P ≤ 0.05, LSD = 1.083) (Fig. 3.5c). The expression of L. angustifolius 

copper amine oxidase (LaCAO-like; Lup000530.1) was either not detected in leaf tissue 

of the three cultivars, or was present at very low levels (data not shown). 
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Figure 3.4: Gene expression (qRT-PCR) of LaL/ODC (Lup009726.1) in leaf material 

from three NLL cultivars under stress treatments, imposed from the beginning of pod set. 

Expression for all three cultivars did not differ over time (13, 28, 42, 56, 70 and 84 days 

after commencement of stress treatments), therefore expression over time is pooled. (A) 

Danja, (B) Tanjil, and (C) Tallerack. Data are relative to time 0. The mean and standard 

errors of three biological replicates are presented. Three-way ANOVA was used to test 

for significant differences in gene expression with the effects of drought, increased 

temperature and time, for each cultivar. Control = well-watered at low temperature. 

 

 

a

b

0

0.2

0.4

0.6

0.8

1

1.2

Low Temp High Temp

R
el

at
iv

e 
ex

p
re

ss
io

n
 

D
an

ja

a

b

0

0.2

0.4

0.6

0.8

1

1.2

Well-watered Drought

a

b b
b

0

1

2

3

4

Control Drought High Temp Drought and High

Temp

R
el

at
iv

e 
ex

p
re

ss
io

n
 

T
an

ji
l

a

b

0

0.5

1

1.5

Low Temp High Temp

R
el

at
iv

e 
ex

p
re

ss
io

n
 

T
al

le
ra

ck

A 

C 

B 



 

78 

 

 

 

  

Figure 3.5: Gene expression (qRT-PCR) of LaHMT/HLT (Lup022251.1) in leaf material 

from three NLL cultivars under stress treatments, imposed from the beginning of pod set. 

Expression for all three cultivars did not differ over time (13, 28, 42, 56, 70 and 84 days 

after commencement of stress treatments), therefore expression over time is pooled. (A) 

Danja, (B) Tanjil and (C) Tallerack. Data are relative to time 0. The means and standard 

errors of three biological replicates are presented. Three-way ANOVA was used to test 

for significant differences in gene expression with the effects of drought, increased 

temperature and time, for each cultivar. Control = well-watered at low temperature. 
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The expression of LaL/ODC was also compared in the control plants of the three cultivars, 

to determine how this expression correlates with leaf and grain QA levels across cultivars. 

The expression of LaL/ODC differed significantly depending on the cultivar and over 

time, with a significant interaction of the two (P ≤ 0.05, LSD = 0.094), and higher 

expression in Danja and Tanjil than in Tallerack (P ≤ 0.05) (Fig. S3). 

3.4.6 QA biosynthetic gene expression in developing seed 

The expression of LaL/ODC was measured in developing seeds (13–16 days after 

anthesis) under stress conditions to identify if increased QA accumulation under certain 

treatments is due to changes within the seed. For cultivar Danja, LaL/ODC expression 

was reduced with both drought (P ≤ 0.05, LSD = 0.045) and increased temperature (P ≤ 

0.05, LSD = 0.045) (Fig. 3.6a). For cultivar Tallerack, increased temperature reduced 

LaL/ODC expression (P ≤ 0.05, LSD = 0.038), while stress treatments did not alter 

expression for Tanjil (Fig. 3.6b,c). The expression of LaHMT/HLT was either not detected 

in seed tissue of all three cultivars, or was present at very low levels (data not shown). 
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Figure 3.6: Gene expression (qRT-PCR) of LaL/ODC (Lup009726.1) in developing seed 

tissue (13–16 days after anthesis) of three NLL cultivars under stress treatments, (A) 

Danja (B) Tanjil, and (C) Tallerack. Expression for certain treatments is pooled to 

illustrate significant differences. The means and standard errors of three or six biological 

replicates are presented. Two-way ANOVA (P ≤ 0.05) was used to test for significant 

differences in gene expression with the effects of drought and increased temperature, for 

each cultivar. 
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3.5 DISCUSSION 

The aim of this study was to assess the impact of drought, increased temperature, and a 

combination of these stresses, on grain QA content in three NLL cultivars that represent 

a range of genetic diversity in cultivated Australian NLL. Total grain QAs increased in 

cultivar Danja under increased temperature and in cultivar Tanjil under drought stress, 

but there was no effect of the stress treatments in cultivar Tallerack. There were no 

significant interactions between drought and increased temperature on total grain QA 

levels in any cultivar.  

These findings for Tanjil differ from those in a previous study investigating the impact of 

drought on grain QA content in European NLL cultivars, where grain QA content in 

drought-treated plants did not differ from fully irrigated controls (Christiansen et al., 

1997). Additionally, while there was a strong correlation between grain QA content and 

mean temperature in European cultivars (Jansen et al., 2009), the increased temperature 

in this study only increased total grain QAs for Danja, despite increased levels of lupanine 

in both Danja and Tanjil. It is possible that selection for different traits in European and 

Australian breeding programs result in different responses for grain QA content to the 

environment, as these programs have been carried out relatively independently from one 

another (Buirchell, 2008).  

Likewise, the differences found in grain and leaf QA levels in the three NLL cultivars, 

and their response to the stress treatments, may be explained by their genetic 

backgrounds. While all are derived from early Australian cultivars, Tallerack is also 

derived from wild material from Israel, Tanjil from wild material from Spain, and Danja 

from breeding material from the USA (Cowling, 1999). A recent phylogeographic study 

of Mediterranean NLL lines shows a strong east–west division in both genetic diversity 

and phenotypic variation (Mousavi-Derazmahalleh, 2018); and as such, the wild parents 



 

82 

 

from which Tallerack and Tanjil are derived are likely genetically distinct. The 

differences in QA levels may be due to differences in QA biosynthesis, or differences in 

stress responses which in turn regulate QA biosynthesis. This demonstrates that a better 

understanding of the genetic factors affecting QA content in both NLL cultivars and wild 

varieties is required to produce improved cultivars.  

The differences found in the response of grain QA content to the environment in the three 

NLL cultivars may also explain why grain QA content is not strongly associated with any 

particular environmental factor in NLL, despite being highly variable across 

environments (Cowling and Tarr, 2004). While the three NLL cultivars in this study 

represent a range of genetic diversity in Australian NLL, it is apparent that individual 

cultivars have different responses in grain QA content to the environment, likely due to 

their genetic background. It was identified that grain QA content in cultivar Tallerack did 

not change significantly following heat or drought stress, providing an opportunity for 

breeding programs to select material that does not change QA content following these 

stresses; however, this cultivar is susceptible to aphids, likely due to its low QA levels 

(Berlandier, 1996; Adhikari et al., 2012). Therefore, further examination of current pre-

breeding lines and modern cultivars and their response to these abiotic stress conditions 

is required to inform breeding practices to ensure consistently low QA levels in the NLL 

grain. 

What also needs to be determined, is the mechanism causing increased grain QA levels 

in the NLL cultivars under abiotic stress. For cultivars Tallerack and Danja, grain QA 

content was not related to grain yield, but the increased grain QA content for cultivar 

Tanjil under drought stress may be, as drought stressed plants produced significantly less 

grain than well-watered plants (Table 3.1), possibly increasing grain QA concentrations 

due to reduced sink tissues. It is also possible that the increased grain QA levels under 
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stress are due to increased biosynthesis in the leaves as the grain QA content was related 

to leaf QA content in control plants (Fig. 3.1a and 3.2) and, for Danja, the increase in 

grain QA content under increased temperature was associated with an increase in leaf QA 

content (Fig. 3.1a and 3.3a).  

This study demonstrates that expression of the QA biosynthetic gene LaL/ODC is not a 

good predictor of grain or leaf QA content in the three NLL cultivars. Relative LaL/ODC 

expression was either unchanged or decreased in leaf and developing seed material of the 

three cultivars under the stress treatments compared to the control plants (Fig. 3.4a,b,c), 

and LaL/ODC expression was similar in leaf material of Danja and Tanjil, despite Danja 

accumulating grain and leaf QA levels 4.5–4.8 times that of Tanjil (Fig. 3.1a,b and 3.2, 

Fig. S3). Previously, it was found that that LaL/ODC expression correlates with both grain 

and leaf QA levels between cultivated and wild NLL (Chapter Two); however, results 

from this study demonstrate that the transcript level of LaL/ODC is not the limiting factor 

for QA biosynthesis in NLL cultivars.  

It is possible that other factors, such as the expression of other biosynthetic or regulatory 

genes, substrate availability or post-transcriptional regulation of LaL/ODC or its enzyme 

activity may be important for QA biosynthesis in cultivars, particularly under abiotic 

stresses. Both drought and increased temperature cause physiological changes in the 

plant, such as reduced stomatal conductance and altered conditions within the 

chloroplast—where L/ODC is localised (Wink and Hartmann, 1982b)—resulting in 

reduced chlorophyll content and photosynthesis and the formation of reactive oxygen 

species (Rodziewicz et al., 2014). Drought stress has also been associated with increased 

amino acid content in various plant species, (Good and Zaplachinski, 1994; Rodziewicz 

et al., 2014), potentially affecting the availability of lysine, from which QAs are derived 

(Wink, 1987a).  
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3.6 CONCLUSIONS 

This study demonstrates that both drought and increased temperature can increase grain 

QA content in NLL in a cultivar-specific manner. This necessitates a larger-scale study, 

to assess the impact of these abiotic stresses on more NLL cultivars, and has implications 

for agriculture and breeding of NLL, particularly as climate change is predicted to 

exacerbate these stresses in NLL grain-growing areas. A complimentary and longer-term 

approach would be to elucidate the genetic factors underlying QA content in NLL 

cultivars, to produce cultivars with consistently low QA levels, independent of 

environmental variations. 
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Chapter Four 

 

Aphid predation and methyl jasmonate do not induce the biosynthesis 

of quinolizidine alkaloids in narrow-leafed lupin (Lupinus angustifolius 

L.) cultivars 
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4.1 ABSTRACT 

Quinolizidine alkaloids (QAs) are toxic secondary metabolites produced in lupin species 

that protect the plant against insect pests. These are produced in aerial tissues and 

accumulate in the grain. Grain QA levels vary considerably with the environment and 

pose a problem as they sometimes exceed the industry limit for food and feed purposes. 

It was hypothesised that QA biosynthesis increases in response to aphid predation, which 

may explain some environmental variability in grain QA content. The effect of aphid 

predation on QA production was assessed for two narrow-leafed lupin (NLL; Lupinus 

angustifolius L.) cultivars, one resistant and one susceptible to aphid predation, however 

no changes in QA production in either cultivar were found. As NLL cultivars produce 

lower alkaloid levels than their wild counterparts through the use of a single low alkaloid 

locus, the role of the jasmonate plant signalling pathway on QA production in ‘sweet’ 

cultivated and ‘bitter’ wild NLL was investigated. Methyl jasmonate treatment induced 

QA production in bitter, but not sweet NLL, suggesting that the NLL low alkaloid locus 

regulates the response of QA production to environmental stimuli. These research 

findings conclude that aphids are not a concern for increasing grain QA content in NLL 

cultivars.  
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4.2 INTRODUCTION 

Plants may respond to biotic stress, such as insect predation, by initiating plant defence 

responses which can result in the accumulation of protective secondary metabolites (Zhao 

et al., 2005; Bari and Jones, 2009; Pauwels et al., 2009). Narrow-leafed lupin (NLL; 

Lupinus angustifolius L.) is a major grain legume crop which accumulates quinolizidine 

alkaloids (QAs) in the grain—toxic secondary metabolites that must remain below 0.02% 

for the high-protein grain to be used for food and feed purposes (Allen, 1998; Petterson, 

1998). However, grain QA levels can often exceed this threshold, and it is not well 

understood which environmental conditions cause elevated QA levels (Cowling and Tarr, 

2004). While some studies have investigated the role of abiotic factors on grain QA 

content in NLL, such as drought, temperature, and soil pH and nutrient availability 

(Christiansen et al., 1997; Gremigni et al., 2003; Jansen et al., 2009; Jansen et al., 2012) 

(Chapter Three of this thesis), there are fewer reports of the impact of biotic stresses (del 

Pilar Vilariño et al., 2005; Chludil et al., 2009; Chludil et al., 2013). This is an important 

consideration, as QAs protect the plant from insect pests (Wink, 1992), their biosynthesis 

may be induced in response to insect predation. If this is the case, this may explain why, 

when only abiotic factors are assessed, grain QA content is highly unpredictable (Cowling 

and Tarr, 2004).  

Aphids are the major insect pest of NLL cultivars, which cause major yield losses from 

feeding damage and the transmission of plant viruses (Berlandier and Sweetingham, 

2003). While QAs accumulate in the grain, they provide protection for the plant from sap-

sucking insects, such as aphids, as they are synthesised in the aerial tissues and 

transported to the grain via the phloem (Wink and Hartmann, 1982b; Wink, 1987b; Lee 

et al., 2007; Bunsupa et al., 2012a). QAs are toxic to aphids (Berlandier, 1996; Ridsdill-

Smith et al., 2004), and aphid resistance in lupin has been linked to QA levels in leaf and 
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grain tissues (Adhikari et al., 2012; Philippi et al., 2015). NLL cultivars, which have low 

QA levels due to the low alkaloid domestication gene iucundus (von Sengbusch, 1942), 

are much more susceptible to aphid predation than wild NLL which have high QA levels 

(Philippi et al., 2015). 

The response of QA biosynthesis to biotic attack may depend on the lupin species or their 

intrinsic QA levels. Wounding increases QA levels in aerial tissues of high-QA L. 

polyphyllus (Wink, 1983) and both low- and high-QA NLL (Chludil et al., 2009; Chludil 

et al., 2013), which may mimic large herbivore action. However, when fed on by 

caterpillars—chewing insects which induce wounding responses in the plant—leaf QA 

levels do not increase in either low- or high-QA NLL, but they do increase in low- and 

high-QA L. albus (del Pilar Vilariño et al., 2005). Therefore, it is not clear how QA levels 

in NLL cultivars will respond to aphid predation, and it is not known how these responses 

in aerial tissues affect QA accumulation in the grain. 

Phloem-feeding insects, such as aphids, probe plant tissue intercellularly to reach the 

phloem, which minimises wounding, and plant defence responses to phloem-feeding 

insects may differ from that of chewing insects (Thompson and Goggin, 2006). 

Resistance mechanisms in lupin species affect the growth and survival of aphids, rather 

than host selection (Edwards et al., 2003) and may be indicative of plant defence 

responses to aphid feeding. Plant responses to phloem-feeding insects are regulated by 

the jasmonate pathway, as well as salicylate and ethylene signalling pathways (Thompson 

and Goggin, 2006), and the jasmonate pathway has been associated with aphid resistance 

in the model legume Medicago truncatula (Gao et al., 2007). Jasmonate is important for 

defence against chewing insects and accumulates in the wounded tissue of Arabidopsis 

(Bell et al., 1995; McConn et al., 1997). The role of jasmonate signalling in plant defence 

for NLL has not been assessed.  
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The jasmonate signalling pathway is a well-known activator of the biosynthesis of 

alkaloids produced in other plant species, such as pyridine alkaloids in Nicotiana tabacum 

and other species (Baldwin, 1996; Ryan et al., 2015), the monoterpenoid indole alkaloids 

(MIAs) in Catharanthus roseus (Aerts et al., 1994), the benzylisoquinoline alkaloids in 

Papaver somniferum (Huang and Kutchan, 2000), and the tropane alkaloids in Scopolia 

parviflora (Kang et al., 2004). The application of jasmonate or its methyl ester (methyl 

jasmonate) increases the levels of these alkaloids, as well as the expression of biosynthetic 

genes, transcription factors which regulate the pathway, and genes involved in the 

transport of the alkaloids throughout the plant (Imanishi et al., 1998; Menke et al., 1999; 

Memelink et al., 2001; Shoji et al., 2009; De Boer et al., 2011; Kato et al., 2015). 

Alkaloids in Nicotiana species are also induced by damage (Baldwin, 1989; Cane et al., 

2005) mediated by the jasmonate pathway (Shoji et al., 2008). The effect of other plant 

signalling pathways on alkaloid biosynthesis has not been studied as extensively as the 

jasmonate pathway and the results are not as clear; ethylene does not induce the 

expression and suppresses the jasmonate-induced expression of pyridine alkaloid 

biosynthetic genes (Shoji et al. 2000), but increases levels of MIAs (Pan et al. 2010). 

Salicylic acid increases levels of MIAs (Pan et al. 2010) and regulates genes involved in 

tropane alkaloid biosynthesis (Kang et al. 2004). Abscisic acid and gibberellic acid have 

a negative influence on the accumulation of MIAs (Pan et al. 2010). This study will 

therefore investigate the well-characterised jasmonate induction of alkaloid biosynthesis, 

identified in several plant species, in NLL. 

An understanding of how NLL QA biosynthetic genes and QA levels are regulated in 

response to biotic stress, and how this contributes to plant defence will assist in 

developing resistant NLL varieties suitable for human consumption. Furthermore, the role 

of jasmonates in the regulation of these genes in NLL has not been investigated. In this 

study, the impact of green-peach aphid predation (Myzus persicae Sulzer)—one of three 
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common aphid species found in NLL (Sandow, 1987)—on QA production in leaf and 

grain tissue of two NLL cultivars was assessed, with one cultivar being resistant (Kalya) 

and one susceptible (Tallerack) to green-peach aphid attack (Berlandier and 

Sweetingham, 2003; Edwards et al., 2003). QA levels in leaf and grain tissue and the 

expression of QA biosynthetic genes in leaf tissue, was measured for plants subjected to 

aphid infestation. NLL genes orthologous to those induced by methyl jasmonate in 

Medicago truncatula (Gao et al., 2007) were also measured to identify the induction of 

the jasmonate pathway in NLL. Due to my findings, the role of the jasmonate pathway in 

the regulation of QAs was directly measured by the application of methyl jasmonate to 

bitter (accession P27255) and sweet (cultivar Tanjil) NLL. QA levels and the expression 

of QA biosynthetic genes and jasmonate-inducible genes were measured in leaf tissue. 

The induction of QA biosynthetic genes in bitter (accession P27255) and sweet (cultivar 

Tanjil) in response to wounding was also measured. 
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4.3 MATERIALS AND METHODS 

4.3.1 NLL varieties 

Cultivars Kalya and Tallerack were used to assess the impact of aphid feeding in sweet 

NLL. Kalya is resistant to aphids, while Tallerack is susceptible (Berlandier and 

Sweetingham, 2003; Edwards et al., 2003). To assess the impact of methyl jasmonate 

treatment on QA production in sweet and bitter NLL, the cultivar Tanjil and the bitter 

accession P27255 were selected, as they have been used to create genomic and 

transcriptomic resources for the crop (Kamphuis et al., 2015; Hane et al., 2017). Tanjil 

also shows moderate insect resistance (Edwards et al., 2003).  

4.3.2 Plant growth conditions  

Seeds of cultivars Kalya and Tallerack were treated with P-Pickle T fungicide treatment 

and two seeds of a particular cultivar were planted in pots (115 mm diameter, 120 mm 

height) filled with steam-sterilised sandy soil, treated with Rhizobium group G and 

beneficial soil microbes (GOGO Juice). Plants were grown at 20/16 °C day/night cycle 

and 12 h of light and watered twice a week. At 14 days after sowing (DAS), plants were 

trimmed to one plant per pot. At 31 DAS, plants were watered with half-strength Thrive 

liquid fertiliser. Some plants were used to assess responses in the leaf to aphid attack, 

while others continued growth to assess the response in the grain. 

For NLL cultivar Tanjil and accession P27255, growth was carried out as outlined above, 

except seeds were scarified using sharp pliers prior to sowing, sown in pots (85 mm width, 

85 mm length, 180 mm height) and grown with 14 h of light.  

 

 



 

92 

 

4.3.3 Experimental conditions 

Assessing responses in leaves to aphid attack 

At 33 DAS, control plants were enclosed in a plastic bottle with mesh sides to allow air 

flow, while aphid-infested plants were enclosed in the same bottles with 60 green-peach 

aphids (Myzus persicae; clone C61), which had been previously maintained on radish 

plants. Aphids were allowed to feed for 24 h, 48 h, or 72 h, and all leaf material was 

collected, taking care to remove any aphids, and frozen immediately in liquid nitrogen 

and stored at –80 °C until further analysis. All leaf material was collected at the same 

time each day (2–4 pm). 

Assessing responses in grain to aphid attack 

At 54 DAS, the plants were placed in large mesh cages in a temperature-controlled 

glasshouse with natural lighting and treated again with half-strength Thrive and a liquid 

pro-biotic containing beneficial soil microbes (GOGO juice). Plants for control 

treatments were placed in one cage, and Kalya and Tallerack plants for aphid infestations 

were placed in two separate cages. Once plants had begun to set pods on the main stem 

(73 DAS), four green-peach aphids were placed on each plant, with an additional 30 

aphids placed on each plant a week later. One month after the initial aphid infestation 

(101 DAS), all Tallerack plants were treated with insecticide (Confidor), as aphids were 

beginning to overwhelm plants, to allow for continued seed development. At 115 DAS, 

main stem pods of both Kalya and Tallerack were mature, and plants were left to dry for 

an additional week before collecting seed, which was stored at room temperature until 

further analysis. 
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Assessing responses in leaves to methyl jasmonate treatment  

The methyl jasmonate (MeJA) treatment of plants was carried out as described in Gao et 

al., (2007), with an increased MeJA concentration. At 28 DAS, eight pots of cultivar 

Tanjil or accession P27255 were placed in 30 L sealed containers with cotton buds soaked 

in 150 µL ethanol or 150 µL of ethanol with methyl jasmonate (MeJA) (Sigma Aldrich) 

for a final concentration of 0.9 µM MeJA L–1 air. All leaf tissue from each plant was 

collected after 6 h, 12 h, and 36 h and frozen immediately in liquid nitrogen and stored at 

–80 °C until further analysis. Leaf tissue was collected at the same time each day (~12 

pm).  

Assessing responses in leaves to wounding  

At 21 DAS, plants of NLL cultivar Tanjil and accession P27255 were either undamaged 

or wounded by rolling a fabric pattern wheel over leaves. Leaf tissue was collected after 

5 h, 24 h, 72 h or 120 h, frozen immediately in liquid nitrogen, and stored at –80 °C until 

further analysis. Leaf tissue was collected at the same time each day (~3 pm). For the 

above experiments, one biological replicate represents material from an individual plant. 

4.3.4 QA quantification in NLL grain and leaf tissues 

Mature grain and leaf material were ground to a fine powder under liquid nitrogen using 

a mortar and pestle. Tissues samples were submitted to the ChemCentre 

(http://www.chemcentre.wa.gov.au/) for QA analysis by capillary gas chromatography 

using 0.5 g of material (Priddis, 1983; Harris and Wilson, 1988). The limit of 

quantification for each QA is 0.001%.  
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4.3.5 RNA extraction and cDNA synthesis 

Leaf tissue was ground to a fine powder under liquid nitrogen using a chilled pestle. RNA 

extractions were carried out using ~100 mg of tissue (from uppermost leaves of aphid-

infested plants or homogenised leaf material from MeJA-treated plants). RNA and cDNA 

synthesis was carried out as described previously (Chapter Two).  

4.3.6 Primer design and qRT-PCR 

Primers used in this study for qRT-PCR have been described previously (see Chapter 

Two). These primers are used to amplify the reference gene LaUBC9-like (Lup018255.1), 

QA biosynthetic genes L. angustifolius lysine/ornithine decarboxylase (LaL/ODC; 

Lup009726.1) (Bunsupa et al., 2012a) and L. albus tigloyl-CoA:(–)-13α-

hydroxymultiflorine/(+)-13α-hydroxylupanine O-tigloyltransferase (LaHMT/HLT; 

Lup022251.1) (Okada et al., 2005), and candidate biosynthetic genes L. angustifolius 

copper-amine oxidase-like (LaCAO-like; Lup000530.1) (Chapter Two) and L. 

angustifolius acyltranferase (LaAT; Lup021586.1) (Bunsupa et al., 2011).  

