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SUMMARY

Narrow-leafed lupin (NLL; Lupinus angustifolius) is a key rotational crop for sustainable farming systems,

whose grain is high in protein content. It is a gluten-free, non-genetically modified, alternative protein

source to soybean (Glycine max) and as such has gained interest as a human food ingredient. Here, we pre-

sent a chromosome-length reference genome for the species and a pan-genome assembly comprising 55

NLL lines, including Australian and European cultivars, breeding lines and wild accessions. We present the

core and variable genes for the species and report on the absence of essential mycorrhizal associated genes.

The genome and pan-genomes of NLL and its close relative white lupin (Lupinus albus) are compared. Fur-

thermore, we provide additional evidence supporting LaRAP2-7 as the key alkaloid regulatory gene for NLL

and demonstrate the NLL genome is underrepresented in classical NLR disease resistance genes compared

to other sequenced legume species. The NLL genomic resources generated here coupled with previously

generated RNA sequencing datasets provide new opportunities to fast-track lupin crop improvement.

Keywords: legume, pan-genome assembly, quinolizidine alkaloids, seed storage proteins, resistance genes,

Genistoids.

INTRODUCTION

Narrow-leafed lupin (NLL; Lupinus angustifolius L.) is a

grain legume grown as a break crop in rotation with cereal

crops, thereby reducing the need for fertilisers, increasing

cereal yields and importantly providing disease breaks

(Seymour et al., 2012). NLL and other lupins thrive on

nutrient-poor soils due to their symbiosis with beneficial

bacteria to fix atmospheric nitrogen and to efficiently

mobilise phosphorus from soils (Lambers et al., 2013).

NLL is a relatively young pulse crop, having only begun

the process of domestication in the early 20th century in

Germany, which was concluded by the release of the first

fully domesticated cultivar with low alkaloid content, per-

meable seeds, early flowering and non-shattering pods in

the 1960s in Australia (Gladstones, 1970). To date, four

lupin species have been domesticated, including white

lupin (Lupinus albus), yellow lupin (Lupinus luteus), pearl

lupin (Lupinus mutabilis) and NLL, with NLL being the
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predominant lupin grown worldwide (85% of all lupins)

(FAO, 2021). NLL is grown on over 750 000 hectares, pre-

dominantly in Australia, but also in other countries, such

as Poland, Russia and Germany (FAO, 2021).

The lupin grain is mainly used for animal and aquacul-

ture feed (White et al., 2007), but in recent years it has

gained interest as a human health food and food additive.

This is because lupin grain is rich in protein (30–40% of

whole seeds), has low amounts of undesired starch com-

pared to other pulses and is high in dietary fibre (25–30%),

low in fat and carbohydrates and gluten-free (Kohajdov�a

et al., 2011). In human food products, lupin kernel flour is

predominantly used as a food additive in bread and pasta

(Kohajdov�a et al., 2011) and has been shown to reduce

insulin resistance (Lee et al., 2006). Its attractiveness as a

gluten-free, non-genetically modified alternative to soy-

bean (Glycine max) has resulted in the production of a ser-

ies of lupin-based gluten-free foods including pasta and

meat replacement products for the vegetarian and vegan

markets. Furthermore, specific lupin seed proteins have

been demonstrated to reduce glycaemia to comparable

levels as achieved with the predominantly used hypogly-

caemic drug metformin (Lee et al., 2006) and to have addi-

tional nutraceutical properties, for example, improving

inflammatory-related diseases, as well as anti-microbial

properties (reviewed in Jimenez-Lopez, 2020).

While NLL is emerging as a human health food, toxic

specialised metabolites of the quinolizidine alkaloids class

are required to remain below a 0.02% threshold in the

grain for it to be used for food or feed purposes (Frick

et al., 2017). A picture is emerging in which environmental

stresses cause an increase in alkaloids in the NLL leaves

and grain (Frick et al., 2018; Frick et al., 2019), but indepen-

dent studies have identified different candidate genes for

the key alkaloid regulatory locus iucundus (Kroc

et al., 2019b; Wang et al., 2021).

All lupins belong to the genus Lupinus in the Genistoid

clade of legumes, which diverged early in the evolution of

papilionoid legumes (Nevado et al., 2016). There are over

267 species of lupin, some of which are ecological pioneers

in impoverished conditions. The natural distribution of the

genus is around the Mediterranean region (the ‘Old World’

lupins) and North and South America (‘New World’ lupins),

where the Andean lupin species have shown speciation

rates not seen elsewhere in the plant kingdom (Nevado

et al., 2016). The genus contains both annual and perennial

species that occur in a range of different habitats (Nevado

et al., 2016), and thus possesses a wealth of information for

adaptive traits useful in different agricultural and climatic

zones. These may be used to develop a sustainable prof-

itable lupin crop through the development of new lupin

crop species or, in the case of NLL, through genetic base

broadening (Berger et al., 2012; Berger et al., 2013). To this

end a range of genetic and genomic resources have been

developed for NLL in recent years. These include the gener-

ation of bacterial artificial chromosome (BAC) libraries (Gao

et al., 2011; Kasprzak et al., 2006), transcriptome datasets

(reviewed in Kamphuis et al., 2020), cytogenetic maps (Biel-

ski et al., 2020) and various genetic maps. In addition, a sur-

vey genome sequence was generated in 2013 for NLL (Yang

et al., 2013), followed by the first comprehensive draft gen-

ome sequence coupled with a dense reference genetic map

for the species (Hane et al., 2017). More recently, an

improved reference genome was released for NLL (Wang

et al., 2021) and two independent reference genomes were

released for its close relative white lupin (Hufnagel

et al., 2020; Xu et al., 2020).

