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Abstract

Lupinus luteus is a grain legume crop of agricultural importance due to its high seed protein content. In
this study, the first chromosome-scale genome assembly of L. luteus (962.97 Mb) is presented,
integrating data from Illlumina, PacBio, and Hi-C platforms. The assembly exhibits exceptional
completeness (98.9% BUSCO score) and a high repetition rate (76.15%). Genomic annotation identifies
36,884 protein-coding genes, including 2,492 transcription factors and 23 microRNA families.

Synteny analysis with lupin species reveals important chromosomal rearrangements, indicating complex
interactions between conserved regions and structural variations. Our analyses suggest that
chromosome 8 may have originated from a translocation event involving two chromosomes during the
speciation of L. Juteus. Orthologous group characterization between L. /uteus and related species
indicates an enrichment in gene families associated with biotic and abiotic stress responses, secondary
metabolism, and nutrient reservoir activity. Moreover, 911 resistance (R) genes are identified, highlighting
theirimportance in pathogen defence. Exploration of alkaloid biosynthesis and regulation reveals 16
genes associated with quinolizidine alkaloids (QAs) with expression analysis revealing tissue-specific
expression patterns for key enzymes in QA biosynthesis. Furthermore, secondary metabolite transporters
are explored, including a Lupinus angustifolius PUP1 ortholog, providing insights into QA translocation
mechanisms. This comprehensive genome analysis provides valuable resources for further
understanding the genetic basis of important traits in Lupinus luteus, facilitating advancements in crop
adaptation, improvement, and sustainability.

Introduction

Lupins are valuable in agriculture because of their substantial seed protein content (Lucas et al. 2015)
but generally underexploited. They are found in various regions of the world and are grouped into Old
World lupin (Mediterranean) and New World lupin (American) (Ainouche and Bayer 1999) species. The
four principal species grown, with the highest protein content, are Lupinus albus, Lupinus luteus, Lupinus
angustifolius and Lupinus mutabilis (Musco et al. 2017; Carvajal-Larenas 2019). They have different
nutritional profiles but the highest average protein, making them suitable for producing high-quality food
and feed in both human and animal diets (Ishaq et al. 2022). In addition, they contribute to the
sustainability of cropping systems owing to their low fertilizer requirements and positive impact on soil
fertility, as well as their ability to fix atmospheric nitrogen in symbiosis with beneficial bacteria and
efficiently take up phosphorus from soils (Hane et al. 2017).

L. luteus has high dehulled seed protein content, 60% dry matter (DM). (Burgos-Diaz et al. 2019; Gresta et
al. 2010) and twice the cysteine and methionine content of most lupins (Parra-Gonzalez et al. 2012;
Martinez-Villaluenga, Frias, and Vidal-Valverde 2006). In contrast to soybean, it can be cultivated in
regions with mild climates, being a valuable food source in climatic conditions unfavourable for soybean
cultivation (Glazinska et al. 2020). L. /luteus has been studied as an alternative protein source for
countries that import soybeans (Abraham et al. 2019; Pexas, Doherty, and Kyriazakis 2023; Duranti et al.
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2008). However, despite their importance, there are few studies related to genomics and molecular tools
in this species (Lichtin et al. 2020; Igbal et al. 2019; Parra-Gonzalez et al. 2012).

L. luteus has emerged as a promising candidate in the dynamic interplay between agricultural
productivity and environmental challenges, offering potential solutions for resilient and sustainable crop
production (Lambers, Clements, and Nelson 2013). The intricate balance between biotic and abiotic
stress factors significantly shapes the adaptive responses of plants, influencing their genetic landscape
and biochemical composition (Musco et al. 2017; Frick et al. 2017; Ruiz-L6pez et al. 2019). The synthesis
of alkaloids, particularly quinolizidine alkaloids (QAs), represents a complex response to these stress
stimuli, as well as contributing to the plant's defence mechanisms against pests and pathogens (Musco
et al. 2017; Frick et al. 2017; Gresta et al. 2010). However, the regulation of alkaloids becomes critical due
to challenges associated with bitterness and potential toxicity, highlighting a nuanced aspect of lupin
biology (Ruiz and Sotelo 2001). In tandem to the dynamics of alkaloid synthesis, the presence of
resistance (R) proteins assumes a pivotal role in the plant's ability to withstand biotic stresses (Mithofer
and Boland 2012). Serving as sentinels of the cellular defence system, R proteins play a crucial role in
recognizing pathogenic invaders and triggering cascades of molecular responses that fortify the plant's
resistance against diseases (Zhu et al. 2010; Pai Li and Day 2019). This comprehensive exploration of
the intricate crosstalk between environmental stress, alkaloid production, and the deployment of R
proteins is fundamental for unravelling the genetic mechanisms that underpin the adaptability and
defence strategies of Lupinus luteus.

In the current work, a chromosome-level genome assembly for yellow lupin is presented, offering insights
into its structural organization, synteny patterns with others in the Order Fabales, and the abundance and
diversity of repetitive elements. Furthermore, our high-quality genome assembly provides novel insights
into the recent divergence between the lupin species, shedding light on the evolutionary dynamics of this
agriculturally important genus. Additionally, a diverse array of resistance genes has been identified,
indicating the plant's sophisticated defence mechanisms. This comprehensive genome analysis of L.
luteus serves as a valuable resource for guiding efforts to enhance the resilience and productivity of this
crop, which is poised to play a crucial role in ensuring global food security in the future.

Results
Genome assembly and quality validation

Lupinus luteus C195 (cultivar AluProt-CGNA; 2n = 2x = 52) was chosen for genome sequencing and
assembly (Fig. TA). To obtain a high-quality assembly, genome sequencing was performed by integrating
HiFi, NGS, and Hi-C data. From this sequencing protocol, were obtained 87.34 Gb (~ 130x) of HiFi clean
data, 78.66 Gb (~ 119x) of lllumina short reads clean data, and 115.36 Gb (~ 175x) Hi-C clean data
(Supplementary Table S1). A genome survey was performed to assess the genome size and
heterozygosity of L. /uteus using Illumina short-read data. K-mer analysis indicated that the estimated
size of the C195 genome was 1024.44 Mb (Table 1) with 0.076% heterozygosity (Supplementary Figure
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S1 and Supplementary Table S2). The primary assembly obtained with the HiflASM assembler (Cheng et
al. 2021) resulted in a genome assembly size of 1.01 Gb, consisting of 1,053 contigs with a contig N50
value of 15.38 Mb (Table 1, Supplementary Table S2). The assembly was polished for error correction
using lllumina short reads from the same cultivar with Nextpolish (Hu et al. 2020) and the resulting
polished contigs were used for the scaffolding step.

