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resolving the taxonomic placement of the F genome while highlighting the unique-
ness of the A genome in the Western Hemisphere. These genomic resources are
particularly important for understanding the secondary and tertiary gene pools
available for the improvement of the domesticated chenopods while furthering our

understanding of the evolution and complexity within the genus.

Plain Language Summary

The genus Chenopodium consists of about 150 plant species found worldwide which
are known for their climate adaptability and use as regionally important food crops,
like quinoa. In this study, we analyzed the genomes of 12 Chenopodium species to
better understand what forces shaped their evolution. We showed that species dif-
fer in genome sizes and in their number of unique gene families, some of which
could help improve crops by adding traits such as disease resistance. The study also
looked at how the expansion of repetitive DNA sequences and structural changes in
the DNA could have led to new species. The findings are important for crop improve-
ment, especially for plants like quinoa, while also providing valuable insights into the

diversity of the genus. This work helps scientists understand how these plants evolved

1 | INTRODUCTION

The genus Chenopodium L. sensu stricto encompasses ~150
diverse species distributed worldwide, with a concentration
in temperate regions (Abugoch James, 2009; Krak et al.,
2016). As members of the family Amaranthaceae and sub-
family Chenopodioideae, Chenopodium species are known
for their global distribution, with some taxa occupying dis-
tinct ecological niches, while others are invasive weeds
adapted to landscape disturbances. They exhibit a range
of ploidy levels, from diploid to hexaploid, with genome
types labeled A-H (Mandédk et al., 2018). Both wild and
domesticated Chenopodium species have been historically
significant as regionally important food crops and medic-
inal herbs across multiple ancient American and Eurasian
civilizations. Notable among the domesticated species are
Chenopodium quinoa Willd. and Chenopodium pallidicaule
Aellen in the Andes, Chenopodium berlandieri ssp. nuttalliae
(Saff.) H.D. Wilson & Heiser in Mesoamerica, C. berlandieri
ssp. jonesianum Smith & Funk in pre-Columbian eastern
North America, and domesticated forms of Chenopodium
album L. in Formosa and the Himalayas (Jarvis et al., 2022;
Kistler & Shapiro, 2011; Partap & Kapoor, 1985; Repo-
Carrasco et al., 2003; Smith & Yarnell, 2009; Wilson &
Heiser, 1979). The pseudocereal and vegetable chenopods are
universally valued for the nutritional richness of their seed and
foliar protein, tolerance to abiotic stress (salt and cold), and
economic importance, especially as food security crops for

and how they can be used to develop better crops.

subsistence farmers on the Andean altiplano (Repo-Carrasco
et al., 2003; Vega-Galvez et al., 2010).

Quinoa (C. quinoa) exemplifies the expanding interest in
chenopod food crops. It alone occupies over 191,000 ha of
land in Peru, Bolivia, and Ecuador (Basantes-Morales et al.,
2019). Its seed protein content varies from 12% to 23%
and includes a complete profile of essential amino acids;
it is gluten-free; and it possesses the additional benefits of
dietary fiber, lipids, carbohydrates, vitamins, and minerals
(Dakhili et al., 2019). Quinoa is also a drought- and cold-
resistant halophyte that has attracted significant production
interest in ~150 countries, extending well beyond its tradi-
tional South American cultivation range (Alandia et al., 2020;
Vega-Gélvez et al., 2010). In contrast, wild Chenopodium
species, including C. berlandieri Moq., demonstrate markedly
broader geographic distributions and a wider range of niche
adaptations, thereby serving as unique secondary and ter-
tiary genetic reservoirs for advantageous traits. These traits,
particularly disease resistance, are essential for adapting the
domesticated species for cultivation beyond the Andes (Poo-
nia & Upadhayay, 2015). For example, C. berlandieri var.
bushianum (Aellen) Cronquist, which produces large seeds
(up to 2 mm in diameter), thrives along river bottoms and
agricultural fields in eastern North America. In contrast, C.
berlandieri var. macrocalycium (Aellen) Cronquist is a bushy
plant that inhabits the high-tide line where seaweed accu-
mulates on New England beaches (Maughan et al., 2024).
While wild Chenopodium can function as genetic reserves for
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valuable traits, one species in particular, C. album or lamb-
squarters, is a competitive weed causing yield reductions of
23%-36% in barley, 16%-40% in wheat, 15%—61% in soy-
beans, and 12%-70% in maize (Bajwa et al., 2019). Wild
Chenopodium species thus represent a dual role, serving as
valuable untapped genetic resources for enhancing domesti-
cated crops while also presenting challenges as troublesome
weeds in agriculture for other crops. Genomic characteriza-
tion of weeds like lambsquarters can reveal the biological
mechanisms by which these plants evolve resistance to herbi-
cides, monopolize resources in their competitive interactions
with crops, exert allelopathic influences through the rhizo-
sphere, and otherwise respond with phenotypic plasticity to
producers’ cultural weed control strategies.

Taxonomically, Chenopodium presents challenges due to
its high phenotypic plasticity, varied ploidy levels, and
complex evolutionary history marked by hybridization events
(Bhargava & Srivastava, 2019; Mandak et al., 2012). Recent
sequence-based analyses have revealed polyphyletic origins
for taxa formerly included in the broad-sense genus and
emphasized the importance of genomic resource collection
and conservation in elucidating genetic relationships within
the genus (Belyayev et al., 2019; Jarvis et al., 2022). Specia-
tion in Eurasian Chenopodium is characterized by relatively
high diversity for allopolyploids and low taxonomic diver-
sity at the diploid level, with a notable absence of diploids
composed of subgenomes C, F, and G that are found in the
polyploids (Mandék et al., 2018). In contrast, New World
Chenopodium consists of a single allotetraploid complex
(AABB, which includes quinoa) with a profusion of diploid
taxa carrying variants of the A genome (Maughan et al.,
2024; Young et al., 2023). The other continent with a unique
assemblage of Chenopodium taxa is Australia; however, these
taxa are dominated by woody perennials that have not yet been
characterized genetically (Mosyakin & Iamonico, 2017).

Emerging genomic studies are helping illumi-
nate evolutionary processes involved in Chenopodium
genome/subgenome divergence. For example, subgenome-
specific repeat sequences, specifically Gypsy long terminal
repeat retrotransposons (LTRs), have been implicated in the
dramatic increase in size of the B subgenome in Chenopodium
formosanum (Jarvis et al., 2022), while structural variants
have been linked to the genetic separation of Mesoamerican,
lowland Chilean, and highland Andean quinoa ecotypes
(Rey et al., 2023). A fuller understanding of the genomic
landscape across the genus is essential for understanding the
evolution processes at work within the family and identifying
which wild taxa might serve as valuable resources for crop
improvement, especially for adapting quinoa production to
regions outside of the Andes (Heitkam et al., 2020; Jarvis
et al., 2022). Maughan et al. (2024) recently showed that
interspecific crosses between C. quinoa and C. berlandieri
var. boscianum (Moquin-Tandon) Wahl produced viable,

Core Ideas

* We report a pangenome of Chenopodium that
encompass the eight known subgenomes (A-H) for
the genus.

* Long terminal repeat retrotransposons (LTRs) are a
major source of structural variation, and their inde-
pendent expansions are correlated with genome
size.

* Orthogroup gene phylogenies confirmed the evo-
lutionary relationships among the eight major
subgenome lineages.

* Flowering time genes show dynamic evolution,
likely contributing to chenopods’ success across
diverse environments.

* A standardized system for chromosome naming
and orientation is provided to facilitate inter-
laboratory research.

highly fertile hybrids with normal chromosome pairing, while
crosses with other wild taxa (C. berlandieri var. zschackei
(Murr) Murr ex Graebner failed to produce hybrids and the
hybrids exhibited reduced fecundity, suggesting potential
genomic incompatibility with some of the wild species (R.
Jellen, personal communication, 2024).

The development of a pangenome for Chenopodium will
help clarify the genomic relationships among the species and
their subgenomes, including the identification of structural
variants (inversions, translocations, fissions, and fusions)
that can propel speciation by disrupting meiotic pairing of
homologous chromosomes. From a pre-breeding standpoint,
structural rearrangements are of particular interest, as they
represent potential barriers to the introgression of targeted
traits from wild taxa into the elite breeding lines. Indeed, a
recent pangenome analysis of oat (Avena sativa L.) revealed
multiple hidden barriers for oat improvement, including
the presence of a large, unbalanced reciprocal translocation
between chromosomes 1C and 1A and large pericentric inver-
sions on chromosomes 3C and 7D (Tinker et al., 2022).
Similarly, a barley pangenome study identified large inversion
polymorphisms in barley (Hordeum vulgare L.) on chromo-
somes 2H and 7H and underscores the reduction of genetic
recombination in inversion heterozygotes as a cause of unex-
plained linkage patterns and difficulties in trait segregation
between breeding lines (Jayakodi et al., 2020).

In this study, we present a pangenome analysis of the
Chenopodium genus, including the development of six
new chromosome-scale assemblies and pangenome-level
analyses across a set of 12 Chenopodium species, which
encompasses all eight currently identified genome types
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(A-H) representing the major evolutionary lineages in
Chenopodium. The selected species represent diverse geo-
graphic locations throughout Eurasia and the Americas,
ensuring broad coverage of taxon diversity and distribution
range. From our pangenus comparative analysis, we iden-
tified core/softcore-gene clusters, shell gene clusters and
cloud/private gene clusters. Private genes may be particu-
larly useful for identifying candidate genes in the wild and
weedy species that could contribute desirable and novel
traits (e.g., disease resistance) for targeted introgression into
elite breeding lines. Our analyses also link chromosomal
structural variation and genome evolution to the expansion
of LTRs in specific genome types within the genus. Addi-
tionally, we clarify the evolutionary relationships among
genome types A-H through an orthogroup gene family
phylogeny and hypothesize on the potential hybridization
events that led to polyploids. We also present a standardized
convention for naming and orienting chromosomes in
Chenopodium genome assemblies to promote unifor-
mity among genomic resources for Chenopodium and
to better facilitate cross-genome comparisons. Our work
provides invaluable genomic resources for further basic
research, breeding efforts, and a deeper understanding of the
Chenopodium genus.