In the last decade, there has been a move to generate

pan-genomes for plant species to capture the genomic

diversity for a species and allow genes core to all genomes

and those that are variable to be identified (Bayer

et al., 2020). Variable genes are often associated with pro-

cesses involved in biotic and abiotic stress and could thus

be important breeding targets in crop breeding pro-

grammes. To date, two predominant approaches have

been used to assemble a pan-genome. The first approach

assembles a de novo genome for each accession, after

which alignment of the genomes allows one to identify dis-

pensable genomic regions. The second approach aligns all

sequence reads from multiple accessions to a high-quality

chromosome-length reference genome and subsequently

assembles the unaligned reads into novel contigs. Follow-

ing either or both approaches a pan-genome graph can be

constructed, the variants can be called, and core and vari-

able genes can be identified. The first approach has

recently been used to generate a pan-genome for white

lupin using 39 accessions, including 11 varieties, one lan-

drace and two wild accessions (Hufnagel et al., 2021). This

study identified 32 068 core and 14 822 variable genes and

discovered candidate genes for alkaloid biosynthesis.

Here we report on the fourth iteration of a reference gen-

ome for NLL and the first pan-genome for NLL, which rep-

resents the second pan-genome for a genistoid legume

(2n = 40). We use these NLL resources to perform a survey

of the gene content and its conserved and variable gene

sets. Furthermore, we demonstrate the absence of unique

mycorrhizal associated genes in all NLL lines, confirm the

identity of the iucundus locus for alkaloid biosynthesis and

demonstrate that the NLL pan-genome is underrepre-

sented in classical disease resistance genes compared to

other sequenced legume species.

RESULTS

Development of a chromosome-length L. angustifolius ref-

erence genome

We previously generated a draft reference assembly by

combining short-read Illumina sequencing reads with
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insert sizes from 170 bp to 40 kb and BAC-end sequencing

data (Hane et al., 2017; Table S1). To improve this assem-

bly, we generated approximately 98.59 coverage PacBio

long-read sequence data across 19 single-molecule real-

time (SMRT) cells on a PacBio Sequel as well as approxi-

mately 509 coverage in situ Hi-C data generated across

two lanes on an Illumina HiSeq2500. The draft genome

was assembled using CANU (v1.8; Koren et al., 2017) and

scaffolded using Hi-C. The Hi-C reads were used to anchor,

order, orient and correct misjoins in the draft genome

assembly created above using the 3D de novo assembly

(3D-DNA) pipeline (Dudchenko et al., 2017). The resulting

assembly was then polished using the Juicebox Assembly

Tools (Dudchenko et al., 2018) and the contact maps were

visualised using Juicebox visualisation software (Durand

et al., 2016). Following the integration of Hi-C sequencing

data, the new reference assembly contained 2349 scaffolds

assigned to 20 chromosomes with a scaffold N50 length of

30.7 Mbp and the longest scaffold being 45.7 Mbp

(Table 1, Figure 1).

Using RepeatMasker we determined that the updated

reference assembly has a high repetitive sequence content

(57.7% of the genome; Tables S2 and S3), of which 54.4%

are known transposable elements (TEs). These TEs were

mostly long terminal repeat retrotransposons (Table S2).

Following repeat masking, gene annotation was performed

and identified 38 545 genes (Data S1 and S2) with an aver-

age gene length of 3665 bp, compared to 33 076 genes

with an average gene length of 3497 bp in the 2017 assem-

bly by Hane et al. (2017). To further corroborate complete-

ness of the assembly and annotation we conducted a

Benchmarking Universal Single-Copy Orthologs (BUSCO)

analysis (Simao et al., 2015) using the land plants (Embry-

ophyta) dataset, revealing that 1598 of 1614 BUSCOs

(98.9%) are present and 16 BUSCOs (1.1%) are absent in

the NLL assembly (Table 1). Using the Plantae set of 425

BUSCOs revealed that 422 are present (99.3%), whereas

three BUSCOs are missing (Table 1). Interestingly, the

white lupin genome assemblies by Xu et al. (2020) and

Hufnagel et al. (2020) had 11 and four Plantae BUSCOs

missing, respectively, which led us to compare the missing

BUSCOs between the two lupin species. This showed that

two Plantae BUSCOs (31855at33090 and 40630at33090)

were absent in both lupin species, and these encode a heli-

case and an ABC transporter. Further investigation into the

Plantae BUSCOs revealed that these BUSCOs are also

absent in all published legume species sequenced to date

(Bertioli et al., 2019; Hirakawa et al., 2016; Hufnagel

et al., 2020; Kang et al., 2014; Kreplak et al., 2019; Lonardi

et al., 2019; Parween et al., 2015; Sato et al., 2008; Sch-

mutz et al., 2010; Schmutz et al., 2014; Shen et al., 2020;

Varshney et al., 2012; Varshney et al., 2013; Yang

et al., 2015; Young et al., 2011) except for 31855at33090 in

chickpea (Cicer arietinum) and 40630at33090 in lotus

(Nelumbo nucifera) (Table 2).

Selection of domestic and wild L. angustifolius accessions

for creating an NLL pan-genome

To identify distinct groupings within the species, clustering

using STRUCTURE analysis on DarTseq data was con-

ducted for 194 NLL accessions (154 wild accessions, 26

Australian varieties and 17 European varieties) (Mousavi-

Derazmahalleh et al., 2018b). Clustering resulted in three

groups: Cultivated varieties from Australia and Europe

(n = 46), wild accessions from southern Europe (n = 43)

and wild accessions from the Iberian Peninsula and North

Africa (n = 59). There remained some wild mixed acces-

sions (n = 58) that were less clearly defined and which

Table 1 Overview of the published reference and pan-genome assemblies for narrow-leafed lupin (Lupinus angustifolius) and comparison
to the two published white lupin (Lupinus albus) genomes, including BUSCO statistics using version 4.1.2 for Embryophyta (1614) and Plan-
tae (425)

Narrow-leafed lupin reference
genomes White lupin reference genomes NLL pan-genome

Hane
et al., 2017

Wang
et al., 2021

This publication,
2022

Hufnagel
et al., 2020

Xu
et al., 2020

This publication,
2022

Sequencing technologies used
Illumina √ √ √ √ √ √
PacBio – √ √ √ √ √
Hi-C – – √ – √ √
BioNano optical map – – – √ – –

Genome statistics
Genome size 609 Mb 616 Mb 653 Mb 451 Mb 559 Mb 975 Mb
N50 11 9 9 12 14 15
N50 length 21.3 Mb 30.8 Mb 30.7 Mb 17.4 Mb 18.7 Mb 24.8 Mb
GC content (%) 33.46 33.27 33.46 33.79 36.82 38.06
Annotated protein-coding
sequences

33 076 33 097 38 545 38 258 47 603 39 339
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originated across the whole geographic range of NLL.