The contigs were scaffolded using Hi-C-assisted assembly based on High-throughput Chromosome
Conformation Capture (Hi-C) data. A final assembly of 111 scaffolds was obtained composed of 245
contigs with a total length of 962.91 Mb. 160 contigs containing approximately 955.60 Mb were arranged
into 26 pseudo chromosomes, covering 99.24% of the assembly, with an N50 of 37.36 Mb (Table 1;
Supplementary Table S3) with sizes ranging from 21.91 to 46.32 Mb (Supplementary Table S4). The Hi-C
interaction map showed a matrix with non-obvious assembly errors comprising 26 clusters, indicating
that the L. luteus genome was nearly complete (Fig. 1B). BUSCO assessment of the final assembly
revealed that the completeness of the assembly was approximately 98.9 and 96.2% against Embryophyta
and Fabales lineages, respectively (Table 1, Fig. 1D). The LTR Assembly Index (LAI) was calculated,
showing an average of 14.27 which indicates a reference level assembly according to the classification
score proposed by Ou et al (Ou, Chen, and Jiang 2018) (Supplementary Figure S2). Then, short DNA reads
were mapped to the genome assembly using the BWA software, and 99.83% of lllumina DNA short reads
were mapped to the final assembly (Supplementary Table S5). Additionally, the mapping ratio of the RNA-
seq data was measured for nine different tissues downloaded from public databases and generated by
our lab. The ratio of mapped reads to the genome varies between 76—94%, depending on the tissue of
origin (Supplementary Table S6).
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Table 1
Statistics of L. luteus C195 genome assembly and

annotation.
Assembly features
Estimated genome size 1,024.49 Mb
Total assembly size 962.97 Mb
GC content (%) 354
Repeat content (%) 76.15
Contig number 1,053
Contig N50 15.38 Mb
Longest contig 26.27 Mb
Scaffold number 111
Scaffold N50 37.36 Mb
Longest scaffold 46.32 Mb
Complete BUSCO (%): 98.9
Embryophyta 96.2
Fabales
Annotation features
No. of protein-coding genes 36,895
Average gene length (bp) 5,370
Average CDS length (bp) 1,191
Complete BUSCO (%): 93.9
Embryophyta 91.1
Fabales
Protein-coding genes with annotation 35,940

Annotation of L. luteus genome

Repetitive elements were identified and masked in the L. /uteus genome assembly. Both de novo and
homology-based annotation revealed a highly repetitive genome (76.15%, 733.29 Mb) (Supplementary
Table S7). Long Terminal Repeat (LTR) retrotransposons represent the most abundant class of
transposable elements (TEs), with 64.03% of all repeats. Within LTR elements, the most abundant class
was Gypsy, with 47.91% of all LTR elements. The genome of L. luteus also is composed of 4.25% long
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interspersed nuclear elements (LINEs), 10.08% simple repeats, and 0.27% short interspersed nuclear
elements (SINEs) (Supplementary Table S8). Within the LINEs repeat class, L1 was the dominant repeat
type. Moreover, the L. /uteus genome is also constituted of 9.98% DNA transposable elements, of which
Class Il DNA elements, such as the DNA/CMC-EnSpm (~ 21%) family and MULE-MuDR (~ 16%) were the
dominant DNA repeat classes. The repeat-masked assembly was used as an input for gene model
prediction and functional annotation.

Following a combined strategy of de novo, homology-based, and transcriptome-based methods, 36,895
protein-coding genes were identified, with an average length of 5,370 bp (Table 1). From these genes,
50,351 CDS were identified which were translated and functionally annotated. Interproscan, EggNOG,
KEGG, COG, and Swissprot databases were used for functional annotation of all peptides. Through this
strategy, potential functions were assigned to 35,940 (97.44%) protein-coding genes in the L. luteus
genome (Supplementary Table S8, Supplementary Table S9, and Supplementary Table S10). Among
these genes, 2,492 Transcription Factors belonging to 58 families were identified (Supplementary Table
S11). BUSCO annotation of predicted genes showed 93.9% and 91.7% completeness using Embryophyta
and Fabales lineages (Table 1, Fig. 1D).

Non-coding RNAs (ncRNAs) were predicted in the genome as well. 23 microRNA (miRNA) families with
putative functions based on homology with other miRNA families in other plants (Supplementary Table
S13). In addition, 6,008 ribosomal RNAs (rRNAs), 1,194 transfer RNAs (tRNAs), and 1,282 small nuclear
RNAs (snRNAs) were identified (Supplementary Table S12).

Comparative genomic analysis and gene family expansion in L.luteus

The genome of L. luteus was compared with other phylogenetically related Fabales (G. max, L. albus, L.
angustifolius, and M. truncatula) (Fig. 2A). In addition, the A. thaliana genome was used as an outgroup
in the phylogenetic analysis (Fig. 2B). Among the Fabales species, 26,956 orthologous groups were
identified, of which 13,076 are shared in common (Fig. 2A) and 7,561 (19.5%) yellow lupin genes in 483
species-specific orthologous groups (Supplementary Table 14). Unique gene families in the L. luteus
genome were enriched for biological processes such as lactate transport, antibiotic transport, arsenite
transport, response to arsenic, cellular response to phosphate starvation, or zeatin and trans-zeatin
metabolic process (Supplementary Figure S3 and Supplementary Table S15). Next, 1,938 single-copy
orthologs were used for phylogenetic reconstruction between Fabales and A. thaliana. Compared with
these species 676/3,407 gene families were significantly expanded/contracted in L. /uteus (Fig. 2B).
Expanded gene families were enriched in several biological processes, including terpenes metabolic
processes (monoterpenes, diterpenes, and sesquiterpenes), and response to biotic and abiotic stress such
as response to stress, response to flooding, response to herbicide, defence response to bacterium and
defence response to insect, response to jasmonic acid stimulus, and response to salicylic acid stimulus
(Fig. 2C, Supplementary Table S16). In addition, 30 members of MYB-related and 10 Nin-like transcription
factor families were significantly expanded in the L. luteus genome (Supplementary Table S17).
Functional analysis of these TFs indicates that they participate in the regulation of secondary