Candidate jasmonic acid (JA)-responsive genes in NLL were chosen based on BLAST-

sequence homology to Medicago truncatula JA-responsive genes M. truncatula 

lipoxygenase 4 (MtLOX4; TC100162), M. truncatula proteinase inhibitor (MtPI; 

TC100490) and M. truncatula lipoxygenase 5 (MtLOX5; TC100513) (Gao et al., 2007). 

These are Lup026769.1 (LaLOX4-like), Lup009615.1 (LaPI-like) and Lup003340.1 

(LOX5-like). Primers were designed as outlined in Chapter Two. Primer sequences are 

outlined in Table S2.  

qRT-PCR was carried out according to methodology in Chapter Two, performed in 10 

µL reactions with 5 µL SsoFast Evagreen Supermix, 4 µL 1:50 cDNA reaction dilution 

and 1 µL primer mix containing 5 µM each of forward and reverse primers, including a 
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reference gene and non-template control on each plate. Relative gene expression was 

calculated using the 2–∆∆CT method (Livak and Schmittgen, 2001) to normalise the average 

Ct values of technical replicates to the reference gene LaUBC9-like. 

4.3.7 Statistical analyses 

Statistical analyses were carried out using the program GenStat 18th edition. Data for leaf 

and grain QA content assessing the impact of aphid infestation are presented as means 

and standard errors (SEs) of six biological replicates. Two-way analysis of variance 

(ANOVA) was used to assess the effect of NLL cultivar, aphid infestation, and cultivar × 

aphid infestation interaction on QA content in leaf and grain tissue. Data for gene 

expression analyses are presented as means and SEs of three biological replicates. A one-

sided two-sample t-test was used to assess whether gene expression of QA biosynthetic 

genes or jasmonate-inducible genes increased under certain conditions compared to 

control plants at a certain time point. Three-way ANOVA was used to assess the effect of 

aphid treatment, cultivar, time, and all interactions on QA biosynthetic gene expression 

in leaf tissue. Data for leaf QA content assessing the impact of MeJA are presented as 

means and standard errors of five biological replicates. Two-way ANOVA was used to 

assess the effect of MeJA treatment, time, and MeJA treatment × time interaction on QA 

content in leaf tissue. Means were compared at the P ≤ 0.05 level. 
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4.4 RESULTS 

4.4.1 Effect of aphid feeding on QA levels and QA biosynthetic gene expression in 

leaves of resistant and susceptible NLL cultivars 

The impact of aphid feeding on leaf QA levels in resistant (Kalya) and susceptible 

(Tallerack) NLL cultivars was assessed at 72 h after infestation. No effect of aphid 

feeding in either cultivar was found. QA levels in Kalya were significantly higher than in 

Tallerack (P ≤ 0.05), with QA levels in Tallerack below the limit of quantification and 

not detected for most samples (Fig. 4.1; Table S10). For cultivar Kalya, only 13-

hydroxylupanine was present at levels above the limit of quantification (Table S10). 

Aphid feeding did not affect the expression of the QA biosynthetic genes LaL/ODC and 

LaCAO-like in either cultivar, at 24 h or 48 h or 72 h after infestation (Fig. 4.2) and 

expression did not differ between cultivars. LaHMT/HLT expression was higher in Kalya 

(P ≤ 0.05) than Tallerack. LaAT expression was barely detected or absent in all samples 

(data not shown). 

 

Figure 4.1: QA levels in leaf material infested with aphids 72 h after infestation in aphid 

resistant (Kalya) and susceptible (Tallerack) NLL cultivars. Means and standard errors of 

six biological replicates are presented. Two-way ANOVA (P ≤ 0.05) was used to test for 

significant differences in total QA content to assess the effect of cultivar, aphid infestation 

and the cultivar × aphid infestation interaction. Different letters denote significant 

differences. Note: levels in Tallerack leaves were below the limit of quantification 

(0.001%).  

a

a

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

Control Infested

%
 Q

A
 c

o
n
te

n
t

Kalya

Tallerack

b b 



 

97 

 

 

 

  

 

  

Figure 4.2: Relative gene expression of (A) LaL/ODC (Lup009726.1), (B) LaCAO-like 

(Lup000530.1) and (C) LaHMT/HLT (Lup022251.1) in leaf tissue of resistant (Kalya; 

left) and susceptible (Tallerack; right) NLL cultivars after aphid infestation. Means and 

standard errors of three biological replicates are presented. Three-way ANOVA was used 

to assess the effect of aphid treatment, cultivar, time, and all interactions on gene 

expression. No significant differences in expression between control and infested samples 

were found.  
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4.4.2 Effect of aphid predation on grain QA content in resistant and susceptible NLL 

cultivars  

The impact of aphid predation on grain QA content in resistant and susceptible NLL 

cultivars subjected to aphid infestation over pod set was assessed, and while no changes 

in QA biosynthesis were identified with aphid predation in leaves, the accumulation of 

QAs in the grain may be affected. However, no change in total grain QA levels, or levels 

of individual QAs 13-hydroxylupanine, lupanine, angustifoline, or α-isolupanine was 

found in either cultivar under aphid predation. Cultivar Kalya accumulated more total 

QAs than cultivar Tallerack, as well as levels of 13-hydroxylupanine and angustifoline 

(P ≤ 0.05) (Fig. 4.3). A significant interaction between NLL cultivar and aphid infestation 

was found for α-isolupanine (P ≤ 0.05), such that Kalya aphid-infested grain had higher 

levels than Tallerack aphid-infested grain.  

4.4.3 Effect of aphid feeding on candidate jasmonate-inducible genes in leaves of 

resistant and susceptible NLL cultivars  

As no induction in QA biosynthesis after aphid predation was identified in either NLL 

cultivar, it was assessed whether the jasmonate plant signalling pathway was induced, as 

this pathway plays a role in the defence against phloem-feeding insects and also in 

regulating biosynthesis of alkaloids in other plant species (Aerts et al., 1994; Baldwin, 

1996; Thompson and Goggin, 2006). This was carried out by measuring the expression 

of candidate jasmonate-inducible genes LaLOX4-like (Lup026769.1), LaPI-like 

(Lup009615.1), and LaLOX5-like (Lup003340.1). For resistant cultivar Kalya, the 

expression of LaLOX4-like and LaPI-like was induced at 24 h, 48 h, and 72 h after aphid 

infestation (P ≤ 0.05), while for susceptible cultivar Tallerack, LaLOX4-like was only 

induced at 72 h after aphid infestation (P ≤ 0.05), and LaPI-like was not induced with 

aphid predation (Fig. 4.4a,b). LaLOX5-like did not increase expression in aphid infested 
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samples compared to controls in either cultivar, although expression was higher for Kalya 

than Tallerack (P ≤ 0.05) (Fig. 4.4c). In conclusion, two of the three candidate NLL 

jasmonate-inducible genes were only induced in the NLL resistant cultivar Kalya and not 

the susceptible cultivar Tallerack upon aphid predation. 
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Figure 4.3: QA levels in grain collected from aphid-infested NLL cultivars that are 

resistant (Kalya) or susceptible (Tallerack) to aphids. (A) Total QA levels, (B) 13-

hydroxylupanine, (C) lupanine, (D) angustifoline, (E) α-isolupanine. Means and standard 

errors of six biological replicates are presented. Two-way ANOVA (P ≤ 0.05) was used 

to test for significant differences in total QA content to assess the effect of cultivar, aphid 

infestation and the cultivar × aphid infestation interaction. Different letters denote 

significant differences. 
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Figure 4.4: Relative expression of candidate NLL jasmonate-inducible genes (A) 

LaLOX4-like (Lup026769.1), (B) LaPI-like (Lup009615.1) and (C) LaLOX5-like 

(Lup003340.1) in leaf tissue of aphid resistant (Kalya; left), and susceptible (Tallerack; 

right) cultivars after aphid infestation. Means and standard errors of three biological 

replicates are presented. One-sided two-sample t-test (P ≤ 0.05) was used to assess if gene 

expression increased in infested plants compared to controls at a certain time point. 

Significant differences are denoted by an asterisk. 
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4.4.4 Effect of MeJA on QA levels and QA biosynthetic gene expression in bitter 

(P27255) and sweet (Tanjil) NLL 

As no induction of QA biosynthesis was found in NLL cultivars after aphid predation, 

the more direct role of the jasmonate signalling pathway in QA biosynthesis was 

investigated in bitter (accession P27255) and sweet (cultivar Tanjil) NLL. All NLL 

cultivars harbour the low alkaloid locus iucundus, and it was hypothesised that iuc plays 

a role in the regulation of QAs. The total QA levels increased by 22% in leaf material of 

bitter accession P27255 with MeJA treatment, independent of whether the plants were 

treated with MeJA for 12 h or 36 h (P ≤ 0.05) (Fig. 4.5). This was largely due to a 42% 

increase in levels of lupanine after MeJA treatment (P ≤ 0.05). Angustifoline and 13-

hydroxylupanine levels increased for P27255 with MeJA treatment (P ≤ 0.05) (16% and 

18%, respectively), and 13-hydroxylupanine also increased over time (P ≤ 0.05). Levels 

of α-isolupanine for P27255 increased over time (P ≤ 0.05), but did not increase with 

MeJA treatment. QA levels in sweet NLL cultivar Tanjil were below the limit of 

quantification at 36 h after MeJA treatment, and 13-hydroxylupanine was present in the 

largest amounts for both MeJA-treated and control plants (Table S11). Overall QA levels 

appeared to increase following MeJA treatment for bitter accession P27255, while no 

significant changes were observed in sweet cultivar Tanjil.  

To determine whether the observed changes in QA profiles following MeJA treatment 

correlate with the expression of QA biosynthetic genes, I investigated four key genes in 

the pathway. The expression of three of these genes (LaL/ODC, LaCAO-like and LaAT) 

displayed similar expression patterns, which were induced in leaf tissue of bitter 

accession P27255 at 12 h and/or 36 h after MeJA treatment (P ≤ 0.05), but were not 

induced at all in sweet cultivar Tanjil (Fig. 4.6). The expression of LaHMT/HLT was 
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induced at 6 h and 36 h after MeJA treatment for bitter accession P27255 (P ≤ 0.05), and 

at 36 h after MeJA treatment for cultivar Tanjil (P ≤ 0.05) (Fig. 4.6c).  

Figure 4.5: QA levels in leaf tissue collected from bitter NLL accession P27255 treated 

with methyl jasmonate (MeJA) at 12 h and 36 h after treatment. The means and standard 

errors of five biological replicates are presented and standard errors represent total QA 

levels. Two-way ANOVA (P ≤ 0.05) was used to test for significant differences in total 

QA content to assess the effect of MeJA, time and the MeJA × time interaction. Different 

letters denote significant differences. 
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4.4.5 Effect of MeJA on candidate jasmonate-inducible genes in leaves of bitter 

(P27255) and sweet (Tanjil) NLL 

While candidate NLL jasmonate-inducible genes were induced following aphid predation 

in a resistant cultivar, these were yet to be demonstrated as jasmonate-inducible. As such, 

the expression of these genes was investigated following MeJA treatment in the bitter 

(accession P27255) and sweet (cultivar Tanjil) NLL. For bitter NLL accession P27255, 

the expression of LaLOX4-like was induced at 12 h and 36 h after treatment with MeJA 

(P ≤ 0.05) and LaPI-like was induced at 36 h after MeJA treatment (P ≤ 0.05) (Fig. 4.7). 

The expression of LaLOX4-like and LaPI-like was not induced for sweet NLL cultivar 

Tanjil with MeJA treatment. LaLOX5-like expression was induced at 6 h and 12 h after 

MeJA treatment for P27255 (P ≤ 0.05) and after 36 h for Tanjil (P ≤ 0.05). In conclusion, 

the three genes were MeJA inducible in the bitter P27255, but not all genes were induced 

following MeJA in the sweet cultivar Tanjil. 
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Figure 4.6: Relative expression of QA biosynthetic genes (A) LaL/ODC (Lup009726.1), 

(B) LaCAO-like (Lup000530.1), (C) LaAT (Lup021586.1) and (D) LaHMT/HLT 

(Lup022251.1) in leaf tissue of NLL treated with MeJA for bitter NLL accession P27255 

(left) and sweet NLL cultivar Tanjil (right). The means and standard errors of three 

biological replicates are presented. One-sided two-sample t-test (P ≤ 0.05) was used to 

assess if gene expression was increased in MeJA treated plants compared to controls at a 

certain time point. Significant differences are denoted by an asterisk. 
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Figure 4.7: Relative expression of candidate NLL jasmonate-inducible genes (A) 

LaLOX4-like (Lup026769.1), (B) LaPI-like (Lup009615.1) and (C) LaLOX5-like 

(Lup003340.1) in leaf tissue of bitter (P27255; left) and sweet (Tanjil; right) NLL 

varieties after treatment with MeJA. The means and standard errors of three biological 

replicates are presented. One-sided two-sample t-test (P ≤ 0.05) was used to assess if gene 

expression increased in MeJA-treated plants compared to controls at a certain time point. 

Significant differences are denoted by an asterisk.  
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4.4.6 Effect of wounding on QA biosynthetic gene expression in bitter (P27255) and 

sweet (Tanjil) NLL 

Since the MeJA treatment induced expression of QA biosynthetic genes for bitter 

(accession P27255) but not sweet (cultivar Tanjil) NLL, it was investigated whether 

wounding induced the expression of these genes, as wounding is known to increase 

pyridine alkaloid biosynthesis in Nicotiana spp., through the jasmonate signalling 

pathway (Baldwin, 1989; Shoji et al., 2008). No differences in the expression of the four 

QA biosynthetic genes investigated (LaL/ODC, LaCAO-like, LaAT and LaHMT/HLT) 

were found between control and wounded plants for both P27255 and Tanjil at 5 h, 24 h, 

72 h and 120 h after wounding (Fig. 4.8). For candidate jasmonate-inducible genes, the 

expression of LaLOX4-like was induced at 24 h after wounding (P ≤ 0.05). LaPI-like was 

induced at 24 h and 72 h after wounding (P ≤ 0.05) and the expression of LaLOX5-like 

was induced at 72 h after wounding (P ≤ 0.05) for accession P27255 (Fig. 4.9). LaLOX4-

like was induced at 24 h and 72 h after wounding for cultivar Tanjil (P ≤ 0.05). In 

conclusion, while the expression of candidate jasmonate-inducible genes was induced for 

both P27255 and Tanjil after wounding, no induction of the QA biosynthetic genes was 

found. 
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Figure 4.8: Relative expression of QA biosynthetic genes (A) LaL/ODC (Lup009726.1), 

(B) LaCAO-like (Lup000530.1), (C) LaAT (Lup021586.1) and (D) LaHMT/HLT 

(Lup022251.1) in wounded leaf tissue of bitter (P27255; left) and sweet (Tanjil; right) 

NLL varieties. The means and standard errors of three biological replicates are presented. 

One-sided two-sample t-test (P ≤ 0.05) was used to assess if gene expression increased in 

wounded leaves compared to controls at a certain time point. No significant differences 

were found. 
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Figure 4.9: Relative expression of candidate jasmonate-inducible genes (A) LaLOX4-like 

(Lup026769.1), (B) LaPI-like (Lup009615.1) and (C) LaLOX5-like (Lup003340.1) in 

wounded leaf tissue of bitter (P27255; left) and sweet (Tanjil; right) NLL varieties. The 

means and standard errors of three biological replicates are presented. One-sided two-

sample t-test (P ≤ 0.05) was used to assess if gene expression increased in wounded leaves 

compared to controls at a certain time point. Significant differences are denoted by an 

asterisk. 
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4.5 DISCUSSION 

Narrow-leafed lupin grain is an emerging human health food, however, when levels of 

QAs exceed the industry threshold (0.02%), the grain cannot be used for food or feed 

purposes. It is not well understood which environmental conditions elevate grain QA 

levels. As QAs protect the plant from insect pests, it was hypothesised that their levels 

may increase in response to aphid predation. However, in this study, QA production in 

resistant (Kalya) and susceptible (Tallerack) NLL cultivars, did not increase in response 

to aphid predation in leaf material at 24 h, 48 h, or 72 h after infestation of plants with 

aphids, or in mature grain after allowing aphids to feed on plants over pod set (Figs. 4.1, 

4.2 and 4.3). 

The resistant cultivar (Kalya) had higher QA levels in both leaf and grain material than 

the susceptible cultivar (Tallerack). This likely contributes to the aphid-resistance of 

Kalya as QA levels have been associated with aphid resistance (Adhikari et al., 2012; 

Philippi et al., 2015). However, the induction of the jasmonate (JA) plant signalling 

pathway in response to aphid predation differed between the cultivars, as evidenced by 

the expression of NLL orthologs of Medicago defence-related genes (Gao et al., 2007), 

and may indicate differences in defence responses between the cultivars. LaLOX4-like 

and LaPI-like were induced at 24 h, 48 h and 72 h after aphid predation for Kalya, but 

there was no induction for Tallerack (Fig. 4.4). These results suggest that the mechanism 

that confers aphid resistance in Kalya is due to either intrinsic QA levels within the plant 

that do not increase with aphid predation or other defence mechanisms that may be 

induced for Kalya, but to a lesser extent for Tallerack. However, several aphid-defence 

related compounds (oxidising enzyme activity, serine or cysteine proteinase inhibitors, 

soluble phenolics) were not induced after aphid feeding for the NLL cultivars used in this 
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study (Cardoza et al., 2005). If the genetic mechanism underlying aphid resistance for 

Kalya is, in part, unrelated to QA levels, this would be of interest to NLL breeders. 

Additionally, while this study has found no induction of QA biosynthesis in NLL in 

response to aphid predation by green-peach aphid, it is possible that other aphid species 

may elicit a different response. The induction of plant defence responses may be 

dependent on the aphid species (Smith and Boyko 2007); for example, different 

enzymatic responses have been identified in cereals to two different aphid species, 

indicating different mechanisms of aphid resistance (Ni et al. 2001). It has been identified 

that variation exists in survivorship and growth rates of the three major aphid species 

feeding on NLL (green-peach aphid; M. persicae, bluegreen aphid; Acyrthosiphon kondoi 

and cowpea aphid; Aphis craccivora), both between species and between clones of the 

same species (Edwards et al., 2001), which may be indicative of variation in the defence 

responses elicited by the plants. It would therefore be of interest to assess the response of 

QA biosynthesis in NLL to these other aphid species.  

As NLL cultivars have been bred for low alkaloid content by the sole use of the low 

alkaloid locus iucundus (iuc), the role of the JA signalling pathway in QA biosynthesis 

was investigated in both bitter (Iuc/Iuc) and sweet (iuc/iuc) NLL. Aphids are generally 

unable to feed on bitter NLL due to their high QA levels (Wink, 1992; Philippi et al., 

2015), so methyl jasmonate (MeJA) was used to investigate the role of the JA pathway 

further. It was found that the expression of three QA biosynthetic genes and QA levels 

increased at 12 h and 36 h after MeJA treatment in bitter (accession P27255), but not 

sweet (cultivar Tanjil) NLL (Figs. 4.5 and 4.6), coinciding with the induced expression 

of JA-inducible genes LaLOX4-like and LaPI-like (Fig. 4.7). The three QA biosynthetic 

genes (LaL/ODC, LaCAO-like, and LaAT) also displayed similar expression patterns 

between bitter and sweet NLL, with expression in sweet NLL being much lower than in 
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bitter NLL (Fig. 4.6). Previously, I showed that these genes display similar expression 

patterns in tissues of several lupin species (see Chapter Two), and it is likely that these 

genes are co-regulated for QA biosynthesis.  

Since the JA pathway induced QA biosynthesis for bitter (accession P27255), but not 

sweet (cultivar Tanjil) NLL (Fig. 4.5; Table S11), it was investigated whether wounding, 

which may elicit the JA pathway, also induced QA biosynthesis in these NLL accessions. 

Interestingly, no induction of these genes was found in either bitter (accession P27255) 

or sweet (cultivar Tanjil) NLL up to 120 h after wounding (Fig. 4.8), despite induction of 

JA-responsive genes at 24 h and 72 h after wounding (Fig. 4.9). The induction of QA 

biosynthesis for P27255 by MeJA, but not wounding, may be caused by cross-talk of the 

JA signalling pathway with other plant signalling pathways that are induced after 

wounding, such as abscisic acid and ethylene pathways (León et al., 2001). Chewing 

insects, which elicit a wounding response, did not increase QAs in bitter or sweet NLL 

(del Pilar Vilariño et al., 2005). 

Ethylene suppresses JA-mediated alkaloid biosynthetic gene induction for Nicotiana spp., 

and attack by the specialist herbivore Manduca sexta releases ethylene, suppressing the 

nicotine accumulation that results from wounding alone (Shoji et al., 2000; Winz and 

Baldwin, 2001). Wounding of Arabidopsis leaves represses several JA-inducible genes 

in locally wounded tissues, through the production of ethylene, whereas those genes were 

induced in systemic tissues (Rojo et al., 1999). The role of other plant signalling 

pathways, such as ethylene, in NLL and for QA biosynthesis remains to be investigated. 

Finally, as QA biosynthesis is induced in bitter (Iuc/Iuc) but not sweet (iuc/iuc) NLL after 

the application of MeJA, resulting in the coordinated induction of three QA biosynthetic 

genes in bitter NLL, it is hypothesised that the gene responsible for the Iuc low alkaloid 

locus is a regulatory gene, important in both the intrinsic expression of several QA 
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biosynthetic genes (see Chapter Two) and the regulation of these genes by the JA 

signalling pathway. Low alkaloid loci for Nicotiana tabacum (nic1 and nic2) positively 

regulate several genes of the pyridine alkaloid biosynthetic pathway (Hibi et al., 1994; 

Cane et al., 2005), and suppression of one of the genes deleted in nic2 (NtERF189) 

suppresses MeJA-induced nicotine biosynthesis (Shoji et al., 2010). It is suggested that 

the NLL iuc locus functions in a similar manner to these N. tabacum low alkaloid loci 

and may explain why QA biosynthesis is not induced after aphid predation in NLL 

cultivars (see Chapter Five). 

