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Data Availability Statement

Our Mandates Data Policy requires data to be shared and a Data Availability Statement, so
please enter one in the space below. Sample statements can be found here. Please note that
this statement will be published alongside your manuscript, if it is accepted for publication.

Data presented in this paper can be found in the National Center for Biotechnology Information
under Bioproject PRINA1193012 (genome sequencing, assembly and RNA sequencing data)
and in the MASSIVE database under datasets MSV000096703, MSV000096711,
MSV000096712, MSV000096713, MSV000096714 and MSV000096870 (as outlined in the
Supplementary Information).

All genome assemblies, annotations, protein-coding genes, sequence and structural variants,
and the graphical pangenome are deposited in the ORCAE database at
https://bioinformatics.psb.ugent.be/gdb/Amranthus/
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Summary

Amaranthus species (particularly Amaranthus cruentus, Amaranthus hypochondriacus, Amaranthus
tricolor and Amaranthus caudatus) are traditional underutilised crops with the potential to contribute to
sustainable, healthy food systems. We focus on amaranth as a leafy vegetable aiming to develop
improved lines for cultivation by smallholder farmers in Sub-Saharan Africa. We demonstrate
differences in leaf yield and metabolites relevant to human nutrition across eight amaranth accessions:
four A. cruentus and four A. hypochondriacus. These accessions are founders of an inter-specific Multi-
parent Advanced Generation InterCross (MAGIC) population. We generated high-quality genome
assemblies and annotations for these founder lines and identified sequence and structural variants
compared to a reference A. cruentus genome. Pangenome analysis (also including A. cruentus, A.
hypochondriacus and A. tricolor reference genomes) identified core, dispensable and private gene
families. 50% of gene families were core, highlighting the value, in terms of gene discovery, of
sequencing additional accessions and the inclusion of three Amaranthus species. A graphical
pangenome was constructed using structural variants and demonstrated variation in copy number of
genes with a likely role in disease resistance. This inter-specific pangenome will be highly valuable for
future research on amaranth and facilitate usage of structural variants in trait mapping and causal gene
discovery.

Introduction

The majority of Amaranthus species originate in the Americas, but there are over 70 species
now distributed around the world(Riggins and Mumm, 2021). Three species — Amaranthus
cruentus, Amaranthus hypochondriacus and Amaranthus caudatus — are commonly grown for
their grain and considered pseudo-cereals. Species such as Amaranthus tricolor are grown as a
leafy vegetable, however, leaf and grain amaranths cannot be distinguished purely by species,
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since there are accessions of grain amaranth species used for vegetable production (Lin et al.,
2022).

In Sub-Saharan African, amaranths are viewed as a traditional crop and are one of the most
commonly consumed African leafy vegetables. Their consumption is on the rise in East Africa
but has been declining in South Africa, at least in part due to urban migration, shifts away from
traditional diets and a lack of these crops in formal markets (Nyonje et al., 2022). However, leafy
amaranth is recognized, along with other underutilised or orphan crops, for its potential in
contributing to sustainable and healthy food systems (Mabhaudhi et al., 2016) and several
amaranth leafy vegetable species were identified as priority crops for enhancing nutrition and
climate-resilient agriculture in Sub-Saharan Africa (Zonneveld et al., 2023). Amaranths exhibit
C4 photosynthesis (Kadereit et al., 2003), meaning photosynthesis is more efficient under high
temperatures, high light intensities and reduced water availability (Edwards et al., 2004).
Amaranths grow well in low input agricultural systems typical of smallholder farmers and leaves
contain high levels of vitamins, and antioxidants, as well as essential amino acids (Achigan-
Dako et al., 2014; Venskutonis and Kraujalis, 2013). Despite these beneficial traits, there are
still challenges to overcome to realise the potential of this traditional crop. Amaranth has not
been fully domesticated and the traits that have been targeted are those relevant to grain crops
(e.g. seed colour (Anuradha et al., 2023)). Limited research has been carried out on leafy
amaranth (Emmanuel and Babalola, 2021), with limited improvement of lines and molecular
genetic characterisation of traits (Riggins and Mumm, 2021). Capitalising the potential of
amaranths to enhance nutrition, dietary diversity, smallholder livelihoods and climate-resilient
agriculture, will require the development of improved lines suitable for different agro-ecologies.

To date, three chromosomal-level Amaranthus reference genomes have been published: A.
hypochondriacus (Winkler et al., 2024, Lightfoot et al., 2017) , A. cruentus (Ma et al., 2021) and
A. tricolor (Wang et al., 2022). All are diploid with A. hypochondriacus and A. cruentus having
current genome assembly sizes of 404 and 371 Mb and n=16 and n=17 chromosomes,
respectively. A. tricolor has a larger genome size (current assembly of 520 Mb) distributed over
17 chromosomes. Near chromosomal-level assemblies have been published for A.
tuberculatus, A. hybridus and A. palmeri — species renowned as invasive weeds (Montgomery
et al., 2020). In addition to these genome assemblies, short read sequencing of 121 accessions
of A. caudatus, A. cruentus, A. hypochondriacus and A. quitensis was carried out to investigate
(incomplete) domestication (Stetter et al., 2020) and a genotype-by-sequencing approach was
used to clarify taxonomy of more than 700 accessions including tetraploid A. dubius (Lin et al.,
2022).

Reference genomes are valuable genetic resources, but they do not capture the full genetic
diversity of these species. Comparison and integration of high-quality assemblies of multiple
accessions of a species (pangenomic studies) enables better understanding of genome
evolution and phenotypic diversity and linking of genetic variation to agronomic traits.
Pangenomes are particularly valuable for identification of structural variants (insertions,
deletions, copy number variants and translocations), that are known to play a key role in
phenotypic variation (Alonge et al., 2020). Multiple model plant and crop pangenomes have
been assembled (Jayakodi et al., 2021) significantly expanding the scope of genetic diversity
and improving trait mapping and prediction (Coletta et al., 2021). Pangenomic studies have also
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captured inter-specific variation between domesticated cultivars and wild relatives (Zhang et al.,
2021).

We generated an inter-specific pangenome from high-quality genome assembilies of eight
amaranth accessions, four A. cruentus and four A. hypochondriacus, the parents of a Multi-
parent Advanced Generation Inter-Cross (MAGIC) population. We identified sequence and
structural variants between the lines compared to the reference A. cruentus genome (Ma et al.,
2021) and assembled both a graphical and gene-based pangenome. The accessions vary for
leafy vegetable traits, including yield and metabolite profiles, and the pangenome highlights
copy number variation in disease resistance genes between the lines. Creation of this inter-
specific amaranth pangenome will underpin use of the MAGIC population in developing
improved lines of this traditional crop.

Materials and Methods
Field trial

The eight MAGIC population parent accessions, V1044371, V1044437A (A. cruentus), V1061487,
VI061494A (A. cruentus admixture), V1062433, VI063769, VI050446 (A. hypochondriacus) and
V1060472 (A. hypochondriacus admixture) were grown at WorldVeg for Eastern and Southern
Africa in Arusha, Tanzania (coordinates: 3.37° south, 36.8° east). The trial took place in the
warm season over 83 days, with the average time between the five harvests 13 days (Supp
Dataset 2a). Three replicate plots of each accession were initially planted with 20 plants. At
each harvest, the number of surviving plants was verified. Only one replicate of one line had
less than 17 surviving plants at harvest 4, and four individual plots had less than 15 plants at the
last harvest (Supp Dataset 2c). Leaf yield was measured in grams per plot and subsequently
divided by the number of plants to estimate leaf yield per plant. The number of leaves per plant
was counted. For leaf length and leaf width, 10 random leaves were picked from 10 random
plants per plot at each harvest and measured. After checking for normality, trait data were
analysed using linear mixed-effects models producing restricted maximum likelihood (REML)
estimates determined by the Imer function in the Ime4 package (Bates et al., 2015). The most
complete model used to test significance of different variables on phenotypic traits was

Yije = I+ Accession; + Harvest; + Acc.» Harvest;; + Rep,, + e,

yikis the trait prediction, u is the mean, Accession;is the fixed effect of line (n=8), Harvest; is the
fixed effect of Harvest (n=5), Acc.*Harvest; is the fixed effect of accession by harvest interaction,
Repx is the random effect of replicate plot (n=3) and ejx is the random residual assumed to be
~N(0,Ig?,), with | being an identity matrix and ¢*, the residual variance. Significance of the fixed
variables was tested using Analysis of Variance with the model adjusted in a backward stepwise
manner and the model with the lowest Akaike Information Criterion considered best fitting. Rep,
was considered a random model effect. Tukey’s HSD test was used for post-hoc comparisons.