2 | MATERIALS AND METHODS

2.1 | Species selection

Chenopodium species were selected which collectively con-
tained genomes A-H. These species, collected in diverse
locations throughout Eurasia, include Chenopodium strictum
Roth (CD-genome tetraploid, 2n = 4x = 36); Chenopodium
acuminatum Willd. (D-genome diploid, 2n = 2x = 18);
Chenopodium opulifolium Schrad. Ex W.D.J. Koch & Ziz
(BCF-genome hexaploid, 2n = 6x = 54); Chenopodium sos-
nowskyi Kapeller (AG-genome tetraploid, 2n = 4x = 36);
Chenopodium vulvaria L. (H-genome diploid, 2n = 2x = 18);
and Chenopodium pamiricum lljin (E-genome diploid,
2n = 2x = 18). Additional species for which whole-genome
assemblies were already available were also included to bet-
ter inform pangenome analyses. These species, collected
in North and South America, included Chenopodium wat-
sonii A. Nelson (A-genome diploid, 2n = 2x = 18) (Young
et al.,, 2023); C. pallidicaule Aellen (A-genome diploid,
2n = 2x = 18; Mangelson et al., 2019); C. ficifolium Sm.
(B-genome diploid, 2n = 2x = 18; Ludwig et al., 2025); C.
quinoa (AB-genome tetraploid, 2n = 4x = 36; Jarvis et al.,
2017; Rey et al., 2023); C. berlandieri ssp. nuttalliae (AB-
genome tetraploid, 2n = 4x = 36; Maughan et al., 2024); and
the Taiwanese species C. formosanum Koidz. (BCD-genome

hexaploid, 2n = 6x = 54; Jarvis et al., 2022) (Table S1; Figure
S1). Genome types A-D are represented by multiple species,
with five containing the A genome, five having the B genome,
three species containing the C genome, and three having the
D genome. The 12 species are composed of six diploids, four
tetraploids, and two hexaploids. Although allotetraploid and
allohexaploid species present greater complexity for genome
assembly and annotation, C. opulifolium (BCF-hexaploid)
and C. sosnowskyi (AG-tetraploid) were selected since no
extant C, F, and G genome diploids are known.

2.2 | Tissue collection, DNA extraction, and
PacBio HiFi sequencing

Seeds from C. acuminatum, C. strictum, C. vulvaria, C. sos-
nowskyi, and C. opulifolium were manually scarified and
sterilized with a 10% bleach solution. The seeds were treated
with 500 pL of 30 uM potassium nitrate, 500 uL of 100 ppm
gibberellic acid, and Hi-Yield Captan Fungicide 50 W solu-
tion and placed on wet filter paper in petri dishes to germinate.
They were kept at 4°C for 14 days and then allowed to ger-
minate at room temperature for 3 days. Germinating seeds
were transplanted into hydroponic systems in a growth cham-
ber at BYU (Provo, Utah) with a photoperiod of 11 h and
broad-spectrum lighting. Temperatures in the growth chamber
were set between 18°C and 20°C. The hydroponics solution
consisted of 18.9 g of General Hydroponics MaxiGro Hydro-
ponics Plant Food (10-5-14) (General Hydroponics) dissolved
in 13.25 L of deionized water and was replaced every 2 weeks.

High molecular weight (HMW) DNA was extracted from
fresh leaf tissue of C. acuminatum, C. strictum, C. vulvaria, C.
sosnowskyi, and C. opulifolium using a CTAB-Genomic-tip
protocol as described by Vaillancourt and Buell (2019). The
extracted HMW DNA samples were quantified with the Nan-
odrop One/OneC Microvolume UV-Vis Spectrophotometer,
and the samples were screened for quality control parameters
including DNA concentration (<800 pg/mL) and contami-
nation (260/280 and 260/230 = 2.0). HMW DNA from an
E-genome diploid (C. pamiricum) was extracted from a plant
grown in a greenhouse at the Czech University of Life Sci-
ences (Prague, Czech Republic) using a low-input extraction
protocol (Russo et al., 2022). All HMW DNA samples were
sheared to 17 Kb on a Diagenode Megaruptor and then made
into SMRTbell adapted libraries using a SMRTbell Express
Template Prep Kit 2.0 (Pacific BioSciences). Size selection
was performed using a Sage Science BluePippin to select frag-
ments greater than 10 Kb and then sequenced at the Brigham
Young University DNA Sequencing Center (Provo, UT, USA)
using Sequel II Sequencing Kit 2.0 with Sequencing Primer
v5 and Sequel Binding kit 2.2 for 30 h with adaptive loading
using PacBio SMRT Link recommendations.
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2.3 | Primary contig assembly and Hi-C
scaffolding

A primary contig assembly for each species was gener-
ated using hifiasm v0.16.1 (Cheng et al., 2021) with default
parameters for inbred species (-10). Hi-C (high-throughput
chromosome conformation capture) was used to scaffold the
primary contig assembly into pseudo-molecules. In brief,
fresh leaf tissue of each species was sent to Phase Genomics
for Hi-C library preparation and sequencing at the indus-
try standard of 100 million read pairs per genome Gb.
Hi-C reads were then aligned to their respective primary
contig assemblies using the Burrows-Wheeler Aligner (H.
Li & Durbin, 2010). Only uniquely aligned paired-end
reads were retained for downstream analyses. Contigs were
then clustered, ordered, and oriented using Proximo, an
adapted proximity-guided assembly platform based on the
LACHESIS method with proprietary parameters developed
at Phase Genomics (Bickhart et al., 2017; Burton et al.,
2013; Peichel et al., 2017). Gaps between contigs within the
scaffolded assembly were filled with 100 Ns. Completeness
of the assembled genomes was evaluated with Benchmark-
ing Universal Single-Copy Orthologs (BUSCO) v5 (Manni
et al., 2021) using the Embryophyta (embryophyta_odb10)
orthologous plant gene dataset.

2.4 | Additional genomes

In addition to the six de novo assembled genomes described
above, genome assemblies of six previously published
Chenopodium species were included in our pangenome anal-
ysis (Table S1). These include the A-genome diploids C.
watsonii and C. pallidicaule (2n = 2x = 18; Mangelson
et al.,, 2019; Young et al., 2023), a B-genome diploid, C.
ficifolium (2n = 2x = 18; Ludwig et al., 2025), the AB-
allotetraploids, C. quinoa and C. berlandieri ssp. nuttalliae
(2n = 4x = 36) (Maughan et al., 2024; Rey et al., 2023),
and BCD-allohexaploid C. formosanum (2n = 6x = 54; Jarvis
et al., 2022). Plant tissue of C. ficifolium was collected from
the location of a naturalized, not native, population of the
species. Different sequencing technologies and assemblers
were used to assemble these previously published genomes.
In brief, the genome of C. watsonii was sequenced using
Oxford Nanopore Technologies MinION long reads (R9 flow
cells) assembled with Canu (Koren et al., 2017) and scaf-
folded with Hi-C technology. The genome of C. pallidicaule
was sequenced with short Illumina reads assembled with the
ALLPATHS-LG assembler (Gnerre et al., 2011), gap-filled
with long PacBio CLR reads and scaffolded with Hi-C tech-
nology. The genome of C. ficifolium was sequenced using
PacBio HiFi reads and assembled with hifiasm (Cheng et al.,
2021). C. berlandieri ssp. nuttalliae was sequenced with

PacBio CLR reads and assembled with Canu, polished with
[lumina short reads, and scaffolded with Hi-C technology.
The genome of C. quinoa was sequenced with PacBio CLR
reads and assembled with the smrtmake assembly pipeline,
gap filled and polished with the same PacBio CLR reads
used to produce the assembly, and ultimately scaffolded with
Hi-C technology. Finally, the genome of C. formosanum
was sequenced with PacBio HiFi technology, assembled with
Canu, and scaffolded with Hi-C techniques (Jarvis et al.,
2022). The completeness of the six additional genomes was
also evaluated with BUSCO v5 (Manni et al., 2021) using the
Embryophyta orthologous plant gene dataset.

2.5 | Polyploid subgenome assignment
Classifications (A—H) for each subgenome in the polyploid
species were determined by mapping subgenome-specific
reads from known reference Chenopodium assemblies onto
each assembly with Minimap2 (L. Li, 2018) using the default
settings for PacBio HiFi long reads (-ax map-hifi) followed
by filtering of reads with a quality values <45 using Sam-
tools view (-q 45) (Danecek et al., 2021) to ensure only
high-quality reading mapping was utilized for subgenome
assignments. Specifically, reads from the D-genome diploid
C. acuminatum were mapped against the scaffolded assembly
of C. strictum using Minimap2 (L. Li, 2018) to identify the
nine chromosomes comprising the D-subgenome of C. stric-
tum. The remaining nine chromosomes were subsequently
assigned as belonging to the C subgenome. For AG-tetraploid
C. sosnowskyi, reads from A-genome diploid C. watsonii
were mapped against C. sosnowskyi to identify the nine
A-subgenome chromosomes, with the remaining nine chro-
mosomes being assigned to the G-subgenome. To identify the
B- and C-subgenome chromosomes of C. opulifolium (BCF-
hexaploid), [llumina short reads from B-genome diploid C.
suecicum (Jarvis et al., 2017) and C-subgenome specific reads
from the C. strictum reference assembly were mapped against
the C. opulifolium scaffolded assembly, with the remaining
nine chromosomes assigned as F-subgenome chromosomes.
Chenopodium acuminatum, C. vulvaria, and C. pamiricum
are D-, H-, and E-subgenome diploids, respectively, and there-
fore did not need subgenome classification. The chromosomes
of the remaining polyploids (C. quinoa, C. berlandieri ssp.
nuttalliae, and C. formosanum) had already been assigned
subgenomes, and these designations were preserved in the
current study.

2.6 | Genome quality assessment

Assemblies were evaluated using Inspector (Chen et al.,
2021). The inspector option “—datatype hifi” was used for
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evaluating the assemblies of C. acuminatum, C. strictum, C.
vulvaria, C. sosnowskyi, C. opulifolium, C. pamiricum, C. fici-
folium, and C. formosanum; the option “—datatype nanopore”
for the C. watsonii assembly, and the option “—datatype CLR”
for the assemblies of C. pallidicaule, C. quinoa, and C.
berlandieri ssp. nuttalliae. For error correction, the script
“inspector-correct” was employed with default parameters for
all of the PacBio HiFi-based de novo assembled genomes.