These showed evidence of admixture characterised by

high levels of heterozygosity (5.5%), compared to the main

groups (1.3%, 0.4% and 3.2%, respectively), and with

heterozygosity as high as 20% in some lines. For re-

sequencing to generate the pan-genome, lines had a

heterozygosity level of <2%, except Mandelup. Mandelup

(2.5% heterozygosity) was selected because of its commer-

cial importance as a variety, its role as a parental line to

increase genetic diversity from the wild in breeding efforts

in Australia and its role as an important experimental line

in NLL pre-breeding research.

We selected a total of 55 accessions, including Tanjil, to

construct the NLL pan-genome with representatives from

each of the major three groupings identified in the STRUC-

TURE analysis (Mousavi-Derazmahalleh et al., 2018b). Of

these, four accessions from each of three main NLL group-

ings were sequenced at high coverage (approximately 559

or more) and the remaining accessions were sequenced at

a lower coverage (approximately 10–309 for most acces-

sions; Table S4), using short-read sequencing. k-Mer clus-

tering analysis of short-read sequencing data for these 55

accessions also resulted in the formation of three major

clades (Figure 2), where a cluster of all cultivated

Dra� assembly: Tanjil_PacBio_v2.0 Chromosome-length assembly: Tanjil_PacBio_v2.0_HiC

Figure 1. Hi-C map of the draft (left) and chromosome-length assemblies (right) of narrow-leafed lupin (Lupinus angustifolius) cultivar Tanjil genome. Contact

matrices were generated by aligning the same Hi-C data set to the Tanjil_PacBio_v2.0 draft genome (left) and Tanjil_PacBio_v2.0_HiC (right) genome assembly

generated using Hi-C. Pixel intensity in the matrix indicates how often a pair of loci co-locate in the nucleus, on the scale from white to red. The draft and

chromosome-length scaffolds are ordered by size. The red squares along the diagonal on the left indicate draft contigs. The 20 large bright red squares on the

right correspond to chromosome territories of 20 lupin chromosomes.

Table 2 BUSCO analysis of sequenced reference legume genomes identified two Plantae BUSCOs that are absent in most legume species
sequenced to date

Plantae BUSCO statistics

Complete Fragmented Missing 31855at33090 40630at33090 Reference

Adzuki bean (Vigna angularis) 417 5 3 Absent Absent Yang et al., 2015
Alfalfa (Medicago sativa) 420 2 3 Absent Absent Shen et al., 2020
Barrel medic (Medicago truncatula) 420 1 4 Absent Absent Young et al., 2011
Chickpea (Cicer arientinum) (desi) 414 6 5 Present Absent Parween et al., 2015
Chickpea (Cicer arientinum) (kabuli) 419 2 4 Present Absent Varshney et al., 2013
Common bean (Phaseolus vulgaris) 420 3 2 Absent Absent Schmutz et al., 2014
Cowpea (Vigna unguicalata) 420 2 3 Absent Absent Lonardi et al., 2019
Lotus (Lotus japonicus) 386 19 20 Absent Present Sato et al., 2008
Mungbean (Vigna radiata) 421 2 2 Absent Absent Kang et al., 2014
Pea (Pisum sativum) 409 11 5 Absent Absent Kreplak et al., 2019
Peanut (Arachis hypogaea) 418 3 4 Absent Absent Bertioli et al., 2019
Pigeonpea (Cajanus cajan) 414 6 5 Absent Absent Varshney et al., 2012
Soybean (Glycine max) 420 1 4 Absent Absent Schmutz et al., 2010
Subclover (Trifolium subterraneum) 417 5 3 Absent Absent Hirakawa et al., 2016
Narrow-leafed lupin (Lupinus angustifolius) 421 1 3 Absent Absent This manuscript
White lupin (Lupinus albus) 418 3 4 Absent Absent Hufnagel et al., 2020

� 2022 The Authors.
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Australian and European accessions grouped together, a

second cluster contained two branches with Iberian and

North African accessions and a third cluster contained

most of the Southern European accessions.

NLL pan-genome assembly and validation

The NLL pan-genome was built using an iterative mapping

and assembly approach described by Hu et al. (2020),

using the improved reference assembly described herein

as a starting point. The assembled pan-genome is approxi-

mately 975 Mb in size and includes scaffolds longer than

500 bp with an L50 value of 24.8 Mb. The pan-genome

contains 39 339 gene models, compared with the Tanjil ref-

erence assembly of 653 Mb and 38 545 gene models

(Table 1). The 975 Mb is very close to the estimated gen-

ome size for the species of 951 Mb (Hane et al., 2017). A

BUSCO analysis (Simao et al., 2015) was conducted as

described earlier, where no additional missing BUSCOs

from the reference assembly were identified. Paired-end

data for all accessions were mapped back to the pan-

genome, with a range of 91.1–99.6% (Table S4). These data

were used for gene presence/absence variation analysis

and single nucleotide polymorphism (SNP) discovery. The

number of retro elements and other repeats increased in

Figure 2. k-mer-based phylogeny of narrow-leafed lupin (Lupinus angustifolius) pan-genome accessions.

� 2022 The Authors.
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the pan-genome relative to the reference genome

(Tables S2 and S5).

Gene presence/absence discovery and characterisation

A total of 39 339 genes were predicted in the pan-genome,

which is an additional 794 genes compared to the refer-

ence assembly (Table 1; Data S3 and S4). The majority

(95.2%, 37 459 genes) of the pan-genome is composed of

core genes present in all lines, while 4.8% (1880 genes) of

the genes are variable, including 30 genes present in one

line only (Figure 3a). The pan-genome size and annotated

gene set expands with each added NLL line up to 39 339

genes (Figure 3b). The size of the core genome diminishes

with every added NLL line to 37 459 genes. Of the 1880

variable genes, 1192 (63.4%) were variable across the

domesticated (24 lines/cultivars) and wild material (31

accessions), such that they were missing in at least one

domesticated and one wild line. Of the remaining variable

genes, 491 (26.1%) were present in all domesticated lines,

but absent in at least one wild accession, with 37 of these

absent in all wild accessions. Conversely, 197 variable

genes were present in all wild accessions and absent in at

least one domesticated line with 127 absent in all domesti-

cated lines.