Metabolite profiling

The eight MAGIC parent accessions were grown in soil (Levington Advance, F2+S) in a
glasshouse with supplemental lighting (240 um m-2s-' PPFD) for 12 hour days, at ambient
humidity and air temperatures of 27°C (+/- 3°C) day; 25°C (+/- 3°C) night. The youngest fully
expanded leaves were harvested from at least 3 independent 6-week old plants and methanolic
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extracts analysed in triplicate using liquid chromatography with data-dependent mass
spectrometry (LC-MS/MS). Detailed methods are provided in Supplementary Information.

RNA sequencing and analysis

RNA sequencing was carried out on the same samples as metabolite profiling, with an
additional two samples per accession from two independent extractions of a second pool of
leaves. Three samples from A. cruentus “Arusha”; leaf and roots from 6-week old plants and 2-
week old seedlings were also included. lllumina short-read transcript sequencing on the
NovaSeq 6000 platform generated a minimum of 28 million 150-bp paired-end reads for each
sample. Read quality was assessed using FastQC v0.11.7-Java-1.8.0_181 (Wingett and
Andrews, 2018) and subsequently, reads were aligned to the relevant transcriptome (i.e. A.
cruentus reference or a MAGIC population parent line) and transcript abundance measured
using Salmon v1.10.0-GCC-11.3.0 (Patro et al., 2017). Tximport R package v1.38.2 was used to
generate read counts and length-scaled transcript per million reads (TPMs)(Soneson et al.,
2016). Mean expression values were used in Supp Figure 6.

Genome sequencing and assembly

Long-read PacBio HiFi sequencing was carried out for the eight founders, generating between
637,951 and 972,273 raw reads per accession. Genome assembly was performed using the de
novo assembler Hifiasm v0.8-r279 (Cheng et al., 2022). Primary genome assemblies were
purged to a full haploid genome by haplotype separation to obtain contig level assemblies using
purge_dups VI.0.1 (Guan et al., 2020). GenomeScope 2.0 (Ranallo-Benavidez et al., 2020) was
used for assessing heterozygosity levels in the genomes and genome size of the eight founders
with the raw PacBio HiFi sequencing reads. The quality of the genome assemblies was
assessed using QUAST v5.2.0 (Gurevich et al., 2013). The quality and completeness of the
genome assemblies were evaluated using the LTR Assembly Index (LAI)(Ou et al., 2018). Full-
length long terminal repeat retrotransposons (LTR-RTs) were detected using LTRharvest
(v1.5.9) and LTR_FINDER _parallel (v1.1), followed by redundancy removal and LAI calculation
with LTR retriever (v2.9.8).

Pseudochromosome construction and genome annotation

The assembled contigs of the four A. cruentus and four A. hypochondriacus accessions were
anchored and oriented to chromosomes using the published reference genomes for each
species and the reference-guided software RagTag V2.1.0 (Alonge et al., 2022) with default
parameters. A repeat library of the eight newly assembled genomes was ab initio constructed
using RepeatModeler v.2.0.1 (Flynn et al., 2020). The consensus TE sequences were then
aligned to the genomes in RepeatMasker (v4.1.1) with parameters -e rmblast -a -s -norna -
xsmall -gff for repetitive element annotation, statistics, and masking.

An integrated gene annotation pipeline was used to annotate the protein-coding genes in the
eight amaranth genomes. RNA-seq reads were aligned to their assembled genome using hisat2
v.2.1.0 (Kim et al., 2019) with parameters: --max-intronlen 500000 —dta and transcripts were
assembled using StringTie v2.1.5 (Kovaka et al., 2019): -m 150 -t -f 0.3. Transdecoder v.5.0.2
(Haas et al., 2008) was used to predict the ORFs: --retain_blastp_hits. Homology-based
prediction was performed using GeMoMa v.1.9 (Keilwagen et al., 2018) based on an improved
annotation of the A. cruentus reference by manual gene curation. BRAKERZ2 (Bruna et al.,
2021) was used for de novo prediction using model training based on the RNA-seq data after
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the annotated repeats were soft masked in the assembly. EVidenceModeler v.1.1.1 (Haas et al.,
2008) was used to combine all gene model evidence obtained. Subsequently, manual curation
of gene annotations in all eight MAGIC founder lines was performed using GenomeView (Abeel
et al., 2012). Where there was clear RNAseq evidence, missing genes were included,
fragmented genes repaired and adjacent joined genes separated. The quality of the annotation
results was evaluated by BUSCO v5.8.3 using the embryophyta Odb12 gene set.

Putative gene function was identified using InterProScan v5.47-82 (Paysan-Lafosse et al.,
2023) with different databases: PFAM, Gene3D, PANTHER, CDD, SUPERFAMILY, ProSite and
GO. Functional annotation of predicted genes was also obtained by aligning amaranth protein
sequences against sequences in public protein databases and the UniProt database using
BLASTP (E-value <1 x 10-5).

Gene-based pangenome

A gene-based pangenome was constructed with the 11 amaranth assemblies by estimating
core, dispensable and private gene sets based on gene family clustering using OrthoFinder
v.2.3.3 (Emms and Kelly, 2019). All protein sequences were subjected to homology searches
using BLASTP with an expected value of 1 x 10-5. Protein sequences were clustered into
paralogous and orthologous sequences using OrthoFinder with an inflation parameter of 1.5.
GO-enrichment was conducted with the topGO package v2.62 (Alexa and Rahnenfuhrer, 2023)
using GO term annotations for the MAGIC founder and A. cruentus genomes as provided (see
Data availability statement). GO term annotations for the A. hypochondriacus and A. tricolor
reference genomes were generated using eggNOG-mapper v2 (Cantalapiedra et al., 2021).

Identification of variants and generation of graphical pangenome

The HiFi reads of the eight amaranth accessions were aligned to the A. cruentus reference
using MUMmer v.4.0.0 (Marcais et al., 2018). SNPs were identified using Longshot (Edge and
Bansal, 2019) retaining only the variants labeled as "PASS" and filtered using the following
criteria: QUAL (the sixth column) greater than 50 and DP greater than 10 (QUAL > 50 and DP >
10). PBSV (PacificBiosciences/Pbsv, 2018/2024) and cuteSV (Jiang et al., 2023) were used to
identify SVs. For PBSV the following filters were used: --min_insertion_len 50, --
max_insertion_len 100000, --min_deletion_len 50, and --max_deletion_len 100000. Insertions
and deletions (tags INS and DEL) were categorised as PAVs and duplications (tag DUP) as
copy number variations (CNVs). PBSV and cuteSV VCF files were merged to get the non-
redundant file using SURVIVOR (Jeffares et al., 2017), only retaining SVs < 100kb.
Assemblytics version 1.2.1 (Nattestad and Schatz, 2016) was used to identify PAV > 100kb.
Genome alignment was performed using NUCmer (Margais et al., 2018) with parameters: --
maxmatch -1 100 -c 500. Raw alignments were further filtered with delta-filter using: -1 -i 90 -
100 and then Assemblytics to parse the filtered delta file to obtain SVs. A graphical pangenome
was constructed using the 8 MAGIC parent line genome assemblies, as well as the reference A.
cruentus genome with updated annotation, with the Mini-graph Cactus pipeline (Hickey et al.,
2023).