Page 7/33



metabolites, as well as response to biotic and abiotic stress and regulation of nitrogen uptake and
nodulation (Supplementary Table S17). On the other hand, contracted gene families were involved in e.g.
regulation of catalytic activity, protein modification, and cold acclimation (Supplementary Table S18,
Supplementary Fig. 4).

Orthologous groups across the Lupinus species (L. albus, L. angustifolius, and L. luteus) were analysed.
Remarkably, we identified 24,012 gene families in the genome of L. /uteus, surpassing the counts of
23,640 and 23,544 gene families observed in L. albus and L. angustifolius, respectively (Fig. 3A). Notably,
20,198 gene families were found to be shared among all three Lupinus species, underscoring a core
genomic repertoire conserved across the most cultivated lupins (Fig. 3A). Intriguingly, our analysis
unveiled 442 unique gene families exclusive to the genome of L. /uteus. Functional enrichment analysis
of this set of unique gene families disclosed compelling associations with biological processes crucial
for secondary metabolism and biotic stress response, underscoring the adaptive genomic repertoire of
Lupinus luteus (Supplementary Figure S5, Supplementary Table S19).

Furthermore, within the shared gene families, we detected significant expansions and contractions of 362
and 306 families, respectively, in L. luteus (Fig. 3B). Strikingly, comparative genomic analyses revealed
that L. luteus has amplified gene families implicated in diverse biological processes, including terpene
metabolism, tryptophan metabolism, defence, and innate immune responses (Fig. 3C and Supplementary
Table S20), illuminating its evolutionary adaptations to environmental challenges. Notably, we elucidated
the genetic basis underlying the superior protein content of L. /uteus seeds, a trait of considerable
agronomic importance. Our comparative genomic analysis identified 30 genes encoding conglutin
proteins in the genome of L. luteus (Supplementary Table S21 ), surpassing the counts of 19 and 20
observed in L. albus and L. angustifolius, respectively. To note was the significant expansion of the
conglutin delta 2 family in L. /uteus, shedding light on the genetic underpinnings of its enhanced
nutritional profile.

Syntenic analysis between L. luteus and other lupin species

Synteny analysis was conducted on the L. luteus genome in comparison to two closely related lupin
species, L. albus and L. angustifolius. The analysis revealed a 1:1 synteny depth among all lupins

(Fig. 4A-B and Supplementary Figure S6). However, more significant chromosomal rearrangements were
evident between L. luteus and L. angustifolius compared to L. /uteus and L. albus (Fig. 4A-B). Moreover,
multiple chromosome inversions were identified between L. luteus and the chromosomes of its two
related genomes. Synteny analysis indicated that L. /Juteus chromosome 8 partially aligns with L. albus
chromosomes 1 and 15 (see Fig. 4D and Supplementary Figure S7A). Similarly, it showed partial
alignment of L. luteus chromosome 8 with L. angustifolius chromosomes 4 and 9 (Fig. 4C and
Supplementary Figure S7B). To note, the inversion appears in the homologous region between
chromosome 8 of L. luteus and the two chromosomes of L. albus (Fig. 4D-F and Supplementary Figure
S7A). Further examination mapped 328 synteny blocks within L. /uteus chromosome 8 and L. albus
chromosomes 1 and 15, sharing an identity of 87-96% (Fig. 4F, Supplementary Figure S7A and

Page 8/33



Supplementary Table S22). Similarly, 500 blocks were identified between chromosome 8 of L. /uteus and
chromosomes 4 and 9 of L. angustifolius, with sequence identity ranging from 87-97% (Fig. 4E,
Supplementary Figure S7B and Supplementary Table S23). Here we found that 792 of the 945 genes
encoded on chromosome 8 of L. /uteus have orthologs on the chromosomes of origin in the genomes of
L. albus and L. angustifolius (Supplementary Table 24), thus demonstrating high genomic conservation
among the genomes of Lupinus genus.

Additionally, a synteny analysis between L. albus and L. angustifolius was conducted to confirm whether
the synteny blocks were related to L. /luteus chromosome 8 (Supplementary Figure S8, Supplementary
Table S25). It was observed that chromosome 1 and chromosome 9, as well as chromosome 15 and
chromosome 4 of L. albus and L. angustifolius respectively, exhibit partial synteny in the same
coordinates shared with chromosome 8 of L. /uteus (Supplementary Figure S8B). This observation
suggests that chromosome 8 in L. /uteus might have resulted from the partial translocation of two
chromosomes during the formation of this species.

Identification of disease resistance-related (R) genes in L. luteus

A genome-wide analysis was conducted to investigate the presence of R genes in the genome of L.
luteus. Following a consensus methodology using two databases and HMM profiles, we found 911
different R genes encoded in the genome of L. /uteus. The R genes were divided into 4 major classes
based on their domain structure: nucleotide binding site (NBS)-encoding proteins; receptor-like proteins
(RLP); receptor-like kinases (RLK); and transmembrane coiled-coil proteins (TM-CC) (Pingchuan Li et al.
2016). 80 NBS-type, 580 RLK-type, 61 RLP, and 190 TM-CC-type proteins in L. luteus (Supplementary
Figure S9A) were identified. In addition, all R gene types were unevenly located in all the twenty-six
chromosomes (Supplementary Figure S9B). Then, NBS-type R genes were analysed by their key role in
host resistance to diseases (Xu et al. 2023; Bayer et al. 2019; Jiu et al. 2023). From 80 NBS-type genes
encoded in the L. Juteus genome, were identified as: 22 CC (coiled-coil)-NBS-LRR (leucine-rich repeat)
(CNL); 3 NBS; 20 NBS-LRR (NL); 3 RPW8-NOD-like receptor (RNL); 5 RPW8-NBS (RPW8); 2 TIR
(Toll/Interleukin-1 receptor)-NBS (TN); 11 TIR-NBS-LRR (TNL); and 14 TIR-unknown domain (TX)
(Supplementary Table S26), distributed over all chromosomes, except for chromosomes 02, 15, 18 and 20
(Fig. 5B). Here 7 clusters were observed with more than 3 genes, these clusters were present in
chromosome 3 (1), chromosome 7 (3), chromosome 11 (1), chromosome 13 (1), and chromosome 19 (1).
Transcriptome analysis of NBS-type genes in nine tissues showed differences in expression patterns