2.7 | Chloroplast assembly and non-species
contaminant identification

Included in the final genome assemblies are complete chloro-
plast (cp) genomes for each species. cp assemblies were
generated de novo for eight of the species following the meth-
ods previously described by Jarvis et al. (2022) using the
previously assembled C. formosanum cp genome (Jarvis etal.,
2022) as a bait genome. PacBio HiFi sequencing reads from
each species were mapped using Minimap2 (L. Li, 2018)
to the C. formosanum cp assembly, and mapped reads were
filtered based on the following parameters: mlen = 8000,
gval = 60, and a guanine-cytosine (GC) content range of
31%-52%. The resulting selected reads were subsequently
assembled with HiCanu v.2.1 (Nurk et al., 2020) with default
parameters with an expected genome size of ~150 Kb.
Because the cp genome of C. watsonii was assembled using
short paired-end reads, the program GetOrganelle (Jin et al.,
2020) was utilized to assembly the cp genome using k-mer
sizes of 21, 45, 65, 85, 105, and 115 bp; a minimum read
length of 30 bp; and the embplant database with the cp assem-
bly of C. formosanum as a reference. cp assemblies for C.
quinoa and C. berlandieri ssp. nuttalliae were used as pre-
viously reported (Jarvis et al., 2017; Maughan et al., 2019).
All cp assemblies were oriented relative to the published C.
quinoa cp assembly (Jarvis et al., 2022; MK159176). All 12
resulting cp assemblies were annotated using GeSeq (Tillich
et al., 2017). A phylogeny based on the ~80 Kb large single-
copy region of the cps was produced by first aligning the
sequences with Muscle v3.8.1551 (Edgar, 2004) using the
options “-maxiters 2 and “-diags.” IQ-TREE v2.3.4 (Nguyen
etal.,2015) was then used to generate a phylogenetic tree from
the aligned sequences using the model finder plus option, with
an ultra-fast bootstrap and SH-like approximate likelihood
ratio test, both at n = 1000. The “-bnni” option was employed
to reduce the risk of overestimating branch support.

While Hi-C scaffolding incorporated the vast majority
of the primary contig sequence into pseudo-chromosome
scaffolds, some small primary contigs remained unincor-
porated. BlobTools v.1.1.1 (Laetsch & Blaxter, 2017) was
used to identify if any of the remaining, unincorporated con-
tigs were off-species contaminants. Taxonomic classifications
were assigned at the order level to these unincorporated con-

tigs using the “view” command of BlobTools with options
“—taxrule bestsumorder.” Any contigs identified as non-
Caryophyllales were subsequently removed from the genome
assembly. Primary contigs with a cp origin were identified
with a BLASTn search against the species cp genome assem-
bly using default parameters (Ye et al., 2006). Similarly,
primary contigs with a mitochondrial origin were identified
using the previously published mitochondria from C. quinoa
(GenBank accession MK 182703; Maughan et al., 2019). All
contigs that exhibited >99% sequence identity across >99%
of the total contig length with the assembled cp or C. quinoa
mitochondria were removed from the final genome assembly
for each species.

2.8 | IsoSeq sequencing

The IsoSeq data were derived from root, leaf, stem, and
whole flower tissues from C. acuminatum, C. strictum, C.
ficifolium, C. berlandieri ssp. nuttalliae, and C. formosanum.
Each species was processed and sequenced individually. RNA
samples were extracted using the Zymo Research Direct-zol
RNA MiniPrep Plus kit. The quantity and quality of extracted
RNA were first tested using a Nanodrop spectrophotometer
and further evaluated with a Bioanalyzer. After quality check,
RNA from each of the different tissues for each species was
pooled in equal molar ratios to synthesize full-length comple-
mentary DNA (cDNA) using a NEBNext single cell/low input
cDNA synthesis and amplification kit (E6421L) which uses
a template switching method to generate full-length cDNAs
(New England BioLabs). IsoSeq libraries were prepared from
the cDNA of each species according to standard protocols
using the SMRTbell v3.0 library prep kit and sequenced on a
single SMRT cell 8 M for each species using a PacBio Sequel
II at the DNA sequencing center at Brigham Young University
(Provo, Utah, USA).

2.9 | De novo annotation

Prior to annotation, repetitive elements were identified and
masked using RepeatModeler2 v2.0.1 (Flynn et al., 2020)
and RepeatMasker v.4.1.2 (Smit et al., 2013-2015) using
methods detailed more fully in Section 2.12. To standard-
ize the annotation across the genomes, we de novo annotated
each soft-masked genome with Braker3 v.3.0.7 (Gabriel
et al., 2024) using a genus-level IsoSeq dataset consisting
of the combined raw IsoSeq data (see Section 2.8) as pri-
mary evidence. The Viridiplantae OrthoDB v.11 (Kuznetsov
et al., 2023), Caryophyllales UniProtKB (www.uniprot.org/
uniprotkb), and the NCBI Caryophyllales RefSeq (www.ncbi.
nlm.nih.gov/protein) databases served as training evidence for
AUGUSTUS. Braker3 initially trains GeneMark ETP with the
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OrthoDB proteins and IsoSeq hints and then subsequently
trains AUGUSTUS based on GeneMark ETP predictions.
This process results in a set of gene models predicted by
AUGUSTUS, and these AUGUSTUS and GeneMark ETP
gene models are then combined using TSEBRA. Func-
tional annotation and gene ontology terms (PANTHER-15.0,
Pfam-33.1, PIRSF-3.10, PIRSR-2021_02, PRINTS-42.0, and
SUPERFAMILY-1.75) were added to the gene models using
BLASTDp (e-value < 1.0e-6; Ye et al., 2006) by querying pre-
dicted protein models against the Swiss-Prot (downloaded
7/2023) and InterProScan (Jones et al., 2014) databases,
respectively. The completeness of the annotations for each
species was evaluated with BUSCO v5 (Manni et al., 2021)
using the Embryophyta protein dataset.

2.10 | Orthogroup analysis, gene ontology
enrichment, and phylogeny

A gene-based pangenome was produced using a gene family
clustering strategy starting with the longest protein from each
gene model. Nonredundant proteins, identified with CD-HIT
v4.8.1 (-c 1 -aS 1) (W. Li & Godzik, 2006), were then clus-
tered into gene family orthogroups using OrthoFinder2 v.2.5.4
(Emms & Kelly, 2019). Gene families that were present in
all 12 species, 10-11 species, 3-9 species, 1-2 species were
categorized as core, softcore, shell, and cloud, respectively.
Those gene families that are found in a single species were
subcategorized as private. Trapid v2.0, using default parame-
ters and the PLAZA 4.5 dicot database, was used to investigate
functional enrichment (Bucchini et al., 2021) associated with
the private gene families in each species. Each enriched func-
tional annotation is given g-value that is corrected for multiple
hypothesis testing using the Benjamini—Hochberg correction.
Summary visualization of the gene ontology (GO) terms was
performed with GO-Figure (Reijnders & Waterhouse, 2021)
at a maximum p-value < 1.0e-3.

A rooted subgenome phylogeny was produced with the
inclusion of the Dysphania ambrosioides (L.) Mosyakin &
Clemants (epazote) genome (CoGe ID #68555) using the mul-
tiple sequence alignment approach found in OrthoFinder2 and
elicited with the “-M msa” argument to produce bootstrap
values. Dysphania R. Br. is a sister genus of Chenopodium
in Amaranthaceae. Orthologous and syntenic relationships
across the species were visualized using riparian plots gen-
erated with GENESPACE v1.2.3 (Lovell et al., 2022). Since
OrthoFinder2 uses a single representative sequence from
each species for each orthogroup to build a phylogeny, we
also generated a subgenome-level phylogenetic tree based
on single-copy orthologs identified with Compleasm (Huang
& Li, 2023) based on the eudicots_odb10 database, with B.
vulgaris vEL10.1 McGrath et al., 2023) included as an out-
group. The single copy orthologs were aligned using MAFFT

v.7.471 (Katoh & Standley, 2013). During partition finding
in ModelFinder (Kalyaanamoorthy et al., 2017) within 1Q-
TREE (Minh et al., 2020), protein models were selected for
each newly chosen subset, and the phylogenetic tree that fit
the model was estimated. A total of 1000 ultrafast bootstrap
replicates were generated with the “-bb” option to assess node
support, and the resulting subgenome tree was inferred using
Astral v.5.7.1 (Mirarab et al., 2014).

2.11 | Genome visualization

The positions of genes (see De novo annotation section)
were mapped across the 12 species and the positions of
Gypsy and Copia LTRs were determined using RepeatMod-
eler2 v2.0.1 (Flynn et al., 2020) and RepeatMasker v.4.1.2
(Smit et al., 2013-2015) as described in the transposable ele-
ment (TE) and satellite DNA landscapes section and then
mapped across the chromosomes of the 12 Chenopodium
species. A 39-bp putative centromeric satellite subrepeat
was identified using TRASH (Wlodzimierz et al., 2023) and
used in conjunction with a 294-bp (12-13p; HM641822.1)
centromeric repeat sequence derived from C. guinoa to iden-
tify centromeric regions across the 12 Chenopodium species
(Kolano et al., 2011; Orzechowska et al., 2018). The loca-
tions of these centromeric sequences were determined across
all the chromosomes of the Chenopodium species. The posi-
tions of telomeric repeats were determined using BLAST
(Ye et al., 2006) as previously described (Jarvis et al.,
2017). Subgenomes A, B, C, and D were visualized and
confirmed in the seven polyploid chenopods as described
in Section 2.5. The densities of genes, Gypsy and Copia
LTRs, centromeric repeat sequences, telomeric repeats, and
subgenome-specific reads as well as mean GC content were
visualized in 500-Kb windows across all chromosomes using
Circa (http://omgenomics.com/circa). GENESPACE (Lovell
et al., 2022) was utilized to visualize syntenic relationships
across the Chenopodium genomes based on the syntenic
blocks identified with OrthoFinder2 (Emms & Kelly, 2019).