In total, 20 285 108 SNPs were identified in the pan-

genome, creating an overall SNP density of 22.03 SNPs/kb.

In contrast, when identifying SNPs in breeding lines and

cultivars only we found a total of 7 165 473 SNPs, resulting

in a density of 7.78 SNPs/kb. Thus, the high SNP density in

the pan-genome was predominantly contributed by the

presence of many wild lines and was consistent with previ-

ous observations of high SNP density in a wild NLL line

(P27255) when mapped to the Tanjil assembly (Hane

et al., 2017). Private SNPs, which are present in only one

sample but absent in others, are much more abundant in

wild compared to domesticated lines (Figure 3c), with the

maximum number of private SNPs found in P26170

(602 327 SNPs).

Figure 3. Lupinus angustifolius pan-genome statistics. (a) Number of absent variable genes across different narrow-leafed lupin (NLL; Lupinus angustifolius)

lines. Here, 30 variable genes are absent in 54 lines and present in only one line. (b) Model describing the sizes of the core (green) and pan-genome of NLL

(blue). (c) The number of private single nucleotide polymorphisms (SNPs) for each NLL pan-genome accession.

� 2022 The Authors.
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Functional annotation of variable genes

Functional annotation of the 39 339 genes revealed that

73% of the core genes (28 721 gene models) had a func-

tional annotation, whereas 26% (489 gene models) of the

variable genes had a functional annotation. Among the

most abundant protein domains found in the variable

genes were reverse transcriptase, integrase, MYB-like DNA

binding and pentatricopeptide repeat domains (Table S6).

The most represented Pfam domains in the core genes

also included pentatricopeptide, reverse transcriptase and

MYB-like DNA binding domains, whereas other highly

abundant core Pfam domains also encoded leucine-rich

repeat (LRR) and protein kinase domains (Table S6). Sub-

sequent analysis around gene content focused on three

areas, including genes associated with symbiosis, alkaloid

regulation and plant disease resistance.

Pan-genome gene content with industry-relevant pheno-

types

Symbiosis genes. Most legumes partake in symbiotic

relationships with mycorrhizal fungi and/or rhizobia. Some

of the plant genes required for a successful association are

shared by both types of symbioses. It has been suggested

that the evolutionary younger rhizobium–legume symbio-

sis recruited part of the genetic programme from the more

ancient arbuscular mycorrhizal symbiosis (Parniske, 2008).

Interestingly, NLL does not form symbiosis with mycor-

rhizae, but does so with rhizobia. To expand our previous

findings using the reference genome of (Hane et al., 2017),

we compared the list of genes associated with arbuscular

mycorrhizal and rhizobial associations identified in the

Medicago truncatula genome with the core and variable

genes of the NLL pan-genome. Out of 57 M. truncatula

mycorrhizal and rhizobial associated genes, 38 were found

in the NLL pan-genome core gene set (Table S7). None

were found in the variable gene set. The identified genes

were all confirmed to group with the M. truncatula genes

in the gene family trees on the Legume Information Sys-

tem genomic data portal (Dash et al., 2016; Gonzales

et al., 2004; https://legumeinfo.org/). These included all

genes currently known to be involved in rhizobium sym-

biosis. However, NLL lacked nearly all genes examined that

are required specifically for arbuscular mycorrhizal sym-

biosis (in italics in Table S7). Two exceptions were

PP2AB’1 (Lupan_009748) and KIN2 (Lupan_004177) homo-

logues, which encode a serine/threonine protein phos-

phatase and a protein kinase, respectively.

Analysis of the alkaloid regulatory locus iucundus. Quino-

lizidine alkaloids are specialised metabolites toxic to ani-

mals and humans and are a significant industry issue for

the production and use of NLL crops. In NLL a major locus

controlling alkaloid grain content termed iucundus has

been mapped to a small region in the genome (746 kb)

between molecular markers LaSSR_025 and LaSNP_509

(Hane et al., 2017). This region contains several candidate

genes, including a dihydrodipicolinate synthase-like gene

(LaDHDPs-like; Lupan_013751), an APETALA2/ethylene

response factor-like gene (LaRAP2-7; Lupan_013780) and

an LRR receptor-like serine/threonine protein kinase

(LaRSTK; Lupan_013738) gene. Two independent publica-

tions have proposed different candidates as the causal

gene underlying the iucundus low alkaloid phenotype.

Kroc and associates (2019b) determined that LaDHDPs was

closely linked to the iucundus locus, whereas LaRAP2-7 co-

segregated with the iucundus locus. Subsequently, a

molecular marker in the coding sequence of LaRAP2-7 was

developed for marker-assisted selection in breeding pro-

grammes and demonstrated to correlate perfectly for 199

of the 202 NLL accessions tested and it was speculated that

the alkaloid content of the remaining three accessions was

under a different regulatory mechanism (Kroc

et al., 2019a). However, independent analysis by Wang

et al. (2021) suggested that LaRAP2-7 is not located in the

iucundus region and these authors proposed that LaRSTK

is the key regulatory gene for alkaloid biosynthesis and

that this gene activates LaRAP2-7 gene expression.

We used the pan-genome resource to further explore

the iucundus locus and resolve the identity of the gene

underlying low alkaloid phenotypes. In total, 54 accessions

constituting the NLL pan-genome for which we had seed

were evaluated for grain alkaloid content using the Dragen-

dorff test. This is a semi-quantitative test whereby alka-

loids, if present, react with the Dragendorff reagent to

produce an orange to orange-red pigment. All cultivars

and breeding lines except for the Polish cultivar Krasno-

listny have a ‘sweet’ alkaloid phenotype as they did not

react with the reagent (Table 3). In contrast, all wild acces-

sions displayed a ‘bitter’ phenotype with the Dragendorff

reagent producing the orange to orange-pink reactions on

Whatman filter paper. These phenotypic data were subse-

quently correlated with the proposed causal SNP muta-

tions for LaRAP2-7 and LaRSTK. The comparison clearly

demonstrated a perfect correlation of the SNP genotype

data for the 54 accessions with the grain alkaloid content

phenotype for LaRAP2-7 and not LaRSTK. Our phenotype

data combined with the NLL pan-genome resource there-

fore provide additional evidence to support the studies of

Kroc et al. (2019a) and Kroc et al. (2019b) and the hypothe-

sis that iucundus encodes an ethylene response factor that

regulates grain alkaloid content in NLL.