(Fig. 5A). The pod wall had 22 NBS-type genes with higher expression levels than the other tissues,
followed by 19 in the pedicel and 17 in the root (Fig. 5A, Supplementary Table S27).

Phylogenetic analysis of NBS-type R genes shows that the RPW8 class clustered in a clade separated
from the other classes, in addition it was identified that CNL, NBS, and NL clustered into the same
phylogenetic clade; on the other hand, the TN, TNL, TX classes were clustered in the same clade, and, it
was concluded that gene clusters located in the same cluster were more phylogenetically related
(Supplementary Figure S10).
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Alkaloid biosynthesis-related genes and secondary
metabolite transporters

In lupins, the content of alkaloids is an important factor that affects their nutritional impact (Rychel and
Ksigzkiewicz 2019). Quinolizidine alkaloids (QAs) have a role in protecting plants from pests and fungi,
however, they are the principal antinutritional compounds, mainly associated with bitterness and toxicity
(Frick et al. 2017). In addition to QAs, in L. /uteus the indole alkaloid, gramine, is accumulated in high
amounts in seeds. A genome-wide search was performed to identify the genes related to biosynthesis,
transport, and regulation of QA and gramine in the L. /uteus genome. 15 genes were distinguished that
were associated with QA biosynthesis and regulation (Table 2). Also, a 3-aminomethylindole N-
methyltransferase encoding gene was identified in the genome of L. luteus. The expression levels of all
these 16 genes were evaluated. It was observed that two crucial enzymes involved in the QA biosynthesis
pathway, lysine decarboxylase (LDC) and copper amine oxidase (CAQ) present higher expression in
leaves and pedicels (Supplementary Table S28 and Supplementary Figure S11). While, the 3-
aminomethylindole N-methyltransferase (NMT) gene presents higher expression in the roots and pod
walls.

The transport of secondary metabolites in plants is critically important to various cellular processes, such
as growth, development, survival, defence, and homeostasis. Plants possess numerous transporters that
facilitate the movement of secondary metabolites within their cells and tissues. Among these
transporters, four major families have been identified: ATP Binding Cassette (ABC) transporters, multidrug
and toxic compound extrusion (MATE) transporters, purine uptake permease (PUP) transporters, and
nitrate and peptide transporter family (NPF) transporters. Each of these transporter families plays a
significant role in facilitating the transport of secondary metabolites in plants (Nogia and Pati 2021).
Based on a sequence homology and domain search analysis, the following were identified: 134 putative
ABC transporter genes, 44 MATE transporters, 29 PUP transporters, and 69 putative NPF transporter
genes (Supplementary Table S29); they are unevenly distributed along the 26 chromosomes
(Supplementary Figure S12). It has been reported that purine permease transporter 1 (PUP1) encoding
genes are associated with the biosynthesis, transport, and regulation of alkaloids in Nicotiana tabacum
(Hildreth et al. 2011)d angustifolius (Plewinski et al. 2019). An ortholog gene of LanPUP1 was identified
in the L. Juteus genome. The expression patterns of L/uPUP1 (LIu07983) present ones similarto L/uLDC
and L/uCAO. However, in a correlation expression analysis, a significant correlation was not found
between these genes (Supplementary Figure S13 and Supplementary Table S30).
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Genes related to biosynthesis, transport, and regulation of QA and gramine in the L. luteus genome

Table 2

Alkaloid Gene Name Chr Description
Quinolizidine  Llu01933 F3H YL-  Flavanone 3-hydroxylase
alkaloids 10
Llu02941 LDOX YL- Leucoanthocyanidin dioxygenase
10
Llu07632 LDC YL- Lysine decarboxylase
14
Llu07983 PUPT YL-  Purine permease 1
14
Llu08556 MYB YL-  Transcription factor MYB106
14
Llu08676 CAO YL- Copper amine oxidase
14
Llu12483 DFR1 YL-  Flavanone 4-reductase
17
Llu16423 AT YL- acetyltransferase-like gene
02
Llu18612 DHDPS YL-  4-hydroxy-tetrahydrodipicolinate synthase
21
Llu18957 RAP2-7.1 YL-  APETALAZ2/ethylene response transcription
21 factor
Llu23703 CES1L YL-  Carboxylesterase 1
25
Llu25717 CCR YL- cinnamoyl-reductase 2
26
Llu26357 RAP2-7 YL- APETALAZ2/ethylene response transcription
03 factor
Llu26798 HMT/HLT YL- acyltransferase tigloyl-CoA:(-)-13a-
03 hydroxymultiflorine/(+)-13a-hydroxylupanine O-
tigloyltransferase
Llu35155 Bet_v_I/MLP YL- BetvI/Majorlatex protein domain-containing
09 protein
Gramine Llu28618 NMT YL-  3-aminomethylindole N-methyltransferase
04
Discussion
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The Lupinus genus includes species economically important for protein production, and valuable
functional food crops such as white lupin (L. albus), narrow-leaf lupin (L. angustifolius) and yellow lupin
(L. luteus) (Lo, Kasapis, and Farahnaky 2021). Despite the economic and nutritional potential of lupins,
genomic information is relatively scarce, and genome sequences are available only for two species L.
angustifolius (Garg et al. 2022; Hane et al. 2017; Wang et al. 2021)d albus (Hufnagel et al. 2020). Here,
the first chromosome-scale genome assembly of Lupinus luteus is presented, as obtained by combining
data from the lllumina, PacBio, and Hi-C platforms. This genome assembly shows a remarkable level of
completeness in protein-coding genes and repetitive sequences, as well as good continuity in contigs and
scaffolds. In comparison with other lupin species, we found that the assembled genome of L. luteus
(962.97 Mb) was larger than the two previously reported lupin assemblies L. angustifolius (653 Mb)
(Garg et al. 2022)d albus (451 Mb) (Hufnagel et al. 2020). In addition, the L. /uteus genome had a higher
repetition rate (76.15%; 733.29 Mb) than the genomes of L. angustifolius (34.6%; 227.6 Mb), and L. albus
(60%). Further, L. luteus has a higher scaffold N50 (33.87 Mb) than the latest version of L. angustifolius
assembly (scaffold N50 = 30.7 Mb) (Garg et al. 2022)d albus (scaffold N50 = 17.4 Mb) (Hufnagel et al.
2020). The BUSCO assessment revealed 98.9% complete genes in the assembled genome, which
represents a more contiguous and higher-quality genome assembly than that recently published for other
lupin species. This implies that L. /luteus assembly will serve as a high-quality reference genome
according to the LAI classification score proposed by Ou et a/ (Ou, Chen, and Jiang 2018).