4.6 CONCLUSIONS 

QA production is not induced by aphid predation in resistant (Kalya) or susceptible 

(Tallerack) NLL cultivars and may be due to the role of NLL low alkaloid locus (iuc) in 

the regulation of QA biosynthesis. It is concluded that aphid resistance for Kalya is 

conferred either by its intrinsic levels of QAs, or by a higher induction of defence 

responses than Tallerack, or a combination of the two. While there further investigation 

on the role of plant signalling pathways on QA biosynthesis is needed, aphid predation is 

not a concern for NLL farmers or breeders in increasing grain QA content in NLL 

cultivars.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

114 

 

  



 

115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Five 

 

Identification of the gene controlling the narrow-leafed lupin 

(Lupinus angustifolius L.) low-alkaloid domestication locus 

iucundus 
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5.1 ABSTRACT 

Narrow-leafed lupin (NLL; Lupinus angustifolius L.) cultivars produce lower levels of 

the toxic quinolizidine alkaloids (QAs) than their wild ‘bitter’ counterparts due to the sole 

use of the iucundus (iuc) low-alkaloid locus in NLL breeding, originally identified from 

bitter material (Iuc/Iuc) and arising from a natural, spontaneous mutation. Despite the 

widespread use of this locus and its importance for NLL breeding, the function and 

identity of the gene controlling alkaloid content are unknown, and this recessive gene iuc 

is difficult to track in breeding programs. Here, various genomic and transcriptomic 

resources for NLL are used, including re-sequencing data for 42 NLL accessions, to 

identify candidate genes controlling alkaloid content. An AP2/ERF transcription factor is 

identified as a most likely candidate, designated LaAP2/ERF-like (Lup007628.1). This 

gene has a non-synonymous mutation that is conserved between 42 ‘bitter’ and ‘sweet’ 

NLL accessions, residing within the AP2/ERF DNA-binding domain of the gene, altering 

an arginine residue in the bitter NLL to a serine residue in the sweet NLL. The expression 

of this gene corresponds to that of validated and candidate QA biosynthesis genes 

LaL/ODC, LaCAO-like and LaAT, and is induced by methyl jasmonate for bitter, but not 

sweet NLL. It is hypothesised that LaAP2/ERF-like is a direct or indirect activator of 

several QA biosynthetic genes, and the iuc phenotype is caused by a reduced or complete 

loss of ability of the LaAP2/ERF-like to bind to gene promoter sequences, resulting in 

lower QA gene expression and subsequently lower QA levels for sweet compared to bitter 

NLL. While LaAP2/ERF-like remains to be functionally validated, it represents a strong 

candidate and may allow for the development of molecular markers to accurately track 

iuc to assist breeding practices. It may also allow for further elucidation of the QA 

biosynthetic pathway, to identify other genes which are regulated by Iuc that may play a 

role in QA biosynthesis. 
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5.2 INTRODUCTION 

Quinolizidine alkaloids (QAs) are the main anti-nutritional substance in lupin grain 

(Allen, 1998; Petterson, 1998), which affect the suitability of the grain to be used for food 

and feed purposes. Low QA content is attained in all NLL (Lupinus angustifolius L.) 

cultivars using a single low-alkaloid locus—iucundus (iuc) (Clements et al., 2005b). The 

low-QA allele iuc arose from a natural, spontaneous mutation and was identified from 

wild germplasm (Iuc/Iuc) in the 1920s (von Sengbusch, 1942). The discovery of iuc was 

vital in the selection of NLL as a food crop, as it reduced grain QA levels in ‘sweet’ NLL 

cultivars approximately 100-fold from levels in wild ‘bitter’ germplasm (Gladstones, 

1970; Kamel et al., 2015). Despite the importance of this gene, for the domestication of 

NLL as a food crop and the continued dependence on it for breeding sweet NLL 

worldwide, the function and identity of this gene are unknown (Gladstones, 1970; 

Clements et al., 2005b). 

Iuc may play a role in the initial stages of the QA biosynthetic pathway, as bitter NLL 

accumulates more of the QA precursor, lysine, and the QA pathway intermediate, 

cadaverine, than sweet NLL (Bunsupa et al., 2012a). The limiting step for QA 

biosynthesis in sweet NLL may be the ring-closure step forming the initial cyclic QA, 

lupanine, from cadaverine (Hirai et al., 2000). Additionally, Iuc may regulate several 

biosynthetic genes of the QA biosynthetic pathway, as the expression of the first gene in 

the pathway, Lupinus angustifolius lysine/ornithine decarboxylase (LaL/ODC), and two 

candidate QA biosynthetic genes, Lupinus angustifolius copper amine oxidase (LaCAO-

like) and Lupinus angustifolius acyltransferase (LaAT), display similar expression 

patterns that are much lower in sweet NLL than bitter NLL (Chapter Two). 

The low-QA allele iuc is simply inherited but is recessive and difficult to track in breeding 

programs, with current markers used in NLL breeding 0.9 cM away from Iuc (Li et al., 
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2011). The difficulty in tracking iuc is partly why the genetic diversity of NLL is low, as 

it is difficult to introgress bitter wild material while maintaining low QA content (Berger 

et al., 2012). The identification of Iuc will allow for the development of accurate 

molecular markers to assist NLL breeding and increase the genetic diversity of the crop. 

Identification of the gene will also lead to a better understanding of QA biosynthesis and 

its regulation, which is currently poorly understood, with only two QA biosynthetic genes 

molecularly characterised (Okada et al., 2005; Bunsupa et al., 2012a; Frick et al., 2017). 

Additionally, largely isogenic genotypes contrasting for iuc and Iuc demonstrate that iuc 

results in lower grain yields and increased susceptibility to abiotic stresses and fungal 

pathogen attack (Oram, 1983). While NLL breeding has improved yield and disease 

resistance in sweet NLL harbouring iuc (Gladstones, 1994; Clements et al., 2005b), if the 

yield-promoting and protective functions of Iuc are unrelated to the production of QAs, 

this may be of interest to NLL breeders. 

Iuc is located on NLL linkage group 7 (NLL-07) (Nelson et al., 2010). However, its 

identification, as well as the identification of other genes underlying important agronomic 

traits in NLL, has been difficult due to a lack of genomic and transcriptomic data for the 

crop. The recent advent of such resources, including a NLL genome sequence (Hane et 

al., 2017), transcriptomic data for sweet and bitter NLL (Foley et al., 2015; Kamphuis et 

al., 2015), and genome re-sequencing data for 42 NLL wild and cultivated accessions 

(Gagan Garg, Lars Kamphuis and Karam Singh, unpublished data), means that there is 

scope for identifying valuable genetic traits in NLL. 

In this study, dense mapping resources and an updated genetic map for NLL cultivar 

Tanjil further narrowed the candidate region of Iuc on NLL-07 (Hane et al., 2017), with 

various methods used to identify the candidate gene. Differential gene expression analysis 

was used to investigate gene expression within the region between bitter (accession 
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P27255) and sweet NLL (cultivars Tanjil and Unicrop), and genomic sequences were 

compared between P27255 and Tanjil. Re-sequencing data for 42 NLL accessions was 

used to identify sequence variations within the Iuc region that are consistent between 

sweet and bitter lines, which may explain the iuc phenotype. Finally, single nucleotide 

polymorphism (SNP) analysis was conducted to identify SNPs consistent between bitter 

and sweet accessions, located on scaffolds not assigned to the NLL pseudochromosomes, 

which may lie within the Iuc region. The expression of candidate genes was measured in 

vegetative and reproductive tissues of sweet (cultivar Tanjil) and bitter (accession 

P27255) NLL, and functional analysis was carried out by stable transformation of sweet 

NLL with the ‘bitter’ candidate Iuc allele.   
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5.3 METHODOLOGY 

5.3.1 Mapping Iuc to the NLL genome 

The genomic region harbouring Iuc was identified using the phenotype data for bitterness 

for the cultivated (83A:476) × wild (P27255) recombinant inbred population (n = 153), 

previously generated by Li et al. (2011), and the corresponding genotype data for the 

population generated by Hane et al. (2017), both generated from the F8 generation. The 

genomic region harbouring the Iuc locus was identified using the NLL genome and the 

position of the genetic markers flanking Iuc (Hane et al., 2017). Genes located in the Iuc 

region of interest were identified using the NLL gene annotation (Hane et al., 2017). 

Genome data is available at http://www.lupinexpress.org/downloads. Protein annotations 

for genes were identified using InterProScan and Blast2GO (Götz et al., 2008; Jones et 

al., 2014).  

5.3.2 Differential gene expression analyses 

Differential gene expression analyses were carried out as described previously (Chapter 

Two), which identified genes that are upregulated in bitter (accession P27255), vs. sweet 

(cultivars Tanjil and Unicrop) NLL, or in a tissue-specific manner in leaf and stem tissues 

compared to seed, flower or root tissues for each of the three NLL accessions. This data 

was used to investigate the expression of genes within the Iuc genomic region. 

Transcriptome data for P27255, Tanjil and Unicrop are available at 

http://www.lupinexpress.org/downloads (Kamphuis et al., 2015).  

5.3.3 Identification of sequence variations for genes within the Iuc genomic region 

between bitter (accession P27255) and sweet (cultivar Tanjil) NLL 

Sequence variations in coding regions for genes within the Iuc genomic region between 

bitter (accession P27255) and sweet (cultivar Tanjil) NLL were identified using re-

http://www.lupinexpress.org/downloads
http://www.lupinexpress.org/downloads


 

121 

 

sequencing data for P27255 which had been aligned to the NLL genome using Bowtie v. 

2.0.5 (-verysensitive) (Langmead and Salzberg, 2012) and variants were called via the 

Genome Analysis Toolkit 3.4-46 (McKenna et al., 2010) and GATK (Danecek et al., 

2011) as described in more detail in Hane et al. (2017).  

5.3.4 Expression of candidate Iuc genes (qRT-PCR) 

The expression of candidate genes was measured in root, stem, leaf, flower and 

developing seed tissues of bitter (accession P27255) and sweet (cultivar Tanjil) NLL, and 

in leaf material of bitter (accession P27255) and sweet (cultivar Tanjil) NLL that had been 

subjected to methyl jasmonate (MeJA) and wounding treatments, as outlined in Chapters 

Two and Four. In brief, for tissue generation, root, stem, and leaf tissues were harvested 

from each NLL accession at ~40 days after flowering, and flower and developing seed 

(13–16 days after anthesis) were collected as tissue became available (Chapter Two). For 

the generation of leaf material subjected to MeJA and wounding treatments, NLL 

accessions were grown for 21–28 days after sowing, and placed into containers with 

ethanol or 0.9 µM MeJA L–1 air, or left unwounded or wounded by running a fabric 

pattern wheel over the leaves, and material was collected in a time series (Chapter Four). 

RNA extractions were carried out with ~100 mg tissue and TRIzol reagent, according to 

Kamphuis et. al., (2015). cDNA synthesis reactions were carried out using 1 µg RNA and 

the iScript Reverse Transcription Supermix for qRT-PCR, following the manufacturer’s 

recommendations. 

Primers were designed as described previously (Chapter Two) using  Primer 3 v. 4.0 

(Untergasser et al., 2012) and are used to amplify the candidate Iuc genes L. angustifolius 

MYB-like (LaMYB-like; Lup007710.1), L. angustifolius zinc finger-like (LaZF-like; 

Lup007726.1), L. angustifolius dihydrodipicolinate synthase-like (LaDHDPS-like; 

Lup017658.1) and L. angustifolius APETALA2/ethylene response factor-like 
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(LaAP2/ERF-like; Lup007628.1), as well as LaDHDPS-like gene copies in the NLL 

genome (Lup018601.1, Lup007284.1, Lup020268.1 and Lup024900.1) and L. 

angustifolius lysine-ketoglutarate reductase/saccharopine dehydrogenase-like 

(LaLKR/SDH-like; Lup013528.1), potentially involved in lysine degradation. Primer 

sequences are outlined in Table S2. LaDHDPS-like gene copies were identified using a 

BLASTN search of the LaDHDPS-like coding sequence against the NLL gene annotation 

(e-value < 1e-04; % identity > 70) (Hane et al., 2017). LaLKR/SDH-like was identified 

using a BLASTN search of AtLKR/SDH (AT4G33150) against the NLL gene annotation 

(e-value < 1e-04; % identity > 70). 

The reference gene L. angustifolius ubiquitin-conjugating enzyme 9-like (LaUBC9-like; 

Lup018255.1) was used to normalise gene expression for qRT-PCR, which was carried 

out as described in Chapter Two. In brief, qRT-PCR was performed in 10 µL reactions 

with 5 µL SsoFast Evagreen Supermix, 4 µL 1:50 cDNA dilution and 1 µL primer mix 

containing 5 µM each of forward and reverse primers, including the reference gene and 

non-template control on each plate. Two technical replicates were carried out for each 

sample and amplification was performed on a Biorad CFX384 Touch Real Time PCR 

machine. Relative gene expression was calculated using the 2-∆∆CT method (Livak and 

Schmittgen, 2001) where the average Ct values of technical replicates were normalised to 

the reference gene.  

Statistical analyses were carried out using GenStat 18th edition. Data for gene expression 

is presented as the means and standard errors of three biological replicates. Two-way 

analysis of variance (ANOVA) was used to assess the effect of the NLL accession, plant 

tissue, and NLL accession × plant tissue interaction on gene expression. The expression 

values of LaAP2/ERF-like in bitter and sweet NLL tissues was log-transformed to 

normalise the residuals before analysis. A one-sided two-sample t-test was used to assess 
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whether gene expression increased with MeJA or wounding treatments compared to 

control plants at each time point. 

5.3.5 Generation of constructs for functional validation 

Constructs were created to express the recombinant LaDHDPS-like protein in an 

Escherichia coli DHDPS− mutant strain. Coding sequences of LaDHDPS-like for both 

sweet (Tanjil) and bitter (P27255) NLL were amplified from leaf cDNA, between HindIII 

and BamHI sites (see Table S2 for primer sequences). Each PCR product was digested 

with HindIII and BamHI and ligated into a pUC19 vector to place each LaDHDPS-like 

sequence under the control of the lacZ promoter. The lacZ:DHDPS-like fusion added the 

amino acid sequence M-T-M-I-T-P-S-L to the N-terminus of the LaDHDPS-like protein.  

Overexpression and native expression constructs were created to express the bitter 

(accession P27255) LaDHDPS-like coding sequence in sweet NLL. Gateway technology 

(Invitrogen) was used to create the construct for LaDHDPS-like overexpression. The full-

length open reading frame (ORF) of LaDHDPS-like was PCR amplified from the 

genomic DNA of bitter accession P27255 between Gateway attB1 and attB2 sequences 

(see Table S2 for primers). An entry clone was created by performing a BP reaction with 

the pDONR Zeo vector and the PCR product. An expression clone (35S:LaDHDPS-like) 

was created by performing an LR reaction with the entry clone and pK7WG2D.1 vector 

for p35S-driven overexpression. The pK7WG2D.1 vector without recombination was 

used as control plasmid for overexpression. 

Golden Gate technology (New England Biolabs) was used to create the construct for 

native expression. The LaDHDPS-like promoter region (~ 1.5 kb) was PCR amplified 

from genomic DNA of P27255 between BpiI recognition sequences and universal fusion 

sites. The LaDHDPS-like ORF was PCR amplified from leaf cDNA of P27255 between 

BpiI recognition sequences and universal fusion sites (see Table S2 for primers). Level 0 
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modules were created by ligating each PCR product (promoter and ORF) into the 

universal acceptor pAGM9121. The level 1 LaDHDPS-like module was created by 

ligating promoter and ORF level 0 modules, with the ocs terminator pICH41432 into level 

1 acceptor pICH47742 (position 2 forward). The level 1 kanamycin resistance module 

was created by ligating kanamycin resistance cassette pICSL70004 into level 1 acceptor 

pICH47802 (position 1 reverse). The level 2 expression cassette (native:LaDHDPS-like) 

was created by ligating LaDHDPS-like level 1 module, kanamycin resistance module and 

end link 2 module pICH41744 into level 2 acceptor pICSL4723. A control vector was 

created by ligating the level 1 kanamycin resistance module and end link 1 module 

pICH41722 into the level 2 acceptor pICSL4723 (nos:kan). 

5.3.6 Complementation of E. coli DHDPS– mutant strain 

E. coli DHDPS– strain β2150 was kindly provided by Prof Dr Rainer Haas (Max von 

Pettenkofer Institut, LMU, Munich, Germany) and requires exogenous diaminopimelic 

acid for growth (DAP; Sigma-Aldrich 33240). Electrocompetent β2150 cells were 

prepared (see https://openwetware.org/wiki/Knight:Preparing_electrocompetent_cells) 

and transformed with sweet (cultivar Tanjil) and bitter (accession P27255) LaDHDPS-

like pUC19 constructs. Transformed cells were grown on a) Luria-Bertani (LB) agar 

plates with 100 µg mL–1 ampicillin, with or without 0.2 mM DAP, and 15 µL 90 mM 

isopropyl β-D-thiogalactoside (IPTG) added to the plate surface, and b) M9 minimal 

media plates (Table S12) with 100 µg mL–1 ampicillin, with or without 0.2 mM DAP, and 

15 µL 90 mM IPTG, and 15 µL 1 mg mL–1 thiamine added to the plate surface. Plates 

were incubated at 37 °C.  

5.3.7 Stable expression of Iuc candidate genes in sweet NLL 

Sweet NLL (Unicrop) was stably transformed with bitter (accession P27255) LaDHDPS-

like constructs designed for overexpression and native expression (35S:DHDPS-like and 
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native:LaDHDPS-like) and control vectors for each construct (pK7WG2D.1 and nos:kan) 

using Agrobacterium tumefaciens-mediated gene transfer (strain AGL0) to plant shoot 

apices, as outlined in Pigeaire et al., (1997). 

5.3.8 Amino acid and QA quantification in NLL leaf and mature grain 

Amino acid analysis was carried out by the ChemCentre (www.chemcentre.wa.gov.au) 

with 2 g of leaf tissue of sweet (cultivar Tanjil) and bitter (accession P27255) NLL, which 

had been ground to a fine powder under liquid nitrogen using a mortar and pestle. The 

material was generated as outlined in Chapter Two for QA quantification. Single 

replicates were used as a preliminary assay. 

Mature grain of 42 NLL accessions was obtained from the Australian Lupin Collection 

housed at the Department of Agriculture and Food of Western Australia (DAFWA) and 

grown for one generation under glasshouse conditions at The University of Western 

Australia. QA quantification of mature grain in select accessions was carried out by the 

ChemCentre (www.chemcentre.wa.gov.au) using capillary gas chromatography with 0.5 

g of material (Priddis, 1983; Harris and Wilson, 1988) that had been ground to a fine 

powder under liquid nitrogen using a mortar and pestle. Single biological replicates were 

analysed due to the limited material. The limit of quantification for each QA is 0.001%.  

Mature grain for each of the 42 NLL accessions was identified as ‘sweet’ or ‘bitter’ using 

Dragendorff reagent (Table S13). Testing was carried out by removing the seed coat and 

soaking half a crushed cotyledon overnight in 200 µL water. Then, 5 µL of the water was 

then placed on filter paper soaked in Dragendorff reagent. Bitter seeds were identified by 

a pink reaction with the reagent, while sweet seeds did not react. Seeds from each NLL 

accession were analysed in triplicate. 
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5.3.9 Secondary metabolite gene cluster analysis of NLL genome 

Secondary metabolite gene clusters within the NLL genome, including those potentially 

involved with alkaloid biosynthesis, were identified using the plant secondary metabolite 

analysis software PlantiSMASH, with the NLL genome and NLL gene annotation data 

and default settings (Hane et al., 2017; Kautsar et al., 2017). 

5.3.10 Identification of sequence variations for genes within the Iuc genomic region 

in 42 bitter and sweet NLL accessions 

Sequencing reads from 42 NLL accessions were mapped to the pan-genome assembly 

(Gagan Garg, Lars Kamphuis and Karam Singh, unpublished data) using Bowtie2 v. 2.2.9 

(--end-to-end --sensitive –X 1000) (Langmead and Salzberg, 2012). Sequence variations 

were called using the SAMtools variant calling workflow 

(http://www.htslib.org/workflow/) (Li et al., 2009; Li, 2011). This dataset was used to 

identify a) sequence variations in coding regions for genes within the Iuc genomic region 

between 31 wild NLL accessions and pre-breeding material identified as ‘bitter’, and 11 

NLL cultivars which were identified as ‘sweet’ and b) SNPs that correlated perfectly 

between the bitter and sweet accessions. Sweet accessions included the Australian 

cultivars Kalya, Mandelup, Marri, Myallie, Quinilock, Unicrop, Uniwhite, and Yorrel, 

and European cultivars Bolero, Emir and Sonet. Bitter accessions included P20720, 

P21624, P22660, P22687, P22744, P22810, P22831, P22839, P22872, P25016, P25055, 

P25136, P26167, P26170, P26239, P26297, P26423, P26464, P26559, P26603, P26625, 

P26668, P26676, P27221, P27255, P27436, P27893, P27895, P28038, P28195 and 

P29039. Unicrop, Bolero, P25136, P26170, P25136 and P27255 were sequenced at high 

coverage (50–60 times coverage), with the remainder sequenced at low coverage (10–15 

times coverage). Accessions were selected as a genetically diverse set of accessions based 

on DArTSeq analysis (Mousavi-Derazmahalleh, 2018).  
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5.4 RESULTS 

5.4.1 Identification of Iuc candidate genes in the NLL genome through comparative 

analysis of bitter (accession P27255) and sweet (cultivar Tanjil) NLL 

Using flanking markers and the NLL genome (Hane et al., 2017), Iuc was located between 

Scaffold_163:580,735 (577 kb), and Scaffold_306:166,784 (166 kb) on NLL-07. This 

region harbours 26 genes and their genomic locations and protein annotations are outlined 

in Table 5.1.  

To identify candidate Iuc genes, the expression of these genes was investigated using in 

silico differential gene expression analyses to identify genes upregulated in bitter 

(accession P27255) compared to sweet (cultivars Tanjil and Unicrop) NLL, and those 

upregulated in leaf and stem compared to root, flower and developing seed tissues for 

each NLL accession (Chapter Two). No genes were upregulated in bitter compared to 

sweet NLL, or in leaf and stem tissue compared to root, flower and seed tissues of Tanjil 

or P27255, while Lup007711.1 was upregulated in stem compared to seed tissue in 

Unicrop. It was noted that the gene annotation for Lup007715.3 might include several 

alternative splice forms. However, no transcripts of Lup007715.3 appeared to be more 

highly expressed in P27255 compared to cultivars, or in leaf and stem tissue compared to 

other tissues, as evidenced by RNA-Seq data.  

As no genes within the Iuc genomic region were identified as being upregulated in bitter 

compared to sweet NLL, or predominantly more highly expressed in leaf and stem 

compared to other tissues, the coding sequences of these genes were compared between 

bitter (accession P27255) and sweet (cultivar Tanjil) NLL to identify non-synonymous 

mutations which may explain the iuc phenotype. Non-synonymous mutations were 

identified in 11 genes, outlined in Table 5.1. 



 

128 

 

Table 5.1: Genes located within the Iuc genomic region, identified using flanking markers and NLL genome (Hane et al., 2017), identifying non-

synonymous mutations between bitter (accession P27255) and sweet (cultivar Tanjil) NLL (genes highlighted in grey). 