A PCA was made with an annotated biallelic SNP VCF with BCFtools v.1.10.2-foss-2018b
(Danecek et al., 2021), filtered for quality > 1st quantile with VCFtools v.0.1.16-foss-2018b-Perl-
5.28.0 (Danecek et al., 2011) and for LD with PLINK v.1.9_beta-6.16 (Chang et al., 2015), with
pairwise comparisons calculated in 10 kb windows, a step size of 1, and an R Squared (R?)
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threshold of 0.5. The SNP VCF file was split per pangenome component (core and
dispensable), and 1 was calculated in 100 kb windows for each VCF set with VCFtools v.0.1.16-
foss-2018b-Perl-5.28.0.

Pairwise synteny analyses were performed using the JCVI v1.2.7 (Tang et al., 2024)
implementation of MCScan (Wang et al., 2012). Protein sequences were used for ortholog
detection under default settings followed by a maximum of four iterations for MCScan.
Microsyntenic blocks were visualised through JCVI and manually supplemented with syntenic
links using the output of OrthoFinder outlined above.

Alignment of amaranth whole genome resequencing dataset

Data for the 121 accessions sequenced in Stetter et al. (2020) were aligned to the linear A.
cruentus reference genome (Ma et al., 2021) using Burrows-Wheeler Aligner (BWA) v.0.7.17 (Li
and Durbin, 2009) and to the new graphical pangenome using vg giraffe v.1.54.0 (Sirén et al.,
2021) and alignment parameters --max-dp-cells 2097152 --max-extensions 200 --rescue-
attempts 5 --max-multimaps 1. Prior to alignment, the graph was indexed with vg autoindex (--
workflow giraffe) v.1.54.0 (Garrison et al., 2018). Bam files from the linear genome alignment
were merged (two per accession) and indexed using samtools v.1.10 (Danecek et al., 2021),
while gam files from the graph alignment were merged with cat and indexed with vg gamsort
v.1.48.0 (Garrison et al., 2018). Alignment metrics from bam files were generated with samtools
flagstat v.1.15, stats v.1.21 and coverage v.1.21 (Danecek et al., 2021) and for gam files with vg
stats, pack and depth, all v.1.48.0 (Garrison et al., 2018).

For all bioinformatic analysis in this study, default software parameters were used unless
stipulated otherwise.

Results

The eight parent accessions of a Amaranthus MAGIC population show variation in
agronomic traits

The World Vegetable Center (WorldVeg) conserves 1,455 Amaranthus accessions, with more
than half of them classified as vegetable or leafy amaranth (Lin et al., 2022). From this large
diversity panel, eight founder parent accessions were selected to generate a MAGIC population.
These parents were classified in the WorldVeg genebank as four Amaranthus hypochondriacus
and four Amaranthus cruentus species, although two of the lines were reclassified following de
novo SNP calling (Lin et al., 2022)(Supplementary Dataset 1). These two accessions (V1060472
and VI061494A), along with V1061487, did not appear to have a single ancestral genomic
component in that study, with maximum Q values (proportion of an individual’'s genome
originating from one population) of 0.8669, 0.5507 and 0.8147. The lines were characterised
using morphological descriptors (as part of >700 lines assessed from the WorldVeg collection)
and the 8 parents showed variation in a number of traits relevant to improvement for grain or
leaf production (Supplementary Dataset 1). Furthermore, the combination of traits across the 8
lines differed, illustrating the diversity captured by these parent lines. A. hypochondriacus is
typically a grain amaranth whereas A. cruentus is grown for both grain and leaf, and considered
a traditional leafy vegetable in Sub-Saharan Africa (Zonneveld et al., 2021). Although, in
general, A. cruentus flower later than grain amaranth, and are taller with larger leaves (Lin et al.,
2022), within the 8 lines no traits clearly differ between the two species (Supplementary Dataset
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1). However, individual accessions show traits that are of importance to development of
improved lines for cultivation. VI063769 has multiple branches emanating from the base of the
stem (rather than branches up the stem) which eases manual harvesting of leaves and
V1044371 shows reduced seed shattering compared to other accessions. Several accessions
show longer times to flowering (lengthening the vegetative phase) and pigmentation in the stem,
leaf and petiole, which influences acceptance of fresh produce. The founder accessions also
vary for seed colour (a key grain trait) (Supp Dataset 1).

Agronomic characteristics of the MAGIC population parent accessions were assessed in an
irrigated randomised complete block design field trial at WorldVeg in Arusha, Tanzania during
the warm season (November 2019 — February 2020, average temperature 21.6°C) (Supp
Dataset 2). Leaves were harvested five times during the trial with regrowth of the plants in
between; time between harvests varied from 11 to 30 days. The significance of the variation in
traits was assessed using linear mixed-effects models including harvest and accession as fixed
variables along with their interaction (Supp Table 1). Leaf yield, length, width and number all
varied significantly by harvest, with leaf yield peaking at the third harvest and the first and fifth
harvests having the lowest yield (Figure 1, Supp Figure 1a). Leaf number followed a similar
pattern (Supp Figure 1b) whereas leaf length and width decreased from the first harvest (Supp
Figure 1c, d). Crucially there was significant variation between accessions for leaf yield (Supp
Table 1), with a significant difference between accessions VI044371 and VI050446 for third
harvest yield (Figure 1a) and total yield (i.e. the sum of all five harvests) (Figure 1b). VI044371
and V1050446 also showed a significant difference in leaf length (but not width) across the
whole trial (Supp Figure 1e, f), likely underlying the difference in yield as leaf number did not
differ significantly between accessions (Supp Table 1). An initial increase and then reduction in
yield after repeat harvesting is often seen with repeated harvests of leafy vegetables, for
example rocket and spinach (Bantis et al., 2021).
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326  Figure 1. Leaf yield of the eight MAGIC population founder accessions in an irrigated

327  field trial. A) Boxplots show yield measured as fresh weight of harvested leaves per plant. Yield
328  was harvested from three replicate plots of 20 plants with yield per plant calculated to adjust for
329 loss of plants in a plot. Harvest number indicates each subsequent harvest and regrowth of the
330 plants. B) Total leaf yield (i.e. the sum of all five harvests) per plant per accession. Letters
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indicate significant differences within each harvest as assessed by Tukey’s honest significance
test. Initials A.c. and A.h. indicate the species of each line with **’ indicating lines with admixture.

The eight amaranth accessions vary in metabolite profiles relevant to human nutrition

The nutritional content of traditional crops, such as amaranth, is an important factor in the value
of these crops to local food systems. We assessed the eight founder lines for variation in
metabolite content of greenhouse-grown leaves using untargeted metabolite profiling of
methanolic extracts with three replicates.

Liquid chromatography—mass spectrometry (LC-MS) analysis resulted in 3256 features from the
positive and negative ionization modes after correcting for redundancy (Supp Dataset 3).
Hierarchical clustering using normalised data for these 3256 non-redundant features
demonstrates the similarity of replicates as well as clear separation of the two species of
amaranth (Supp Figure 2a). Principal component analysis using the abundance of the 3256
non-redundant features again demonstrated clear variation between the two amaranth species
(Supp Fig 2b).