The analysis of the genome of L. luteus, in comparison to other Fabales species, revealed a recent
divergence within the lupin branch. This finding is consistent with previous research that indicated a
divergence between L. albus, L. angustifolius, and L. luteus approximately 8 million years ago
(Drummond et al. 2012). Further study demonstrated that L. angustifolius is more closely related to L.
luteus. Our research group recently employed comparative mapping of genetic linkage groups to
establish that the genomes of these species retain extensive syntenic blocks linked to flowering time and
resistance to anthracnose (Lichtin et al. 2020). However, synteny and collinearity analyses also revealed a
higher incidence of chromosomal rearrangements between the genomes of L. angustifolius and L. luteus.
This suggests a complex interplay between conserved genomic regions and structural variation in lupin
genomes, potentially influencing key agronomic traits.

Other research employing techniques such as comparative mapping of linkage markers and BAC-FISH
(Bacterial Artificial Chromosomes Fluorescence In Situ Hybridization) have consistently revealed
remarkable conservation within the genomes of Old World lupins (Ksigzkiewicz et al. 2017; Lichtin et al.
2020; Susek et al. 2019; Bielski et al. 2020). Our comprehensive synteny analysis and orthologous group
characterization robustly corroborate these established findings. In a previous work Ksigzkiewicz et al.
found that linkage groups Lalb01 and Lalb15 of L. albus exhibited partial synteny with the NLL-04 and
NLL-09 linkage groups of L. angustifolius (Ksigzkiewicz et al. 2017). Notably, we uncovered the same
partial synteny between chromosome 8 of L. /uteus and corresponding sequence of chromosomes 1 and
15 of L. albus and 4 and 9 of L. angustifolius. This evidence suggests a potential translocation event that
could have led to the formation of chromosome 8 in L. /uteus. These findings underscore the dynamic

nature of lupine genomes and provide valuable insights into their evolutionary history.
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Conglutins, categorized into a-, B-, y-, and & conglutin subfamilies, serve as the primary storage proteins in
lupin seeds (Foley et al. 2015; Tahmasian et al. 2022). Recent work has explored the potential therapeutic
effects of these proteins on various metabolic disorders such as diabetes, with a particular focus on y
conglutins for their insulin regulatory capacity in animal models, highlighting their nutritional and
therapeutic impact on health (Vargas-Guerrero et al. 2014; Ishaq et al. 2022). In this study, we identified
30 genes belonging to the conglutin family in the genome of L. luteus, nearly doubling that previously
reported (Foley et al. 2015). Intriguingly, our comparative analysis across Lupinus species revealed a
significant expansion in the conglutin 6 2 subfamily in L. /luteus. The conglutin & subfamily has been
studied not only for its role as a storage protein but also as a defence protein due to its homology with
the a-amylase/trypsin inhibitor family (Tahmasian et al. 2022). Additionally, several publications have
highlighted the low digestibility and allergenic potential (Ogura et al. 2013; Dooper et al. 2009; Holden et
al. 2008). Furthermore, a recent study showcased higher expression of conglutin 6 2 in wild accessions of
L. angustifolius compared to domesticated ones (Tahmasian et al. 2022). Interestingly, a study
conducted in L. /uteus cv. Tapper revealed that conglutin 6 is the predominant storage protein, contrasting
with other lupin species where conglutin B is predominant (Klajn et al. 2023). These findings lead us to
hypothesize that this phenomenon may be attributed to the expansion of the delta conglutin family in L.
luteus.

Plant resistance to pathogens relies predominantly on disease resistance proteins, specifically those
belonging to the NBS-type class, which are associated with defense against infections caused by fungi,
bacteria, or viruses (McHale et al. 2006; Dangl and Jones 2001). In this work, we identified 80 NBS-type
proteins encoded in the genome of L. /uteus. This finding aligns with a previous report indicating that the
genome of L. angustifolius contains 67 NBS-type R genes (Garg et al. 2022). Notably, a comparative
analysis between L. angustifolius and L. albus revealed an underrepresentation of R proteins in these
lupin species when compared to other leguminous species (Garg et al. 2022). Our results are consistent
with previous reports for both lupin species, emphasizing the uniqueness of their R protein repertoire.

Additionally, our study revealed that genes located in similar clusters not only shared proximity but also
exhibited a closer phylogenetic relationship. This observation suggests that tandem duplication may
serve as a mechanism driving the expansion of this gene family. Importantly, this mechanism has been
previously documented in species such as N. indica (J.-S. Yang et al. 2022). These insights into the
genetic basis of pathogen resistance in lupins, emphasises the significance of tandem duplication in
shaping the diversity and evolution of R proteins in these leguminous plants.