Gene annotation 

number 
Genome location Protein annotations 

Non-synonymous 

mutations between bitter 

and sweet NLL 

(amino acids 

P27255–Tanjil) 

Amino acid 

position 

(Tanjil gene 

annotation) 

Lup007704.2 Scaffold_163:612597:614996 

IPR018247 EF-Hand 1, calcium-binding site 

IPR018249 EF-HAND 2 

IPR019734 Tetratricopeptide repeat 

IPR013026 Tetratricopeptide repeat-containing domain 

IPR002048 Calcium-binding EF-hand 

  

Lup007705.1 Scaffold_163:620543:620821 

IPR005683 Mitochondrial outer membrane translocase complex, 

subunit Tom22 

IPR017411 Mitochondrial outer membrane translocase complex, 

subunit Tom22, plant 

  

Lup007706.1 Scaffold_163:622642:625389 IPR029063 S-adenosyl-L-methionine-dependent methyltransferase Serine–Aspartate 38 

Lup007707.1 Scaffold_163:628424:633627 

IPR000504 RNA recognition motif domain 

IPR002075 Nuclear transport factor 2 

IPR012677 Nucleotide-binding alpha-beta plait domain 

IPR018222 Nuclear transport factor 2, eukaryote 

Alanine–Valine 

His–Tyr 

Pro–His 

187 

429 

445 

Lup007708.1 Scaffold_163:635610:637007 IPR000008 C2 domain 

Tyr–Phe 

Asn–Ser 

3 bp insertion (Gly) Tanjil 

211 

372 

419 

Lup007709.1 Scaffold_163:639966:645008 None   

Lup007710.1 Scaffold_163:673954:675115 
IPR017930 Myb domain, DNA-binding 

IPR009057 Homeodomain-like 

IPR001005 SANT/Myb domain 

3 bp deletion (Gln) Tanjil 137 

Lup007711.1 Scaffold_163:697567:699066 

IPR001905 Ammonium transporter 

IPR029020 Ammonium/urea transporter 

IPR024041 Ammonium transporter AmtB-like domain 

IPR018047 Ammonium transporter, conserved site 

  

Lup007712.1 Scaffold_163:707182:708734 None   

Lup007713.1 Scaffold_163:717578:718671 None 
9 bp insertion (3 Asn)  

Tanjil 
37 
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Lup007714.1 Scaffold_163:748726:748932 None   

Lup007715.3 Scaffold_163:754469:786716 
IPR029058 Alpha/beta hydrolase fold 

IPR002921 Fungal lipase-like domain 

IPR000008 C2 domain 

  

Lup007716.1 Scaffold_163:811570:812520 None   

Lup007717.1 Scaffold_163:827017:828195 None   

Lup007718.1 Scaffold_163:907088:908192 None   

Lup007719.1 Scaffold_163:934813:936117 
IPR007754 N-acetylglucosaminyltransferase II 

IPR029044 Nucleotide-diphospho-sugar transferases Leu–Phe 79 

Lup007720.1 Scaffold_163:986433:988768 

IPR013027 FAD-dependent pyridine nucleotide-disulphide 

oxidoreductase 

IPR020946 Flavin monooxygenase-like 

IPR000103 Pyridine nucleotide-disulphide oxidoreductase, class-II 

  

Lup007721.1 Scaffold_163:996047:1008250 None 
Leu–Gln 

Phe–Ser 

189 

214 

Lup007722.1 Scaffold_163:1031675:1033489 IPR009346 GRIM-19   

Lup007723.1 Scaffold_163:1050132:1054358 

IPR001844 Chaperonin Cpn60 

IPR018370 Chaperonin Cpn60, conserved site 

IPR002423 Chaperonin Cpn60/TCP-1 

IPR027409 GroEL-like apical domain 

IPR027413 GroEL-like equatorial domain 

  

Lup007724.1 Scaffold_163:1084977:1089758 IPR003406 Glycosyl transferase, family 14   

Lup007725.1 Scaffold_163:1091057:1093322 IPR001727 Uncharacterised protein family UPF0016 
Leu–Ser 

Ser–Pro 

10 

60 

Lup007726.1 Scaffold_163:1138506:1139648 
IPR000679 Zinc finger, GATA-type 

IPR013088 Zinc finger, NHR/GATA-type Val–Glu 33 

Lup017657.1 Scaffold_306:60189:60941 None Leu–Ile 102 

Lup017658.1 Scaffold_306:102099:105359 
IPR002220 DapA-like 

IPR013785 Aldolase-type TIM barrel 

IPR020625 Schiff base-forming aldolase, active site 

1 bp deletion Tanjil, leading 

to a frameshift and 

premature stop codon 

95 

Lup017659.2 Scaffold_306:122720:126084 
IPR001327 Pyridine nucleotide-disulphide oxidoreductase, NAD-

binding domain 
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The gene controlling Iuc may be involved either directly in the biosynthesis of QAs or as 

a transcriptional regulator in the QA biosynthetic pathway (see Chapter Two). As iuc 

arose from spontaneous mutation (von Sengbusch, 1942), it is likely to be due to a loss-

of-function of this gene. Of the 11 genes with non-synonymous mutations between 

P27255 and Tanjil, two encoded transcription factors—one MYB-like (Lup007710.1; 

LaMYB-like) and one zinc-finger-like (Lup007726.1; LaZF-like)—and one identified 

with a premature stop codon in Tanjil, encoding a DapA, or dihydrodipicolinate synthase-

like (DHDPS) gene (Lup017658.1; LaDHDPS-like), which is involved in the biosynthesis 

of lysine, the precursor amino acid to QA biosynthesis (Bryan, 1980; Wink, 1993).  

This premature stop codon of the Tanjil LaDHDPS-like was identified as the gene 

annotation appeared to be misannotated, as evidenced by protein sequence similarity to 

other LaDHDPS-like NLL gene copies, and RNA-Seq data, with the coding sequence 

likely including the genomic region between annotated exons three and four (Fig. 5.1 and 

S4). With this new coding sequence, the base pair deletion in Tanjil compared to P27255 

resulted in a frameshift and premature stop codon after 101 amino acids of the protein 

sequence, while the P27255 protein sequence contained 354 amino acids, similar in length 

to other NLL LaDHDPS-like gene copies (Fig. 5.1). 

The expression of these three candidate iuc genes, LaDHDPS-like, LaMYB-like and 

LaZF-like, was measured using qRT-PCR in leaf, stem, root, flower and seed tissues of 

sweet (cultivar Tanjil) and bitter (accession P27255) NLL. LaDHDPS-like was more 

highly expressed in all tissues of P27255 compared to Tanjil (P ≤ 0.05), with the highest 

expression in developing seed (13–16 days after anthesis), followed by leaf tissue, and 

the lowest expression in stem, root and flower tissues (P ≤ 0.05) (Fig. 5.2a). LaMYB-like 

and LaZF-like expression did not differ between P27255 and Tanjil (Fig. 5.2b,c); 
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therefore, LaDHDPS-like was considered the most likely candidate for Iuc and was 

selected for further analysis. 
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Figure 5.1: Alignment of sweet (cultivar Tanjil) and bitter (accession P27255) NLL LaDHDPS-like (Lup017658.1) amino acid sequence (using updated 

gene annotation), aligned with two genes from the NLL gene annotation with sequence similarity to LaDHDPS-like (Lup020268.1 and Lup018601.1). A 

SNP in the Tanjil LaDHDPS-like coding sequence at position 107 on alignment resulted in a frameshift and premature stop codon after 101 amino acids 

on the LaDHDPS-like protein sequence (highlighted by blue box).
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Figure 5.2: Relative expression of candidate Iuc genes in tissues of sweet (cultivar Tanjil) 

and bitter (accession P27255) NLL. (A) LaDHDPS-like (Lup017658.1), (B) LaMYB-like 

(Lup007710.1) and (C) LaZF-like (Lup007726.1). Seed refers to developing seed at 13–

16 days after anthesis. The means and standard errors of three biological replicates are 

presented. Two-way ANOVA (P ≤ 0.05) was used to test for significant differences in 

gene expression with the effect of NLL accession, plant tissue and the NLL accession × 

plant tissue interaction for each gene. Significant differences between Tanjil and P27255 

are denoted by asterisks. 
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5.4.2 Characterisation and functional validation of candidate Iuc gene LaDHDPS-

like  

As DHDPS is one of the main regulatory enzymes of the lysine biosynthesis pathway, 

which may impact lysine availability in the plant (Galili, 1995), the expression of other 

NLL LaDHDPS-like gene copies in sweet (cultivar Tanjil) and bitter (accession P27255) 

NLL was measured. A BLASTN search against the NLL gene annotation identified four 

genes with sequence similarity to LaDHDPS-like (Lup024900, Lup018601, Lup020268 

and Lup007284). The expression of a NLL LKR/SDH-like gene, involved in lysine 

degradation (Arruda et al., 2000) was also measured; a BLASTN search against the NLL 

gene annotation identified one gene with sequence similarity to AtLKR/SDH 

(Lup013528.1). Two LaDHDPS-like gene copies (Lup018601.1 and Lup007284.1) were 

more highly expressed in leaf and developing seed tissue (13–16 days after anthesis) of 

P27255 than the respective tissues of Tanjil (P ≤ 0.05), and the expression of two other 

LaDHDPS-like gene copies (Lup020268.1 and Lup024900.1) did not differ between 

P27255 and Tanjil (Fig. 5.3). The expression of LaLKR/SDH (Lup013528.1) did not differ 

between P27255 and Tanjil (Fig. 5.4).  

As the expression of LaDHDPS-like, as well as two LaDHDPS-like gene copies were 

more highly expressed in bitter (accession P27255) than sweet (cultivar Tanjil) NLL, the 

levels of amino acids in leaf material of P27255 and Tanjil were measured. A preliminary 

amino acid analysis of the leaves of P27255 and Tanjil showed comparable lysine levels 

(Fig. S5). 

An E. coli strain lacking in DHDPS activity (strain β1250) was transformed to express 

either the P27255 or truncated Tanjil LaDHDPS-like sequence to identify whether they 

were able to complement the E. coli DHDPS– phenotype, to assess their respective 

function. However, neither copy was able to complement the β1250 strain, as transformed 



 

135 

 

cells could not grow without exogenous DAP on LB agar or on M9 minimal media 

supplemented with thiamine (data not shown).  

 

 

 

  
 

Figure 5.3: Relative expression of LaDHDPS-like gene copies identified from the NLL 

gene annotation in tissues of (A) sweet cultivar Tanjil and (B) bitter accession P27255. 

Seed refers to developing seed at 13–16 days after anthesis. The means and standard errors 

of three biological replicates are presented. Two-way ANOVA (P ≤ 0.05) was used to 

test for significant differences in gene expression with the effects of NLL accession, plant 

tissue and the NLL accession × plant tissue interaction for each gene. Significant 

differences between Tanjil and P27255 are denoted by asterisks. 
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Figure 5.4: Relative expression of LaLKR/SDH-like (Lup013528.1), a candidate NLL 

gene involved in lysine catabolism, in tissues of sweet (cultivar Tanjil) and bitter 

(accession P27255) NLL. Seed refers to developing seed at 13–16 days after anthesis. The 

means and standard errors of three biological replicates are presented. Two-way ANOVA 

(P ≤ 0.05) was used to test for significant differences in gene expression with the effects 

of NLL accession, plant tissue and the NLL accession × plant tissue interaction. No 

significant differences in expression between Tanjil and P27255 were found.  

 

Sweet NLL (cultivar Unicrop) was transformed using constructs for overexpression and 

native expression of the P27255 LaDHDPS-like coding sequence to identify could 

increase QA production. Single plants (T0 generation) for overexpression of LaDHDPS-

like and the appropriate control construct were able to form roots and, subsequently, 

whole plants. However, no significant differences in the expression of LaDHDPS-like, 

LaL/ODC, LaCAO-like or LaAT were observed between the plants (data not shown). 

5.4.3 Identification of candidate genes for Iuc using a pan-genome analysis approach 

Re-sequencing data for 42 NLL accessions, including 31 wild varieties/pre-breeding lines 

and 11 cultivars, were used to compare gene sequences within the Iuc genomic region 

between bitter and sweet varieties. QA testing of seed using Dragendorff reagent 

confirmed that all 31 wild accessions and pre-breeding lines were bitter, and all 11 

cultivars were sweet (Fig. S6). None of the non-synonymous mutations identified 
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Bitter accessions with full-

length LaDHDPS-like 

sequence 

consistent between the 42 sweet or bitter varieties. Of those genes identified within the 

Iuc genomic region, LaDHDPS-like remained as the most likely candidate, with all 

cultivars having the same base pair deletion as Tanjil. However, while most of the bitter 

accessions did not have this deletion, found in bitter accession P27255, five did (P26170, 

P22810, P26239, P25016 and P29039). Grain QA content was measured for Tanjil, four 

bitter accessions with the full-length LaDHDPS-like sequence and four with the truncated 

LaDHDPS-like sequence. While Tanjil had comparatively low QA levels, all other wild 

accessions, irrespective of having the full-length or truncated LaDHDPS-like sequence, 

had high QA levels that did not differ between wild accessions (Fig. 5.5). LaDHDPS-like 

was therefore disregarded as a candidate Iuc gene. 

 

 
 

 

 

Figure 5.5: QA content in grain of bitter NLL lines with (varieties P26239, P22810, 

P26170 and P25016) and without (varieties P22872, P20720, P27221 and P27255) the 

truncated LaDHDPS-like (Lup017658.1) sequence, with sweet cultivar Tanjil with 

truncated LaDHDPS-like for comparison. Single replicates are presented. Limit of 

detection is 0.001%.  
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As 22.8% of the NLL genome had not been placed on the NLL pseudochromosomes 

(Hane et al., 2017), and my above analysis of those genes located on scaffolds associated 

with Iuc did not identify any conclusive candidate genes, there was a possibility that Iuc 

was located on a scaffold which had not been placed in the Iuc genomic region, between 

scaffolds 163 and 306. To investigate this hypothesis, the plant secondary metabolite 

software PlantiSMASH (Kautsar et al., 2017) was used to identify potential alkaloid 

biosynthetic gene clusters in the NLL genome, which may lie on unassigned scaffolds 

and harbour Iuc. A total of 15 secondary metabolite clusters were identified, including 

two that are putatively involved in alkaloid production, as identified by PlantiSMASH 

(Table S14). The two alkaloid gene clusters in the NLL genome contain 12 genes on 

Scaffold_283 (Lup015739.1–Lup015750.1) and nine genes on Scaffold_559 

(Lup026039.1–Lup026047.1) (Table S14). Scaffold 283 is located on NLL-03 (Hane et 

al., 2017) and an updated genetic map placed scaffold 559 on NLL-10 (Zhou et al., 2017). 

While neither of these clusters was located within the Iuc region, they contained candidate 

genes involved in QA biosynthesis and regulation. Lup015739.1 is a transcription factor 

thought to be involved in QA regulation (Chapter Two) and PlantiSMASH identified 

Lup015740.1 and Lup026039.1 as aminotransferases, Lup015744.1 and Lup026043.1 as 

Pictet-Spengler enzymes, Lup015749.1 as a COesterase and Lup026047.1 as an 

epimerase, as candidate alkaloid biosynthetic genes. 

It is also possible that Iuc is not present in the sweet cultivars, and the iuc phenotype may 

be caused by a whole-gene deletion and therefore not captured in the NLL genome or 

gene annotation, for which the reference genotype is the cultivar Tanjil (Hane et al., 

2017). Eighteen genes were identified as absent in all sweet NLL and present in all bitter 

NLL sequenced at high coverage. However, none was present in all bitter NLL lines 

(Table 5.2). Therefore, the hypothesis of the Iuc gene being absent in sweet cultivars was 

rejected. 
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Table 5.2: Genes from NLL pan-genome which are absent in all sweet cultivars and 

present in all bitter varieties, sequenced at high coverage (P26170, P26464, P25136 and 

P27255). A Refers to the number of bitter varieties that were sequenced at low coverage, 

for which this gene is absent from re-sequencing data.  

Gene name 

Number of 

bitter NLL 

lines absentA 

BLAST2GO annotation 

augustus_masked-P26170_0022287- 

processed-gene-0.0 

4 probable ccr4-associated factor 1 

homolog 9 

 

augustus_masked-P26464_001215-

processed-gene-0.0 

4 None 

augustus_masked-P26464_0026094-

processed-gene-0.1 

14 PREDICTED: uncharacterised protein 

LOC109347006 

 

augustus_masked-P26464_0033210-

processed-gene-0.0 

9 transposon ty3-i gag-pol partial 

 

maker-lowX_0034675-augustus-gene-0.1 8 protein chloroplastic-like 

 

maker-lowX_0052898-augustus-gene-0.1 10 PREDICTED: uncharacterised protein 

LOC109363512 

 

maker-lowX_007810-augustus-gene-0.0 2 None 

 

maker-P25136_009546-augustus-gene-

0.0 

3 l-ascorbate oxidase-like 

 

maker-P26464_001197-augustus-gene-

0.1 

9 bifunctional epoxide hydrolase 2-like 

 

maker-P26464_0025746-augustus-gene-

0.0 

4 line-1 reverse transcriptase isogeny 

 

maker-P26464_0027061-augustus-gene-

0.2 

13 non-ltr retroelement reverse transcriptase 

 

maker-P26464_0027635-augustus-gene-

0.1 

3 glutathionyl-hydroquinone reductase -

like 

 

maker-P26464_0028580-augustus-gene-

0.1 

8 o-acyltransferase wsd1-like 

 

maker-P26464_0030818-augustus-gene-

0.1 

5 None 

maker-P26464_004481-augustus-gene-

0.1 

8 purine permease 1-like 

 

maker-P26464_004720-augustus-gene-

0.0 

12 dna ligase 4 isoform x1 

 

maker-P26464_0056-augustus-gene-0.5 4 iq ef-hand binding site 

 

maker-P27255_0014028-augustus-gene-

0.1 

12 None 
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Finally, SNP analysis was carried out for 42 re-sequenced NLL varieties to identify SNPs 

which are common to all bitter lines and differ from all sweet lines, located on scaffolds 

unassigned to the physical map. A total of 24,596 SNPs were identified that were common 

to all bitter lines, and differ from the NLL genome (reference cultivar Tanjil) with 1,314 

located within coding or promoter regions. Of these 1,314 SNPs, 124 were located on 

genomic regions which were unassigned to the physical map. These SNPs were then 

investigated, using re-sequencing data for bitter and sweet NLL, and only one resulted in 

a non-synonymous mutation that differed from all sweet accessions, located on 

Scaffold_162_1, position 326,765. An updated molecular map placed this scaffold within 

the Iuc region, between scaffolds 163 and 306 (Zhou et al., 2017). This updated molecular 

map also placed four other scaffolds within the Iuc genomic region (AOCW01125787.1, 

Scaffold_118, Scaffold_210_1 and Scaffold_26_73) (Zhou et al., 2017). These newly 

assigned scaffolds harbour 30 genes. However, Scaffold_210_1, harbouring 7 genes was 

assigned to NLL-01 by Hane et al. (2017). None of the genes located on these four new 

scaffolds had SNPs that correlated between sweet and bitter lines, except for the one SNP 

on Scaffold 162_1, located within the coding region of Lup007628.1. 

Lup007628.1 encodes an APETALA2/ethylene responsive factor (AP2/ERF; 

LaAP2/ERF-like), with an AP2/ERF domain, and AP2-like ethylene-responsive 

transcription factor, AP2/ERF domain superfamily and DNA-binding domain 

superfamily protein annotations (IPR001471, IPR031112, IPR036955, and IPR016177). 

The SNP between bitter and sweet NLL accessions results in a non-synonymous mutation 

within the 64 amino acid AP2/ERF DNA-binding region of the gene (Fig. 5.6 and S7), 

changing an arginine residue in bitter accessions to a serine residue in sweet accessions. 

Additionally, it was noted that two bitter accessions (P26464 and P21624) have a 6 kb 

deletion in the promoter region of LaAP2/ERF-like, ~550 base pair upstream of the 

coding sequence, which was not identified in any other bitter or sweet NLL varieties. As 
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Iuc may encode a transcriptional regulator of the QA biosynthetic pathway (Chapter 

Two), LaAP2/ERF-like was selected for follow up analyses.  

 

 
 

Figure 5.6: Alignment of sweet (cultivar Tanjil) and bitter (accession P27255) NLL 

LaAP2/ERF-like (Lup007628.1) amino acid sequence. Dashed lines denote bitter 

sequence that does not differ from cultivars or that contains SNPs not consistent across 

all 31 bitter accessions. Blue arrow denotes 64 amino acid AP2/ERF domain 

(IPR001471). Red arrow shows the position of conserved SNP in bitter compared to sweet 

NLL.  
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5.4.4 Characterisation of candidate Iuc gene LaAP2/ERF-like  

While LaAP2/ERF-like was not identified as being upregulated in bitter (accession 

P27255) compared to sweet (cultivars Tanjil and Unicrop) NLL, or in leaf and stem tissue 

compared to other tissues by differential gene expression analyses, when measured by 

qRT-PCR, LaAP2/ERF-like was specifically expressed in leaf and stem tissue of P27255 

(Fig. 5.7a). This expression pattern was similar to that previously identified for validated 

and candidate QA biosynthetic genes LaL/ODC, LaCAO-like and LaAT (Fig. 5.7b; see 

Chapter Two). LaAP2/ERF-like expression was higher in leaf and stem tissues of P27255 

compared to the respective tissues of Tanjil (P ≤ 0.05), while expression in root, flower 

and developing seed tissues did not differ significantly between P27255 and Tanjil (Fig 

5.7a; Table S15). 

LaAP2/ERF-like was upregulated in leaf material treated with MeJA for bitter (accession 

P27255), but not for sweet (cultivar Tanjil) NLL, similar to the three QA biosynthetic 

genes (LaL/ODC, LaCAO-like and LaAT), at 12 h and 36 h after treatment with MeJA (P 

≤ 0.05) (Fig. 5.8a; see Chapter Four Fig. 4.6). Additionally, as found for the three QA 

biosynthetic genes, wounding did not induce expression of LaAP2/ERF-like for either 

bitter (accession P27255) or sweet (cultivar Tanjil) NLL (Fig. 5.9a; see Chapter Four Fig. 

4.8). In summary, the gene expression analysis of LaAP2/ERF-like between sweet and 

bitter NLL accessions and following MeJA application and wounding showed similar 

expression patterns as three of the validated and candidate QA biosynthetic genes. 
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Figure 5.7: Relative expression of (A) LaAP2/ERF-like (Lup007628.1) and (B) LaL/ODC 

(Lup009726.1) in tissues of bitter (accession P27255) and sweet (cultivar Tanjil) NLL. 

Seed refers to developing seed tissue at 13–16 days after anthesis. The expression for (B) 

LaL/ODC was presented in Chapter Two (Fig. 2.6a) and is included here for comparative 

illustration. The means and standard errors of three biological replicates are presented. 

Untransformed data is shown. For statistical analysis of log-transformed data see Table 

S15. 
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Figure 5.8: Relative expression of (A) LaAP2/ERF-like (Lup007628.1) and (B) LaL/ODC 

(Lup009726.1) in leaf tissue of bitter (accession P27255; left) and sweet (cultivar Tanjil; 

right) NLL treated with MeJA. The expression for (B) LaL/ODC was presented in 

Chapter Four (Fig. 4.6) and is included here for comparative illustration. The means and 

standard errors of three biological replicates are presented. A one-sided two-sample t-test 

(P ≤ 0.05) was used to assess whether gene expression increased in MeJA-treated leaves 

compared to controls at a certain time point. Significant difference is denoted with an 

asterisk. 
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Figure 5.9: Relative expression of (A) LaAP2/ERF-like (Lup007628.1) and (B) LaL/ODC 

(Lup009726.1) in wounded leaf tissue of bitter (accession P27255; left) and sweet 

(cultivar Tanjil; right) NLL. Expression for (B) LaL/ODC was presented in Chapter Four 

(Fig. 4.8) and is included here for comparative illustration. The means and standard errors 

of three biological replicates are presented. A one-sided two-sample t-test (P ≤ 0.05) was 

used to assess whether gene expression increased in wounded leaves compared to controls 

at a certain time point. No significant differences were found. 
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5.5 DISCUSSION 

The aim of this study was to identify the gene responsible for the iucundus (iuc) low-QA 

locus, which has been vital in the use of NLL grain as a food and feed source, and is the 

sole locus used in breeding programs to ensure low grain QA levels (Gladstones, 1970; 

Clements et al., 2005b). Using various genomic, transcriptomic and pan-genomic 

resources for NLL, the most likely candidate was identified as an APETALA2/ethylene 

response factor (AP2/ERF), designated LaAP2/ERF-like (Lup007628.1). This gene has a 

conserved SNP between bitter and sweet NLL accessions, resulting in a non-synonymous 

mutation, with an arginine residue in the ‘bitter’ protein sequence, where the ‘sweet’ 

protein sequence has a serine residue. 

As this non-synonymous mutation resides within the AP2/ERF DNA-binding region of 

the gene (Fig. 5.6), and the expression of LaAP2/ERF-like correlates with validated and 

candidate QA biosynthetic genes LaL/ODC, LaCAO-like and LaAT (Chapters Two and 

Four; Figs. 5.7, 5.8 and 5.9), it was hypothesised that LaAP2/ERF-like is a positive 

regulator of QA biosynthesis, and the serine residue of the ‘sweet’ protein sequence 

affects its ability to bind to promoter regions of genes to activate QA biosynthesis. The 

arginine residue of the bitter LaAP2/ERF-like protein sequence was conserved in the ERF 

DNA-binding domain of AP2/ERFs found in Nicotiana tabacum, Arabidopsis thaliana 

and Solanum lycopersicum, but the serine residue was not identified (Hao et al 1995). 