2.12 | Transposable element and satellite
DNA landscapes

RepeatModeler2 v2.0.1 (Flynn et al., 2020) was run on each
genome assembly to identify species-specific repetitive ele-
ments as described previously. The identified elements (con-
sensi.fa.classified) were then combined with the Viridiplantae
repetitive element library, which includes DNA sequences
from both the Dfam and Repbase databases. RepeatMasker
v4.1.2 (Smit et al., 2013-2015) was used with options “-a,
-xsmall, -gff” to produce a soft-masked genome and an align-
ment file of the repetitive elements for all 12 species. Repeat
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sequence libraries for each species have been submitted to the
Dfam database (www.dfam.org). Repeat landscapes were pro-
duced for each species as well as each constituent subgenome
of each species separately using divergence values calculated
with RepeatMasker’s calcDivergenceFromAlign.pl script. To
approximate the time scale of TE evolution, divergence val-
ues of the x-axis in the repeat landscapes were converted
into time using the equation: time = divergence/2r, where
r= 1.3 x 10~® mutations per site per year, a rate that has been
previously estimated for LTR element sequence evolution in
rice (Ma & Bennetzen, 2004). Copia and Gypsy TE family
sequences were also isolated and used to construct separate
repeat landscapes to visualize these most abundant classified
TE families across Chenopodium species.

Previously established satellite DNA (satDNA) libraries
from Belyayev, Josefiova, et al. (2020) were utilized to iden-
tify satDNA sequences in the 12 Chenopodium genomes
based on the C. formosanum assembly (Jarvis et al., 2022).
The satellite repeats were then masked in the 12 assem-
blies and their respective subgenomes using RepeatMasker
(Smit et al., 2013-2015). Tandem Repeat Finder (Benson,
1999) was then run on the masked assemblies to identify
novel satDNAs. SatDNA landscapes were produced, show-
ing the abundance of each satDNA family versus the genetic
divergence of each copy. This analysis specifically targeted
genomes that lacked prior characterization, notably F and G.

2.13 | FTL gene analysis

FTL genes were identified in genomes of all 12 species,
using FTLs found previously in C. quinoa and C. fici-
folium as the queries by BLASTn (e-value < 1.0e-5). A
translation-informed alignment of 94 Chenopodium FTL cod-
ing sequences of complete genes (excluding pseudogenes)
was produced by MUSCLE (Edgar, 2004) with default param-
eters, as implemented in Geneious 7.1.5, and edited manually.
The alignment was analyzed by the maximum-likelihood
(ML) method using RAXML (Stamatakis, 2014) implemented
in CIPRES (Miller et al., 2010). A gamma model of rate
heterogeneity was applied on three distinct data partitions
corresponding to three codon positions. Bootstrap support of
the majority rule consensus tree was calculated from 1000
pseudoreplicates. Gaps were treated as missing characters.

3 | RESULTS AND DISCUSSION

3.1 | Primary contig assembly and Hi-C
scaffolding

PacBio HiFi sequencing was conducted on C. acuminatum,
C. strictum, C. vulvaria, C. sosnowskyi, C. opulifolium, and

C. pamiricum. Across the six species, we achieved between
35.37x and 70.49x coverage (in C. acuminatum and C. vul-
varia, respectively). While average sequencing read lengths
ranged between 14,869 and 16,864 bp (C. acuminatum and
C. sosnowskyi, respectively) for the other five species, the
average read length for C. pamiricum was only 7064 bp.
The significantly shorter average read length of C. pamiricum
likely reflects its unique DNA extraction method (see Section
2) compared to the DNA extraction protocol used for the other
species. We note that the shorter average read length did not
affect the final quality of the assembled genome as seen by
the genome quality value (QV) value (57.51; see Table 1 and
Section 3.4). Primary contig assemblies were then generated
for these species using the hifiasm assembler (Cheng et al.,
2021). The total size of the assembled contigs varied among
the species, ranging from a low of 421,860,573 bp (C. vul-
varia, H-genome diploid) to a high of 1,852,144,078 bp (C.
opulifolium, BCF hexaploid), consistent with expectations for
increasing ploidy level (Table S2). The number of contigs in
the primary assembly ranged from 494 to 1024 for species
C. acuminatum, C. sosnowskyi, C. opulifolium, C. strictum,
and C. vulvaria. Not unexpectedly, the contig number for the
E-genome diploid, C. pamiricum, exhibited a higher total con-
tig count of 3215, likely resulting from the shorter mean HiFi
read length achieved for this species. Alternatively, PacBio
HiFi reads are known to show an AT bias, similar to the
GC bias of Illumina reads, which can lead to less continu-
ous contig assemblies in AT-rich genomes (McCartney et al.,
2022; H. Wang, Xu, et al., 2023); however, this is unlikely
the case here, since the GC contents of the Chenopodium
genomes reported here are all very similar, ranging from
35.7% to 37.0%. The six species had N50 statistics ranging
from 16,704,986 bp (C. pamiricum) to 63,806,435 bp (C.
opulifolium). Not unexpectedly, the lowest contig L50 statis-
tics, 6 and 7, were observed in the diploids C. acuminatum
and C. vulvaria, respectively. The size of the largest contig
assembled also varied among these six species and ranged
from 49,699,371 bp (C. acuminatum) to 98,156,632 bp (C.
opulifolium).

In the Hi-C scaffolded assemblies of these six species, the
total assembly size remained similar to those of the primary
contig assemblies, reflecting only slight changes where 100
Ns were added to bridge contigs in assembled scaffolds (Table
S3). As expected, the N50 values for the scaffolded assem-
blies were in each case higher compared to the primary contig
assemblies due to improved chromosome contiguity at the
scaffold level. The C. opulifolium scaffold assembly had the
highest N50 value (63,806,435 bp) among the species. The
L50 of the scaffolded assemblies for each species were con-
sistent with the expected number of chromosomes for each
ploidy level. The diploid species C. acuminatum and C. vul-
varia (n = 9) each displayed L50 values of 5, the tetraploid
species C. strictum and C. sosnowskyi (n = 18) displayed L50
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values of 8, and the hexaploid C. opulifolium (n = 27) dis-
played an L50 value of 12. The number of gaps among the
scaffolded assemblies ranged from 1 to 46, with a mean of
14.83, and although C. pamiricum had a similar scaffold N50
and L50 statistics to the other species, it had significantly
more gaps (46).

3.2 | Additional genomes

We note that our de novo assembled genomes generally
showed similar genome statistics with those of the previ-
ously assembled Chenopodium genomes (C. pallidicaule,
C. watsonii, C. formosanum, C. quinoa, C. berlandieri ssp.
nuttalliae, and C. ficifolium) which are included in our
pangenome analyses. Although some differences did exist,
they are likely a reflection of older, more error-prone sequenc-
ing technology and assembly methodologies (Table 1) used to
generate the assemblies in addition to biological differences
of the genomes themselves. For instance, the total assem-
bly sizes varied across these species as expected relative to
their ploidy levels and predicted genome sizes (1C values;
Mandaék et al., 2016), ranging from 362,509,632 bp for the
A-genome diploid C. pallidicaule to 1,630,219,857 bp for
the BCD-hexaploid C. formosanum. However, the C. pallidi-
caule A-genome assembly (Mangelson et al., 2019), which
is based primarily on Illumina short reads, was substantially
smaller than the Oxford Nanopore Technology (ONT)-based
genome assembly of C. watsonii (547,762,155 bp), another
A-genome diploid. This difference is likely due to the inabil-
ity of short reads to reliably span repetitive regions of the
genome leading to a significantly reduced assembly size. The
C. pallidicaule assembly also exhibited a substantially higher
number of contigs compared to the other species (4641) as
well as the lowest scaffold NS5O statistic (38,119,892 bp),
indicating a more fragmented and less contiguous assembly.
While the C. watsonii assembly is more contiguous, we note
that it has the highest number of gaps (n = 5,338) among
all assemblies—likely stemming from high error rate of the
ONT reads. Perhaps not unexpectedly, the assembly of C.
ficifolium (Ludwig et al., 2025), which used HiFi reads and
the hifiasm assembler, exhibited genome statistics similar to
our de novo assemblies and showed the highest contiguity
among all genomes. Indeed, the primary contig assembly of
C. ficifolium was so contiguous (all but one chromosome
was telomere-to-telomere) that the authors forewent Hi-C
scaffolding and used linkage maps to scaffold the assem-
bly to chromosome scale. The C. berlandieri ssp. nuttalliae
assembly was a PacBio continuous long read (CLR) assem-
bly that had 873 gaps (1 gap per 1.5 Mb), which is better
than the short-read and ONT assemblies, but still far more
than the PacBio HiFi-based assemblies that averaged 17.25
gaps (1 gap per 402 Mb). Although these additional genome

assemblies are generally less contiguous than our six de
novo assemblies, they are similarly complete with regard to
gene coding regions. For example, across the six de novo
assemblies between 97.2% and 98% of all conserved orthol-
ogous genes (COGs) were found as complete copies, which
is similar to the statistics (94.5%-98.2%) observed for these
additional assemblies (Table 1)—indicating that the subse-
quent pangenome analyses should not be compromised, but
enhanced, by the inclusion of these additional Chenopodium
assemblies.