In lupins, alkaloids serve protective functions and are also linked to the bitter taste of the seeds, reducing
their attractiveness for exploitation and consumption (Frick et al. 2017; Schryvers et al. 2023; Rodés-
Bachs and Van der Fels-Klerx 2023; Mancinotti, Frick, and Geu-Flores 2022). Utilizing a domain-based
protein search and sequence similarity analysis, 16 genes were identified as previously associated with
the biosynthesis and regulation of quinolizidine alkaloids (QA) in other lupins (Frick et al. 2017; Plewinski
et al. 2019; Czepiel et al. 2021; Kroc et al. 2019). Thus the two key enzymes crucial for QA biosynthesis,
lysine/ornithine decarboxylase (LDC) and copper amine oxidase (CAO), are predominantly expressed in
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tissues such as leaves and pedicels (Frick et al. 2017; Wink and Hartmann 1982). This finding is
consistent with previous reports in L. angustifolius, where higher expression of these key enzymes was
observed in leaves and pedicels (T. Yang et al. 2017). In this way, similar to L. angustifolius, QA
biosynthesis in L. /uteus primarily occurs in aerial tissues, with subsequent transportation to the seeds
(Otterbach et al. 2019). Thus the importance of the spatial and temporal regulation of QA biosynthesis in
lupins, hinting at the potential for future research and applications in crop improvement.

The translocation of quinolizidine alkaloids (QA) in lupins has been previously investigated, revealing that
Lupanine is transported from aerial tissues and accumulates in stems and petioles in L. polyphylus. In a
recent study, it was determined that a purine protease transporter 1 (PUP1) might actively participate in
the biosynthesis and transport of QA in L. angustifolius, as its expression is positively associated with
genes in the QA biosynthetic pathway. Based on this assumption, we explored various secondary
metabolite transporters, focusing on the PUP transporter family (Frick et al. 2017). This revealed the
presence of a L. angustifolius LanPUP ortholog (TanjilG_28431) in the genome of L. /uteus (LIu07983).
Expression analysis of this gene showed predominant expression in leaves, pedicels, and cotyledons,
although no statistically significant correlations were found between its expression and key genes
associated with QA biosynthesis. These findings prompt further investigation into the functional role of
this ortholog in QA translocation within L. /uteus, highlighting the complexity of alkaloid transport
mechanisms in lupins.

In summary, our work gives insights into the genomic landscape of Lupinus luteus that might be
exploited in research and breeding. The high-quality genome assembly, coupled with comprehensive gene
annotations, gives information about the genetic basis of important agronomic traits. The identified
disease resistance genes, alkaloid biosynthesis pathways, and transporters shed light on lupin's defence
mechanisms and alkaloid translocation.

Material and methods
Plant materials and sequencing

L. luteus seeds (Alu-Prot CGNA; C195) were scarified and hydrated for 20 minutes in water, washed with
70% ethanol for one minute, in 2.5% sodium hypochlorite, and finally washed three times with sterile
distilled water. Then, seeds were put in Petri dishes with moistened filter paper (Whatman) and kept in
darkness at 23°C for 24h to germination. The germinated seeds were grown in controlled conditions with
a 16-h day and 8-h night photoperiod at 23°C. The nucleic acid extractions were performed from young
leaves (~ 60 mg). According to the manufacturer's instructions, DNA extraction was performed with
Quick-DNA™ HMW MagBead and Quick-DNA™ Plant/Seed Kits (Zymo Research). The quantification and
quality ratios (260/280 & 260/230) of nucleic acid were measured by absorbance in the Synergy HTX
multi-plate reader with a Take3 Trio plate (Biotek), and the integrity was assessed through 1%agarose gel
electrophoresis and run at 100V for 1 hour. After extraction, ~ 500 ng of gDNA was sequenced on the
lllumina NovaSeq 6000 and PacBio Sequel Il platforms.
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RNA data were extracted separately, from three different tissues (leaf, hypocotyl, and cotyledon).
According to the manufacturer's instructions, RNA extraction was performed separately with a Quick-
RNA™ plant/seed kit (Zymo Research) from ~ 150 mg of fresh hypocotyl and cotyledon, and ~ 60 mg of
young leaves. Then, the tissues were frozen with liquid nitrogen and powdered by grinding them in
mortar. In addition, a 30 min DNAse digestion was performed. RNA concentration and A260/A280 were
measured by absorbance in Synergy HTX multi-plate reader (Biotek). The integrity of RNA assessment
was performed through 2% agarose gel electrophoresis run at 100V for 1 hour. PE150 sequencing was
performed in the lllumina Novaseq 6000 platform.

A Hi-C library was generated as follows. (i) Fresh, young leaves were treated with formaldehyde to fix the
conformation of DNA. (ii) Cells were lysed, and cross-linked DNA was digested by the restriction enzyme
Dpnll. (iii) Digested fragments were ligated and biotinylated. (iv) Purify and fragment the DNA in random
fragments into ~ 300—500 bp. Finally, the Hi-C library was also sequenced based on the lllumina
NovaSeq 6000 platform in PE150 mode.

Genome assembly and assessment

The estimation of genomic characteristics was determined before assembly, based on Illumina DNA short
reads data. Low-quality reads were filtered using SOAPnuke v2.1.8 (Y. Chen et al. 2018). Then, the
cleaned data were used for K-mer-based frequency distribution in Jellyfish v2.3.0 (Margais and Kingsford
2011). To estimate the genome size, heterozygosity, and repeat content of the L. /uteus genome,
GenomeScope v2.0 was used (Vurture et al. 2017).

For the novo assembly, PaBio HiFi long reads were cleaned and assembled using the HiflASM v0.19.6
(Cheng et al. 2021, 2022) assembler with an aggressive purge-dups option. Then, the contigs were
polished using two rounds of nextpolish v1.4.1 (Hu et al. 2020), employing Illlumina clean reads.

Hi-C data were used to build a chromosome-level genome assembly. First, Hi-C reads were trimmed and
cleaned for adapters and low-quality reads. The cleaned data were aligned and filtered using Juicer v1.6
(Durand et al. 2016) with default parameters. The ordering and orientation of contigs was carried out
using 3D-DNA v180922 (Dudchenko et al. 2017).