This residue lies at the end of the 16 amino acid region predicted to form an amphipathic 

α-helix, and may affect the secondary structure of the AP2/ERF protein and its subsequent 

ability to bind to DNA (Hao et al., 1998). If this mutation results in a reduced ability, 

rather than the complete loss of the ability of LaAP2-ERF-like to regulate QA 

biosynthesis, a null mutation in this gene may result in even lower QA content than 
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current NLL cultivars; LaAP2-ERF-like expression is reduced in sweet compared to bitter 

NLL, but is still detected at low levels (Figs. 5.7, 5.8 and 5.9). 

While it seems likely that the ‘sweet’ mutation affects the ability of LaAP2/ERF to 

regulate QA biosynthesis, its specific role is yet to be determined. This transcription factor 

may directly regulate QA biosynthetic genes, or it may indirectly activate them by 

activating other regulators. AP2/ERFs are known to regulate alkaloid biosynthesis, by 

regulating several biosynthetic genes, in N. tabacum and Catharanthus roseus 

(NtERF189, NtERF221/ORC1, NtJAP1/ERF10, CrORCA1, CrORCA2, and CrORCA3), 

and most show MeJA responsiveness (Menke et al., 1999; van der Fits and Memelink, 

2000; Sutter et al., 2005; Yamada and Sato, 2013). The low-alkaloid loci for N. tabacum 

(nic1 and nic2) are likely to be controlled by ERFs (Hibi et al., 1994; Shoji et al., 2010). 

NtERF189, which is deleted in the nic2 locus, binds directly to the GCC-box 

(AGCCGCC) of the promoter of a nicotine biosynthetic gene (Shoji et al., 2010). In 

Chapter Two, transcription factor binding sites common to the promoter regions of the 

three QA biosynthetic genes were determined, to identify transcription factors that may 

regulate QA biosynthesis. While the GCC-box motif was not identified in promoter 

sequences, the sequence CAACA was, which is recognised by AP2-like domains (Higo 

et al., 1999); therefore, it is possible that the QA biosynthetic genes are directly regulated 

by LaAP2/ERF-like. 

LaAP2/ERF-like does not, however, show significant sequence similarity to the N. 

tabacum and C. roseus AP2/ERFs regulating alkaloid biosynthesis, and of the annotated 

genes for the model plant species Arabidopsis thaliana, LaAP2/ERF-like shows the 

highest sequence similarity to A. thaliana related to AP2.7 (AtRAP2.7; AT2G28550), also 

known as target of early activation tagged (AtTOE1). AtRAP2.7 plays a role in the 

regulation of flowering time by the jasmonate plant signalling pathway; it is repressed by 
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its interaction with jasmonate-ZIM domain (JAZ) repressors and, upon activation of the 

coronatine insensitive 1-dependent signalling pathway, the JAZ repressors are degraded, 

and AtRAP2.7 then represses the expression of the flowering time gene AtFT  (Zhai et al., 

2015). The function of LaAP2/ERF-like may be unrelated to AtRAP2.7, as there have 

been no reports of iuc affecting flowering time. However LaAP2/ERF-like is also 

upregulated by activation of the jasmonate signalling pathway (Fig. 5.8).  

LaAP2/ERF-like may regulate other processes in addition to QA biosynthesis. AP2/ERFs 

are known to act in the regulation of primary and secondary metabolism, growth and 

development, and responses to biotic and abiotic stress (Licausi et al., 2013). Largely 

isogenic genotypes contrasting for iuc or Iuc identified that plants harbouring iuc 

produced less seed under abiotic stress and were affected more by the brown leaf spot 

fungus, Pleiochaeta setosa, than plants harbouring Iuc (Oram, 1983). If the yield and 

defence-promoting properties of Iuc are unrelated to QA content, this may be of interest 

to NLL breeders.  

In this study, another gene (LaDHDPS-like), was considered as a candidate gene for Iuc, 

although it was eventually discarded as a candidate. DHDPS enzymes are involved in 

both the biosynthesis of lysine and in the regulation of the pathway (Medici et al., 2015). 

All cultivars were identified to have a truncated LaDHDPS-like protein sequence (Fig. 

5.1), with higher gene expression in bitter (accession P27255) compared to sweet (cultivar 

Tanjil) NLL (Fig. 5.2a). It was hypothesised that this gene may affect lysine availability 

between bitter and sweet NLL, as lysine levels in the leaves were higher in bitter NLL 

than sweet NLL (Bunsupa et al., 2012a), which may affect QA biosynthesis as lysine is 

the precursor amino acid for QAs. However, some bitter NLL accessions were identified 

as having the truncated LaDHDPS-like sequence, which did not alter grain QA levels 

from bitter lines with the full-length LaDHDPS-like (Fig. 5.5). In addition, stable 
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transformation of sweet NLL with the full-length LaDHDPS-like sequence did not 

complement the mutation as the expression of the QA biosynthetic genes remained the 

same as the control plant. However, LaDHDPS-like expression was not higher in the plant 

transformed with the full-length LaDHDPS-like overexpression construct as the control 

plant, possibly due to the chimeric nature of T0 generation stable transformants. 

Subsequent generations would be more suitable for analysis. Nevertheless, LaDHDPS-

like was discounted as an Iuc candidate gene. Four DHDPS coding sequences (three 

complete and one partial) have been identified in the model legume Medicago truncatula 

which differ in their regulation and enzymatic activity (Erzeel et al., 2013); four 

LaDHDPS-like gene copies were identified in the NLL genome, all with similar or higher 

expression than LaDHDPS-like (Figs. 5.2 and 5.3). LaDHDPS-like may act redundantly 

with these genes or play a lesser role in lysine biosynthesis. Therefore a non-functional 

LaDHDPS-like may not significantly affect primary metabolism in the plant.  
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5.6 CONCLUSIONS 

An AP2/ERF transcription factor (LaAP2/ERF-like) was identified as the most likely 

candidate for the gene controlling the NLL low-QA locus iucundus (iuc). This gene has 

a non-synonymous mutation in the AP2/ERF DNA-binding region of sweet NLL 

cultivars, which differs from bitter NLL. LaAP2/ERF-like is proposed to directly or 

indirectly regulate several validated and candidate genes of QA biosynthesis, and it is 

hypothesised that the non-synonymous mutation found in sweet NLL affects the DNA-

binding ability of the gene. While the exact function of LaAP2/ERF-like remains to be 

elucidated, it is a strong candidate for Iuc and may allow for the development of molecular 

markers to easily track the recessive iuc for NLL breeding. This will assist in the 

introgression of genetic variation from bitter wild accessions, while selecting for low QA 

content, to improve the genetic diversity of NLL cultivars. Further research to confirm 

that LaAP2/ERF-like is responsible for QA regulation in NLL has been initiated through 

cloning and complementation of the bitter allele into a cultivated sweet background.  
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Chapter Six 

 

Screening a narrow-leafed lupin (Lupinus angustifolius L.) 

mutagenised population for reduced seed coat proportion 
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6.1 ABSTRACT 

Narrow-leafed lupin (Lupinus angustifolius L.) is a major grain legume crop; however, 

due to its recent domestication, the crop still harbours some undesirable traits. The grain 

has recently gained attention as a human health food, with its high protein and fibre 

contents. However, the large percentage of seed weight in the unmetabolisable seed coat 

(25%) affects the nutritive value and ease of de-hulling of the grain. It was hypothesised 

that a reduction in seed coat proportion will increase the metabolisable energy in the seed. 

An ethane methanesulfonate (EMS)-mutagenised narrow-leafed lupin population was 

screened for reduced seed coat thickness and proportion. This was achieved by rapidly 

and non-destructively screening mutant lines (n = 728 of M3 generation seed) for reduced 

seed coat thickness using optical coherence tomography imaging. Select lines with altered 

seed coat thickness relative to the average seed coat thickness of mutant lines or the parent 

Tanjil, were grown to M4 generation for measurement of seed coat proportion. However, 

the seed coat proportion of mutant lines did not differ from the parent line Tanjil because 

the line identified with reduced seed coat thickness also produced smaller seeds. This may 

be due to some of the genes controlling seed coat development also controlling seed size. 

Nevertheless, optical coherence tomography proved a valuable tool for rapidly assessing 

seed coat thickness in mutant lines; a larger population size might need to be screened to 

identify lines where seed coat development is altered independent of seed size. Screening 

the EMS-mutagenised population identified lines that harboured other traits which may 

improve the value of NLL grain, such as a white-coloured seed coats and larger seeds, 

relative to the parent line Tanjil.  
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6.2 INTRODUCTION 

Narrow-leafed lupin (Lupinus angustifolius L.) is a recently domesticated grain legume 

crop that has gained attention as a human health food due to its high protein and fibre 

contents along with other beneficial properties (Petterson, 1998; Johnson et al., 2003; 

Duranti et al., 2008; Lima‐Cabello et al., 2017). Due to this recent domestication and 

narrow-genetic base, the crop still harbours some undesirable traits (Clements et al., 

2005b; Berger et al., 2012). The high proportion of seed weight in the unmetabolisable 

seed coat compared to other grain legumes (NLL, 25%, soybean, 7%) limits the value of 

the grain (Lush and Evans, 1980). Removal of the seed coat—comprised of mainly 

indigestible fibre—improves the nutritive value of the grain (Brillouet and Riochet, 1983; 

Edwards and Van Barneveld, 1998); the seed coat proportion is important for the ease 

and economic viability of its removal (Clements et al., 2004). It was hypothesised that a 

reduction in seed coat proportion will increase the metabolisable energy in the grain due 

significant negative correlations between seed coat proportion and seed weight, protein 

content and oil content in NLL (Clements et al., 2002; Mera et al., 2004). A reduced seed 

coat proportion in NLL appears achievable with the strong heritability of this trait, despite 

some environmental variability (Clements et al., 2002), and other lupin species have 

lower seed coat proportions than NLL (L. albus, 17%; L. mutabilis, 13%) (Brillouet and 

Riochet, 1983).  

A useful way to introduce novel phenotypic variation—such as variation for seed coat 

proportion—within a population is to use a mutagen, such as ethyl methanesulfonate 

(EMS). EMS is used to create random genetic mutations of a predictable nature (G/C to 

A/T transitions) and when used to create a population in a homogeneous background, the 

genetic factor underlying phenotypic traits of interest can be elucidated, in comparison to 

the parent genotype (Sega, 1984; Greene et al., 2003). Another advantage of an EMS-
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mutagenised population is that it is not considered genetically modified. Therefore, any 

mutant lines harbouring traits of interest may be used as pre-breeding material.   

In this study, an EMS-mutagenised NLL population (cultivar Tanjil) was screened for 

reduced seed coat thickness and proportion. The rapid and non-destructive technique of 

optical coherence tomography (OCT) was used to initially screen M3 generation lines for 

seed coat thickness. OCT is an imaging technique that measures the refraction of light 

from cellular components (Fujimoto et al., 1998). This technique, traditionally used in the 

medical field, has been used to visualise plant cells, including previous measurements of 

seed coat thickness in NLL (Hettinger et al., 2000; Clements et al., 2004). M3 lines with 

altered seed coat thickness were identified and taken to M4 generation to confirm the seed 

coat phenotype and perform seed coat proportion measurements.  
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6.3 MATERIALS AND METHODS 

6.3.1 NLL ethyl methane-sulfonate (EMS)-mutagenised population 

An EMS-mutagenised population, derived from the cultivar Tanjil, was developed at 

CSIRO Agriculture and Food, Floreat and M3 generation seeds (n = 728 M3 individuals) 

were harvested from M2 plants to measure seed coat thickness. M3 generation seeds were 

collected from M2 plants grown over two different periods in a temperature controlled 

glasshouse. The first batch was grown in a temperature controlled glasshouse between 

August 2013 and May 2014, and the second batch between August 2014 and Feb 2015. 

Plants of the parent line (cultivar Tanjil) were grown with M2 plants as a control line. The 

mutagenesis rate was calculated at ten mutations Mb–1 and 27–33% reduction in 

germination compared to parent line Tanjil (Rhonda Foley, Hayley Casarotto and Karam 

Singh, unpublished data).  

6.3.2 Optical coherence tomography (OCT) scanning to identify M3 lines with 

altered seed coat thickness 

OCT scanning was carried out at the Optical and Biomedical Engineering Laboratory 

(OBEL), located at The University of Western Australia, using a Thorlabs (Inc.) swept-

source OCT system. Three seeds from each M3 line of the NLL EMS-mutagenised 

population (n = 728) were scanned to measure seed coat thickness. For scanning, seeds 

were mounted on Blu Tack to easily manoeuvre seeds into position, with the radicle 

facing the bottom-right corner of the scanning stage, and the seed coat perpendicular to 

the scanner. OCT scans covered an area of 6 mm × 0.2 mm, reaching a depth of 3 mm. 

Scans were conducted with the seed coat at the most focused scanning depth of ~0.6 mm. 

The optical resolution was 16 µm. As M3 lines with altered seed coat thickness were 

identified, up to ten replicates from these lines were scanned, depending on seed 

availability. 
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6.3.3 OCT image processing 

OCT images were visualised and analysed using MATLAB R2014a Image Toolbox 

software with the script provided by Peijun Gong and Robert McLaughlin at the OBEL 

institute (Table S16). To visualise the seed coat, a two-dimensional ‘B’ scan was created 

from the average light intensity of the width (0.2 mm) of the three-dimensional OCT scan 

(Fig. 6.1a). To analyse the thickness of the seed coat, a one-dimensional ‘A’ scan was 

created from the average light intensity average of the central 20 pixels of the two-

dimensional ‘B’ scan (Fig. 6.1b). The seed coat thickness was measured by the difference 

in scanning depth (x-axis) between the peaks of light intensity corresponding to the 

hourglass cell layer (Y) and the epidermal cell layer (X) (Fig. 6.1a,b). To convert the 

optical length to physical length, the measurement was divided by the refractive index of 

1.5, as in Clements et al. (2004). 

Statistical analyses were carried out using GenStat, 18th edition. A one-way analysis of 

variance (ANOVA) was used to compare mean seed coat thicknesses of the two batches 

from which M3 seeds were generated and seeds of the Tanjil parent line grown with M2 

plants.  To determine M3 lines with altered seed coat thickness, a one-way ANOVA was 

used to compare the mean of each M3 line with the total mean of the M3 lines of the batch 

in which they were grown (and parent line Tanjil for second batch), using Dunnett’s 

multiple comparison test, specifying the mean of total M3 lines or the parent line Tanjil 

as a control.  
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Figure 6.1: Measuring seed coat thickness using MATLAB: (A) ‘B’ scan. The red box 

indicates the width averaged to create the ‘A’ scan, the blue line indicates the focal point 

of the scan. (B) ‘A’ scan created by averaging the light intensity from the central pixels 

of the ‘B’ scan. Seed coat thickness was determined by the optical distance between Y 

(hourglass cell layer) and X (epidermal cell layer), divided by the refractive index of 1.5. 
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6.3.4 Tissue fixation and light microscopy for OCT validation 

To validate the use of OCT to measure seed coat thickness, the thickness as measured by 

the OCT scan was compared to the physical thickness as measured by tissue fixation and 

light microscopy of the seed coat. Ten NLL seeds (cultivar Tanjil) were scanned using 

OCT and the scanned area of the seed coat was marked for tissue fixation. Tissue fixation 

was carried out at the Centre for Microscopy, Characterisation and Analysis (CMCA), 

located at The University of Western Australia. Seeds were imbibed in water, the seed 

coat was removed from the seed, and a 1 mm × 2 mm section of the area scanned was cut 

for tissue fixation. Samples were placed in 2.5% glutaraldehyde for 40 min at room 

temperature, and then kept at 4 °C overnight. Samples were placed under vacuum, using 

a vacuum oven, to remove air bubbles, and then processed using a PELCO BioWave 

Microwave Processing System (see Table 6.1 for protocol). Samples infiltrated with 

100% glycol methacrylate acrylic (GMA) were embedded in a vacuum oven at 60 °C for 

24 h and then cut into sections (2 µm) using a Sorvall Microtome and glass knives. 

Sections were dried onto a microscope slide, dyed with toluidine blue pH 4 and imaged 

using an Optical Zeiss Axioskop. Seed coat thickness was measured (epidermal to 

hourglass layers, as measured by OCT, and entire seed coat including parenchymatous 

layer) using Image J software and the scale determined using a microscope image of a 

ruled slide. A two-sample t-test was used to compare seed coat thickness measurements 

obtained by OCT and by measuring physical thickness by light microscopy.  
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Table 6.1: NLL seed coat tissue processing steps undertaken using a PELCO BioWave 

Microwave Processing System.  

Step Under vacuum Microwave setting 

1. Fixation in 2.5%  glutaraldehyde Yes 2 min on, 2 min off, 2 min on 

2. Wash with water No 40 s on 

3. Dehydration 

(a) 25% acetone 

(b) 50% acetone 

(c) 75% acetone 

 

(d) 95% acetone 

(e) 100% acetone 

(f) 100% acetone 

No Each step 1 min on, 1 min off, 1 min 

on 

4. Infiltration (acetone:GMA resin ratio) Yes Each step 3 min on 

(a) 3:1 

(b) 3:1 

(c) 1:1 

(d) 1:1 

(e) 1:3 

(f) 1:3 

(g) 100% GMA 

(h) 100% GMA 

 

 

6.3.5 Growing conditions of select M3 lines with altered seed coat thickness 

In a subsequent experiment following OCT analysis of the 784 mutant lines, M3 seed with 

an altered seed coat thickness as determined by OCT were grown with parent line Tanjil, 

and the recently released NLL cultivars PBA Gunyidi and PBA Barlock. This would 

allow confirmation of the phenotype of seed coat thickness in a subsequent generation 

grown under carefully controlled environmental conditions. Seeds were surface sterilised 

and germinated for one week in Jiffy Peat Pots. Two Jiffy Peat Pots containing a particular 

NLL cultivar or M3 line were then planted in 3.7 L pots containing steam-sterilised sandy 

soil inoculated with Rhizobium Group G and given ¼ tsp Macrocote Blue fertiliser. Plants 

were grown in Conviron growth cabinets at 20 °C day/16 °C night with 12 h of light and 

watered every 2–3 days. Plants were given ~0.6 g powdered superphosphate and potash 

fertiliser at 44 and 84 days after sowing (DAS). Plants began to flower at 51 DAS and 
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seeds were collected at maturity (155 DAS). Twenty seeds of each M4 plant or cultivar 

were selected at random, weighed and the seed coat thickness of six seeds of each M4 

plant or cultivar was selected at random and measured using OCT. A one-way ANOVA 

using Dunnett’s multiple comparison test, specifying the parent line Tanjil as the control, 

was used to determine significant differences in seed weight and OCT seed coat thickness 

for each M4 line, relative to Tanjil. 

6.3.6 Seed coat proportion measurement 

Seed coat proportion measurements were carried out as described in Clements et al. 

(2002). Ten seeds of each M4 plant were imbibed in water overnight; the seed coat was 

separated from the embryo and tissues were dried at 105 °C for 48 h, and then weighed. 

The seed coat proportion was calculated as a percentage relative to the weight of the 

whole seed. A one-way ANOVA using Dunnett’s multiple comparison test, specifying 

the parent line Tanjil as the control, was used to determine significant differences in seed 

and seed coat weights and seed coat proportion. 
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6.4 RESULTS 

6.4.1 Validation of OCT method 

The OCT scanner imaged to a depth of 3 mm, clearly displaying the first palisade, second 

palisade and hourglass cell layers of the seed coat (Fig. 6.2). The parenchyma cell layer 

was unable to be identified, most likely due to similar light refractive properties of the 

parenchyma cell layer and the embryo, similar to Clements et al. (2004). Seed coat 

thickness measurements were therefore conducted between the epidermal and hour glass 

cell layers. OCT measurements of seed coat thickness of the first palisade, second 

palisade and hour glass cell layer, or the combined measurement of the three layers, did 

not differ significantly to the physical thickness as measured by light microscopy. OCT 

scanning estimated the visible layers at 183.95 µm, compared to 192.10 µm for light 

microscopy (Table 6.2). Therefore, OCT scanning was a reliable way to rapidly and non-

destructively measure the thickness of the three cell layers. The visible layers 

corresponded to approximately 50% of the entire seed coat thickness (Table 6.2). 
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Figure 6.2: The NLL seed coat as viewed by (A) OCT ‘B’ scan and (B) light microscopy 

of fixed tissue. Seed coat layers are identified as (a) epidermal cell layer, (b) first palisade 

cell layer, (c) second palisade cell layer, (d) hourglass cell layer, (e) parenchyma cell layer 

and (f) endodermal layer.   
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Table 6.2: Comparative measurements of up to ten NLL seeds (cultivar Tanjil) as 

measured by OCT scanning and light microscopy. Measurements for the first palisade, 

second palisade and hourglass layers, and the combined three cell layers did not differ 

significantly between those obtained by OCT and those measuring physical thickness 

with light microscopy. 

 OCT scannning Light microscopy 

 1st 

palisade 

2nd 

palisade 
Hourglass Total 

1st 

palisade 

2nd 

palisade 
Hourglass Total 

Whole 

seed coat 

Average 

thickness 

(µm) 

64.88 73.92 43.48 183.95 69.77 76.96 45.37 192.10 362.41 

Standard 

deviation 
3.48 6.14 5.21 11.73 6.98 5.46 4.11 13.41 21.73 

 

6.4.2 OCT scanning of EMS-mutagenised NLL population 

In total, 2,352 seeds from 784 M3 lines of an EMS-mutagenised NLL population (cultivar 

Tanjil) were scanned, and the seed coat thickness for each seed analysed using MATLAB 

R2014a software. After analysis, some environmental effects on the M2 batches grown 

over two different periods were evident, which affected seed coat thickness of the M3 

seed. Seed coat measurements from the first batch were thicker than the second batch and 

the Tanjil parent line grown with the second batch (P ≤ 0.05) (Table 6.3, Fig. 6.3). As 

such, seed coat thickness of these two batches was analysed separately.  

Three M3 lines had a thinner seed coats than the batch mean from which they were 

collected (P ≤ 0.05) (lines 432, 677, 888; Table 6.3). Furthermore, one mutant line had a 

significantly thicker seed coat than the batch mean and the parent line Tanjil grown in the 

second batch (P ≤ 0.05) (line 840; Table 6.3). M3 lines 432 and 677 were grown in the 

first batch, and lines 888 and 840 were from the second batch. Line 888 had the largest 

reduction in visible seed coat thickness by OCT (24%) compared to the average seed coat 

thickness of the second batch. Four other M3 lines with the thinnest seed coats of M3 lines 
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measured by OCT were also identified. While the thickness of the seed coat for these 

lines (434, 575, 1028 and 1062) did not differ significantly to the batch mean, they were 

selected for follow-up validation due to the OCT screening method being unable to image 

the parenchymatous layer. Therefore, the thinner seed coat of these lines as identified by 

OCT may indicate a significant overall reduction in seed coat thickness, relative to the 

parent line Tanjil. 

 

Table 6.3: Select M3 lines of NLL EMS-mutagenised seed (cultivar Tanjil) with the 

thinnest seed coats as measured by OCT imaging. Numbers in brackets indicate number 

of seeds scanned. Asterisks indicate significant differences from the batch average and 

the parent line Tanjil for lines in the second batch.  