After removing very low abundance features, 1421 non-redundant peaks remained of which
1227 varied significantly in abundance between the 8 parent accessions and 847 showed a
significant difference in abundance between the two species (A. cruentus and A.
hypochondriacus) (Supp Dataset 3a). Of the 1227, 122 peaks could be annotated and
represented 18 major metabolite classes. After clustering of these 122 features on the basis of
their abundance across the samples, features with the same annotation cluster together (Supp
Figure 3) providing support for the accuracy of annotations. The abundance of the 122
annotated metabolites was also able to clearly distinguish between the two species groups,
consistent with their revised species attribution (Lin et al. 2022) (Figure 2a). Figure 2b highlights
the variation in abundance of these 122 metabolites both across and within species. Of interest
to our aim of developing improved amaranth lines, many of these annotated metabolites are of
relevance to human nutrition.
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Figure 2. Variation in metabolite content between the eight Amaranthus MAGIC
population parent accessions. A) Principal component analysis using the abundance of the
122 annotated metabolites significantly differing between MAGIC parent accessions. B) The
relative abundance of the 122 metabolites across the 8 amaranth accessions organized by
metabolite class. Presence absence values (PAV) based on raw data and metabolites varying
significantly between the two species are indicated. *’ indicates accessions with genomic
admixture.

The largest group of annotated metabolites varying across the 8 accessions are lipids, including
fatty acyls, glycerolipids, glycerophospholipids, prenols, saccharolipids and steroids. Lipids are
obviously an important nutritional component, and many of these (particularly fatty acyls) appear
to differ between the A. cruentus and A. hypochondriacus accessions (Figure 2b) with higher
levels in the A. cruentus accessions. Polyphenolic compounds including flavonoids, benzenoids,
sesquiterpenes, tannin and hydroxycinnamic acid esters vary across the 8 MAGIC accessions
(Figure 2b). These compounds have been associated with multiple health benefits, most likely
through their anti-oxidant properties (Monjotin et al., 2022).

Generation of high-quality annotated genome assemblies for the eight Amaranth
accessions

To aid association of phenotypic traits with genome sequence, we wanted to be able to identify
both sequence and structural variants in the amaranth MAGIC population founder lines. We
generated high-quality de novo assemblies of the eight amaranth accessions using PacBio HiFi
sequencing data (Supplementary Dataset 4a,b, Supplementary Figure 4a). The resulting
genomes range in size from 404 Mb to 420 Mb, with contig N50 values from 1.1 Mb to 1.8 Mb
(Table 1), consistent with estimated genome sizes based on k-mer analysis (Table 1). The
newly sequenced genomes have LAI scores of at least 12.56 and an average of 14.3,
consistent with assemblies from long read sequencing and the reference A. cruentus genome
(Supp Figure 4b) (Ou et al., 2018) The genomes were annotated using a combination of ab
initio prediction, homology searches, and RNAseq evidence (Supplementary Dataset 4c¢),
supplemented by rigorous manual curation. The resulting annotations identified between 23,756
and 24,973 gene models in each genome (Table 1). We also carried out manual curation of the
A. cruentus reference genome (Ma et al. 2021) reducing the number of annotated genes from
25,477 to 23,814, but increasing the average gene length from 4,337 to 4,606 bp (Table 1). This
manual curation resulted in the BUSCO score increasing from 90.5% complete genes to 94.8%
(an additional 69 genes) and the functional annotation rate improving from 94.3% to 97%. The
average length of genes and coding regions (CDS) were very consistent across the eight
MAGIC population parent and A. cruentus reference genome, ranging from 4502-4606 bp and
1192-1240 bp respectively (Table 1). We compared the quality of our annotations to those of six
other representative species in the Amaranthaceae family, as well as Arabidopsis thaliana and
Vitis vinifera (Supplementary Figure 4b). The distributions of CDS length and exon number of
our amaranth genomes were highly consistent with those of other Amaranthaceae, A. thaliana
and V. vinifera. Given the extensive validation and hence high quality of the A. thaliana genome
(R., Zhang et al., 2022), this consistency provides evidence for the quality of our annotations.
Over 95% of annotated genes in the 8 parent accessions can be assigned functions using
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InterProScan (v5.47-82) and BUSCO (v5.8.3) scores of >95% demonstrate the high level of
completeness of the annotated gene models in the eight genomes (Table 1).

Table 1. Summary of genome assemblies and annotation for the eight Amaranthus MAGIC population

parent accessions and A. cruentus reference genome (Ma et al., 2021). Ac = A. cruentus, Ah = A.

hypochondriacus with * indicating accessions with genome admixture.
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Sample @
Species Ac Ac Ac Ac Ac Ah Ah Ah Ah
Assembly
Estimated
genome size (Mb)|400 410.3 |412.4 |4045 |4255 |416.4 |410.6 |403.2 |406.3
Total length (Mb) [370.9 |410.0 |404.8 [4134 |416.4 |420.3 [404.4 |410.7 |416.8
No. of contigs 625 695 766 875 1039 843 735 773 903
Contig N50 (Mb) |21.7 1.8 1.6 1.1 1.1 1.3 1.4 1.5 1.5
Annotation
Number of
annotated genes [23,814 |24,973 |23,756 24,475 |24,595 |24,494 23,988 |24,103 |24,698
Average gene
length (bp) 4606 |4502 |4574 |4523 |4525 |4590 |4545 |4577 |4543
Average mRNA
length (bp) 1240 1192 1240 1215 1217 1227 1216 1224 1212
Average exon
length (bp) 238 231 236 233 233 233 231 233 231
Average exons
per gene 5.19 5.15 5.26 5.21 5.21 5.26 5.26 5.25 5.23
Average intron
length (bp) 799 798 784 786 787 790 782 790 788
BUSCO
Complete 94.8% 196.2% |96.2% |96.8% [98.0% [96.8% [95.5% [96.1% [97.0%
Complete and
single-copy 91.9% |93.4% |93.4% |93.8% [94.9% [93.6% [92.3% |93.1% |93.8%
Complete and
duplicated 29% [2.7% |34% |32% |3.1% |32% |3.0% [3.0% [3.2%
Fragmented 0.6 0.8% |0.7% [0.8% |0.8% |1.0% [0.9% |0.7% ]0.8%
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Missing 4.6% 3.1% 2.5% 2.2% 1.2% 2.2% 3.8% 3.2% 2.2%
Functional
annotation (%) |97 95.7 97.2 95.1 95 96.8 96.5 96.6 96.4

A similar proportion (~57%) of the assembled sequence of each accession was composed of
repetitive sequences, with the highest proportion of known elements being long-terminal repeat
retrotransposons (LTRs)(Supplementary Dataset 5). The Copia content was consistently slightly
higher than Gypsy content in all amaranth accessions, which is in contrast to other
Amaranthaceae species like quinoa and beet (Ma et al., 2021). The eight newly sequenced
amaranth accessions and the two reference genomes (Ma et al., 2021; Winkler et al.,

2024) showed a high degree of pairwise co-linearity at the chromosomal scale, with
approximately 80% of genes in co-linear blocks (Supp Figure 5a) and good concordance in
gene space representation (Supp Figure 5b). Within each genome approx. 38% of genes were
in co-linear blocks (representing duplicated genes), apart from the A. hypochondriacus
reference genome with only 24.57% of genes (Supp Fig 5a). A phylogenetic tree based on
14,729 single-copy genes common to all 10 accessions separated the two species as expected,
and in line with the metabolite data above and GBS data (Lin et al. 2022) (Supplementary
Figure 5c).