3.3 | Subgenome assignment, chromosome
naming, and orientation

After Hi-C scaffolding, the de novo assembled genomes
displayed large pseudo-molecules that corresponded to
the expected number of haploid chromosomes for each
species. Classifications of the chromosomes to specific
subgenomes in the polyploid species were determined by
mapping subgenome-specific reads from known reference
Chenopodium assemblies onto each assembly with minimap2
(L. Li, 2018). Mapping reads from the D-genome diploid C.
acuminatum against the CD-tetraploid C. strictum allowed
for the identification of the nine chromosomes comprising
the D-subgenome of C. strictum, which all had significantly
more mapping hits than the remaining nine C-subgenome
chromosomes (Figure S2). Similarly, A-subgenome specific
reads from the A-genome diploid C. watsonii were mapped
against C. sosnowskyi (AG-tetraploid) to identify the nine
A-subgenome chromosomes with the remaining nine chro-
mosomes being assigned to the G subgenome (Figure S3).
The chromosomes of the remaining polyploids (C. quinoa,
C. berlandieri ssp. nuttalliae, and C. formosanum) were pre-
viously assigned to specific subgenome types, and these
designations were preserved in the current study. Using
this approach clearly delineated subgenome assignments. For
instance, of the 27 chromosomes identified in the hexaploid
C. opulifolium assembly, the nine chromosomes identified
as belonging to the B subgenome had, on average, 102.8
times more read mapping hits from the C. suecicum (B
genome) reads relative to read mapping hits on the other
subgenome chromosomes (Figure S4). Similarly, the nine
chromosomes identified as belonging to the C subgenome
had an average of 14 times more read mapping hits from
C genome-specific C. strictum reads compared to the other
18 chromosomes in the assembly. The remaining nine chro-
mosomes, with very low read mapping from both the B
genome- and C genome-specific reads, were by default
assigned to the F subgenome of C. opulifolium. The read
mapping to specific subgenome chromosomes, and thus the
subgenome assignment, can clearly be seen in the circu-
lar genome plots (Figure 1). Chenopodium acuminatum,
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C. pa;riifi)cum (E)

C. sosnowskyi (AG)

FIGURE 1

C. opulifolium (BCF)

C. formosanum (BCD)

Genome features of 12 Chenopodium species with genome types in paratheses. Tick marks represent 5 Mb. From outside to inside,

tracks represent chromosomes, gene density, LTR Copia and long terminal repeat retrotransposon (LTR) Gypsy repetitive element density,

centromeric repeat sequence, guanine-cytosine (GC) content, and telomeric repeat density. Diploid species (n = 9) are shown in panels (A) C.

pallidicaule, (B) C. watsonii, (C) C. ficifolium, (D) C. acuminatum, (E) C. pamiricum, and (F) C. vulvaria. Tetraploid species (n = 18) are in panels

(G) C. quinoa, (H) C. berlandieri ssp. nuttalliae, (1) C. sosnowskyi, and (J) C. strictum. Hexaploid species (n = 27) are in panels (K) C. formosanum

and (L) C. opulifolium. Subgenomes in the polyploids are identified by genome-specific read mapping in tracks 7 and 8: A-genome-specific reads are

from C. pallidicaule, B-genome reads from C. ficifolium, C-genome reads from the C subgenome of C. opulifolium, and D-genome reads from C.

acuminatum.

C. vulvaria, and C. pamiricum are D-, H-, and E-genome
diploids, respectively, and therefore did not need subgenome
classification.

Once chromosomes were assigned to specific subgenomes,
we chose to standardize their naming across assemblies rela-
tive to chromosomes of Beta vulgaris L. vEL10.1, a distantly
related but well-studied species within Amaranthaceae with
the same haploid chromosome number (x = 9) (McGrath
et al., 2023). Syntenic dot plots between species, including
B. vulgaris, were used to identify and standardize the names
of chromosomes. Where naming was inconclusive against B.
vulgaris and conflicting against the chromosomes of different
Chenopodium subgenomes, we prioritized synteny with other
chromosomes of the same subgenome. Where chromosomal
rearrangements confounded the identification of orthologous
chromosomal relationships and to verify our chromosome

name assignment, sequencing reads specific to each chro-
mosome were mapped to other Chenopodium subgenomes,
and the relative mapping frequency of the reads was used to
verify and/or clarify the naming assignment of each chromo-
some in question. For example, syntenic dot plots identified
three chromosomes of C. vulvaria with significant chromo-
somal rearrangements relative to B. vulgaris; thus, synteny
alone was insufficient to name these chromosomes. Reads
specific to each C. vulvaria chromosome were subsequently
mapped against the chromosomes of C. berlandieri ssp. nut-
talliae (subgenomes A and B) and those of C. formosanum
(subgenomes C and D) to assign chromosome names with
more accuracy based on read mapping rates (Figure S5).
Once each chromosome was named, the orientation (relative
to the B. vulgaris reference genome) of each chromosome
was standardized to facilitate subsequent interspecies/genome
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comparisons and to achieve uniformity across all assemblies
in the dataset. We encourage other Chenopodium researchers
to employ the same naming and orientation conventions, thus
promoting effective inter-laboratory research.

3.4 | Genome evaluation and correction

The genome assemblies of the Chenopodium species were
evaluated using Inspector (Chen et al., 2021). Inspector pro-
vides not only basic genome statistics but also an overall
QV for each genome based on the number of structural and
small-scale errors detected scaled by the total base pairs of
the assemblies. The assemblies for C. watsonii, C. quinoa,
and C. berlandieri ssp. nuttaliae were not error corrected
with Inspector, as they were error corrected in their original
publications, but were evaluated for overall genome qual-
ity and reported in Table S4. Among the Inspector-corrected
genomes, C. berlandieri ssp. nuttalliae displayed the low-
est read mapping rate (86.7%), while C. pallidicuale showed
the highest split-read rate (24.0%), or proportion of aligned
reads with split alignments, while the other 12 genomes had
significantly higher mapping rates, ranging from 96.3% (C.
quinoa) to 100% (C. vulvaria and C. ficifolium), and much
lower split read rates ranging from 0.47% (C. ficifolium) to
10.97% (C. quinoa). Inspector also evaluated the assemblies
for structural errors including expansions, collapses, haplo-
type switches, and inversions. Notably, C. watsonii exhibited
a significantly higher structural error count (6414), primar-
ily attributed to collapses (6325) and expansions (54), while
the next highest structural error count among the species
was only 409 in C. pallidicaule. All other genomes aver-
aged only 23.2 structural errors. The lower quality of the C.
watsonii and C. pallidicaule assemblies was not unexpected,
being that they are unique among the set of genomes included
in the study. The C. pallidicaule assembly was primarily
based on jumping libraries generated from Illumina short
reads and thus is expected to suffer from issues associated
with short-read assembly technologies, including genome
fragmentation (numerous N-gaps), repeat miss-assemblies
(expansion/collapse), and the inability to correctly resolve
complex structural variations such as large duplications and
satellite DNA. Similarly, the C. watsonii assembly was devel-
oped from early generation ONT flow cells (R9), which also
suffered from high sequencing error rates. Notably, no struc-
tural errors were detected in the assembly of C. ficifolium. Not
unexpectedly, small-scale assembly error rates (base substi-
tution or collapse/expansion < 50 bp) mirrored the structural
error rates, with the C. watsonii (547) and C. pallidicaule (43)
showing the highest rate of small-scale assembly errors per
megabase and C. ficifolium (0.01) and C. formosanum (0.02)
showing the lowest rate. Not unexpectedly, the genome QV
score was the lowest for the C. watsonii and C. pallidicaule

assemblies (25.07 and 27.82, respectively), while the other
genomes were quite high, ranging from 39.78 (C. quinoa) to
76.9 (C. ficifolium). For comparison purposes, the QV score
of the HiFi/hifiasm assembly of the human genome reference
HGO002, from the genome in a Bottle project conducted by the
National Institute of Standards and Technology, was scored at
53.6 (Chen et al., 2021).

BlobTools (Laetsch & Blaxter, 2017) was then used to
determine if any unincorporated contigs were off-species con-
taminants. On average, 3.2 contigs were removed from each
of the final genome assemblies. These contigs were generally
small, averaging only 44,460.7 bp and ranged in size from
2200 to 268,814 bp. The largest number of contaminants was
identified in the C. quinoa assembly (n = 13), while zero
contaminants were identified in four of the assemblies (C.
ficifolium, C. acuminatum, C. vulvaria, and C. strictum). The
very low proportion of the sequence contamination in the final
genome assemblies highlights the importance of growing the
target plants in disease-free, hydroponic growth chambers
prior to HMW DNA extraction.

35 | cps

We constructed the cp genomes de novo for each species
and then oriented them against the previously published C.
quinoa cp (MK159176; Maughan et al., 2019). The quadri-
partite structure of the cps consisted of a large single-copy
(LSC) region, a small single copy (SSC) region and a pair
of inverted repeat (IR) regions. The cp assemblies were
annotated and visualized with GeSeq (Tillich et al., 2017,
Figure 2). Despite differences in ploidy levels and genome
sizes among species, the cp assemblies were all similar in
size, ranging from 151,282 to 152,309 bp for C. pallidicaule
and C. vulvaria, respectively, and overall gene content (128
genes/31 tRNAs; Table 1) like that reported for other Ama-
ranthaceae (She et al., 2022; Xu et al., 2022). In many of the
species, we found heteroplasmy for an inversion of the SSC
as was originally reported by Palmer (1983) who showed that
the plastome often exists in two inversion states that differ in
the relative orientation of the SSC region. The inversion is
believed to occur either through intramolecular recombination
between the IRs or perhaps through recombination-dependent
DNA replication of the cp genome in its linear conformation
(Oldenburg & Bendich, 2004). In three of the species stud-
ied (C. strictum, C. pamiricum, and C. acuminatum), only
the inverted version relative to the reference C. quinoa cp,
of the plastome, was detected (Figure 2). To investigate the
maternal inheritance of the cp in the polyploids, a plastome
phylogeny, with Dysphania ambrosioides (CoGe ID #68555)
as the outgroup, was constructed using the LSC (80 Kb) to
avoid the heteroplasmic SSC inversion (Figure 2). Confirming
previous reports (Mandék et al., 2018; Maughan et al., 2019),
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the A-genome diploids (C. watsonii and C. pallidicaule) are
within the same clade as the AB tetraploids (C. quinoa and C.
berlandieri ssp. nuttalliae), whereas the B-genome diploid (C.
ficifolium) is in a distal clade—suggesting that the A genome
parent was the putative maternal parent in the original AB
polyploidization event. While no extant C diploid species are
known, the observation that the D diploid (C. acuminatum) is
distal to the CD tetraploid (C. strictum) hints that the C diploid
was the likely maternal parent in the initial CD polyploidiza-
tion event. Furthermore, the close placement of the BCD
hexaploid C. formosanum with C. strictum suggests that they
share a common plastome ancestor—potentially beginning
with the hybridization of C (maternal parent) and D diploids
to form a CD tetraploid, followed by the CD tetraploid (mater-
nal) hybridizing with a B diploid to form the BCD hexaploid.
We note that the B plastome from C. ficifolium is in a separate
subclade relative to C. strictum and C. formosanum. Similarly,
while no known G diploids exist for comparison, the place-
ment of the AG tetraploid (C. sosnowskyi) distally to the A
diploid (C. watsonii and C. pallidicaule) implies that the G
genome parent was the likely maternal parent in the hybridiza-
tion event that formed the initial AG tetraploid. The apparent
sequence of events leading to the BCF hexaploid C. opuli-
folium is less clear, since neither C nor F diploids are available
for comparison—highlighting the importance for additional
germplasm collections within the genus.