 Average (µm) Standard deviation 

M3 First Batch Average 206.03 12.23 

Line 432 (3 seeds) 179.5* 3.90 

Line 677 (10 seeds) 176.57* 9.53 

Tanjil parent line (10 

seeds) 

185.94 18.33 

M3  Second Batch Average 187.06 14.70 

Line 434 (10 seeds) 164.45 7.47 

Line 576 (10 seeds) 160.55 7.09 

Line 888 (9 seeds) 141.49 * 4.88 

Line 1028 (3 seeds) 161.47 2.25 

Line 1062 (3 seeds) 158.84 5.97 

Line 840 (3 seeds) 243.49 * 12.61 
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Figure 6.3: Histogram of average seed coat thickness (epidermal to hourglass cell layers) 

of M3 generation seed from a NLL EMS-mutagenised population (cultivar Tanjil), 

separated by batch grown. Measurements were determined by OCT imaging of seed.  

 

6.4.3 Seed coat thickness and proportion of M4 generation EMS-mutagenised seed 

selected from M3 lines with altered seed coat thickness  

Three to eight seeds of eight M3 lines selected for follow-up analysis were germinated 

with eight seeds each of cultivar Tanjil and the elite NLL cultivars PBA Gunyidi and PBA 

Barlock. Germinated seedlings were grown under controlled conditions to confirm seed 

coat phenotype, relative to current NLL cultivars, and to bulk up seed to carry out 

destructive seed coat proportion measurements. Due to the limited availability of M3 seed 

available, and some plants not germinating or producing seeds, lines 677 and 840 only 

had seeds collected from a single M4 plant, and no seed was collected from line 432. 

These three mutant lines were therefore omitted from subsequent analysis.  

The mean seed coat thickness was determined by OCT using six M4 seeds per plant, and 

average seed weight was obtained from 20 M4 seeds per plant (Fig. 6.4). The seed weight 

of M4 seed for lines 888 and 1062 was significantly smaller than Tanjil (Fig. 6.4) (P ≤ 
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0.05). The seed coat thickness of M4 seeds of only one line (888) was significantly thinner 

than Tanjil (P ≤ 0.05) as measured with OCT. The seed weight and seed coat thickness 

of the elite cultivars PBA Gunyidi and PBA Barlock did not significantly differ from 

Tanjil (Fig. 6.4).  

 

 

Figure 6.4: M4 generation of selected M3 lines with altered seed coat thickness, grown 

with cultivars Tanjil, PBA Gunyidi and PBA Barlock. Seed weight was determined by 

weighing 20 seeds of each replicate plant. Seed coat thickness was determined by OCT 

measurement of six seeds of each replicate plant. Means and standard errors represent at 

least three biological replicates. Asterisks denote significant differences (P ≤ 0.05) with 

cultivar Tanjil, as determined by a one-way ANOVA and Dunnett’s multiple comparison 

test, specifying the value for Tanjil as the control.   
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The seed coat proportion of M4 seed was measured by destructive methods for line 888, 

identified as having a thinner seed coat than the Tanjil control using OCT imaging, as 

well as lines 1062 and 840 for comparison (Table 6.4). Seed kernel weight and total seed 

weight of all lines did not significantly differ from Tanjil. The seed coat weight of line 

888 was significantly smaller than Tanjil (P ≤ 0.05). The seed coat proportion of lines 

888 and 1062 were not significantly different to Tanjil. While only one replicate was 

available for line 840, seeds appeared to be larger than Tanjil controls, in seed kernel 

weight, seed coat weight and total seed weight. It was also noted that line 840 had a 

generally larger phenotype, with larger leaves, flowers and pods than Tanjil (Fig. S8). 

 

Table 6.4: Seed coat proportion measurements for M4 seed. Ten seeds from each plant 

were pooled for one replicate. Means and standard errors in brackets represent three 

biological replicates, except for line 840 with only one biological replicate. Asterisks 

represent significantly different measurements to the Tanjil control.  

Line 

Mutant 

generation 

Seed kernel (mg) Seed coat (mg) 

Total seed 

(mg) 

Seed coat 

proportion 

Tanjil M4 control 76.8 (6.9) 26.5 (1.0) 103.2 (7.9) 25.8 (1.1) 

888 M4 54.8 (6.6) 19.4 (1.1) * 74.2 (7.8) 26.3 (1.2) 

1062 M4 62.9 (2.2) 22.6 (0.8) 85.4 (3.1) 26.4 (0.0) 

840 M4 106.2 43.8 150.0 29.21 
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6.4.4 M3 lines identified with phenotypes of interest 

While screening the NLL EMS-mutagenised population for seed coat thickness and 

proportion, other grain traits for improving grain were identified. This included two lines 

with white-coloured seed coats (lines 155 and 744) and two lines with larger seeds (lines 

810 and 840) than the parent Tanjil (Fig. 6.5). A white-coloured seed coat is preferred to 

the brown-coloured seed coat of current NLL cultivars, as it looks cleaner after processing 

the grain into various products (Jon Clements, pers. comm.). Seed coat proportion 

measurements were carried out on M3 generation seeds of line 744, as it appeared to have 

larger seeds and a thinner seed coat than the parent line Tanjil (Fig. 6.6). Preliminary data 

suggested that line 744 had larger seeds and a reduced seed coat proportion compared to 

Tanjil (Table 6.5).  

 

 

Figure 6.5: NLL mutant lines (M3 generation) with grain phenotypes of interest for 

improving NLL grain value. Top = Tanjil parent line. Bottom (left to right) = M3 lines 

155, 744, 810 and 840.  
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Figure 6.6: Seed weight and seed coat thickness measurements of NLL mutant lines (M3 

generation), compared to parent line Tanjil, displaying phenotypes of interest for 

improving grain value. Seed coat thickness is the average thickness of three seeds from 

individual plants as determined by OCT.  

 

 

Table 6.5: Preliminary seed coat proportion measurements of NLL mutant M3 line 744 

compared to Tanjil parent line. Measurements are based on seeds from individual plants 

(ten Tanjil, four line 744). Standard errors are in brackets. Asterisks indicate significant 

difference from parent line Tanjil. 

Line Generation Seed kernel (mg) Seed coat (mg) 

Total seed 

(mg) 

Seed coat 

proportion 

Tanjil M3 control 57.89 (3.79) 23.3 (0.79) 81.39 (3.59) 28.63 (0.02) 

744 M3 110.83 (2.49) * 32.4 (0.70) * 136.0 (2.57) * 23.81 (0.01) * 
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6.5 DISCUSSION 

Narrow-leafed lupin grain has recently gained recognition as a human health food due to 

its high protein and fibre content. However, the large proportion of seed weight in the 

unmetabolisable seed coat reduces the nutritive value of the grain (Brillouet and Riochet, 

1983; Edwards and Van Barneveld, 1998; Petterson, 1998). It was hypothesised that a 

reduction in seed coat proportion will increase the metabolisable energy and the 

associated value of the grain (Clements et al., 2002; Mera et al., 2004). An EMS-

mutagenised NLL population (cultivar Tanjil) was screened for reduced seed coat 

thickness and proportion. The advantage of identifying traits of interest within an EMS-

mutagenised population in a homogeneous background, is that the genetic factor 

underlying the traits can be identified by the predictable nature of EMS-induced 

mutations (G/C to A/T transitions) and the comparison of the mutant genotype with the 

parent genotype (Sega, 1984; Greene et al., 2003). This would facilitate the development 

of molecular markers for tracking of the trait in breeding programs, as the mutant lines 

are a source of novel pre-breeding material. Optical coherence tomography was used to 

rapidly screen M3 lines for seed coat thickness. Seed coat proportion measurements were 

performed for select lines with thinner seed coats than the parent line Tanjil. While one 

line was identified with reduced seed coat thickness, seed size was also affected, resulting 

in no difference in seed coat proportion relative to the parent line Tanjil (Fig. 6.4; Table 

6.4). 

The mutagenesis rate for the NLL EMS-mutagenised population was similar to EMS-

populations developed for other crop plants (Till et al., 2007; Wang et al., 2008; Serrat et 

al., 2014) and mutations within seeds controlling seed coat development would be 

expected, as evidenced by the identification of two lines with altered seed coat colour 

(Fig. 6.5). Several factors may explain why mutant lines with a reduced seed coat 
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proportion were not identified. The first is that seed coat thickness is linked to seed size; 

the growth of the integuments of the embryo—which develop into the seed coat—regulate 

seed size by limiting the space available for the embryo to grow (Figueiredo and Köhler, 

2014). There is much cross-talk between the components of the seed—the embryo, the 

integuments/seed coat and the endosperm—to regulate seed development (Figueiredo and 

Köhler, 2014). Several genes regulating seed coat development also affect embryo 

growth, and it may be difficult to identify mutations in genes which affect seed coat 

development independent of seed size (Schruff et al., 2006; Adamski et al., 2009; Sun et 

al., 2010). The second is that some genes involved in seed coat development appear to 

act redundantly (Pinyopich et al., 2003; Gonzalez et al., 2009). This means that the genes 

involved in the complex process of seed coat development are difficult to identify, with 

the developmental pathways controlling seed coat development not being fully elucidated 

(Moïse et al., 2005; Dean et al., 2011; Figueiredo and Köhler, 2014), and that a mutation 

in one gene involved in seed coat development may have no phenotypic effect if it is 

partially redundant.  

The limitations of the OCT screening method may affect the ability to identify mutant 

lines with reduced seed coat proportion. Using OCT, it was not possible to distinguish the 

interface between the parenchymatous and endodermal layers of the seed coat, or the 

endodermal layer and the embryo, meaning that only the palisade and hourglass cell 

layers can be measured. Therefore, M3 lines with thinner seed coats resulting specifically 

from a reduced parenchymatous layer would not be identified by the OCT method. 

However, the most obvious change related to a reduction in seed coat thickness during 

the domestication of pulse crops is a reduction in the palisade layer, which was easily 

identified by OCT (Fig. 6.2) (Plitmann and Kislev, 1989). Additionally, OCT imaging of 

the L. mutabilis seed coat, which has the lowest seed coat proportion in lupin of 12.7% 
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(Clements et al., 2005a), revealed a large reduction in the palisade layer of the seed coat 

(Fig. S9).  

Another limitation of the OCT method is that seeds with reduced seed coat proportion, 

but no change in seed coat thickness, may be overlooked. Near-infrared reflectance 

spectroscopy is a non-destructive method used to predict the proportion of seed coat in 

lupin (Alomar et al., 2010). However, this method requires a large number of seeds, which 

are not usually generated in an EMS-mutagenised population. Therefore, as OCT could 

image single seeds, it proved to be a suitable and rapid technique for screening the EMS-

mutagenised population for reduced seed coat thickness. OCT imaging has previously 

been used to identify a thin seed coat mutant (M3 generation) from a NLL EMS-

mutagenised population, which has reduced palisade and parenchymatous cell layers 

(Clements and Dracup, 2001). While the seed coat proportion improved relative to NLL 

cultivars (M3 line, 17.87%; Walup, 21.56%; Yorrel, 20.9%), the seed size was also 

reduced (Clements and Dracup, 2001; Clements et al., 2014). Therefore, mutants with 

thinner seed coats independent of seed size remain to be identified.  

Here, preliminary evidence is presented for line 744—with its increase in seed weight 

compared to Tanjil and slight reduction in seed coat thickness and proportion—which 

contradicts the rule that seed size and seed coat thickness/proportion are correlated (Fig 

6.6; Table 6.5). Moreover, mutant line 744 had an interesting phenotype, with its white-

coloured seed coat, rather than the speckled brown seed coat of the parent line (Fig. 6.5). 

Line 155 also had a white-coloured seed coat, which would be a desirable new traceable 

phenotype for a NLL breeding program.  
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6.6 CONCLUSIONS 

While OCT proved to be a useful tool for rapidly screening a NLL EMS-mutagenised 

population for seed coat thickness, mutant lines with a reduced seed coat proportion 

relative to the parent line were not identified, as the seed size of a candidate line with 

reduced seed coat thickness was also affected. This may be due to seed coat development 

being inherently linked to seed development, or genes involved in seed coat development 

acting redundantly. Therefore, a mutation in one gene controlling seed coat development 

may not display phenotypic effects. Future efforts to reduce seed coat proportion for NLL 

may include screening a larger mutagenised population, or a range of wild germplasm, to 

identify lines with reduced seed coat proportion that could be a source of pre-breeding 

material for improving the value of the grain. The sequencing, or exome capture, of a 

mutagenised population would identify any mutations within candidate genes controlling 

seed coat development. This will assist in identifying genes that act redundantly in seed 

coat development. This study also identified mutant lines with grain phenotypes that may 

be of value for improving NLL grain, including two lines with white-coloured seed coats 

(lines 155 and 744), and two lines producing larger seeds than the parent line (lines 810 

and 840).  
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General discussion and future directions 
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7.1 INTRODUCTION 

Narrow-leafed lupin (NLL; Lupinus angustifolius L.) is a major grain legume crop that is 

important for sustainable farming systems (Herridge and Doyle, 1988). Recently, the 

grain has gained attention as a human health food as it is in high in protein and fibre along 

with other beneficial properties (Petterson, 1998; Johnson et al., 2003; Duranti et al., 

2008; Lima‐Cabello et al., 2017). However, due to its recent domestication and narrow-

genetic base, undesirable traits remain within the crop and understanding the genetic 

factors underlying these traits has been difficult (Clements et al., 2005b; Berger et al., 

2012). This PhD research aimed to use the various genomic and transcriptomic resources 

available for NLL (Foley et al., 2015; Kamphuis et al., 2015; Hane et al., 2017) to identify 

the genetic factors that underlie traits important for grain quality. The traits that were 

investigated concern the biosynthesis and accumulation of toxic quinolizidine alkaloids 

(QAs) in the grain, and the thick seed coat, both of which reduce grain quality. This 

discussion focuses on QAs—the main focus of this thesis—and briefly comments on the 

importance of reducing seed coat thickness. 

7.2 QUINOLIZIDINE ALKALOIDS 

Quinolizidine alkaloids affect the quality of NLL grain, as the levels of these toxic 

compounds sometimes exceed the limit determined to be safe for human and animal 

consumption; when this occurs, the grain cannot be used for such purposes (Cowling, 

1998). The genetic and environmental factors which elevate grain QA levels are not well 

understood (Cowling and Tarr, 2004; Frick et al., 2017). Prior to this PhD research, the 

characterisation of genes involved in the partially elucidated QA biosynthetic pathway 

had been limited, with only two biosynthetic genes molecularly characterised (Okada et 

al., 2005; Bunsupa et al., 2012a). I identified additional strong candidate genes for the 

pathway, including a encoding a copper amine oxidase, and berberine bridge-like enzyme 
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and major latex-like proteins possibly involved in the ring-closing steps of the pathway 

(Chapter Two). Very recently, this copper amine oxidase gene was functionally validated 

as being involved in QA biosynthesis (Yang et al., 2017). While aerial tissues are 

important sites of QA biosynthesis in lupin—with QAs transported via the phloem to 

accumulate in the grain (Wink and Hartmann, 1982b; Wink, 1987b; Lee et al., 2007; 

Bunsupa et al., 2012a) —the extent to which QA biosynthesis occurs within the 

developing seed itself had not been measured. This is an important consideration in the 

implementation of appropriate breeding methods to reduce QA content in the grain. The 

function and identity of the gene controlling the low-QA locus iuc, incorporated into all 

modern NLL ‘sweet’ cultivars to reduce grain QA levels ~100-fold from levels in ‘bitter’ 

wild NLL (von Sengbusch, 1942; Gladstones, 1970), was not known. 

In Chapter Two, the extent of QA biosynthesis within reproductive and vegetative tissues 

was assessed in sweet and bitter NLL by measuring the expression of validated and 

candidate QA biosynthetic genes and the levels of QA accumulation in these tissues. It 

was identified that the low-QA phenotype of sweet NLL is characterised by the reduced 

expression of three of these QA biosynthetic genes, specifically in leaf and stem tissue, 

while gene expression did not differ between sweet and bitter NLL in developing seed, 

or root and flower tissues. This, and the finding that grain QA content correlates with leaf 

QA content—in both sweet and bitter NLL (Chapter Two), and three sweet cultivars with 

contrasting grain QA content (Chapter Three) —confirmed that aerial tissues are indeed 

the major sites of QA biosynthesis in NLL and biosynthesis within the developing seed 

likely contributes much less to grain QA content than translocation from aerial tissues. 

Based on this knowledge, a genome-mining approach was used to identify candidate 

genes that may be targeted in future pre-breeding practices to reduce QA accumulation in 

NLL grain (Chapter Two). This approach identified candidate QA biosynthetic genes, 
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transcriptional regulators of the biosynthetic pathway, and seed-specific QA transporters. 

As biosynthesis within the developing seed is not likely to contribute substantially to the 

overall grain QA content (Chapter Two), targeting QA transport into the grain may be 

valuable for producing NLL grain with safe QA levels for consumption without altering 

the QA biosynthetic processes. QAs play a vital role in aerial tissue for defence against 

insect pests such that altering QA biosynthesis may negatively affect plant fitness 

(Berlandier, 1996; Wang et al., 2000; Ridsdill-Smith et al., 2004). A similar approach has 

been successfully implemented to reduce toxic glucosinolate levels from accumulating in 

the seeds of Brassica species by the mutation of genes encoding transporters (Nour-Eldin 

et al., 2017). To identify transporters that may be targeted for reduced grain QA content 

in NLL, the specificity of the transporters for QAs needs to be assessed, so that the 

transport of other compounds are not altered that may affect grain quality. Several 

transporters of pyridine alkaloids have been identified in Nicotiana tabacum, one of 

which also transports vitamin B6 (Morita et al., 2009; Shitan et al., 2014b; Kato et al., 

2015).  

The candidate genes proposed in Chapter Two may now be targeted by reverse genetics 

approaches to identify the phenotypic effect of gene knock-outs. This may be achieved 

by using a targeted local lesions in genomes (TILLING) population, from which single-

nucleotide mutations can be identified in genes of interest from a mutagenised population 

(Comai and Henikoff, 2006), or CRISPR/Cas9 technology to edit the gene and create a 

premature stop codon in candidate genes (Ran et al., 2013). Whether the products of 

CRISPR/Cas9 technology are classified as genetically modified or not in the regulatory 

systems of different countries is yet to be determined, it may eventuate that an altered 

product with a premature stop codon in a certain gene may be considered non-genetically 

modified. If so, the gene knock-outs that are beneficial for reducing grain QA content, 
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identified from both of the above methods, will represent an immediate source of novel 

pre-breeding material for NLL grain improvement.  

In Chapters Three and Four, the impact of several environmental factors on QA 

biosynthesis and accumulation in the grain was investigated to elucidate which factors 

may increase QA production. Grain QA levels of modern NLL cultivars sometimes 

exceed the limit of 0.02% for food and feed use and how this occurs is not known 

(Cowling, 1998; Cowling and Tarr, 2004). Three sweet genotypes, with diverse breeding 

histories, responded differently to the abiotic stresses of drought, higher temperature, and 

the combination of drought and higher temperature (Chapter Three). Grain QA levels of 

one cultivar increased with terminal drought, another with higher temperature, with the 

third unresponsive to the stresses. This may explain why a previous genotype × 

environment study, investigating grain QA content in NLL cultivars, was unsuccessful in 

determining which environmental factors increase grain QA levels (Cowling and Tarr, 

2004). The genetic mechanism that increases QA grain content under drought and 

increased temperature remains to be elucidated; however, since the grain QA levels of the 

three cultivars largely correlated with leaf QA levels, it is suggested that increased grain 

QA levels are caused by increased QA biosynthesis in aerial tissues. Therefore, a better 

understanding of the genetic factors underlying the regulation of QA biosynthesis within 

NLL cultivars is needed. A larger-scale study is needed to identify how a larger number 

of NLL cultivars and pre-breeding lines respond to these abiotic stresses to breed 

improved cultivars that do not increase grain QA levels in response to these stresses, and 

to allow growers to choose appropriate cultivars for their growing conditions. 

In Chapter Four, the response of QA biosynthesis to aphid predation in resistant and 

susceptible NLL cultivars was assessed. It was hypothesised that because QAs protect the 

plant against insects (Berlandier, 1996; Wang et al., 2000; Ridsdill-Smith et al., 2004), 
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their biosynthesis may be induced by aphid predation—major insect pests of the crop 

(Berlandier and Sweetingham, 2003)—which, in turn, may increase QA levels in the 

grain. However, aphid predation did not induce QA biosynthesis in leaves and grain QA 

levels did not increase in both resistant and susceptible cultivars (Chapter Four). The 

resistant cultivar had higher QA levels than the susceptible cultivar, suggesting that 

intrinsic QA levels in the resistant cultivar are sufficient for deterring aphid attack. 

Alternatively, aphid resistance in the resistant cultivar is conferred by mechanisms 

induced in the resistant, but not the susceptible cultivar, as evidenced by induction of the 

jasmonate signalling pathway after aphid predation. However, several compounds 

contributing to plant defence in the resistant cultivar have not increased following aphid 

predation (Cardoza et al., 2005).  

To further assess the role of the jasmonate signalling pathway in QA biosynthesis, which 

is recruited during aphid predation and regulates alkaloid biosynthesis in several plant 

species (Aerts et al., 1994; Baldwin, 1996; Kang et al., 2004; Thompson and Goggin, 

2006), the response of QA biosynthesis to the jasmonate pathway elicitor methyl 

jasmonate (MeJA) for sweet (iuc) and bitter (Iuc) NLL was assessed. Interestingly, QA 

biosynthesis was induced in the bitter, but not sweet, NLL leaves in response to MeJA 

(Chapter Four). It was then hypothesised that the iuc mutation may affect not only native 

expression of several QA biosynthetic genes, as demonstrated in Chapter Two, but also 

the regulation of these genes in response to plant signalling pathways and environmental 

stress.  

This hypothesis was supported by the identification of a most-likely candidate gene 

responsible for Iuc (Chapter Five). Using various genomic and transcriptomic resources 

for NLL, including a recently developed pan-genome for the species, an 

APETALA2/ethylene response factor (AP2/ERF; LaAP2/ERF-like) was proposed to be 
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the gene controlling Iuc, with a non-synonymous mutation within the AP2/ERF DNA-

binding region for all sweet cultivars (iuc), compared to bitter accessions (Iuc), resulting 

in an amino acid within this region that is not characteristic of other plant AP2/ERFs (Hao 

et al., 1998). It was proposed that the mutation within the ‘sweet’ iuc LaAP2/ERF-like 

affects its DNA-binding ability, and its subsequent ability to directly or indirectly regulate 

the expression of several QA biosynthetic genes. In Chapter Two, it was identified that 

all three QA biosynthetic genes with similar expression patterns (LaL/ODC, LaCAO-like 

and LaAT) possessed a transcription factor binding site associated with AP2/ERFs. The 

expression of LaAP2/ERF-like also correlated with these three genes, for both bitter and 

sweet NLL, so that expression of the four genes was highest in leaf and stem tissues of 

bitter NLL compared to other tissues—and induced in response to MeJA— and for sweet 

NLL, the expression of these genes are uniformly low in all tissues and did not respond 

to MeJA. While the exact role of LaAP2/ERF-like remains to be elucidated, it represents 

a strong candidate for controlling QA content in NLL. AP2/ERFs are well known to 

regulate alkaloid biosynthesis in Nicotiana tabacum and Catharanthus roseus (van der 

Fits and Memelink, 2000; De Boer et al., 2011; Yamada and Sato, 2013), with one 

identified as binding directly to the promoter region of an alkaloid biosynthetic gene 

(Shoji et al., 2010). Future research, such as cloning and complementation of sweet NLL 

with the bitter LaAP2/ERF-like allele, to identify if this can positively regulate QA 

biosynthesis, is required to validate this gene. Once validated, the causal mutation would 

allow development of a perfect molecular marker to track the recessive trait. This will 

facilitate NLL breeding practices and the introgression of genetic material from wild 

bitter accessions, while easily selecting for low QA content, to increase genetic diversity 

in the crop. 
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7.3 THE SEED COAT OF NLL 

Narrow-leafed lupin grain has a relatively thick seed coat compared to other legumes, 

acounting for around 25% of the seed weight compared to 7% for soybean (Lush and 

Evans, 1980). The high proportion of seed weight in the seed coat of NLL reduces the 

value of the grain. Seed coat thickness and its proportion relative to total grain weight is 

important for the ease and economic viability of its removal (Clements et al., 2004). 