The genetic repertoire of an inter-specific Amaranth pangenome

Using these 8 new genomes, we generated a gene-based pangenome, including the updated
reference A. cruentus (Ma et al., 2021) and the latest A. hypochondriacus reference (Winkler et
al., 2024) genomes and the genome of a third species, A. tricolor (Wang et al., 2022) . Using
Orthofinder (Emms and Kelly, 2019), genes from the 11 amaranth genomes were classified into
24,489 assigned families and 4,764 unassigned single-copy genes unique to one accession
(Supplementary Dataset 6). 14,755 orthogroups were detected in all 11 genomes and defined
as the core gene families (50.4%), 9,698 were identified in 2 - 10 accessions, termed
dispensable gene families (33.2%), and 36 gene families (186 genes) were detected in only one
accession, which along with the single-copy genes unique to a single accession, resulted in
4,800 private orthogroups (16.4%)(Figure 3a, b). 86% of the core gene families (12,755) are
single copy genes in all accessions. The percentage of core gene families declined as more
amaranth accessions were added to the pangenome as expected, but did not plateau (Figure
3c) indicating further accessions are likely to bring additional variation in gene content.
Approximately 70% of the genes in each genome were part of core gene families in the final
pangenome of the 11 accessions (Figure 3d), with ~30% variable gene content. The highest
number of private genes was found in the A. fricolor genome, presumably reflecting the greater
evolutionary distance between A. tricolor and A. cruentus/A. hypochondriacus (which are part of
a species complex). Evaluating conservation of genes within the MAGIC population parent
species (A. cruentus and A. hypochondriacus) demonstrated a higher proportion of core genes
in each species sub-pangenome compared to the full pangenome (Table 2).
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Figure 3: Analysis of pangenome components across 11 Amaranthus genomes (eight MAGIC
population parents and three published reference genomes, A. cruentus, A. hypochondriacus
and A. tricolor). A) The proportion of core, dispensable and private gene families (including
single copy genes unique to one accession) across the 11 amaranth genomes. B) The number
of gene families shared between the 11 amaranth genomes. C) The proportion of core and total
gene families in the pangenome as the number of genomes compared increases. D) The
proportion of genes in each genome that are classified as core, dispensable or private in the
pangenome of 11 accessions. E) mMRNA length of genes in the three pangenome components.
F) The proportion of core, dispensable and private genes that are functionally annotated via
Gene Ontology or the Pfam database.
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Table 2: Composition of species-specific subpangenomes. The proportion of core, dispensable
and private gene families (and single copy private genes) in the species-specific sub
pangenomes, and subpangenomes of the A. cruentus and A. hypochondriacus MAGIC founder
accessions only (i.e. not including the A. cruentus or A. hypochondriacus reference genomes of
Ma et al. 2021 and Winkler et al. 2024, respectively).

Full A. cruentus | A. hypo- A. cruentus A. hypo-
pangenome | accessions | chondriacus |MAGIC founder| chondriacus
only accessions |lines only MAGIC founder
only lines only
Core gene 50.4% 67.1% 67.8% 80% 86%
families
Dispensable | 33.2% 30.3% 28.7% 11% 10%
gene families
Private gene | 16.4% 2.6% 3.5% 9% 4%
families and
single copy
private
genes

We observed that the annotated mMRNA length of core genes is significantly longer than that of
dispensable and private genes (Figure 3e). Furthermore, using RNA-seq data from leaf tissue of
the eight MAGIC founder accessions, we observed that overall core genes showed higher
expression compared to dispensable genes but there was no obvious difference between
expression of dispensable and private genes (Supp Figure 6a). Core genes also showed
reduced nucleotide diversity compared to dispensable genes indicating a greater level of
conservation (Supp Figure 6b). As expected, the species-specific subpangenomes had a higher
proportion of core gene families than the intra-specific pangenome with a greatly reduced
proportion of private and single copy genes (Table 2). However, the subpangenomes of just the
A. cruentus or A. hypochondriacus MAGIC founders (not including the reference genomes) had
an even higher proportion of core gene families. The lower proportion of dispensable genes
indicates that both reference genomes contain a number of genes lacking from all four of the
same species MAGIC parent lines. However, there is still a substantial private gene component
in these MAGIC species-specific pangenomes (Table 2).

1,961 Benchmarking Universal Single-Copy Ortholog (BUSCO) genes were identified in the
amaranth inter-specific pangenome and, as expected, most of these genes (78.4%, 1,538
genes) were part of core gene families (Supp Figure 6d). 20.6% (403 genes) were dispensable
and 1% (20 genes) were classed as private genes.

Gene Ontology (GO) and protein domain annotation (Pfam) analysis revealed that the
proportion of genes with a functional annotation decreased from core to dispensable to private
genes (Figure 3f). This signal, combined with the lower nucleotide diversity and higher gene
expression of core genes, is consistent with the core genes being essential. We analysed GO
term enrichment among the genes assigned to different pangenome components. GO term
enrichment analysis revealed differences in categories of gene function between the genes in
different pangenome components. The most significantly enriched terms in the core gene
families included several related to transcriptional regulation, and over 70% of the pangenome
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transcription factor genes are part of core gene families (Supp Dataset 7). Other central
biological processes were also enriched such as mRNA binding, chromatin binding, protein
deubiquitination, microtubule binding and ATP hydrolysis. Dispensable gene families included
genes with a role in different aspects of the plant defence/immune response, response to auxin,
gibberellin and oxidative stress, potentially underlying plant adaptation to changing
environmental conditions. GO terms uniquely enriched in the private gene families included
secondary metabolite and phenylpropanoid biosynthesis, genes which could drive metabolic
diversity between accessions (Supp Dataset 7).

Sequence and structural variation in the amaranth pangenome

The HiFi sequencing reads of the eight MAGIC population parent accessions were aligned to
the A. cruentus “Arusha” reference genome (Ma et al., 2021) to identify both sequence and
structural variants. A total of 8,378,957 single nucleotide polymorphisms (SNPs) were identified:
1,767,497 were found in the four A. cruentus parent accessions, while 6,611,460 were detected
in the four A. hypochondriacus parent accessions, indicating these genomes were less similar to
the A. cruentus reference (Table 3). Furthermore, the two A. cruentus accessions showing
genome admixture (VI061487 and VI061494, Li et al. 2022) contained a higher number of SNPs
compared to the two other A. cruentus accessions, and conversely, the A. hypochondriacus
accession with genome admixture (VI060472) had the lowest number of variants amongst the
A. hypochondriacus parent genomes, although the difference was less pronounced. Despite the
genome admixture, PCA analysis using the SNPs clearly split the MAGIC parent lines into two
species-defined groups (Figure 4a) as seen with the metabolite profiling data (Figure 2a).
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517  Figure 4. Single Nucleotide Polymorphisms (SNPs) between the MAGIC founder lines and
518 reference A. cruentus genome. A) Principal component analysis using SNPs indicating clear
519  separation of the MAGIC founder lines into two species groups. B) the distribution of SNPs
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along the genome. From the outer to inner layer is V1044371, V1044437, V1061487,
V1061494, V1050446, V1060472, V1062433 and V1063769. C) the number of gene families
that contain SNPs in at least one of the eight MAGIC founder lines. Blue indicates (core) gene
families where all MAGIC parents contain SNPs in the genes compared to the A. cruentus
reference. D) the distribution of genes containing SNPs along the genome. Green is all genes
with SNPs for each accession (accessions in the same order as in B). Blue indicates core genes
with SNPs in all accessions and orange is single copy core genes with SNPs in all accessions.

Table 3: The number of Single Nucleotide Polymorphisms (SNPs) and structural variants
(SVs) in each MAGIC parent accession genome. The variants are in comparison to the A.
cruentus “Arusha” reference genome (Ma et al. 2021). The total number of SNPs, SNP density,
SNPs in protein coding regions and the number of genes containing at least one SNP are given
along with the number of presence absence variation (PAV), inversions (INV), copy number
variations (CNV) and translocations (TRANS). * indicates an accession showing admixture (Li et
al. 2022). Grey shading indicates the four A. hypochondriacus accessions.