The Burrows-Wheeler Aligner (BWA) v0.7.17-r1188 (H. Li and Durbin 2010) with default parameters was
used to align lllumina reads to the final assembly for estimating the coverage ratio. Completeness and
quality of the genome were evaluated using QUAST v5.2.0 (Mikheenko et al. 2018) and BUSCO v5.4.7
(Manni et al. 2021) by using Embryophyta and Fabales linages database.

Genome annotation

Repetitive DNA regions were predicted from the assembled genome sequences using a combination of
homologous and ab initio prediction. First RepeatMasker v.4.1.5 (Tempel 2012)
(http://www.repeatmasker.org) was used for a homology search against known repeat sequences in
Repbase database v28.08 (Bao, Kojima, and Kohany 2015). For ab initio prediction, a custom-built de
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novo repeat database with RepeatModeler v2.0.4 (Flynn et al. 2020) was produced and then annotated
with RepeatMasker.

Non-coding RNA (ncRNA) was predicted using StructRNAFinder (Arias-Carrasco et al. 2018) with
ViennaRNA v2.6.3 (Lorenz et al. 2011), Infernal v1.1.4 (Nawrocki and Eddy 2013), and Rfam 14.9
(November 2022, 4108 families) (Kalvari et al. 2021) as reference for rRNA, microRNA and other ncRNA
classes prediction. tRNA annotations were carried out with tRNAscanSE v2.0.12 (Chan and Lowe 2019).

Protein-coding genes were predicted by integrating ab initio, homology-based, and transcriptome-based
annotation. De novo gene prediction was conducted using Augustus v3.5.0 (Stanke et al. 2008)
employing the Arabidopsis training gene model, and GeneMark-ES v4.71 (Lomsadze et al. 2005). For
RNA-seqg-based prediction, RNA-seq data of L. luteus from different tissues (see Supplementary Table S6)
were downloaded from NCBI SRA (https://www.ncbi.nlm.nih.gov/sra/, accessed on August 4th, 2023).
Next, low-quality reads were filtered using fastp v0.23.2 (S. Chen et al. 2018), and the remaining high-
quality RNA-seq reads were mapped to the assembly of the C195 genome using hisat2 v2.2.1 (Kim et al.
2019). Mapped reads were then employed for genome-based transcript assembly using Cufflinks v2.2.1
(Trapnell et al. 2010) and Stringtie v2.2.1 (Pertea et al. 2015). Afterwards, all transcripts were used to
generate a transcriptome assembly using PASA v2.5.3.

For the protein-based homology search, MMseqs2 v14-7e284 (Steinegger and Soding 2017) and
GeMoMa v1.9 (Keilwagen, Hartung, and Grau 2019) were used to annotate the gene models by
comparing with the predicted protein sequences of Arabidopsis thaliana (TAIR10), Glycine max
(Williams), Lupinus albus (Amiga), Lupinus angustifolius (Tanjil), and Medicago truncatula (Jemalong
A17) downloaded from NCBI (https://www.ncbi.nim.nih.gov; downloaded on August 17th, 2023). The
results of these three strategies were combined by EVidence Modeler v2.1.0 (Haas et al. 2008).

The predicted protein-coding genes were functionally annotated through several methods, such as
InterProscan v5.62-94.0 (Jones et al. 2014) for protein domain annotation, EQgNOG-mapper v2.1.11-1
(Cantalapiedra et al. 2021) with EggNOG v5.0.2 (Huerta-Cepas et al. 2019)(REF) as a reference database
and BLAST v2.14.1 (Altschul et al. 1990), for queried protein sequence against all UniProt Release
2023_05 (SwissProt + Trembl) database (UniProt Consortium 2023) (https://www.uniprot.org/,
downloaded on September 25th, 2023), using a threshold of E-value < 1e-10. KEGG Orthologs (KO) were
assigned using KOfamScan v1.3.0 with the KOfam HMM database as a reference (Aramaki et al. 2020).
Finally, an in-house developed R script was used to merge all annotation files and create a GO file
annotation for enrichment analysis.

To identify Resistance genes (R-genes) in the L. luteus genome. First, protein-coding genes were scanned
using RGAugury v2.2 (Pingchuan Li et al. 2016), and DRAGO2 (DRAGO2-API) deposited in PRGdb 3.0
(Osuna-Cruz et al. 2018) (http://prgdb.org/prgdb/, accessed on November 10th, 2023) with default
parameters. Then, the consensus annotated R-genes were selected to detect the nucleotide-binding site
leucine-rich repeat (NBS-LRR) proteins. All sequences of RefPlantNLR v20210712_481 (Kourelis et al.

2021) were downloaded and the NBS (NB-ARC) domain (PF00931) HMM profile from Pfam v36.0 (Mistry
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et al. 2021). Next, following the methods of Yang et al. (J.-S. Yang et al. 2022), BLASTp using DIAMOND
v2.0.14.152 (E-value = 1e-10, query coverage = 80, subject coverage = 50) and hmmsearch (E-value = 1e-5)
from HMMER v3.4 (Eddy 2011) (http://hmmer.org) were used to determine the NBS-LRR candidates
genes. Finally, all four outcomes were merged to distinguish if an R-gene belonged to the NBS class. The
NBS subclass was annotated from RGAugury and DRAGO2 outcomes.

The alkaloid biosynthesis pathway and related genes in the L. Juteus genome were identified using
information derived from different publications associated with different lupin species (Kroc et al. 2019;
Czepiel et al. 2021; Plewinski et al. 2019; Otterbach et al. 2019). First, all sequences of the genes related
to alkaloid production in lupins were downloaded and made a non-redundant database for all genes. For
gramine indole alkaloid, all biosynthesis genes associated were downloaded from the KEGG pathways
database (https://www.genome.jp/kegg/). Then, a search was performed using the same BLASTp
parameters employed for the R-genes search.