Additionally, a reduction in seed coat thickness or proportion may increase the 

metabolisable energy in the seed as well as the associated harvest yield (Clements et al., 

2002; Mera et al., 2004). 

In Chapter Six, an ethyl methanesulfonate (EMS)-mutagenised NLL population was 

screened for reduced seed coat proportion, using the non-destructive technique of optical 

coherence tomography to rapidly screen the population for seed coat thickness, and then 

destructively measure seed coat proportion for select mutant lines. While a mutant line 

was identified with a significantly thinner seed coat than the parent line, this did not result 

in an altered seed coat proportion as the seed kernel weight was also affected for this line. 

Seed coat development is tightly linked to seed development, regulating the seed size by 

limiting the space for the embryo to grow, and many genes regulating seed coat 

development also affect seed size (Schruff et al., 2006; Sun et al., 2010). Therefore, it 

may be difficult to identify mutations in genes that affect seed coat thickness, but not seed 

size, to reduce the seed coat proportion of the grain. Additionally, some genes involved 

in seed coat development appear to act redundantly (Pinyopich et al., 2003; Gonzalez et 

al., 2009), therefore a mutation in one gene, which acts redundantly in seed coat 

development, may not have phenotypic effects and would be difficult to identify. 

Nevertheless, optical coherence tomography proved to be a valuable and rapid tool in 



 

183 

 

screening the EMS-population for reduced seed coat thickness and may be useful for 

future screening for reduced seed coat thickness in NLL. 

7.4 FUTURE DIRECTIONS  

There is now good scope to improve the quality of NLL grain, to promote its use as a 

human health food, and to use the crop in sustainable agricultural practices. The genetic 

mechanisms underlying QA biosynthesis in NLL had not been well elucidated, and 

reliance on the recessive low-QA locus iuc for NLL breeding limits genetic diversity in 

this crop. This PhD research identified a strong candidate gene for controlling Iuc, and 

further research to validate this gene has been initiated through cloning and 

complementation of the bitter allele into a cultivated sweet background. Once validated, 

this will enable the development of molecular markers to accurately track this gene and 

facilitate the introgression of wild material to broaden the genetic base of the crop. Several 

other gene targets, such as those involved in QA biosynthesis, regulation of the pathway 

and QA transport are proposed for targeting in future pre-breeding practices to reduce QA 

content of the grain. This research has demonstrated that drought and increased 

temperature, but not aphid predation, can increase grain QA levels in NLL cultivars. A 

larger-scale study is needed to assess the impact of drought and increased temperature on 

grain QA content in more cultivars and pre-breeding accessions to breed improved 

cultivars that does not increase grain QA content with these stresses, and to allow growers 

to choose appropriate cultivars for their growing conditions. Additionally, the genetic 

mechanism that increases QA biosynthesis within NLL cultivars remains to be elucidated 

and is a subject for further study. Finally, to successfully reduce seed coat proportion in 

NLL, optical coherence tomography may prove useful in rapidly screening a larger 

mutagenised population, or a range of wild germplasm, to identify lines with reduced seed 
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coat proportion which will be a source of pre-breeding material to improve the value of 

the grain. 
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SUPPLEMENTARY DATA FILE LEGENDS 

Supplementary Data File 1: Differential gene expression analysis between two sweet 

(cultivars Tanjil and Unicrop) NLL accessions and one bitter (accession P27255) 

NLL accession. 

Differential gene expression analyses carried out for total transcripts in seed, flower, leaf, 

stem, and root data sets for each NLL accession. Sample names: q1 = Tanjil, q2 = 

Unicrop, q3 = P27255. File includes those transcripts upregulated in bitter NLL (P27255) 

compared to sweet NLL (Tanjil or Unicrop), BLAST results to NLL gene annotation, 

InterPro protein annotation for these genes, and those with transcription factor or 

transporter protein annotation.  

Supplementary Data File 2: Differential gene expression analysis between tissues of 

sweet NLL accession Tanjil. 

Samples names: q1 = root, q2 = stem, q3 = leaf, q4 = flower, q5 = seed. File includes 

genes for which transcripts are significantly upregulated in leaf, stem or seed tissues, 

compared to any other tissue.   

Supplementary Data File 3: Differential gene expression analysis between tissues of 

sweet NLL accession Unicrop. 

File includes genes for which transcripts are significantly upregulated in leaf, stem or 

seed tissues, compared to any other tissue.   

Supplementary Data File 4: Differential gene expression analysis between tissues of 

bitter NLL accession P27255. 

File includes genes for which transcripts are significantly upregulated in leaf, stem or 

seed tissues compared to any other tissue.   
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SUPPLEMENTARY TABLES 

 

Table S1: BestKeeper analysis determining most appropriate reference genes for qRT-

PCR. N = 88 for three biological replicates of root, stem, leaf, flower and developing seed 

(13–16 DAA) for each of the six lupin accession used in this study (NLL accessions 

Tanjil, Unicrop and P27255, L. luteus Pootalong, L. albus Kiev, L. mutabilis Czech), with 

the exception of two biological replicates for NLL Tanjil and NLL Unicrop root tissues. 

N = 28 for a single biological replicate of leaf, flower and developing seed (13–16 DAA) 

for each of the six lupin varieties, as well as a single biological replicate of Tanjil and 

Unicrop stem and root, as a preliminary study. LaUBC9-like is determined to be the most 

appropriate reference gene based on std dev [+/-CP] and std dev [+/-x-fold] values. 

 

 LaUBC9-

like 

LaUBC10-

like 

LaPP2A-

like 

LaTIP41-

like 

LaACT-like 

n 88 28 28 28 28 

geo Mean [CP] 23.77 20.38 25.79 29.05 30.84 

ar Mean [CP] 23.8 20.43 25.86 29.22 31.1 

min [CP] 21.44 18.43 23.61 25.08 24.03 

max [CP] 28.06 23.14 30.57 35.58 39.33 

std dev [+/-CP] 1.02 1.22 1.61 2.77 3.36 

CV [% CP] 4.29 5.99 6.24 9.48 10.8 

min [x-fold] -5.01 -3.85 -4.56 -15.72 -111.67 

max [x-fold] 19.61 6.79 27.39 92.31 361.28 

std dev [+/-x-fold] 2.03 2.33 3.06 6.83 10.26 
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Table S2: Primers used in Chapters Two, Three, Four and Five of this thesis for qRT-

PCR, PCR amplification, sequencing and cloning.  PRO = promoter region (~1.5 kb), 

CDS = coding sequence. 

Application Gene Orientation Sequence 
Annealing 

temp. 

qRT-PCR 

LaL/ODC 

Lup009726.1 

Forward TATTGGGAAGCGCGTGAG 57 

Reverse TGGGTCCAAACACAGTTGAA  

LaCAO-like 

Lup000530.1 

Forward CTTGTTCCTCTSCCTCCTGT 57 

Reverse TCCACTTTTGCCATTCAACA  

LaHMT/HLT 

Lup022251.1 

Forward GATGTTCCTGGTTCAGATGGW 57 

Reverse AGCAAAGATRAATCCACCACA  

LaAT 

Lup021586.1 

Forward GCACCAGGACCTTCTTCAAC 57 

Reverse CAAGTTGTRCTAACCATGAAGG  

LaJAT-like 

Scaffold_62_1 

Forward 
AGAGCAGTGACAAGGGAAAGA

A 
57 

Reverse GAGGAGGTGGGTGGCAATA  

LaUBC9-like 

Lup018255.1 

Forward CAAGCAACAATTATGGGTCCTC 57 

Reverse AACCTTGGGTGGCTTAAAGG  

LaUBC10-like 

Scaffold_436 

unannotated 

gene 

 

Forward ATTCCACCAGACCAGCAGAG 57 

Reverse CCCTGAGACGAAGAACCAGA  

LaPP2A-like 

Lup015860.1 

Forward CGCCTAAACATCATCAGCAAG 57 

Reverse GAACCCTCCAATGCCTATCC  

LaTIP41-like 

Lup019520.1 

Forward CGTCCAACAATGGGAACAA 57 

Reverse TCCAGCCAGATAGAGCATCAA  

LaACT-like 

 Lup010207.1 

Forward CCTTACCGATGCCTTGATGA 57 

Reverse GCTGGTCTTGGCTGTTGCTA  

LaLOX4-like 

Lup026769.1 

Forward TAGCCCAATCCCTTTGTTCA 57 

Reverse 
ATTCACTCCAGCAATCATCTCT

C 
 

LaPI-like 

Lup009615.1 

Forward TGTTCCAATCCCTTCTTCCA 57 

Reverse 
ACTACTGGTTCAGGTTCAGATG

C 
 

LaLOX5-like 

Lup003340.1 

Forward ACCAGTGTTTGGCTTTGGAG 57 

Reverse GCCTGTTTGTTGCGATGATA  

LaDHDPS-like 

(Lup017658.1) 

Forward TTATCCAAAGCAAACGACACC 57 

Reverse CACTTCTCGTGGTGCAAATG  

Lup018601.1 
Forward TGATGGAATTGTCGTGTGGA 57 

Reverse ATTCTCCCTGCCAAACATGA  

Lup007294.1 
Forward AACTGATGTTCGACGGGAAA 57 

Reverse TTGGATTTGGCTCCTTGAAA  

Lup020268.1 
Forward TCATCGTTCCAATGCCAATA 57 

Reverse GAGATCAAATCGGCCATCA  

Lup024900.1 
Forward GTTTGCACCACAGGAATCG 57 

Reverse AAGATCAAATCGGCCATCAG  

LaAP2/ERF-

like 

(Lup007628.1) 

Forward AGCCTATCTATAATGGAGAG 57 

Reverse AAGGATAACTGTCCCGCAGA  
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LaMYB-like 

(Lup007710.1) 

Forward ATGGCCTTGCTTGAGGAAA 57 

Reverse CCCTGCTCTTCTGTGGTGTT  

LaZF-like 

(Lup007726.1) 

Forward AGGCATGGGTGAAGAAGATG 57 

Reverse AAATGGAGGGCTAGGGTCAC  

LaLKR/SKH-

like 

(Lup013528.1) 

Forward GCAATCCTGCCACCTACAAG 57 

Reverse GGGAGACATTCCAAAGCAAA  

Promoter 

amplification 

and 

sequencing 

LaL/ODC 

Lup009726.1 

Forward 
TTAAGATTAGTAGACAAGGGC

ATGG 
60 

Reverse 
CACCTTCTTCTTCATTAGCGAG

T 
 

LaCAO-like 

Lup000530.1 

Forward 
GGCTTCTTAAATAAACAAACTT

AGTCG 
60 

Reverse ACCTTTGGCATTGATGGAAG  

LaHMT/HLT Forward 
CTCCTGATTTCCTGTTGAATGA

G 
60 

Lup022251.1 Reverse 
GAAGAACAATGGAAGGTGTTG

G 
 

LaAT Forward GGAGGAATGATAGGAGGGAGA 60 

 Lup021586.1 Reverse TCTTTGGGTGTAGGGTTTGC  

Gene 

amplification 

and 

sequencing for 

qRT-PCR 

design 

(conserved 

across lupin 

species) 

LaL/ODC 

Lup009726.1 

Forward GGTGGCGGTTTCACTTGT 60 

Reverse GACCAAAGGATTTTTGCACTGA  

LaCAO-like Forward CGGTCGAGGGAATCTTTGT 60 

Lup000530.1 Reverse GGATCGTTTGGATCTCCGTA  

LaHMT/HLT Forward GGTGTTGATCTTTACCCTCCAT 60 

Lup022251.1 Reverse CCCACGAGCTATTTCTGCTAA  

LaAT Forward 
ACATGAGTCCTCCTTTGTCTGA

T 
60 

Lup021586.1  Reverse ATTGGTTCCTTCCATCCAAA  

Gene cloning 

LaDHDPS-like 

(Lup017658.1) 

CDS (for 

pUC19) 

Forward 

 

Reverse 

 

AGGCAAGCTTGGCCATGTTGAA

GAGTTATAGCG 

 

GTTAGGATCCCCCAAGAAAGG

ATAAATCAACTTAA 

 

59 

LaDHDPS-like 

(Lup017658.1) 

CDS 

(Gateway) 

Forward 

 

Reverse 

 

GGGGACAAGTTTGTACAAAA

AAGCAGGCTTCGGTGTTGTAT

TCTGGTTCTTT 

 

GGGGACCACTTTGTACAAGA

AAGCTGGGTAACCCAAGAAAG

GATAAATCAACTT 

60 

  

LaDHDPS-like 

(Lup017658.1) 

PRO (Golden 

Gate) 

Forward 

 

Reverse 

ttgaagacatCTCAGGAGCAAAACC

AGGAGGTAGTTCCA 

 

ttgaagacaaCTCGCGATAATCAAA

ACCCGACCT 

 

 

59 

LaDHDPS-like 

(Lup017658.1) 

CDS (Golden 

Gate) 

Forward 

 

Reverse 

ttgaagacatCTCAATCGGTGTTGTA

TTCTGGTTCTTT 

 

ttgaagacaaCTCGAAGCCCCAAGA

AAGGATAAATCAACTTAAA 

 

60 
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Table S3: Number of transcripts upregulated in NLL varieties compared to others, as 

determined by differential gene expression analysis. Tanjil and Unicrop are sweet 

cultivars and P27255 is a bitter wild accession. Raw data is in Supplementary Data File 

1.  

Comparison 
No. transcripts 

up-regulated 

Tanjil vs. Unicrop 878 

Tanjil vs. P27255 2,391 

Unicrop vs. Tanjil 529 

Unicrop vs. P27255 2,152 

P27255 vs. Tanjil 802 

P27255 vs. Unicrop 1,031 
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Table S4: Number of transcripts upregulated in root, stem, leaf, flower or seed tissues of 

each NLL variety, compared to other tissues. Tanjil and Unicrop are sweet cultivars and 

P27255 is a bitter wild accession. Raw data is in Supplementary Data Files 2, 3 and 4.  

 

NLL variety Root Stem Leaf Flower Seed 

Tanjil 380 68 121 734 494 

Unicrop 8869 331 764 4199 1530 

P27255 2829 729 574 0 1189 
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Table S5: Log-transformed mean relative expression values for LaL/ODC, LaCAO-like, LaHMT/HLT and LaAT for data analysis. Two-way ANOVA 

was used to assess the effect of tissue, lupin accession and the interaction between the two. For all genes, a significant effect was found for tissue type, 

lupin variety, and the interaction of the two. LSD = least significant difference.  

   Log-transformed mean values F probability   

Gene   

NLL 

Tanjil 

NLL 

Unicrop 

L. luteus 

Pootalong 

L. albus 

Kiev 

L. mutabilis 

Czech 

NLL 

P27255 Tissue Parent Tissue.parent LSD 

LaL/ODC Flower -1.971 -2.105 -1.619 -1.519 -1.804 -1.762 <0.001 <0.001 <0.001 0.5166 

 Leaf -1.318 -1.41 -1.1 -0.714 -0.644 0.349     

 Root -1.768 -1.301 -1.398 -2.163 -1.713 -1.462     

 

Seed (13-

16) 
-1.329 -1.379 -0.787 -0.992 -1.568 -1.005     

 Stem -2.016 -1.339 -2.33 -0.133 -0.366 -0.241     

LaCAO-like Flower -3.587 -3.922 -4.021 -3.236 -4.506 -3.765 <0.001 <0.001 <0.001 0.7603 

 Leaf -3.972 -4.272 -2.753 -1.655 -2.098 -0.472     

 Root -4.506 -4.506 -4.506 -4.506 -4.506 -4.506     

 

Seed (13-

16) 
-3.256 -3.154 -4.506 -2.844 -4.506 -3.447     

 Stem -3.791 -1.977 -4.506 -1.849 -1.406 -1.5     

LaHMT/HLT Flower -2.481 -2.671 -2.231 -2.12 -1.75 -2.127 <0.001 <0.001 <0.001 0.4627 

 Leaf -2.438 -1.854 -2.08 -1.789 -2.095 -2.213     

 Root -2.628 -2.284 -2.045 -1.15 -2.152 -1.99     

 

Seed (13-

16) 
-3.722 -4.265 -3.345 -2.297 -2.925 -3.572     

 Stem -2.744 -2.215 -2.04 -1.163 -1.71 -2.355     

LaAT Flower -4.472 -4.472 -3.452 -4.472 -4.223 -4.472 <0.001 <0.001 <0.001 0.6935 

 Leaf -4.472 -4.472 -3.446 -2.709 -3.141 -1.432     

 Root -4.472 -4.472 -4.472 -3.756 -4.472 -4.472     

 

Seed (13-

16) 
-4.472 -4.472 -0.993 -4.472 -4.303 -4.472     

  Stem -4.472 -3.325 -2.491 -2.873 -2.288 -2.467         
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Table S6: Transcription factor binding elements common to first 500 bp of LaL/ODC, 

LaCAO-like and LaAT promoters, identified using PLACE and PLANTPAN2.0 software 

and NLL accession P27255 promoter sequence. *While these binding sites are present in 

both sweet (cultivar Tanjil) and bitter (accession P27255) NLL LaL/ODC promoters, the 

numbers of these sites differ. 

TF Family PLANTPAN ID Sequence Matrix Name Function 

N/A TF_motif_seq_0330 TATTCT -10PEHVPSBD 

Chloroplast gene 

expression/light 

regulation/circadian 

rhythm 

N/A TF_motif_seq_0268 NGATT ARR1AT response regulator 

Homeodomain TF_motif_seq_0274 TGTCA BIHD1OS  

N/A TF_motif_seq_0242 CAAT CAATBOX1 tissue specific 

N/A TF_motif_seq_0247 YACT CACTFTPPCA1  

Dof TF_motif_seq_0238 AAAG DOFCOREZM  

bHLH TF_motif_seq_0302 
CANNTG

* 
EBOXNNAPA  

GATA TF_motif_seq_0243 GATA GATABOX 

Light regulated, 

tissue specific 

expression 

N/A TF_motif_seq_0321 
GRWAA

W* 
GT1CONSENSUS Light regulated 

N/A TF_motif_seq_0315 GAAAAA GT1GMSCAM4 
Pathogen, salt 

induced 

N/A TF_motif_seq_0245 GTGA GTGANTG10  

N/A TF_motif_seq_0260 CTCTT OSE2ROOTNODULE 
organ-specific 

element 

Alpha amylase TF_motif_seq_0347 
AATTAA

A 
POLASIG2 

plant polyadenylation 

signal 

N/A TF_motif_seq_0283 AATAAT POLASIG3 
plant polyadenylation 

signal 

AP2;B3;RAV TF_motif_seq_0255 CAACA RAV1AAT AP2-like element 

N/A TF_motif_seq_0253 ATATT 
ROOTMOTIFTAPOX

1 
 

Dof TF_motif_seq_0269 TAAAG TAAAGSTKST1  

N/A TF_motif_seq_0337 TTATTT TATABOX5  

WRKY, 

Homeodomain

;TALE 

TF_motif_seq_0246 TGAC WRKY71OS  

ZF-HD TF_motif_seq_0241 ATTAA N/A  

Dof TF_motif_seq_0239 AAGGT 

5’-AA[AG]G-3’ 

consensus core 

sequence 

 

Dof TFmatrixID_0478 AAAGC N/A  

B3 TF_motif_seq_0256 CATGC IDE1 element  

GATA;tify TF_motif_seq_0237 TGATG N/A  

AT-Hook TFmatrixID_0143 
catcAATA

At 
N/A  

Myb/SANT;M

YB;ARR-B 
TF_motif_seq_0252 GGATT N/A  

Homeodomain

;ZF-HD 
TFmatrixID_0296 

ttTAATCt

at 
N/A  

Homeodomain

;HD-ZIP 
TFmatrixID_0281 

caTTATT

gt 
N/A  

bZIP TF_motif_seq_0281 AAGAAt N/A  

WRKY TF_motif_seq_0270 TGACT W box   
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Table S7: Transcription factor binding sites unique to either sweet (cultivar Tanjil) or bitter (accession P27255) NLL LaL/ODC promoter regions. Up to 

1 kb upstream of coding sequence was analysed, binding sites were identified using PLACE and PLANTPAN2.0 software. 

Location 

upstream 

of cds (bp) 

Tanjil P27255 

Family PLANTPAN ID 
Hit 

sequence 
Matrix Name Family PLANTPAN ID Hit sequence Matrix Name 

-954 
MYB TF_motif_seq_0341 tAACCA MYB1AT 

Homeodomain;Z

F-HD 
TFmatrixID_0296 taTAATCaat N/A 

 

NF-YB;NF-

YA;NF-YC 
TF_motif_seq_0257 CCAAT CCAATBOX1  TF_motif_seq_0241 ATAAT N/A 

 

Motif sequence 

only 
TF_motif_seq_0277 AACCAa 

REALPHALGL

HCB21 
GATA;tify TF_motif_seq_0237 AATCA N/A 

 
    

Motif sequence 

only 
TF_motif_seq_0268 NGATT ARR1AT 

-869 GATA;tify TF_motif_seq_0243 TTATC GATABOX GATA;tify TF_motif_seq_0237 CATCT N/A 

  TF_motif_seq_0237 TATCT N/A     

 

Motif sequence 

only 
TF_motif_seq_0321 tTTATC 

GT1CONSENS

US 
    

 

Motif sequence 

only 
TF_motif_seq_0262 TTATC IBOXCORE     

-830 ZF-HD TF_motif_seq_0241 CTAAT N/A No binding sites    

-589 

Motif sequence 

only 
TF_motif_seq_0250 TTTCT 

POLLEN1LELA

T52 
TBP TFmatrixID_0571 aaTTTATa N/A 

 
    

Motif sequence 

only 
TF_motif_seq_0383 TATAAAT TATABOX2 

-578 
WRKY TFmatrixID_0445 aTTGACca N/A 

Homeodomain;

HD-ZIP 
TFmatrixID_0283 aaaTGATTgc N/A 

 
 TF_motif_seq_0338 TTGACc 

ELRECOREPC

RP1 
 TFmatrixID_0284 aaaTGATTgc N/A 

  TF_motif_seq_0339 TTGACc W BOX  TFmatrixID_0289 aaaTGATTgc N/A 

  TF_motif_seq_0275 TTGAC WBOXATNPR1  TFmatrixID_0286 aTGATTgc N/A 

  TF_motif_seq_0246 TGACC WRKY71OS  TFmatrixID_0295 aTGATTgccc N/A 

  TF_motif_seq_0270 TGACC W BOX     

  TF_motif_seq_0273 TGACC WBOXNTERF3     
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-146 
AT-Hook TFmatrixID_0129 

aaaaAAAT

T 
N/A Dof TFmatrixID_0234 aAAAAGt N/A 

 

 TFmatrixID_0140 aaaAAAAT N/A  TF_motif_seq_0239 AAAGT 

5'-AA[AG]G-

3' consensus 

sequence 

 
 TFmatrixID_0148 aaAAAATt N/A  TF_motif_seq_0238 AAAG 

DOFCOREZ

M 

  TFmatrixID_0152 aaAAATT N/A Trihelix TF_motif_seq_0267 GTTAC N/A 

-118 No binding sites    AP2;RAV;B3 TF_motif_seq_0299 CACCTg RAV1BAT 

     bHLH TF_motif_seq_0301 CACCTg G-box 

 
     TF_motif_seq_0302 CANNTG 

EBOXBNNA

PA 

-109 
Trihelix TF_motif_seq_0319 GGTAAa GT3 BOX SBP TF_motif_seq_0244 GTAC 

CURECORE

CR 

 

Motif sequence 

only 
TF_motif_seq_0321 GGTAAa 

GT1CONSENS

US 

Motif sequence 

only 
TF_motif_seq_0491 MAGGTAAGT 

INTRONUPP

ER 

-105 
bZIP TF_motif_seq_0281 aTTCTT N/A bZIP TF_motif_seq_0240 ACGT 

ACGTATER

D1 

-93 

Motif sequence 

only 
TF_motif_seq_0295 tTCTAT 

BOXIINTPATP

B 
No binding sites    
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Table S8: Validation of reference gene LaUBC9-like (Lup018255.1) using BestKeeper 

software for NLL leaf material subjected to drought and increased temperature stress. For 

each cultivar, all time points and treatments were included (n = 3) and all controls of each 

cultivar were combined (n = 3). Note, BestKeeper software allows for a maximum of 100 

samples to be analysed at a time. 