SNPs SVs
SNP q # of
. #in
density A gene
Accessions  Total # (SNPs prot loci PAV INV CNV TRANS
coding .
/Kb) resion with
& SNP(s)
V1044371 88,253 0.22 2511 824 22621 97 3093 188
V1044437 105,345 0.26 3224 1,142 22860 101 3060 188
V1061487* 455,149 1.10 19314 6,336 31849 110 3842 468
V1061494* 1,118,750 2.69 40584 13,542 45210 138 5362 932
V1050446 1,677,395 3.99 72845 17,734 63665 210 4833 1,160
V1060472* 1,541,975 3.81 66835 16,262 59253 200 4729 1,054
V1062433 1,718,562 4.18 74016 17,914 64177 224 4916 1,230
V1063769 1,673,528 4.02 76143 17,852 68351 208 5573 1,280
Total 8,378,957 355,472 91,606 377,986 1,288 35,408 6,500

The four A. hypochondriacus genomes showed a relatively even distribution of SNPs along the
genome (Figure 4b), although VI060472 (genetic admixture) contains some clear regions of
reduced SNP density (e.g. regions on chromosome 1, 6, 11 and 14) which may represent
regions inherited from an A. cruentus ancestor. The four A. cruentus accessions showed
different patterns of variation density. VI061494 (admixture) showed an even distribution of
SNPs along the genome (similar to the A. hypochondriacus accessions) whereas the V1061487
genome (admixture) showed specific regions of high SNP density. One region of variation (on
chromosome 10) was clearly shared across three of the A. cruentus accessions (Figure 4b),
with a large proportion of SNPs in the two accessions most closely related to the reference line
(Supp Figure 4c) concentrated in this region.
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Of the 8,378,957 SNPs identified, 355,473 were located within protein-coding genes, and could
cause gain or loss of start or stop codons and splice donor or acceptor sites, as well as
frameshift or premature stop codons. Figure 4c shows the number of gene families that contain
SNPs in one or more of the amaranth accessions with 349 core gene families having SNPs in
all accessions compared to the A. cruentus reference genome. The distribution of SNPs within
protein-coding regions (Figure 4d) follows a similar distribution to that of all SNPs (Figure 4b).
Variation within single copy genes could have a more significant impact on plant phenotype. Of
the 12,755 single copy core gene families, 11,776 contain SNPs in one or more of the MAGIC
parent lines. The apparent “hotspot” for variation on chromosome 10 is in the gene-dense (low
TE) region of this chromosome (Ma et al., 2021) and many of the core gene families (and single
copy core gene families) containing SNPs in each accession are located here (Figure 4d).

A total of 421,182 structural variants (SVs) of up to 100 kb were identified including 377,986
presence and absence variations consisting of 231,633 insertions (presence) and 146,353
deletions (absence) with respect to the reference. In addition, 1,288 inversions, 35,408 copy
number variations and 6,500 translocations were identified amongst the MAGIC founder lines
(Table 3). The number of SVs in each accession is much lower than the number of SNPs as
expected, but follows a similar pattern of abundance (Supp Figure 7a). Both deletions and
insertions were relatively evenly distributed across the genome with a small number of
“hotspots”. The hotspots for deletions and insertions were generally not co-located with the
exception of regions on chromosome 10, 1 and 2b (Supp Figure 8a, b). Inversions appeared to
be more frequently co-located across the accessions (Supp Figure 8c), perhaps indicating a key
evolutionary difference between the MAGIC population parents and the A. cruentus line chosen
as reference.

The SVs were abundant (62-67%) in repeat regions of the genome, while 33—-38% of SVs in
each accession overlapped genic and flanking regions (5 kb each side of a gene), suggesting a
potential impact of SVs on gene content and regulation (Supp Figure 7b). To probe this further,
we identified all genes that were within deleted regions (or contained a deleted region) of the
parent lines compared to the A. cruentus reference. The number of genes ranged from 242 to
4374 with larger numbers in the A. hypochondriacus accessions as expected (Supp Figure 9a).
Nearly half of the genes identified were shared by just the A. hypochondriacus accessions, with
the rest showing a variable pattern of presence/absence (Supp Figure 9b). Genes absent or
containing a deletion in A. hypochondriacus accessions were enriched for functions in lipid
metabolism, DNA repair and response to stimulus, light and hormones, potentially impacting on
the plant’s response to environmental conditions. In contrast, deletions in A. cruentus
accessions showed enrichment for functions in cellulose biosynthesis and ADP metabolism,
both of which could impact yield. Genes deleted in the two A. cruentus accessions showing
admixture were also enriched for the A. hypochondriacus-associated terms “response to
stimulus” and “lipid metabolism”. Of the 5869 unique genes missing in one or more MAGIC
parent lines (Supp Dataset 9), 4426 were grouped in an orthogroup with one or more
Arabidopsis genes, and of these 3174 had a function associated with an Arabidopsis
orthologue. Genes that were present in all four A. cruentus MAGIC parent lines and absent in all
four A. hypochondriacus lines included those with functions in gibberellin biosynthesis,
regulation of flowering time and most interestingly, fatty acid biosynthesis. A significant
proportion of the annotated metabolites differing between the two species are fatty acyls (higher
content in A. cruentus lines, Figure 2), hence these genes may potentially underly this
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phenotypic difference. However, any real association between structural variants and phenotype
will emerge from future analysis of the full MAGIC population.

Using Assemblytics (Nattestad and Schatz, 2016) to identify large structural variants (SVs)
greater than 100 kb, we identified a total of 16 deletions and 136 insertions compared to the
reference A. cruentus genome (Table 4). Curiously, the number of insertions was higher in the
A. cruentus accessions compared to the A. hypochondriacus accessions, which does not reflect
their phylogenetic relationships. However, this is likely to simply reflect the relatively low number
of large SVs in the genomes compared to SNPs and smaller SVs.

Table 4: Large insertions and deletions detected in each MAGIC parent accession
genome using Assemblytics. The deletions are in comparison to the A. cruentus “Arusha”
reference genome (Ma et al. 2021). * indicates an accession showing admixture (Li et al. 2022).
Grey shading indicates the four A. hypochondriacus accessions.

Deletions Insertions
100 - 500 - >1 Total 100 - 500 - >1 Total
Accessions 500 1,000 Mb (>100Kb) | 500 1,000 Mb (>100
Kb Kb Kb Kb Kb)
V1044371 0 0 0 0 19 8 2 29
V1044437 1 0 0 1 18 6 1 25
V1061487* 0 0 0 0 15 7 0 22
V1061494* 1 0 1 2 14 4 3 21
V1050446 2 1 2 5 8 2 1 11
V1060472* 0 1 1 2 5 3 2 10
V1062433 1 1 2 4 6 2 2 10
V1063769 1 0 1 2 6 1 1 8
Total 6 3 6 16 91 33 12 136

An amaranth graphical pangenome was constructed from the SVs identified using Minigraph
Cactus (Hickey et al., 2023). To demonstrate the value of such a pangenome, we mapped
whole genome sequences from 121 amaranth accessions (Stetter ef al., 2020) to both the linear
A. cruentus reference genome and the graphical pangenome. The mean read mapping rate
increased from 90.7% (linear reference) to 93.2% (pangenome), with a properly paired rate
increase from 83.6% to 92.8%. This improvement in mapping was accompanied by a decrease
in the number of mismatches per read (1.84 to 1.05). Additional alignment metrics are shown on
a per accession basis in Supplementary Figure 10 and Supplementary Dataset 10.