Secondary metabolite transporter families were characterized according to those described by Nogia and
Pati, where they mention that the ABC, MATE, PUP, and NTR/PTR (NPF) families are mainly responsible
for the transport of secondary metabolites in plants (Nogia and Pati 2021). First, Transporter
Classification Database (TCDB) (Saier et al. 2021) data were downloaded (https://tcdb.org/, downloaded
on November 20th, 2023). The TCDB sequence was used to search the potential secondary metabolite
transporters in the L. luteus genome, with the same BLASTp parameters search described above. In
addition, the HMM profiles of MATE (MatE) domain (PF01554), PUP (PUNUT) domain (PF16913), and
NPF (PTR2) domain (PF00854), were downloaded and used to search in protein-coding genes with the
same parameters described above. Likewise, a dataset of manually selected ABC transporters, obtained
from Hou et al. (Hou, Wang, and Wu 2020) was queried with the same search parameters used with
TCDB. Transmembrane regions of transporter proteins were predicted by DeepTMHMM v1.0.24
(https://dtu.biolib.com/DeepTMHMM).

Comparative genomic analysis and evolutionary analysis

The genomes of A. thaliana, G. max, L. albus, L. angustifolius, and M. truncatula were collected and used
for comparative genomics and phylogenetic analysis of the L. luteus genome. First, OrthoFinder v2.5.5
(Emms and Kelly 2019) was employed to identify ortholog groups with A. thaliana as an outgroup. Then
a set of single-copy gene orthogroups, detected in the previous step, were used for phylogeny
reconstruction. The protein sequences were aligned using MAFFT with default parameters. These data
were employed for phylogenetic tree inference using PhyML v3.3.3 (Guindon et al. 2010). The divergence
time was calculated and calibrated as reported by Jiu et al. (Jiu et al. 2023), using MCMCtree from PAML
v4.9j (Z. Yang 1997) and TimeTree v5 (http://timetree.org/) (Kumar et al. 2022). To measure the
expansion and contraction of gene families in the L. /uteus genome, CAFE v5.1.0 (Mendes et al. 2021)
was used. GO enrichment analysis was performed on unique genes, expanded and contracted families
using the Cytoscape app BiNGO v3.0.5 (Maere, Heymans, and Kuiper 2005) in Cytoscape v3.10.1
(https://cytoscape.org/).
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Collinearity was performed by comparing the L. /uteus genome with their relatives L. albusand L.
angustifolius using the methods proposed by Jiu et al. (Jiu et al. 2023) using MUMmer v4.0.0 (Kurtz et al.
2004). Then, to evaluate synteny blocks between the three genomes MCScan(Tang et al. 2008) was
employed through the JCVI package v1.3.8 (https://github.com/tanghaibao/jcvi) with default
parameters.

Expression analysis

All RNA-seq raw data files (Supplementary Table S6) corresponding to nine tissues of L. luteus were
filtered to eliminate low-quality reads and mapped to the reference genome using the same protocol
explained above. Gene count matrices for each experiment were calculated using featureCounts v2.0.6
(Liao, Smyth, and Shi 2014). Next, normalized counts TMM were obtained with EdgeR v4.0.3 (Robinson,
McCarthy, and Smyth 2010). The batch effect was removed by applying parametric empirical Bayes
frameworks adjustment with SVA v3.50.0 (Leek et al. 2012).
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Figure 1

Genome assembly of yellow lupin. A) Morphological characteristics of a Lupinus luteus plant, A:
Emergence growth stage; first pair of leaves protruding beyond upright cotyledons; B: Growth stage,
bases of several leaves separated from each other; C: Reproductive development growth stages; showing
the different stages of flower development; D: Flowering; diverging standard petal stage (anthesis); E:
Green pod, septa between seeds, slight bulging of walls, seeds filling 50% of the space between the septa,
and F: Seed hard but dentable, mottling of pale fawn coat. Scale bar = 1 cm. B) Contact map of
scaffolding of 26 pseudomolecules for L. luteusgenome assembly based on Hi-C sequencing. Resolution
250 Kb. C) Circos plot depicting genomic features. From outer to inner circles: A: chromosome length in
Mb; B: GC content; C: LTR repeat density; D: tandem repeat density, and E: gene density. All the data are
shown with a window of 1 Mb. D) BUSCO scores of the yellow lupin genome and gene annotation using
the Embryophyta and Fabales reference lineage.
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Comparative analysis of gene families between L. luteus and related species. A) Venn diagram of the
number of gene families unique and shared between L. luteus and Glycine max, Lupinus albus, Lupinus
angustifolius, and Medicago truncatula. B) Phylogenetic analysis of 6 species using A. thaliana as an
outgroup, and the profiles of expanded and contracted gene families in each species. C) Gene ontology
terms enriched biological processes in the set of expanded gene families in the L. /luteus genome.
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Figure 3

Comparative analysis of gene families between Lupinus species. A) Venn diagram of the number of gene
families unique and shared between L. luteus, Lupinus albus and Lupinus angustifolius. B) Phylogenetic
analysis of lupin species, and the profiles of expanded and contracted gene families in each species. In
the Pie-chart significantly expanded families are represent in magenta and in blue contracted gene
families. C) Gene ontology terms enriched biological processes in the set of expanded gene families in

the L. luteus genome.
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Figure 4

Synteny analysis of L. luteus, L. albus, and L. angustifolius. Synteny map of the L. luteus genome and the
A) L. angustifolius, and B) L. albus genomes. Purple and blue dots indicate similar sequences in the
same orientation and inversions, respectively. Syntenic blocks among L. /uteus and C) L. angustifolius,
and D) L. albus. Numbers represent the chromosome order. Each line represents one block. Green lines
indicate the event of fusion which originates the chromosome 8 in the L. /Juteus genome. Local synteny
between chromosome 8 of L. /uteus (YL-08) and its homologous chromosome in E) L. angustifolius and
F) L. albus
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Figure 5

Expression analysis and chromosomal location of NBS-type R genes in the L. luteusgenome. A)
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Expression patterns of NBS-type genes in nine different tissues of L. /uteus. The scale colour represents
log-transformed normalized TMM counts. B) Chromosome location of NBS-type genes.
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