 Danja Tanjil Tallerack All controls 

n 72 72 72 63 

geo Mean [CP] 25.05 24.71 24.56 24.93 

ar Mean [CP] 25.07 24.73 24.58 24.95 

min [CP] 23.39 22.81 23.02 23.41 

max [CP] 29.05 27.96 27.24 27.96 

std dev [± CP] 0.83 0.75 0.73 0.74 

CV [% CP] 3.31 3.06 2.97 2.98 

min [x-fold] -3.16 -3.74 -2.92 -2.86 

max [x-fold] 16.01 9.48 6.41 8.17 

std dev [± x-fold] 1.78 1.69 1.66 1.68 
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Table S9: Raw data for individual and total QA levels in leaf tissue of three NLL cultivars 

(Tallerack, Tanjil and Danja) under well-watered and lower temperature conditions, 

collected over a period from the beginning of pod set to the end of pod maturation. Time 

points refer to number of days after beginning of pod set, correlating with time points 

when stress treatments were applied to other plants. Limit of quantification is 0.001%. 

Cultivar 
Time 

point 
Replicate 

13-hydroxy-

lupanine 

% 

Angustifoline 

% 

Lupanine 

% 

α-isolupanine 

% 

Total QA 

% 

Tallerack 0 1 0.000575763 0 0.0002225 0.000577683 0.001376 

Tallerack 0 2 0 0 0 0 0 

Tallerack 0 3 0 0 0 0 0 

Tallerack 13 1 0 0 0 0 0 

Tallerack 13 2 0 0 0 0 0 

Tallerack 13 3 0 0 0 0 0 

Tallerack 28 1 0.000271226 0 0 0 0.0002712 

Tallerack 28 2 0 0 0 0 0 

Tallerack 28 3 0 0 0.0003921 0.000862743 0.0012549 

Tallerack 42 1 0.000313544 0 0 0 0.0003135 

Tallerack 42 2 0 0 0 0 0 

Tallerack 42 3 0 0 0 0 0 

Tallerack 56 1 0.000312205 0 0 0 0.0003122 

Tallerack 56 2 0.001210365 0 0.0007643 0.000244547 0.0022192 

Tallerack 56 3 0.000519992 0 0.0002737 0 0.0007937 

Tallerack 72 1 0.000769441 0 0.0001822 0 0.0009517 

Tallerack 72 2 0.001028366 0 0 0.000240128 0.0012685 

Tallerack 72 3 0.000515166 0 0 0 0.0005152 

        

Tanjil 0 1 0.000460379 0 0 0 0.0004604 

Tanjil 0 2 0.000212378 0 0 0 0.0002124 

Tanjil 0 3 0 0 0.0005888 0 0.0005888 

Tanjil 13 1 0.000830867 0 0 0 0.0008309 

Tanjil 13 2 0.000496237 7.59389E-05 0 0 0.0005722 

Tanjil 13 3 0.00027995 0 0 0 0.00028 

Tanjil 28 1 0.00120475 0 0 0 0.0012047 

Tanjil 28 2 0.00151699 0.000281923 0 0 0.0017989 

Tanjil 28 3 0.000660242 0 0.0001935 0 0.0008537 

Tanjil 42 1 0.001316224 0 0.0002648 0 0.001581 

Tanjil 42 2 0.001293039 0 0 0 0.001293 

Tanjil 42 3 0.000877927 8.83941E-05 0 0 0.0009663 

Tanjil 56 1 0.003374513 0.000516587 0 0.000143988 0.0040351 

Tanjil 56 2 0.002056331 0 0.0002337 0 0.0022901 

Tanjil 56 3 0.001349346 0 0 0 0.0013493 

Tanjil 72 1 0.003447879 0.001010596 0 0.000171715 0.0046302 

Tanjil 72 2 0.001389453 0 0.000231 0 0.0016205 

Tanjil 72 3 0.001764737 0.000206635 0.0003491 0 0.0023204 

        

Danja 0 1 0.003582474 0.00070401 0.0002138 0 0.0045002 
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Danja 0 2 0.002887663 0.000349808 0.00029 0 0.0035274 

Danja 0 3 0.003071469 0.000502745 0.0002448 0 0.0038191 

Danja 13 1 0.006490428 0.001226913 0.000385 0 0.0081023 

Danja 13 2 0.002346675 0.000879819 0.0007997 0 0.0040262 

Danja 13 3 0.002745149 0.001284403 0.000459 0 0.0044885 

Danja 28 1 0.0041891 0.002643776 0.000315 0.000230855 0.0073787 

Danja 28 2 0.003966574 0.003234586 0.0002985 0.000613581 0.0081132 

Danja 28 3 0.003933708 0.001945015 0.0003401 0.000702966 0.0069218 

Danja 42 1 0.002246208 0.001980119 0.0005188 0.000470595 0.0052157 

Danja 42 2 0.002948982 0.0021418 0.0002348 0.000353274 0.0056789 

Danja 42 3 0.004379331 0.002380385 0.0004334 0.00041787 0.0076109 

Danja 56 1 0.005862234 0.001828287 0.0006256 0.000495132 0.0088113 

Danja 56 2 0.004961532 0.001621904 0.0005284 0.000461331 0.0075731 

Danja 56 3 0.006579381 0.003870694 0.0007544 0.000701104 0.0119056 

Danja 72 1 0.00491872 0.001862765 0.0006089 0.000557417 0.0079478 

Danja 72 2 0.007477848 0.004734307 0.0005575 0.000493753 0.0132634 

Danja 72 3 0.006503065 0.003220599 0.0005178 0.000761794 0.0110032 
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Table S10: Raw values for levels of QAs in leaf material of susceptible (Tallerack) and 

resistant (Kalya) NLL cultivars after 72 h infestation with aphids. Limit of quantification 

is 0.001%. 

Leaf sample angustifoline α-isolupanine 
lupanin

e 

13-

hydroxylupanine 
total 

Tallerack 72h ctl 0.000000 0.000000 

0.00000

0 0.000185 0.000185 

Tallerack 72h ctl 0.000000 0.000621 

0.00000

0 0.000000 0.000621 

Tallerack 72h ctl 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h ctl 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h ctl 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h ctl 0.000000 0.000000 

0.00000

0 0.000236 0.000236 

Tallerack 72h infested 0.000000 0.000196 

0.00000

0 0.000000 0.000196 

Tallerack 72h infested 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h infested 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h infested 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Tallerack 72h infested 0.000307 0.000000 

0.00000

0 0.000000 0.000307 

Tallerack 72h infested 0.000000 0.000000 

0.00000

0 0.000000 0.000000 

Kalya 72h ctl 0.000000 0.000000 

0.00000

0 0.000448 0.000448 

Kalya 72h ctl 0.000000 0.000135 

0.00000

0 0.000685 0.000820 

Kalya 72h ctl 0.000000 0.000000 

0.00000

0 0.003191 0.003191 

Kalya 72h ctl 0.000000 0.000000 

0.00000

0 0.001909 0.001909 

Kalya 72h ctl 0.000000 0.000000 

0.00000

0 0.001379 0.001379 

Kalya 72h ctl 0.000000 0.000000 

0.00000

0 0.001877 0.001877 

Kalya 72h infested 0.000000 0.000000 

0.00000

0 0.000276 0.000276 

Kalya 72h infested 0.000816 0.000324 

0.00036

1 0.004153 0.005654 

Kalya 72h infested 0.000000 0.000000 

0.00000

0 0.000490 0.000490 

Kalya 72h infested 0.000000 0.000000 

0.00000

0 0.001662 0.001662 

Kalya 72h infested 0.000000 0.000000 

0.00018

9 0.001151 0.001340 

Kalya 72h infested 0.000000 0.000000 

0.00000

0 0.000706 0.000706 
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Table S11: Raw values for levels of QAs in leaf material of sweet NLL cultivar Tanjil 

treated with methyl jasmonate (MeJA) for 36 h. Limit of quantification is 0.001%. 

 

Leaf sample angustifoline α-isolupanine lupanine 13-hydroxylupanine total 

Tajil 36h ctl 0.000000 0.000000 0.000222 0.000391 0.000613 

Tajil 36h ctl 0.000000 0.000000 0.000223 0.000547 0.000771 

Tajil 36h ctl 0.000000 0.000000 0.000175 0.000329 0.000504 

Tajil 36h ctl 0.000000 0.000151 0.000178 0.000199 0.000527 

Tajil 36h ctl 0.000000 0.000000 0.000000 0.000199 0.000199 

Tajil 36h ctl 0.000000 0.000000 0.000000 0.000351 0.000351 

Tanjil 36h MeJA 0.000000 0.000000 0.000000 0.000354 0.000354 

Tanjil 36h MeJA 0.000000 0.000000 0.000000 0.001100 0.001100 

Tanjil 36h MeJA 0.000000 0.000190 0.000000 0.000465 0.000655 

Tanjil 36h MeJA 0.000000 0.000167 0.000000 0.000427 0.000593 

Tanjil 36h MeJA 0.000000 0.000000 0.000000 0.000298 0.000298 

Tanjil 36h MeJA 0.000000 0.000000 0.000000 0.001148 0.001148 
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Table S12: Protocol to prepare M9 minimal media outlined at 

http://www.thelabrat.com/protocols/m9minimal.shtml. 15 g L–1 agar was added and 

poured onto plates.  

M9 Minimal Media 

 

1. Make M9 salts: 

Aliquot 800 mL H2O and add 

64 g Na2HPO4-7H2O 

15 g KH2PO4 

2.5 g NaCl 

5.0 g NH4Cl 

Stir until dissolved 

Adjust to 1000 mL with distilled H2O 

Sterilise by autoclaving 

2. Measure ~700 mL of distilled H2O (sterile) 

3. Add 200 mL of M9 salts 

4. Add 2 mL of 1 M MgSO4 (sterile) 

5. Add 20 mL of 20% glucose (or another carbon source) 

6. Add 100 µL of 1 M CaCl2 (sterile) 

7. Adjust to 1000 mL with distilled H2O 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.thelabrat.com/protocols/m9minimal.shtml
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Table S13: Protocol to prepare Dragendorff reagent for QA analysis. The basal reagent is 

made by dissolving potassium iodide in 80 mL water and pouring into a solution 

containing bismuth nitrate, glacial acetic acid and 160 mL water. For use, one part basal 

regent is mixed with one part glacial acetic acid and four parts distilled water. Soak filter 

paper in reagent and allow to dry overnight. The reagent and soaked filter papers are 

stored away from light. 

Dragendorff basal reagent 

 

3.4 g 

 

Bismuth nitrate (Bi(NO3)3 5.H2O) 

 

40 mL 

 

Glacial acetic acid CH3COOH 

 

240 mL Distilled water 

32 g 

 

Potassium iodide (KI) 
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Table S14: PlantiSMASH analysis identifying plant secondary metabolism gene clusters 

in the NLL genome (Hane et al., 2017). Alkaloid gene clusters are highlighted. 

 

NLL scaffold Cluster type Genes in cluster 

Scaffold_11_93 polyketide 

Lup002091.1; Lup002092.2; Lup002093.1; Lup002094.1; 

Lup002095.1; Lup002096.1; Lup002097.1 

Scaffold_128 saccharide 

Lup004091.1; Lup004092.1; Lup004093.1; Lup004094.1; 

Lup004095.1 

Scaffold_18_55 putative 

Lup008840.1; Lup008841.1; Lup008842.1; Lup008843.1; 

Lup008844.1; Lup008845.1; Lup008846.1; Lup008847.1; 

Lup008848.1; Lup008849.1; Lup008850.1; Lup008851.1; 

Lup008852.1 

Scaffold_264 terpene 

Lup014639.1; Lup014640.1; Lup014641.1; Lup014642.1; 

Lup014643.1; Lup014644.1; Lup014645.1; Lup014646.1; 

Lup014647.1; Lup014648.3; Lup014649.1 

Scaffold_283 alkaloid 

Lup015739.1; Lup015740.1; Lup015741.1; Lup015742.1; 

Lup015743.1; Lup015744.1; Lup015745.1; Lup015746.1; 

Lup015747.1; Lup015748.1; Lup015749.1; Lup015750.1 

Scaffold_293 polyketide 

Lup016399.1; Lup016400.1; Lup016401.1; Lup016402.1; 

Lup016403.1; Lup016404.1; Lup016405.1; Lup016406.1; 

Lup016407.1; Lup016408.1; Lup016409.1; Lup016410.1; 

Lup016411.1; Lup016412.1 

Scaffold_335 saccharide 

Lup019305.1; Lup019306.1; Lup019307.1; Lup019308.1; 

Lup019309.1; Lup019310.1 

Scaffold_43 saccharide 

Lup022426.1; Lup022427.1; Lup022428.1; Lup022429.1; 

Lup022430.1; Lup022431.1; Lup022432.1; Lup022433.1; 

Lup022434.1; Lup022435.1; Lup022436.1; Lup022437.1 

Scaffold_44_3 polyketide 

Lup022945.1; Lup022946.1; Lup022947.1; Lup022948.1; 

Lup022949.1; Lup022950.1 

Scaffold_46 

lignan-

polyketide 

Lup023557.1; Lup023558.1; Lup023559.1; Lup023560.1; 

Lup023561.1; Lup023562.1 

Scaffold_559 alkaloid 

Lup026039.1; Lup026040.1; Lup026041.1; Lup026042.1; 

Lup026043.1; Lup026044.1; Lup026045.1; Lup026046.1; 

Lup026047.1 

Scaffold_567_1 terpene 

Lup026478.1; Lup026479.1; Lup026480.1; Lup026481.1; 

Lup026482.1; Lup026483.1; Lup026484.1; Lup026485.1; 

Lup026486.1; Lup026487.1 

Scaffold_57_11 saccharide 

Lup026564.1; Lup026565.1; Lup026566.1; Lup026567.1; 

Lup026568.1; Lup026569.1 

Scaffold_5_64 terpene 

Lup024454.1; Lup024455.1; Lup024456.1; Lup024457.1; 

Lup024458.1; Lup024459.1; Lup024460.1; Lup024461.1; 

Lup024462.1; Lup024463.1; Lup024464.1; Lup024465.1; 

Lup024466.1; Lup024467.1; Lup024468.1 

Scaffold_93_12 saccharide 

Lup032457.1; Lup032458.1; Lup032459.1; Lup032460.1; 

Lup032461.1; Lup032462.1; Lup032463.1 
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Table S15: Log-transformed mean values for LaAP2/ERF-like expression in tissues of 

bitter (accession P27255) and sweet (cultivar Tanjil) to normalise residuals for two-way 

ANOVA. A significant effect was found for tissue type, NLL accession, and the two-way 

interaction. DAA = days after anthesis. LSD = least significant difference.  

 
 Log-transformed 

mean values 
F-probability 

 

Tissue P27255 Tanjil Tissue Accession Tissue.accession LSD  

Root –4.747 –4.747 <0.001 <0.001 <0.001 0.4158 

Stem –2.522 –4.085     

Leaf –1.825 –4.085     

Flower –4.382 –4.365     

Seed (13–

16 DAA) 
–4.747 –4.747     
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Table S16: Script used for generating ‘A’ and ‘B’ scans from OCT imaging data, using 

MATLAB R2014a, kindly provided by Peijun Gong and Robert McLaughlin at the 

Optical and Biomedical Engineering Laboratory, based at The University of Western 

Australia.  

 

%% Display OCT B-scans and A-scans. 

% 

% Peijun Gong, 2014.11.11 

% 

% Note: this is just a preliminary version. 

%============================== 

%% (2) Add the path for the scripts and data. 

 

% Script directory. 

addpath('C:\Users’); 

 

% OCT data directory. 

addpath('C:\Users'); 

 

% OCT data filename. 

OCT_name = 

'Seed_7_scan_1_3D_000.PRM'; 

 

 

%% (2) Load and reconstruct the 3D OCT 

data. 

 

% Reconstruction. 

obj = CScanReconstruction512(OCT_name); 

 

% Pass the OCT data. 

Cscan = obj.data; 

 

 

%% (3) Display OCT B-scans. 

 

% Specify the indecies (lateral location). 

x_idx = 512; 

y_idx = 8; 

 

% Get the B-scan. 

Bscan = squeeze(Cscan(:, y_idx, :)); 

 

% Dsiplay the linear B-scan. 

% figure; 

% imshow(Bscan', [ ], 'XData', [0 6], 'YData', 

[0 3]); 

% imagesc(Bscan'); 

% colormap(gray); 

% colorbar; 

 

% Dsiplay the log B-scan. 

figure; 

imshow(20*log10(Bscan'), [40 85], 'XData', 

[0 6], 'YData', [0 3]); 

%imagesc(20*log10(Bscan'), [40 85]); 

colormap(gray); 

colorbar; 

 

 

%% (4) Display OCT A-scans. 

 

%Ascan = squeeze(mean(mean(Cscan(x_idx-

3:x_idx+3, y_idx-3:y_idx+3, :), 1), 2)); 

%figure; 

%plot((1:512)*3000/512, Ascan); 

%figure; 

%plot((1:512)*3000/512, 20*log10(Ascan)); 

 

% 9x32 a-scans  

%x_start = 508; 

%x_stop = 516; 

%y_start = 1; 

%y_stop = 32; 

%Cscan_sub =  Cscan(x_start:x_stop, 

y_start:y_stop, :); 

%Ascan_averaged = 

squeeze(mean(mean(20*log10(Cscan_sub), 

1), 2)); 

%figure; 

%plot((1:512)*3000/512, Ascan_averaged); 

 

% 21x17 a-scans  

%x_start = 502; 

%x_stop = 522; 

%y_start = 8; 

%y_stop = 24; 

%Cscan_sub =  Cscan(x_start:x_stop, 

y_start:y_stop, :); 

%Ascan_averaged = 

squeeze(mean(mean(20*log10(Cscan_sub), 

1), 2)); 

%figure; 

%plot((1:512)*3000/512, Ascan_averaged); 

 

% 21x5 a-scans  

x_start = 502; 

x_stop = 522; 

y_start = 14; 

y_stop = 18; 

Cscan_sub =  Cscan(x_start:x_stop, 

y_start:y_stop, :); 

Ascan_averaged = 

squeeze(mean(mean(20*log10(Cscan_sub), 

1), 2)); 

figure; 

plot((1:512)*3000/512, Ascan_averaged); 

 

% 11x5 a-scans  

x_start = 507; 

x_stop = 517; 

y_start = 14; 

y_stop = 18; 
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Cscan_sub =  Cscan(x_start:x_stop, 

y_start:y_stop, :); 

Ascan_averaged = 

squeeze(mean(mean(20*log10(Cscan_sub), 

1), 2)); 

figure; 

plot((1:512)*3000/512, Ascan_averaged); 

 

%% Save the images. 

 

% 

export_fig('2014_10_22_Seed_8_Scan_1.png

', '-native', '-transparent', '-a1', '-q101'); 

 

 

 

%% End of the function. 
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SUPPLEMENTARY FIGURES  

  

 

  

 

Figure S1: Standard curves for primers used for qRT-PCR using dilution series of lupin 

cDNA. The cDNA from lupin varieties where primer-binding sequences of degenerate 

primers for qRT-PCR differed (LaHMT/HLT; Lup0022251.1 and LaAT; Lup021586.1) 

was used to create standard curves from dilution series (1:5, 1:50, 1:500 and 1:5,000) to 

determine amplification efficiencies. Note: degenerate primers used for LaCAO-like 

Lup000530.1 differed only in binding sequence for L. luteus Pootalong and not for other 

lupin varieties. L. luteus LaCAO-like expression was too low to create a standard curve. 
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Figure S2: Promoter alignments between sweet (cultivar Tanjil) and bitter (accession 

P27255) NLL for QA biosynthetic genes (A) LaL/ODC and (B) LaHMT/HLT. Promoter 

regions include 1,500 base pairs upstream of the coding region, orientated so that the 

coding region begins at the bottom end of each alignment. Darker colour denotes 

sequence conservation whereas lighter colour denotes sequence variation. 
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Figure S3: Expression of LaL/ODC (Lup009726.1) in leaf material of three NLL cultivars 

under well-watered and lower temperature conditions, during seed development, 

correlating with time points when stress treatments were applied. The means and standard 

errors of three biological replicates are presented. A two-way ANOVA (P ≤ 0.05) was 

used to test for significant differences in gene expression depending on the cultivar and 

time point. A significant effect of time, cultivar and their interaction was found. LSD = 

0.094.  
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Figure S4: LaDHDPS-like (Lup017658.1) as viewed in Interactive Genomics Viewer 

(IGV) with gene annotation and RNA-Seq data for leaf material of sweet (cultivar Tanjil; 

top) and bitter (accession P27255; bottom) NLL aligned to the NLL genome. New gene 

annotation for Lup017658.1 includes the genomic region between exons three and four, 

resulting in three exons for the new annotation. 
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Figure S5: Amino acid composition in leaf material of sweet (cultivar Tanjil) and bitter 

(accession P27255) NLL, given as % of each amino acid by leaf weight. Data represents 

a single biological replicate. 
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Figure S6: Testing NLL mature grain for ‘sweetness’ or ‘bitterness’ using Dragendorff 

reagent. Seed coats were removed, and half a crushed cotelydon was soaked in water 

overnight. The water was then placed on filter paper soaked in Dragendorff reagent, with 

the alkaloids reacting with the reagent, forming a pink colour. ‘Sweet’ seeds were 

identified as having no (white colour) or faint reaction with the reagent, while ‘bitter’ 

seeds identified as having a strong reaction. Australian (Kalya, Mandelup, Marri, Myallie, 

Quinilock, Tanjil, Unicrop, Uniwhite and Yorrel) and European (Bolero, Emir and Sonet) 

NLL cultivars were identified as sweet, while the remainder of wild varieties and pre-

breeding lines were identified as bitter.  
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Figure S7: LaAP2/ERF-like (Lup007628.1) as viewed using the Interactive Genomics 

Viewer (IGV) with gene annotation and re-sequencing data for several bitter varieties 

aligned to the NLL genome. From top to bottom: P29039, P26170, P26464, P25016 and 

P27255. The conserved SNP across all bitter NLL, which lies within the 64 amino acid 

AP2/ERF DNA-binding region, is highlighted by the blue box.  
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Figure S8: NLL mutant line 840 (M3 generation) (left) grown next to parent line Tanjil 

(right). It was noted that in addition to larger seeds, line 840 had a generally larger 

phenotype (leaves, flowers, pods) than Tanjil.  
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Figure S9: The seed coat of (A) NLL and (B) L. mutabilis, as imaged by optical coherence 

tomography.  
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