3.6 | De novo annotation

Braker3 (Gabriel et al., 2024) identified an average of 21,525,
45,766, and 67,969 gene models in the chromosomes for
the diploid, tetraploid, and hexaploid species, respectively
(Table 1, Table S5). For comparison, Rey et al. (2024)
reported a similar gene number for eight diverse C. quinoa
(tetraploids) genomes, ranging from 43,733 — 48,564. The
number of mRNAs (splice variants) was 24,229, 51,167,
75,535, or about 1.2 splice variants per gene model for all
ploidy levels. The average gene length across all species was
3,848 bp, while the longest coding sequence was 16,405,
16,434, and 16,497 bp for the di-, tetra-, and hexaploids,
respectively. The total gene space (total gene length/total chro-
mosome length) averaged 18.9%, 16.9%, and 15.1% for the di-
, tetra-, and hexaploid species, respectively. This decrease in
total gene space was also reflected in the total coding sequence
(CDS) space, which decreased from 6.8% for the diploids,
6.1% for the tetraploids, to 5.5% for the hexaploids. This loss
of gene space was not unexpected. While polyploidization ini-
tially increases the number of genes in the new organism, over
evolutionary time, some of these duplicated genes (orthologs)
undergo neo- or subfunctionalization, gaining new functions.
Meanwhile, many others are lost or silenced due to the lack
of selective pressure to maintain multiple copies, often lead-

ing to a decrease in gene number from the initial count at the
chromosome doubling event. In hexaploid wheat (Triticum
aestivum), Zhang et al. (2020) showed that polyploidization
and the subsequent genomic rearrangements that followed
due to non-homologous exchange were the major contribu-
tors to gene loss in modern wheat. Likewise, many authors
have shown that polyploidization activates TEs, which are not
considered plant genes, and leads to an increase in the abun-
dance of TEs and other repetitive elements, contributing to
genome expansion, complexity, and restructuring (Madlung
& Wendel, 2013).

Annotation completeness was assessed using BUSCO
on the predicted gene models with the COG set from
Embryophyta (Figure S6). The annotation all showed high
BUSCO scores, with an average of 96.6% of the COGs being
found as complete copies across all species. The annotations
showed complete COG identification ranging from 95.5% to
97.5%. There was only a slight difference in the percentage of
complete COGs identified between di-, tetra-, and hexaploid
assemblies, specifically 96.2%, 96.9%, and 97.3%, respec-
tively. The small increase across the ploidy levels was not
unexpected as the probability of annotating a COG should
increase as more genome copies are present in the assembly.
Similarly, duplication of the COGs, as detected by BUSCO,
is also expected to increase by ploidy level. Indeed, the aver-
age percent COG duplication for the diploids was only 8.15%,
whereas this percentage increased to 90.68% and 94.95% for
tetra- and hexaploid species, respectively.

3.7 | Orthogroup analysis

Using OrthoFinder2 (Emms & Kelly, 2019), we identified
a total of 33,457 orthologous gene families across the 12
Chenopodium species. The average pangenome size derived
from any two Chenopodium species constitutes only 66.7%
of the total pangenome size when all 12 species are consid-
ered together, confirming that multiple species are needed to
capture the full genetic diversity present within Chenopodium
(Figure 3A). As expected, the total number of shared (pan)
gene families increases as genomes (species) are sequentially
added to the analysis, reaching a plateau when n = 11, while
the number of core genes decreases. The plateau observed in
shared genes suggests that the species we included are repre-
sentative of the genus and sufficient for pangenome analyses,
at least in respect to the Eurasian and Western hemispheric
species represented in this study. We found that 64.8% of gene
families were found to be in the shell, which lies between the
number of shell gene families identified in the Glycine soja,
the wild progenitor of soybean (51.4%; Y. Li et al., 2014),
and that reported for 503 maize samples (82.7%; Hirsch
et al., 2014) supporting the prediction that an outbred species
should have a larger shell genome than highly autogamous
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species like soybean. Many chenopods are gynomonoecious
showing facultative autogamous reproduction and thus are
expected to have shell gene numbers intermediate to out-
crossing and inbreeding species. In C. quinoa, outcrossing
rates are reported to vary across accessions, ranging between
0.5% and 17.4% (Gandarillas et al., 1979; Silvestri & Gil,
2000), although heat-induced male sterility is well known
in the genus and has been successfully employed in making
hybrids (Maughan et al., 2024). Of the orthologous gene fam-
ilies identified, 35.3% (11,800) were detected in all species,
16.3% (5447) in 10-11 species, 32.0% (12,075) in 3-10
species, 16.4% (5503) in 1-2 species and were defined as
core, softcore, shell, and cloud, respectively. Within the cloud,
a total of 744 (2.2%) gene families were identified as pri-
vate (Figure 3B). Unsurprisingly, polyploid species contained
substantially more shell and cloud orthologous gene families
compared to the diploid Chenopodium species (Figure 3C).
These findings are similar to other pangenome results from
wild soybean (Glycine soja; Y. Li et al., 2014), maize (Zea
mays; B. Wang, Hou, et al., 2023), and apple (Malus; T. Wang
et al., 2023), where the percentage of core genes declined
asymptotically with the inclusion of each additional genome,
indicating that each species (genome) possesses only a subset
of the total genes and that each possessed a substantial number
of private gene families (Figure 3C).

A functional enrichment analysis showed that the pri-
vate gene families were enriched for a wide variety of
biological processes (Figure 3D), including many processes
involved with environmental adaptability. For example, in
C. formosanum, camalexin biosynthesis (GO:0010120), a
complex metabolic pathway that produces a potent antimicro-
bial compound crucial for plant defense against pathogens,
was enriched (g-value 5.6e-4) (Koprivova et al., 2019)
(Figure 3E). In C. opulifolium cp avoidance movement
(GO:0009903), an adaptation that helps plants thrive in
varying light conditions was enriched (2.54e-11). In C.
acuminatum, regulation of defense response to oomycetes
(GO:1902288) was enriched (3.79e-3), while in C. quinoa, the
TOR signaling (GO:0031929) pathway was enriched (1.48e-
2). TOR signaling allows plants to dynamically adjust their
growth and metabolism in response to changing environmen-
tal conditions, such as light, temperature, and water availabil-
ity (Shi et al., 2018). In C. pallidicaule, the glucuronoxylan
biosynthetic process (GO:0010417), an important component
of the cell wall, was enriched (5.97e-13) and has been impli-
cated in modulating aluminum sensitivity (Zhu et al., 2017).
Private gene families provide unique insight into potential
gene targets for important niche adaptive alleles which can
be potentially exploited through hybridization and introgres-
sion. This is particularly important as the global demand for
quinoa has increased so dramatically that many nations are
now attempting to produce quinoa outside of its traditional
production range. Unfortunately, because quinoa is narrowly

adapted to the high plains of the Andean plateau, where dis-
ease/pest stress is low and summer temperatures rarely exceed
20°C, production outside of the Andes has proven difficult.
Maughan et al. (2024) recently showed that quinoa can readily
cross with other tetraploid AB species, many of which exhibit
unique and beneficial biotic (disease) and abiotic (heat and
salinity tolerance) adaptive characteristics and thus represent
important secondary gene pools for future improvement of
quinoa. In addition, they identified a significant genetic bot-
tleneck separating wild Andean and cultivated quinoas from
wild lowland accessions of C. hircinum and, more generally,
the highly diverse allotetraploid goosefoot complex (ATGC)
in North America.

3.8 | Orthogroup inferred phylogeny

Mandék et al. (2018) used sequence information from the
third intron of the FLOWERING LOCUS T LIKE paralogs
(FTLI and FTL?2), the internal transcribed spacer (ITS) of
the nuclear ribosomal DNA and the intergenic spacer regions
of three cp genes to study Chenopodium genome evolution
and speciation. They concluded that there are eight major
monophyletic evolutionary lineages (A-H) in Chenopodium;
however, their analysis revealed several incongruencies,
specifically with the number of clades identified between
trees of the cpDNA/FTL (n = 8) and the ITS (n = 5) as
well as the inconsistent placement of the F genome, which
was basal in the FTL tree, but formed a sister clade with
the B genome in the cpDNA tree. An orthogroup-inferred
phylogeny (n = 20,662) allowed us to further investigate these
evolutionary relationships across the entire set of orthologous
gene families. Indeed, we specifically sequenced species
that represented each of the eight genome variants found in
Eurasian and American chenopods to facilitate this in-depth
analysis. We note that since no extant diploid species exist
(or as of yet they remain undescribed) for genome types C, F
and G, polyploid species with subgenomes of these genomes
were included in the sequencing panel. To investigate the
phylogenetic relationships among the genomes, we extracted
subgenomes from the polyploids and treated each subgenome
as separate taxa for the orthogroup gene tree analysis. Thus,
along with the sequenced diploid genomes, we analyzed a
set of 20 genomes, which included five A genomes; five B
genomes; three C genomes; three D genomes; and one each of
the E, F, G, and H genomes. Dysphania ambrosioides (CoGe
ID #68555), which is a sister genus to Chenopodium, was
included as an outgroup. Our analysis clearly confirms the
presence of eight monophyletic lineages corresponding to the
previous genome designations, all with a bootstrap value of
100 (Figure 4). The closely related B and C genome lineages
form a clade with a sister relationship to the E genome. Within
the B-genome clade, the New World species (C. guinoa and
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C. berlandieri ssp. nuttalliae) were the most closely related
of the group, which is not surprising as they are likely to
have arisen from the same ancestral AB tetraploid species
(Maughan et al., 2024). Notably, the F genome of C. opuli-
folium (BCF) is placed as the sister group to the D genome
clade, indicating a previously unrecognized evolutionary
relationship between the F and D genomes and resolving
inconsistencies in prior analyses. We also note that both the
C and D genomes of the hexaploid C. formosanum (BCD) are
closely related with the subgenomes of tetraploid C. strictum
(CD), supporting the conclusion that the polyploidization
sequence for the BCD polyploids began with a CCDD
tetraploid, followed by subsequent hybridization with a B
diploid (Mandék et al., 2018). All five New World A genomes
form a clade, again with C. quinoa and C. berlandieri ssp.
nuttalliae being closely related. The A subgenome of C. sos-
nowskyi is sister to the remaining subgenomes in the A clade,
while its G genome and the H genome of C. vulvaria form
a clade sister to all other genomes, suggesting that they may
represent the descendants of some of the earliest divergent
lineages within the genus. To confirm the phylogeny, we
also produced a maximum likelihood estimation phylogeny
(Figure S7) based on 1596 single-copy COGs identified
by Compleasm (Huang & Li, 2023) in the Chenopodium
genomes with the sister genus B. vulgaris (McGrath et al.,
2023) as an outgroup. This phylogeny showed identical place-
ment of all taxa as observed in the orthogroup tree, thereby
supporting the accuracy of our phylogenetic reconstruction.