Classical disease resistance genes are underrepresented in

the NLL pan-genome. Classical disease resistance genes

of the nucleotide binding site (NBS)-LRR (NLR) family are

key genes at the frontline of plant defence to numerous

pathogens and pests. NLR genes were identified in the
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reference genome using two approaches. Firstly, con-

served consensus sequences from plant extended NBS

domains using the sequences described in Ameline-

Torregrosa et al. (2008) were used to identify genes in the

pan-genome annotation. Secondly, genes containing the

Pfam domain PF00931 (NB-ARC) identified using Inter-

proscan were identified as classical NLR genes. This

approach identified a total of 67 NLRs in the NLL pan-

genome, a surprisingly low number compared to other

legume crops. Thirdly, RGAugury (Li et al., 2016) was

used, which identified 67 NLRs and 48 receptor-like pro-

teins. We compared the NLR domains identified above

with 32 NLR domain sequences that we derived from PCR

amplification of the NLL genome using degenerate primers

derived from M. truncatula conserved NBS/NB-ARC

sequences. All 32 experimentally verified genes were

# Alkaloid content in the seeds were determined using the  Dragendorff test, where bi�er seeds interacts with the Dragendorff 
reagent and produces orange/pink pigments, whereas sweet seeds do not react.*Causal SNP according to Kroc et al 2019 Genes 4, 
428; Scaffold coordinate with causal A/C SNP: scaffold_8: 10,935,926. **Causal SNP according to Wang et al 2021 The Plant Journal 
5, 1192-1210; Scaffold coordinate with causal T/G SNP: scaffold_8: 8,743,239. 

Table 3 Identification of the true low-alkaloid regulatory gene in the Lupinus angustifolius pan-genome
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contained within the set of 68 predicted NLR genes and no

additional NLR homologues were identified.

In the pan-genome contigs only one additional NLR was

identified. Of the 68 NLRs identified in the pan-genome, 62

NLRs were found in all 55 NLL accessions, whereas six

were found to be members of the variable gene set. Only

one variable NLR gene came from a new pan-genome con-

tig (Lupan_039653), with the remainder present in the Tan-

jil reference genome. All but two NLRs (Lupan_039653 and

Lupan_026540) were anchored in pseudochromosomes

and were distributed across all pseudochromosomes

except NLL-14 and NLL-16. Clusters of three or more NLR

homologues on a pseudochromosome were identified on

NLL-02 and NLL-06, which also harboured the largest num-

bers of NLRs with 13 and 10 genes, respectively (Figure 4;

Table S8).

DISCUSSION

Comparison of different lupin reference genomes

As long-read sequencing technologies have become more

affordable, the number of more complete and updated

plant genome assemblies has increased. For NLL, the first

draft assembly of 523 Mb was published in 2013 (Yang

et al., 2013), followed by the first reference assembly of

609 Mb in 2017 (Hane et al., 2017). Both assemblies used

short-read sequencing data and were fragmented with

scaffold N50 values of 7319 and 232, respectively. More

recently, Wang et al. (2021) published an improved assem-

bly incorporating PacBio data, which resulted in a 616-Mb

assembly and N50 and L50 values of 9 and 30.8 Mb,

respectively, which are comparable to the 653-Mb assem-

bly with N50 and L50 values of 9 and 30.7 presented herein

(Table 1). The mean coding sequence length for the new

assembly compared to the Hane et al. (2017) assembly

increased from 1289 to 1337 bp, while the GC content of

all the various NLL assemblies was between 33.27 and

33.46%. The latter is similar to the GC content observed in

the white lupin genome assembly of Hufnagel et al. (2020)

of 33.79%, whereas another white lupin genome assembly

had a GC content of 36.82% (Xu et al., 2020).

Compared to previous assemblies, the number of anno-

tated protein-coding sequences increased from 33 076 and

33 097 in the Hane et al. (2017) and Wang et al. (2021)

assemblies, respectively, to 38 545 in the current assembly.

The gene content of NLL identified here is like that

Figure 4. Schematic presentation of the 20 Lupinus angustifolius chromosomes and the physical location of classical disease resistance genes of the nucleotide

binding site–leucine-rich repeat (NLR) class.
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reported for white lupin by Hufnagel et al. (2020), who pre-

dicted 38 258 genes, whereas the white lupin assembly by

Xu et al. (2020) was predicted to contain 47 603 genes.

To validate the completeness of gene-coding content we

conducted BUSCO analysis of the different NLL and white

lupin genomes (Table 1). Comparing the different NLL

assemblies in both the Embryophyta and Plantae BUSCO

analyses, the improved assembly presented herein had the

most complete and least fragmented BUSCOs. Alignment

of RNA sequencing reads from different tissues further cor-

roborated that 89.1–99.0% mapped back to the improved

assembly, indicating it has captured most of the gene-rich

space. Differences in completeness of the gene content

have also been observed between the different white lupin

assemblies (Table 1), with the Hufnagel assembly having a

similar number of missing and fragmented BUSCOs. Two

of the missing Plantae BUSCOs (31855at33090 and

40630at33090) were absent in both lupin species and were

subsequently found to also be absent in other legume gen-

omes except for 31855at33090 in chickpea and

40630at33090 in lotus (Table 2). It is thus possible that

some conserved Plantae genes have been lost in Fabaceae

species and can therefore affect the completeness scores

for legumes. This is supported by the re-sequencing of the

additional 54 NLL accessions herein, which did not

uncover any of the missing BUSCOs (Table 1).