To illustrate the use of the graphical pangenome, we identified two syntenic regions containing
copy number variation, likely by tandem duplication and/or gene loss, of genes encoding

Manuscript submitted to New Phytologist for review

Page 24 of 42



Page 25 of 42

614
615
616
617
618
619
620
621
622
623

624

625
626
627
628
629
630

631
632

633
634
635
636
637

nucleotide-binding leucine-rich repeat (NLR) proteins (Figure 5). NLR proteins act as immune
receptors and are often arranged in clusters and vary considerably between and within plant
species (Barragan and Weigel, 2021). Information on key amaranth diseases is limited to a
survey of fungal diseases (Appiah-Kubi et al., 2022) and damping-off in seedlings (Sealy et al.,
1988). However, the eight MAGIC parent lines do differ in susceptibility to Pythium
aphanidermatum (a causal agent of damping-off)(Thanyasiriwat et al., 2025) and future
analysis of the MAGIC population generated from these parent lines could enable identification
of genetic variation underlying this trait. Capturing the diversity of genes and genome structure
using pangenomes will aid in linking sequence and structural variation with multiple phenotypic
traits and the breeding or engineering of improved crop lines.
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Figure 5: Variation in copy number of putative disease resistance gene orthologues in
the Amaranthus pangenome. Genes encoding orthologous nucleotide binding and leucine-rich
repeat (NLR) proteins in two genomic locations are indicated for each of the eight founder
accessions and the A. cruentus reference. The corresponding orthogroup is indicated by colour,
with non-NLR genes flanking the region of interest indicated in grey. The chromosomal location
is indicated at the left end of each genomic region.

Discussion

The 8 new genomes presented here represent a significant advance in the genomic resources
available for amaranth, and constitute the first pangenome within this genus. Given the ability of
A. cruentus and A. hypochondriacus to hybridise (Lin et al., 2022) we have generated an inter-
specific pangenome enabling direct comparison of variants between multiple accessions of
each species. These two species are thought to have been independently domesticated from A.
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hybridus but not completely as key domestication traits are still lacking (Stetter et al., 2020).
Indeed, several of the accessions in our study have black seed versus the typical cream-
coloured seed of domesticated lines. As has been often stated, Amaranthus species are difficult
to distinguish reliably based on morphology and A. cruentus and A. hypochondriacus are part of
a species complex along with A. caudatus (another species independently domesticated from A.
hybridus). The ability for these species to hybridise is clearly of value in capturing variation for
breeding purposes and has also led to admixture within accessions. A genotype-by-sequencing
approach (Lin et al., 2022) indicated that three of the lines used in this study (VI060472,
V1061487 and VI061494A) contained genome components not typically associated with their
given species classification. Consequences of this genomic admixture could be seen in the
numbers of SNPs identified in each accession compared to the reference A. cruentus genome
(Table 3) however, a PCA using the SNPs clearly distinguished the two species groups (Figure
4a). Remarkably, a PCA using metabolite profiles from leaf tissue also clearly distinguished the
two species groups (Figure 2a). This raises the possibility of using metabolite profiling
(potentially cheaper, quicker and easier) for amaranth species classification where genome
sequencing is not possible or too costly. Metabolite profiles from a larger diversity set with
accompanying genome data would be useful to evaluate the broader value of this approach
beyond the accessions in this study.

Our amaranth pangenome includes not only genomes of A. cruentus and A. hypochondriacus
accessions, but also a reference genome of A. tricolor. It considerably expands the scope of
known amaranth gene families with 16.4% of gene families (the vast majority of these just single
copy genes) only detected in a single amaranth accession (Figure 3). This is a high proportion
of private genes compared to many other plant pangenomes (Raphanus, jujube, soybean and
spinach all have 1% or less (Zhang et al., 2021; Liu et al., 2020; She et al., 2024; Guo et al.,
2024). This is likely due to the inclusion of three species in our pangenome, and a significant
proportion of private genes come from the reference A. tricolor genome which is not part of the
amaranth species complex of A. cruentus, hypochondriacus and caudatus (Table 2). Both the
A. cruentus and A. hypochondriacus reference genomes contain a higher proportion of private
genes compared to the 8 MAGIC parent lines. If this was due to the quality of the genomes, we
would expect more private genes in the MAGIC parents, and although the N50 values are lower
for the MAGIC parent genomes, the BUSCO and gene length values are similar across all
genomes. Hence, we do not have a clear explanation for this and it may simply reflect genetic
difference between the lines. The number of dispensable/private gene families in our
pangenome appears to plateau after the inclusion of 7 genomes, whereas the proportion of core
gene families keeps decreasing. This is a similar pattern to that seen in a Brassica napus
pangenome (Hurgobin et al., 2018) and may reflect additional genomes adding new gene
variants rather than completely novel genes/gene families. At 50.4%, the proportion of core
gene families (those present in all 11 accessions) was within the range seen in other plant
pangenomes (Tao et al., 2019). However, this proportion does vary widely and is not
necessarily correlated with the number of accessions included, for example, 24% in a Setaria
pangenome from 110 accessions (He et al., 2023), 60% in an Arabidopsis pangenome from 69
accessions (Lian et al., 2024), and 35% in a pangenome assembled using 8 jujube accessions
(Guo et al., 2024). The proportion of core gene families is still decreasing as more genomes are
integrated (Figure 3c) indicating that this collection of 11 lines has not captured the full range of
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amaranth diversity and it is likely that incorporation of additional genomes will reduce the
proportion of core genes below 50%.

The pangenome not only expands our knowledge of amaranth genes, but highlights sequence
and structural variation that is likely to impact gene function and regulation. The density of SNPs
identified in the eight MAGIC founder lines (compared to the A. cruentus reference genome)
varied from 0.22 to 4 SNPs per kb (Table 3). Although only 4% of the SNPs were in protein-
coding genes, SNPs were identified in one or more of the amaranth lines in 20,221 of the
23,796 gene families in the pangenome (Figure 4c). The density of SVs was significantly lower
(0.06 to 0.18 SVs per kb) and the majority of these were found in repeat regions of the genome,
however, at least 1/3 of the SVs in each genome are found overlapping with coding genes
and/or their 5 kb flanking regions (Supp Figure 7) suggesting these SVs would impact on
presence/absence and/or gene regulation. Further sequencing of the amaranth accessions
using methods that capture physical association between DNA sequences (e.g. Hi-C) would
likely identify additional SVs and particularly enable us to pinpoint larger genomic
rearrangements between the lines.

The 8 genomes that have been newly sequenced, assembled, annotated and compared to the
reference A. cruentus genome, are the founders of a MAGIC population. As a community
resource, our inter-specific pangenome will therefore be of immediate value for genotyping the
population and facilitating the mapping of phenotypic traits. Indeed, amaranth was recently
highlighted as a key “opportunity crop” for agricultural development and food system resilience
(Lecy et al. 2025). The genetic improvement of traditional crops, with advantages for
smallholder climate resilience, nutrition, dietary diversity and economics, is partly limited by a
lack of genome resources and availability of markers linked to beneficial traits (Chapman et al.,
2022). Most underutilised crop genome studies involve a single species and single reference
genome (Hu et al., 2025) and there is a clear advantage of pangenomes in better representing
diversity within a (or between) species. Robust linkage between traits and markers requires
identification of genomic variation, with structural variants/pangenomes increasing the known
variation and enabling the inclusion of genes that are missing in a single reference genome.
However, the selection of accessions to use when constructing a pangenome is not always
clear (Hu et al., 2025). In this case as the parents of the MAGIC population there is one clear
rationale and value for the pangenome. A future amaranth pangenome could benefit from
additional accessions, using genotyping of germplasm collections to select the lines that are
likely to bring the most new genomic diversity.