3.9 | Genome features

Analysis of gene density, based on gene models identified
by Braker3, revealed a consistent pattern across all species
(Figure 1). Gene density increased toward the distal ends
of all chromosomes and decreased toward the centromeric
regions. In contrast, the density of Gypsy and Copia TEs,
which represents on average 44% of the TEs identified across
the species, exhibited peaks around the centromeric region,
declining toward the telomeres with one particular exception.
In the analysis of C. acuminatum (D-genome diploid), the
TE densities peaked in pericentromeric regions and declined
sharply through the putative centromere across all chromo-
somes (Figure 1D). This decrease was mirrored by a decrease
in GC content, which likely reflects the high AT content (72%)
of the 39-bp putative centromeric satellite subrepeat identified
using TRASH (Wlodzimierz et al., 2023). Thus, we speculate
that the centromeric region in the D genome of the C. acumi-
natum assembly is longer and more intact than the assemblies
of other genomes. Indeed, we see similar characteristics,
although more subtly, in the D subgenomes of C. strictum
(CD tetraploid) and C. formosanum (BCD hexaploid). Alter-
natively, it could be that a novel non-Gypsy/Copia TE element

is uniquely occupying the D-genome centromeres or, although
unlikely, the centromeres in the other genomes have collapsed
in assemblies, obscuring this characteristic.

A 294-bp (12-13p; HM641822.1) centromeric repeat
sequence derived from C. quinoa was used to identify
the location of the centromeric regions across all the
Chenopodium species (Kolano et al.,, 2011; Orzechowska
et al.,, 2018). We note that the 39-bp subrepeat identified
by TRASH is repeated multiple times within the 12-13p
sequence. Centromeric regions were clearly identifiable on
the majority of chromosomes across all species, with most
being located in either metacentric or submetacentric posi-
tions. As noted previously, the centromere is a complicated
repeat region, subject to collapse during the assembly process;
thus, it is not surprising that the centromeric regions were not
identified for all chromosomes, especially for those assem-
blies that employed short reads or first-generation/error-prone
long reads. Mean GC content (~35%) across all chromo-
somes and species showed a consistent trend with a slight
increase from the telomeres toward gene-rich pericentromeric
regions, with sharp decreases at centromeric regions them-
selves (Figure 1). Increased GC content is believed to provide
structural stability to DNA and is often associated with gene
regulatory elements as well as contributing to the forma-
tion of open chromatin structures (Romiguier & Roux, 2017),
while the AT-rich composition of the centromere is impli-
cated in assembly of the kinetochore, which is essential for
proper chromosome segregation during cell division (Kursel
& Malik, 2016).

Telomeric repeats were observed on at least one end of 172
of the 180 chromosomes assembled across all 12 species, and
on both ends of 117 of the 180 total chromosomes. Of the
117 chromosomes with telomeric repeats observed on both
ends, the number of Ngaps (>100 Ns) ranged from a low of
0 to a high of 457 (C. palidicaule), with 71 chromosomes
classified as telomere-to-telomere (gapless). As expected, the
non-HiFi-based assemblies showed the highest number of
Ngaps per chromosome. The telomere, which consists of a
conserved repeat of seven bases, is notoriously difficult to
fully resolve due to the lack of complexity of the repeat, result-
ing in telomeres often being left unresolved (un/misassembled
or severely collapsed). Such is the case for several chromo-
somes of C. watsonii and C. pallidicaule, both A-genome
diploids, as well as for two chromosomes in C. berlandieri ssp.
nuttalliae, where telomeric signals are found internal to the
chromosome, indicating potential mis-assemblies, structural
rearrangements including telomeric inversions (potentially
unique to the A subgenome), or the presence of telomere-like
satellite DNA sequences that are being erroneously captured
by our BLAST analyses using the telomeric repeat sequence.
We note that all three of these species were sequenced with
short-read or first-generation/error-prone long-read (PacBio
CLR, ONT) technologies.



JAGGI ET AL.

The Plant Genome &

19 of 28

GENESPACE (Lovell et al., 2022) was used to visual-
ize syntenic relationships across genomes based on syntenic
blocks identified by OrthoFinder2 (Figure 5). Given that
these are interspecific comparisons, it is not surprising that
large genomic rearrangements including inversions (e.g.,
Cq5A:Cb5A; Figure 5A) and translocations (Co9B:C7B;
Figure 5B) are present within comparisons of the same
genome types (Figure SA-D), nor is it surprising that syn-
tenic relationships are more complicated across genome types
(Figure 5E). As anticipated based on their phylogenetic posi-
tion as descendants of some of the earliest diverging lineages
within the genus, the G and H genomes were differentiated
by large and complex rearrangements, whereas the B and C
genomes, which share a more recent ancestor, are more syn-
tenically conserved. Rey et al. (2023) recently showed that a
large inversion on chromosome 3B in C. quinoa differentiated
coastal ecotypes from altiplano ecotypes. Interestingly, chro-
mosome 3B is the most highly rearranged of all chromosomes
in the within-genomes comparisons (Figure 5B), suggest-
ing that it is potentially more susceptible to rearrangement.
TEs are believed to generate genomic instability through
non-allelic homologous recombination (Raskina et al., 2008)
and, indeed, the B-genome chromosomes have increased dra-
matically in size due to a dramatic accumulation of Gypsy
LTRs (see below) which might explain this increased level
of genomic rearrangement—although it is interesting that
some chromosomes (e.g., 1B, 3B, 4B; Figure 5B) appear
to show more rearrangements than others, suggesting that
TE accumulation is not likely the sole factor leading to
chromosomal dysgenesis. In contrast, the small D genome,
which did not experience a similar expansion of LTRs,
maintains a high level of syntenic continuity (Figure 5D).
Structural rearrangements can disrupt meiotic chromosome
pairing and hinder recombination, complicating the transfer of
targeted traits. Thus, an understanding of the extent and nature
of structural rearrangements between related Chenopodium
taxa, as reported here, is essential for developing successful
pre-breeding strategies.

3.10 | Transposable element and satellite
DNA composition

The TE repeat composition of all 12 Chenopodium species
and their individual subgenomes were identified and anno-
tated using RepeatModeler (Figure 6A; Figure S8). On
average, ~71% of the DNA of each species was classified
as repetitive, with the most common repeat element identi-
fied being classified as LTRs (~32%). LTRs are the most
abundant repeat element found in flowering plants (Du et al.,
2010; Galindo-Gonzalez et al., 2017), and their abundance is
strongly correlated with genome size (Tenaillon et al., 2010).
To investigate the effect of TE elements content across all

subgenomes, we analyzed each genome separately, includ-
ing each subgenome from the polyploids (Figure 6A; Figure
S8). LTR Gypsy elements showed the largest range in abun-
dance across species, from 12.6% to 35.5% (mean = 23.4%),
with LTR Copia elements ranging from 4.8% to 15.2%
(mean = 8.1%). A strong correlation (R = 0.91) was seen
between subgenome size and LTR Gypsy content, while only
weak correlations were identified with LTR Copia (R* = 0.14)
and DNA transposons (R? = 0.29), the second and third most
common repeats identified, respectively (Figure 6B). Jarvis
et al. (2022) previously implicated Gypsy element expansion
in the substantial size differences in subgenomes in C. for-
mosanum (BCD hexaploid), with the B subgenome larger than
both the C and D subgenomes. Indeed, the five B genomes
included in our study were, on average, 30% larger than the
other genomes, with an average genome size of 699 Mb and
exhibited the highest average Gypsy content (34%; Figure S8).

Not only has the B subgenome of C. formosanum increased
in size due to Gypsy LTR expansion, but all B genomes,
including those found in C. opulifolium, C. ficifolium, C.
quinoa, and C. berlandieri ssp. nuttalliae, have experienced
a Gypsy expansion leading to an increase in genome size.
This observation suggests that the expansion of Gypsy likely
occurred in an ancestral B genome prior to the polyploidiza-
tion event that led to the tetraploids (AB) and hexaploids (BCF
and BCD) carrying the B subgenome. The repeat landscape
plots show that the expansion of the Gypsy element in the B
subgenome is centered at K = 6 (i.e., the Kimura value which
roughly corresponds to 6% sequence divergence), dating the
expansion to ~2.31 million years ago (MYA) (Figure 6D).
Interestingly, we also see an increase in Gypsy LTR con-
tent in the F subgenome of C. opulifolium. Similar to the B
genome, the F genome is large (653 Mb), but curiously the
increase in size is not solely due to an expansion of Gypsy
elements (which also peaks at ~2.31 MYA) but is also due to
an expansion of Copia elements that have increased in con-
tent from a genus average 8.1%—13.2% at nearly the same
time (Figure 6D; Figure S8). The intermediately sized A
genomes (mean = 530 Mb; excluding C. pallidicaule short-
read assembly) have the largest Copia content, averaging
13.7%, substantially more than the genus average (8.1%),
while the Gypsy content of the A genomes is near the aver-
age for all species, suggesting that the size in the A genome
has been primarily influenced by Copia LTR expansion. The
repeat landscape plot for the A genomes shows the peak of
this expansion to have occurred at approximately K = 9 or
between 3.1 and 3.9 MYA (Figure 6D). Lastly, the D genomes,
averaging only 371 Mb, are the smallest of the genomes.
Notably, and perhaps not unexpectedly, these genomes show
the smallest content of both Copia (5.5%) and Gypsy (13.9%)
elements.