Features of the NLL pan-genome

To capture as much of the genetic diversity in the NLL pan-

genome, wild and domestic lines from distinct clades identi-

fied in a previous diversity study were selected as repre-

sentatives for each clade (Mousavi-Derazmahalleh

et al., 2018b). To assemble the NLL pan-genome an iterative

read mapping approach to the reference was used where-

after the unaligned reads were de novo assembled. This

added 300 705 contigs to the reference assembly and pro-

duced a pan-genome size of 975 Mb. This assembly size is

slightly larger than the estimated diploid genome size for

cultivar Tanjil of 951 Mb by k-mer analysis or 924 Mb by flow

cytometry (Hane et al., 2017). The k-mer-based phylogenetic

tree also showed a similar relationship as the previous analy-

ses using molecular markers (Mousavi-Derazmahalleh

et al., 2018a; Mousavi-Derazmahalleh et al., 2018b), with

three clear groupings of (i) domesticated varieties, (ii) wild

accessions from the Iberian Peninsula and North Africa and

(iii) wild accessions fromSouthern Europe.

In terms of gene content, 39 339 genes were predicted,

with the 794 additional genes identified in the new pan-

genome contigs having a shorter average gene length than

those genes identified in the reference genome. This could

be due to small contigs that might contain partial/frag-

mented genes or due to expanding/evolving gene families.

Of the variable genes, 37 were absent from all wild acces-

sions, but present in all domesticated material, while 127

were present in all wild accessions and absent in all

domesticated lines. Of the 127 genes only found in wild

accessions, only five had a Pfam domain, while 29 of the

37 only found in domesticated lines had a Pfam domain,

with no obvious overrepresentation of specific Pfam

domains.

Comparison of the NLL and white lupin pan-genomes

At this stage it is difficult to conduct a direct comparison of

the NLL and white lupin pan-genomes. The first reason for

this is because two different assembly approaches have

been used, with the white lupin assembly adopting a de

novo assembly approach of each of the 39 genomes and

aligning these, whereas for NLL we aligned the sequence

reads to the reference and de novo assembled the una-

ligned reads in an iterative approach. Both approaches

have their own advantages and disadvantages as

described in a recent review (Bayer et al., 2020). For exam-

ple, we observed that the NLL pan-genome size increased

322 Mb in size relative to the reference genome, whereas

the white lupin pan-genome assembly approach added

11.7 Mb. This could be due to the approach taken or the

second large difference, which is the ratio of wild versus

domesticated accessions used in the pan-genome assem-

blies. The NLL pan-genome utilised many wild accessions

(31 out of 55) while the white lupin pan-genome was more

focused on domesticated accessions that are closely

related, and only used four wild accessions out of a total of

39 accessions. As high-quality long-read sequencing data

generation becomes cheaper, a pan-genome graph

approach will likely be more common and overcome some

of the difficulties observed in the NLL and white lupin pan-

genome assembly approaches (Bayer et al., 2020).

Despite these differences an interesting observation was

that in both the NLL and white lupin pan-genomes (Huf-

nagel et al., 2021) relatively low numbers of variable genes

were identified (4.8 and 3.1%, respectively) compared to

other crop pan-genomes such as Brassica oleracea (20%)

(Golicz et al., 2016) and wheat (Triticum aestivum; 35.7%)

(Montenegro et al., 2017). Specifically, 1195 variable genes

were identified for white lupin (1132 present in the refer-

ence assembly and 63 identified from the new pan-

genome contigs) and 1880 variable genes were identified

for NLL, including 1086 that reside in the reference genome

and 794 from contigs produced through the pan-genome

assembly. The additional pan-genome contigs relative to

the reference assembly are also more sparsely populated

with genes (an average of one gene per 16.9 kb versus one

gene per 405.5 kb). This suggests that for both lupin spe-

cies the level of diversity in wild and domesticated material

is quite low compared to many other crop species. In both

lupins, wild accessions have a higher number of variable

genes than domesticated accessions. In both pan-

genomes, genes specifically involved in mycorrhizal
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symbiosis were absent and classical disease resistance

genes of the NLR type were significantly underrepresented

compared to other legume genomes as outlined in more

detail below.

NLL lacks genes specifically associated with arbuscular

mycorrhizal symbiosis

Most legumes undergo beneficial interactions with both

rhizobia and mycorrhizal fungi to help fix nitrogen and

acquire phosphorus, respectively. The legume genes asso-

ciated with these interactions are well understood and

include genes that overlap between rhizobial and mycor-

rhizal associations and those that are unique to each inter-

action. NLL only interacts with Rhizobium and an analysis

of the reference and pan-genome revealed that NLL lacked

nearly all genes that are specifically required for arbuscular

mycorrhizal symbiosis. There were two exceptions, and in

both cases the genes were found to be core genes in the

pan-genome. The genes were PP2AB’1 (Lupan_009748)

and KIN2 (Lupan_004177) homologues, which encode a

serine/threonine protein phosphatase and a protein kinase,

respectively (Table S7). Genes with such annotations are

known to have additional roles beyond symbiosis and thus

could be involved in other NLL biological processes. Nev-

ertheless, these findings conclusively demonstrate that

essential mycorrhizal associated genes are absent in the

NLL pan-genome as also reported for the white lupin

(pan)-genome (Hufnagel et al., 2020; Hufnagel et al., 2021).

Analysis of grain alkaloid content of pan-genome lines

identifies a candidate for the iucundus locus

Quinolizidine alkaloids in NLL are regulated by a major

locus termed iucundus (Frick et al., 2017). In the literature

two different candidate genes have been proposed (Kroc

et al., 2019a; Kroc et al., 2019b) (Wang et al., 2021).

Assessment of the relationship between grain alkaloid con-

tent (as determined via Dragendorff assays) and the pro-

posed causal SNP mutations in these two candidates

showed strong correlation between alkaloid content and

causal SNP genotype for LaRAP2-7 as opposed to LaRSTK

(Table 3). Our results thus support the previous findings

from Kroc et al. (2019a); Kroc et al. (2019b), that LaRAP2-7

is a strong candidate for regulation of grain alkaloid con-

tent. However, final validation through cloning and com-

plementation or targeted gene-editing studies is required

to conclusively prove that RAP2-7 is the causal gene.