The value of a MAGIC population is dependent on the genetic and phenotypic diversity captured
within the parent lines. Genetic diversity is highlighted above both in terms of variants and the
presence/absence of gene families. Although several accessions exhibit genomic admixture, we
anticipate this will have minimal impact on trait mapping as all accessions show very low levels
of heterozygosity (Supp Dataset 4). Our study also demonstrates that the founders vary in key
phenotypic traits that are relevant to the cultivation and consumption of amaranth as a leafy
vegetable. These include leaf yield, as well as leaf size (length/width) and flowering time (i.e.
days to flowering). Smallholder farmers in South Africa prefer fewer larger leaves (rather than
more smaller leaves) for ease of harvesting. Similarly, the branching habit of VI063769 (many
branches from the base of the stem rather than branches up the stem) makes manual
harvesting easier and quicker. A recent study using six of the parent lines demonstrated
variation in drought tolerance (assessed by leaf yield under different soil water regimes)(Khoza
et al., 2025) . The MAGIC founder lines differ in content of nutritionally-relevant metabolites
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(Figure 2). More than 3000 non-redundant features could be detected in our metabolomic
analysis, but only 169 of these could be annotated (of which 122 differed between the amaranth
accessions). The annotation rate (5%) reflects a current assessment of annotation ability in
plant metabolomics (Alseekh and Fernie, 2023) but is lower than studies in other underutilised
crops such as jujube (Z., Zhang et al., 2022). This may be due to different annotation methods;
we applied a stringent annotation workflow by manually reconciling MS1 matches against a
restricted plant-derived database to chemical class matches assigned using MS2 fragment data
from Sirius 4.0 (Duhrkop et al., 2019). Some of the metabolite classes differing between the
eight amaranth accessions (e.g. polyphenolics) are of importance to human nutrition but also
play important roles in flavour and in defence against pathogens and herbivory (Stiller et al.,
2021). Both roles are of relevance to the use of amaranth in food systems, and fit with a recent
call to develop “crops that nourish” incorporating nutrition and environmental resilience, not just
yield (Lecy et al., 2025). The MAGIC population parent lines are available from the World
Vegetable Center enabling amaranth breeders around the world to use them in their own
programmes and start to incorporate genomic information.

In conclusion, the inter-specific pangenome generated here from diverse amaranth accessions,
expands the known genetic repertoire of amaranth, highlights variation in gene families between
accessions, and provides a valuable resource for the investigation of the genetic basis
underlying agronomic traits. The use of two amaranth species captures greater genetic
(including gene family) diversity than one species with the potential to identify the genomic
mechanisms underlying the striking species differences in metabolite profiles.
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Figure legends

Figure 1. Leaf yield of the eight MAGIC population founder accessions in an irrigated
field trial. A) Boxplots show yield measured as fresh weight of harvested leaves per plant. Yield
was harvested from three replicate plots of 20 plants with yield per plant calculated to adjust for
any loss of plants in a plot. Harvest number indicates each subsequent harvest and regrowth of
the plants. B) Total leaf yield (i.e. the sum of all five harvests) per plant per accession. Letters
indicate significant differences within each harvest as assessed by Tukey’s honest significance
test. Initials A.c. and A.h. indicate the species of each line with **’ indicating lines with admixture.

Figure 2. Variation in metabolite content between the eight Amaranthus MAGIC
population parent accessions. A) Principal component analysis using the abundance of the
122 annotated metabolites significantly differing between MAGIC parent accessions. B) The
relative abundance of the 122 metabolites across the 8 amaranth accessions organized by
metabolite class. Presence absence values (PAV) based on raw data and metabolites varying
significantly between the two species are indicated. *’ indicates accessions with genomic
admixture.

Figure 3: Analysis of pangenome components across 11 Amaranthus genomes (eight
MAGIC population parents and three published reference genomes, A. cruentus, A.
hypochondriacus and A. tricolor). A) The proportion of core, dispensable and private gene
families (including single copy genes unique to one accession) across the 11 amaranth
genomes. B) The number of gene families shared between the 11 amaranth genomes. C) The
proportion of core and total gene families in the pangenome as the number of genomes
compared increases. D) The proportion of genes in each genome that are classified as core,
dispensable or private in the pangenome of 11 accessions. E) mRNA length of genes in the
three pangenome components. F) The proportion of core, dispensable and private genes that
are functionally annotated via Gene Ontology or the Pfam database.

Figure 4. Single Nucleotide Polymorphisms (SNPs) between the MAGIC founder lines and
reference A. cruentus genome. A) Principal component analysis using SNPs indicating clear
separation of the MAGIC founder lines into two species groups. B) the distribution of SNPs
along the genome. From the outer to inner layer is V1044371, V1044437, V1061487,
V1061494, V1050446, V1060472, V1062433 and V1063769. C) the number of gene families
that contain SNPs in at least one of the eight MAGIC founder lines. Blue indicates (core) gene
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families where all MAGIC parents contain SNPs in the genes compared to the A. cruentus
reference. D) the distribution of genes containing SNPs along the genome. Green is all genes
with SNPs for each accession (accessions in the same order as in B). Blue indicates core genes
with SNPs in all accessions and orange is single copy core genes with SNPs in all accessions.

Figure 5: Variation in copy number of putative disease resistance gene orthologues in
the Amaranthus pangenome. Genes encoding orthologous nucleotide binding and leucine-rich
repeat (NLR) proteins in two genomic locations are indicated for each of the eight founder
accessions and the A. cruentus reference. The corresponding orthogroup is indicated by colour,
with non-NLR genes flanking the region of interest indicated in grey. The chromosomal location
is indicated at the left end of each genomic region.
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Figure 1. Leaf yield of the eight MAGIC population founder accessions in an irrigated field trial. A)
Boxplots show yield measured as fresh weight of harvested leaves per plant. Yield was harvested from
three replicate plots of 20 plants with yield per plant calculated to adjust for any loss of plants in a plot.
Harvest number indicates each subsequent harvest and regrowth of the plants. B) Total leaf yield (i.e. the
sum of all five harvests) per plant per accession. Letters indicate significant differences as assessed by
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Figure 3: Analysis of pangenome components across 11 Amaranthus genomes (eight MAGIC population
parents and three published reference genomes, A. cruentus, A. hypochondriacus and A. tricolor). A) The
proportion of core, dispensable and private gene families (including single copy genes unique to one
accession) across the 11 amaranth genomes. B) The number of gene families shared between the 11
amaranth genomes. C) The proportion of core and total gene families in the pangenome as the number of
genomes compared increases. D) The proportion of genes in each genome that are classified as core,
dispensable or private in the pangenome of 11 accessions. E) mRNA length of genes in the three
pangenome components. F) The proportion of core, dispensable and private genes that are functionally

annotated via Gene Ontology or the Pfam database. . .
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Figure 4. Single Nucleotide Polymorphisms (SNPs) between the MAGIC founder lines and reference A. cruentus genome. A) Principal
component analysis using SNPs indicating clear separation of the MAGIC founder lines into two species groups. B) the distribution of
SNPs along the genome. From the outer to inner layer is V1044371, V1044437, V1061487, V1061494, V1050446, V1060472, V1062433
and V1063769. C) the number of gene families that contain SNPs in at least one of the eight MAGIC founder lines. Blue indicates (core)

gene families where all MAGIC parents contain SNPs in th nes compared tg the A. cruentus reference. D) the distribution of genes
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Figure 5: Variation in copy number of putative disease resistance
gene orthologues in the Amaranthus pangenome. Genes encoding
orthologous nucleotide binding and leucine-rich repeat (NLR) proteins
in two genomic locations are indicated for each of the eight founder
accessions and the A. cruentus reference. The corresponding
orthogroup is indicated by colour, with non-NLR genes flanking the
region of interest indicated in grey. The chromosomal location is
indicated at the left end of each genomic region.
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