We note that there is a large fraction of unclassified
repeats for all genomes (Figure 6A; Figure S8), which is not
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surprising given that there have been relatively few stud-
ies of repetitive elements in Chenopodium and those have
been primarily focused on rDNA, peri-centric repetitive,
subgenome-specific repeat, and satellite DNA sequences
(Belyayev, Jandova, et al., 2020; Heitkam et al., 2020;
Maughan et al., 2006; Orzechowska et al., 2018). These
unclassified TE elements have a weak negative correlation
with genome size (R? = 0.30), suggesting that, as a group,
they are not significantly involved in genome size expansion
across all genomes. However, it is notable that C. acuminatum
(D diploid) has a substantially increased percentage (55.3%)
of unclassified elements indicating the presence of a unique
TE expansion that could not be classified by available repeat
libraries, but which partly accounts for its larger than usual
genome (407 Mb) relative to the D subgenomes of the poly-
ploids C. strictum (343 Mb) and C. formosanum (364 Mb)
(Figure S9). Repeat landscape plots of the D subgenome also
suggest that C. acuminatum has experienced a very recent
expansion of LTR Copia elements within the last million years
(K = 0) (Figure S10). This recent expansion comprises over
2% of the genome of C. acuminatum and is unique relative
to the other Chenopodium D subgenomes as well as all other
genomes included in this study. These repeat analyses, espe-
cially for the Gypsy and Copia LTR elements, indicate that
TEs have and are continuing to play a crucial role in shap-
ing the evolutionary histories of the various Chenopodium
genomes.

satDNA differs from TEs in that they typically consist of
tandem repeats. In plants, they are static and serve mainly in
structural roles and are often localized to specific regions of
the genome such as at the centromere (Garrido-Ramos, 2017).
Our satDNA analysis revealed the presence of 19 satDNA
families (Belyayev, Jandova, et al., 2020; Jarvis et al., 2022).
Remarkably, at a broad scale, minimal differences in preva-
lence and composition were observed within genome types.
However, there are unique differences among genomes. For
instance, there is an increase in the proportion of satDNA,
specifically the f1, {2, and B52 families, in all D genomes
studied (C. acuminatum, C. formosanum, and C. strictum) rel-
ative to the other genomes (Figure 6C). This increase is not
correlated with increased genome size, as the D genomes are
among the smallest Chenopodium genomes analyzed. Other
specific satDNA families are also strongly associated with
specific genome lineages (Figure 6C). For example, the f5
family is prevalent in the B genome, {2 family in the D
genome, and f8 and f9 families in the E genome (Figure S11).
Notable is a satDNA family tentatively named “A1” that was
particularly abundant in the North American A genomes (C.
quinoa, C. berlandieri ssp. nuttalliae, and C. pallidicaule),
but nearly undetectable in the Eurasian genomes including the
A genome of C. sosnowskyi. An analysis of whole-genome
short-read sequencing data from C. bryoniifolium, a Siberian
A-genome diploid species (2n = 2x = 18), also did not reveal

its presence, while an analysis of short-read data for other
North American A-genome species did confirm it as one of
the major components of the satellitome (K. Krak, personal
communication, 2024), suggesting that the “A1” satDNA fam-
ily potentially amplified independently in the species from the
Western Hemisphere. We note that C. pallidicaule exhibits a
single distinct peak of sequence divergence for this satDNA,
whereas other American A genomes display two peaks, indi-
cating that this family is dynamically evolving in terms of both
rate and timing of sequence accumulation (Figure S11). This
suggests that satDNA in general, and the “A1” family in par-
ticular, may be tightly associated with the unique, radiative
pattern of speciation in the Western Hemispheric A-genome
clade that has resulted in at least 40 distinct taxa.

3.11 | FTL gene evolution

The transition from vegetative growth to reproduction is
regulated by various signaling pathways that respond to envi-
ronmental cues, such as temperature, day length, and plant
age. At the core of the flowering pathway is the FLOWERING
LOCUS T (FTL) gene (Kardailsky et al., 1999). Paralogs of
FTL, created through duplications, control distinct and diverse
functions in plants, including tuber development in potatoes
(Navarro et al., 2011) and acting as floral inhibitors in sugar
beets (Pin et al., 2010); thus, they play a crucial role in the
fine-tuning of plant development and reproduction. A cur-
rent understanding of the FTL evolution in Chenopodium is
reviewed by Storchova (2020); here, we extend the phyloge-
netic analysis of FTL genes across 12 Chenopodium species
revealing two main clades. Clade I is composed of FTLI,
FTL2-1, and FTL2-2 genes (Figure 4B). The expression of
clade I FTL genes has been observed during floral induc-
tion in species like C. ficifolium (Gutierrez-Larruscain et al.,
2022) and C. quinoa (Patiranage et al., 2021). The ectopic
expression the FTLI and FTL2-1 genes of C. ficifolium accel-
erated flowering in Arabidopsis (Abeyawardana et al., 2023).
In contrast, clade II includes FTL3, FTL4, FTLS5, and FTL6
genes (Figure 4B). Interestingly, the expression of clade II
FTL genes has been not reported in transcriptomic studies of
floral induction (Gutierrez-Larruscain et al., 2022; Patiranage
et al., 2021) and are therefore not likely to contribute to the
regulation of flowering. However, DrabeSova (2016) reported
the expression of CrFTL3 in seeds and germinating seedlings
of Chenopodium rubrum, suggesting a potential role in seed
development or germination.

Each of the seven FTL genes form well-supported subclade
in the phylogenetic tree (Figure 4B; but see details of FTL5
below). The FTL genes from the same genome tend to form
clades, regardless of whether they originate from diploids or
polyploids. The FTL genes from the G and H genomes of
C. sosnowskyi and C. vulvaria, respectively, are located at
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basal positions for each FTL subclade, diverging just after
the FTL gene from the outgroup species (C. rubrum) support-
ing their early ancestry within the genus. The FTL5 genes of
the H and G subgenomes comprise a sister clade to all other
FTL5 and FTL6 genes, indicating that the duplication event
responsible for the creation of the FTL5 and FTL6 paralogs
occurred after the divergence of the ancestor of the H and
G genomes. FTL6 underwent additional duplication in the
B subgenome of C. berlandieri ssp. nuttalliae and in the C
subgenome of hexaploid C. opulifolium. The FTL6a copy in
the C subgenome of C. opulifolium is a pseudogene, carrying
a large deletion in exon 1. Interestingly, the functional FTL6b
copy from the C subgenome is more similar to the D-genome
FTL6 genes, suggesting that this copy is evolving dynami-
cally (Figure 4B, FTL6/5 clade). Indeed, many FTL genes
have been often lost or pseudogenized. Chenopodium acumi-
natum (D) possesses the complete set of seven FTL genes,
while C. vulvaria, which speciated prior to the duplication
event that produced FTL5 and FTL6, contains the complete
set of six FTLs (Table S6). The extent of gene loss differed
between the clades, with clade I genes less prone to loss or
pseudogenization. FTL2-1 is the least dispensable gene,
present in an intact form in all the genomes, except for the
B genome of C. opulifolium. It is followed by FTLI, which
is pseudogenized in only three subgenomes in two hexaploids
(C. opulifolium C and C. formosanum D) and one tetraploid
(C. berlandieri B). Atleast one intact copy of FTLI and FTL2-
1 is present in each Chenopodium species, reflecting their
critical role in flowering time regulation. In contrast, clade II
exhibits numerous cases of both pseudogenization and gene
losses. The most dispensable gene is FTL4, existing as an
intact gene in only four genomes. It is missing in the diploids
C. pamiricum (E) and C. pallidicaule (A), which do not har-
bor any intact copy of the gene. Similarly, FTL3 and FTL5
have been lost or pseudogenized in seven and five of the 20
genomes, including in the diploids C. ficifolium (B) and C.
pallidicaule (A), respectively, suggesting both are dispensable
(Table S6).

Unlike the clade I FTL genes, which regulate flowering,
clade II FTL genes are not involved in floral induction or
inhibition, as they are not expressed in leaves or flowers at
any developmental stage. Nonetheless, at least one clade II
gene has been identified in each sequenced Amaranthaceae
species, including sugar beet and spinach. Due to the absence
of clade II transcripts in floral transcriptomic studies, these
genes often go unnoticed. However, the low but significant
expression of FTL3 in C. rubrum seeds suggests a role in seed
development and/or germination (DrabeSova et al., 2016).
Clade 1II genes have rapidly expanded in Chenopodium, with
up to four paralogs per genome in species like C. acumina-
tum and C. opulifolium. Moreover, clade Il FTL genes have
experienced more pseudogenizations and losses than clade 1
genes, making their evolution recent and highly dynamic. This

dynamic evolution may contribute to the diversification and
success of chenopods across a wide variety of niche environ-
ments, making the study of clade II gene functions potentially
insightful.

4 | CONCLUSIONS

The present effort to survey pangenome sequences of
Eurasian and American Chenopodium revealed a series of
genomes we now know to be highly divergent in terms of over-
all size, due to changes driven by and repeatome sequences,
as well as for synteny and collinearity due to structural vari-
ation. The greatest amount of genome diversity appears to be
within a Eurasian center of origin, where speciation has been
primarily driven by major genome divergence into groups A—
H, followed by wholesale allopolyploidization. In contrast,
New World Chenopodium evolution has been characterized
by adaptive radiation of AA diploids into 40+ species (Young
et al., 2023) and the formation of a single, widespread allote-
traploid AABB complex. This pangenome resource provides
essential data to identify genes underlying common and diver-
gent domestication traits of AA, AABB, and BBCCDD taxa
in such diverse locations as the Andean, Mesoamerican,
and Himalayan highlands; the woodlands of eastern North
America; and the subtropical island of Taiwan (Jarvis et al.,
2022; Maughan et al., 2024; Partap & Kapoor, 1985). These
sequenced species may harbor diverse strategies for dealing
with salinity, drought, extreme cold, heat, and biotic stressors.
This set of notoriously resilient, and phenotypically plastic,
species should also provide clues regarding genes underlying
weediness. We note that further studies are needed to address
the diversity of Chenopodium and close relatives within Aus-
tralia, where the genus has notably diverged into multiple
perennial, woody shrubs, some with fleshy fruits (reviewed
by Mosyakin & Iamonico, 2017).
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