Classical disease resistance genes of the NLR class are

underrepresented in the lupin genome

Analysis of NLR genes in the previous reference Tanjil gen-

ome assembly (Hane et al., 2017) and the updated version

herein was conducted, and only 67 classical disease resis-

tance genes of the NLR class were revealed, which is a rel-

atively low number compared to other crops that typically

contain several hundred of such genes. We were therefore

interested to see if other domesticated and wild accessions

had additional NLRs that were not present in the reference

assembly. However, examination of the pan-genome only

identified a total of 68 NLR genes, of which 67 were in

common with Tanjil, demonstrating both a surprisingly

low number and high conservation in the NLR gene reper-

toire of NLL among both wild and domesticated acces-

sions. NLRs can have a high sequence similarity and it is

thus possible that additional NLRs were not identified in

the pan-genome assembly as their reads aligned to other

NLRs in the assembly as a short-read sequencing approach

was used.

We also mined the reference genome of white lupin

(Hugnagel et al., 2020) and identified 44 NLRs. The 67 and

44 NLRs in the reference NLL and white lupin genomes,

respectively, are considerably less than those observed in

other closely related legumes, such as barrel medic (764),

soybean (506), pigeonpea (406) and chickpea (187), or

other key crops, such as wheat, which contains 604 NB-

ARC genes (Chandra et al., 2017). In the other sequenced

legume species, NLRs are often found in clusters, where

members of these clusters have a high sequence similarity

as they have duplicated and diverged. Surprisingly, we

only found two such clusters (on chromosomes NLL-02

and NLL-06), while other NLRs were distributed as single

loci across the NLL genome. The reasons for this relatively

low number of NLRs in the two examined lupin species

remain unclear, but the inherent high alkaloid levels in wild

lupin accessions which provide protection from pathogens

and pests could be a possible explanation.

CONCLUSION

Legumes, including domesticated lupin species, are an

important part for future sustainable agricultural produc-

tion systems, especially with the growing demand for

plant-based protein for not only animal feed but also

human consumption. Two lupin species (NLL and white

lupin) now have well-advanced genomic resources includ-

ing transcriptome datasets and reference/pan-genomes.

This will likely be further augmented by ongoing efforts to

generate similar resources for the other two domesticated

lupin species (yellow and pearl lupin) and genomic data-

sets for other New World lupin species. The combination

of these resources will allow a better understanding of

lupin biology, diversity and evolution and help accelerate

lupin crop improvement. For example, the NLL pan-

genome resources have contributed to the generation of a

30k multispecies pulse SNP chip (Kaur et al., 2020), which

includes 5425 evenly distributed SNPs across the 20 chro-

mosomes of NLL. In addition, the SNPs identified in the

pan-genome can help identify candidate genes for impor-

tant agronomic traits such as the alkaloid gene identified

herein and a novel flowering time gene (Taylor
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et al., 2021). The improvement in yield and other agro-

nomic traits of interest to lupin breeding programmes will

help provide viable lupin crops for substantial parts of

Mediterranean grain growing regions around the globe.

EXPERIMENTAL PROCEDURES

Sequencing of NLL lines

NLL seed was provided by the Department of Primary Industries
and Regional Development of Western Australia. Seeds were ver-
nalised in Jiffy pellets for 2 weeks at 4°C in temperature-
controlled growth cabinets in the dark before being planted in
pots in temperature-controlled glasshouses to collect tissue for
DNA extraction and seed for future experiments. DNA was iso-
lated from frozen leaf material that was ground to a fine powder
under a stream of liquid nitrogen using the CTAB method as
described by Kamphuis et al. (2008). DNA quality was assessed
on a 1% agarose gel and DNA concentration was measured using
a Qubit. Samples were submitted to the Australian Genome
Research Facility to generate paired-end and mate-pair libraries,
which were sequenced on an Illumina HiSeq. Raw data yield for
the different lines varied from low-coverage lines (13.8–25.99) to
high-coverage lines (56.0–72.39) based on an estimated genome
size of 951 Mb for NLL assembly (Hane et al., 2017). High-
molecular-weight DNA was extracted as above and sent to the
Ramaciotti Centre for PacBio sequencing on 19 SMRT cells, which
yielded 91 Gb (approximately 989 coverage). In situ Hi-C was per-
formed as described previously (Rao et al., 2014; Kaur
et al., 2021), where frozen leaf tissue was crosslinked, ground and
lysed to obtain permeabilised intact nuclei. DNA from the nuclei
was digested with MboI and the overhangs were filled in with a
biotinylated base. Free ends were subsequently ligated together.
Crosslinks were reversed, the DNA was sheared to 300–500 bp
and then biotinylated ligation junctions were recovered with strep-
tavidin beads. This sample was then subjected to standard Illu-
mina paired-end library preparation and subjected to sequencing
on an Illumina HiSeq.

Reference genome and pan-genome assembly and valida-

tion

The Tanjil reference genome was assembled using CANU (v1.8;
Koren et al., 2017) and scaffolded with the Hi-C data using the 3D-
DNA pipeline (Dudchenko et al., 2017). The resulting assembly
was polished using the Juicebox Assembly Tools (Dudchenko
et al., 2018) and the contact maps were visualised using Juicebox
visualisation software (Durand et al., 2016; Robinson et al., 2018).
The pan-genome was assembled using an iterative mapping and
assembly approach described by Hu et al. (2020). The improved
reference genome assembly of Tanjil presented herein was used
as a reference for pan-genome construction. The procedure
involved three main steps: mapping of the reads to the reference
sequence, assembly of the unmapped reads and production of a
new reference sequence by updating the old one with the newly
assembled contigs. The high-coverage accessions were assem-
bled first in increasing order of minimum percentage of reads
mapped to the Tanjil genome assembly. Unmapped data from the
low-coverage accessions along with Tanjil and 83A476 were com-
bined for assembly. The mapping and assembly were performed
in the following order: Unicrop, Bolero, P26625, P22872, P27255,
P25136, P26167, P26464, P22660, P26170, low-coverage acces-
sions. Mapping was performed using Bowtie2 v2.3.4 (�-end-to-
end --sensitive -X 1000) and assembly was performed using

MaSuRCA v3.3.3 (cgwErrorRate = 0.15, JF_SIZE = 1 200 000 000)
(Zimin et al., 2013). The assembled contig sequences were com-
pared with the NCBI nt database (downloaded 18 May, 2021)
using BLAST v2.5.0. Contigs with best hits to non-green plant,
chloroplast or mitochondrial sequences were removed. The com-
pleteness of core eukaryotic genes in the pan-genome assembly
was evaluated using the default parameters of BUSCO v4.1 for
Plantae and Embryophyta (Simao et al., 2015).

Reference genome and pan-genome annotation

Repetitive DNA regions were first predicted in both the reference
and pan-genome for both TEs and tandem repeats as described
previously by Hane et al. (2017). Briefly, annotation of TEs was
conducted using RepeatMasker v4.1.0 (Smit et al., 2013–2015) to
identify known repeat sequences in Repbase v26.10 (Jurka
et al., 2005). Non-coding RNA was predicted using Rfam 14.6 (July
2021, 4070 families) and Infernal v 1.1.3 (Nawrocki & Eddy, 2013).

Following repeat masking the reference genome and newly
assembled pan-genome contigs greater than 1 kb in length were
annotated using BRAKER version 2.1.2 (Hoff et al., 2019). De novo
gene prediction was conducted using Genemark-ES (Lomsadze
et al., 2005) and Augustus (Stanke et al., 2004). Proteins from pre-
viously published lupin and soybean genomes (Hane et al., 2017;
Hufnagel et al., 2020; Schmutz et al., 2010) were used for external
validation. Annotations were filtered for incomplete models and
longest isoforms using AGAT version 0.5.1 (Dainat et al., 2021).
The pan-genome was functionally annotated using the Blast2GO
CSIRO server (Conesa et al., 2005). To identify protein domains
and map protein families, Interproscan v 5.24–63.0 (Quevillon
et al., 2005) was used. Both programmes were run separately for
core and variable genes.

Gene presence/absence variation analysis and SNP

discovery

Gene presence/absence variation was characterised using the
SGSGeneLoss package (Golicz et al., 2015) using default parame-
ters. Reads from all the NLL lines were mapped to the pan-
genome using Bowtie2 v2.3.4 (�-end-to-end --sensitive –X 1000)
(Langmead & Salzberg, 2012). Based on presence/absence varia-
tion, gene models were divided into core and variable genes. A
gene was considered core if it was present in all lines and variable
if it was absent in at least one line. Curves describing pan-genome
size, core genome size and new gene number for individual genes
were drawn using the PanGP programme (Algorithm: Distance
guide; Sample size: 1000; Sample repeat: 100; Amplification coeffi-
cient: 50) (Zhao et al., 2014). Following the read mapping using
Bowtie2 as described above, duplicate sequences were marked
using Picard toolkit (2019). MarkDuplicates (https://broadinstitute.
github.io/picard/) and SNPs were discovered and filtered for low
quality using SAMtools v1.10., mpileup (Li et al., 2009) and
BCFtools v1.3 (Danecek et al., 2021).

Symbiosis analysis

In total, 57 M. truncatula genes associated with mycorrhizal asso-
ciation that were previously used to identify homologues in the L.
angustifolius genome (Hane et al., 2017) were used to identify
annotated homologous genes in the pan-genome by BLASTP
(Altschul et al., 1997). Best hits were subsequently used to identify
the old reference gene annotation identifiers. The legume gene
family trees on the legume information system portal (https://
legumeinfo.org/; Gonzales et al., 2004; Dash et al., 2016) for the
M. truncatula and L. angustifolius genes were used to validate that
these were true homologues.
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Alkaloid analysis

Seed of 54 accessions of the NLL pan-genome were evaluated for grain
alkaloid content using the Dragendorff test. Dragendorff reagent was
prepared by dissolving 32 g of potassium iodide in 80 ml sterile water
and subsequently mixed in a solution containing 3.4 g bismuth nitrate,
40 ml glacial acetic acid and 160 mlof sterilewater tomake abasal solu-
tion. One part basal solution wasmixed with one part glacial acetic acid
and four parts sterile water to make working solution. Whatman filter
papers were soaked in this solution and allowed to dry overnight. Pre-
pared Dragendorff filter papers were stored in the dark. Alkaloid tests
were carried out by removing the seed coat and soaking crushed cotyle-
dons overnight in 200 ll of sterile water. Subsequently, 5 ll was placed
on theDragendorff paper. Bitter seedswere identifiedby anorange/pink
reaction with the reagent, while sweet seeds do not react with the
reagent. Seeds of eachof the accessionswere analysed in triplicates.

NLR resistance gene analysis

Candidate genes containing NBS/NB-ARC domains were identified
in the NLL pan-genome using blastp similarity (Altschul
et al., 1997) with an E-value threshold of 1e�5 to consensus coiled-
coil (CC)-NBS-LRR and Toll and mammalian INTERLEUKIN1
receptor-NBS-LRR sequences from plant extended NBS domains
using the sequences described in Ameline-Torregrosa et al. (2008).
In addition, RGAugury (v1) (Li et al., 2016) was used to identify
resistance gene analogues. Furthermore, Interproscan (v 5.24–63.0)
(Quevillon et al., 2005) was used to identify genes annotated with
the PF00931 (NB-ARC) domain, using the annotated NLL pan-
genome protein file (Data S5) and the white lupin genome anno-
tated protein file (GCA_009771035.1) from Hufnagel et al. (2020).

ACCESSION NUMBERS

Genome sequence assembly and annotation data can be

found in GenBank under BioProject IDs PRJNA797109,

PRJNA512907 and PRJNA299755. In addition, the

chromosome-length and pan-genome assemblies and

annotated gene and protein sequences can be accessed

from the downloads section of our webpage: http://

lupinexpress.org/. Furthermore, a JBrowse instance has

been put up to browse the genomes and a BLAST server

to query the genomes and associated annotated gene/pro-

tein sets. The interactive Hi-C contact map for the genome

is also available at www.dnazoo.org.
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