frontiers
- in Genetics

@ Check for updates

OPEN ACCESS

EDITED BY

Vijay Kumar Tiwari,

University of Maryland, College Park,
United States

REVIEWED BY
Hemant Kumar Yadav,

National Botanical Research Institute
(CSIR), India

Pei-Xuan Xiao,

Huazhong Agricultural University, China

*CORRESPONDENCE

Yongsheng Chen,
cysimau@l63.com

Yu Zhou,
zhouyu0419@126.com

These authors have contributed equally
to this work

RECEIVED 21 March 2026
REVISED 15 May 2026
ACCEPTED 26 May 2026
PUBLISHED 16 June 2026

CITATION

YilL SaR MuY, Zhang J, He R, Song Y,
Zhou Y and Chen Y (2026) Comparative
genomics across Linum illuminates the
evolutionary basis of flax domestication,
genome diversification, and seed

oil biosynthesis.

Front. Genet. 17:1835945.

doi: 10.3389/fgene.2026.1835945

COPYRIGHT

© 2026 Yi, Sa, Mu, Zhang, He, Song, Zhou
and Chen. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics

PUBLISHED 16 June 2026

TYPE Original Research
pol 10.3389/fgene.2026.1835945

Comparative genomics across
Linum illuminates the
evolutionary basis of flax
domestication, genome
diversification, and seed oil
biosynthesis

Liuxi Yi'", Rula Sa?, Yingnan Mu?, Jinhao Zhang?, Ruichao He?,
Yadi Song?®, Yu Zhou** and Yongsheng Chen'*

'College of Agriculture, Inner Mongolia Agricultural University, Hohhot, China, *College of Grassland
Science, Inner Mongolia Agricultural University, Hohhot, China, *Inner Mongolia Academy of Agricultural
and Animal Husbandry Sciences, Hohhot, China

Flax (Linum usitatissimum L.) is a globally significant dual-purpose crop cultivated
for both bast fiber and seed oil, yet the genomic basis of its diversification and
domestication from wild relatives remains incompletely understood. In this study,
we performed a comprehensive comparative genomic analysis of 11 Linum
accessions-including five cultivated flax accessions and their wild progenitor
Linum  bienne-alongside two outgroups (Populus trichocarpa and
Erythroxylum novogranatense). To reduce annotation heterogeneity, we
uniformly re-annotated all genomes using the deep-learning-based ANNEVO
pipeline, which reduced apparent gene fragmentation and maintained broadly
comparable annotation completeness under a unified framework. Phylogenomic
analysis resolved a pre-domestication macro-evolutionary gene family expansion
in the L. bienne-L. usitatissimum lineage, providing standing genetic variation that
subsequently diverged into pathways enriched for cell wall biogenesis in fiber flax
and lipid/photosynthetic metabolism in oil flax. Genome-wide NLR analysis
revealed a globally contracted immune receptor repertoire in Linum and
quantitative stability between cultivated flax and L. bienne, while chromosomal
distribution and synteny analyses indicated that a major NLR-rich region differs in
chromosome assignment between L. bienne and cultivated flax rather than
providing definitive evidence for de novo cluster gain or complete cluster loss.
Furthermore, genome size variation across Linum was predominantly driven by
transposable elements, with remarkably recent bursts of long terminal repeat
(LTR) retrotransposons (<0.5 Mya) shared by cultivated flax and L. bienne but
clearly predating human domestication, indicating an inherited repeat landscape
rather than a domestication-associated event. Finally, analysis of fatty acid
desaturases revealed striking evolutionary asymmetry: the FAD3 family
remained highly conserved, whereas FAD2 exhibited exceptional plasticity,
characterized by lineage-specific tandem expansions and a putative large
structural absence associated with the contracted FAD2 repertoire in the oil
flax accession T397. Together, these findings provide a standardized genomic
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framework for Linum and illuminate the structural variations, repeat dynamics, and
pre-adaptive gene duplications that may have contributed to flax domestication

comparative genomics, crop domestication, fatty acid desaturase, gene family, Linum, LTR
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and agronomic specialization.
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Introduction

Flax (Linum usitatissimum L.) is one of the foundational
founder crops of early agriculture, possessing a dual agricultural
identity as both a premier source of bast fibers for textiles and a
vital oilseed crop (Allaby et al., 2005; Zohary et al.,, 2012).
Cultivated flax was domesticated from its wild progenitor,
Linum bienne, approximately 8,000 to 10,000 years ago (Fu,
2011; Soto-Cerda et al,, 2013). Over millennia of human
selection, flax diverged into distinct morphotypes: fiber flax,
characterized by tall, unbranched stems and robust secondary
cell wall deposition, and oil (linseed) flax, optimized for profuse
high
polyunsaturated fatty acids, notably a-linolenic acid (Green,
1986; Zhang et al., 2020; Lu et al., 2025). Despite the
flax, the
comprehensive genus-wide genomic events that facilitated this

branching, seed yield, and the accumulation of

economic and historical  significance  of
phenotypic radiation and the broader evolutionary history of the
Linum genus (McDill et al., 2009; Ruiz-Martin et al., 2018)
remain incompletely resolved.

The recent proliferation of high-quality, chromosome-scale
genome assemblies for cultivated flax accessions (You et al., 2018;
Sa et al.,, 2021; Lu et al., 2025; Yadav et al., 2025) and diverse wild
Linum species (Gutiérrez-Valencia et al., 2022; 2024; Innes et al.,
2023; Zervakis et al., 2025) provides an unprecedented opportunity
to investigate domestication at the genus level. However, cross-
species comparative genomics is frequently confounded by severe
inconsistencies in genome annotation (Salzberg, 2019). Publicly
available genomes are often annotated utilizing disparate
pipelines, varying standards of RNA-seq evidence, and divergent
parameters, which systematically introduce artifacts such as artificial
gene fragmentation or over-prediction (Stanke et al., 2006; Campbell
et al., 2014). Such biases critically distort downstream analyses of
orthology, gene family expansion, and evolutionary dynamics,
necessitating the implementation of unified, state-of-the-art re-
annotation frameworks before robust biological inferences can be
drawn (Manni et al., 2021).

Gene duplication and subsequent functional divergence are
primary drivers of plant morphological and metabolic innovation
(Lynch and Conery, 2000; Flagel and Wendel, 2009). During crop
domestication, selection acts upon these genomic redundancies to
shape agronomic traits (Doebley et al, 2006; Meyer and
Purugganan, 2013). In flax, the disparate breeding objectives for
fiber and oil morphotypes likely imposed divergent selection
pressures on specific biological pathways, such as endomembrane
trafficking for cell wall biosynthesis (Cosgrove, 2016) and
photosynthetic carbon allocation for lipid accumulation (Baud
and Lepiniec, 2009). Concurrently, transposable elements (TEs),
particularly long terminal repeat (LTR) retrotransposons, exert
profound influences on genome architecture, often dictating
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genome size and generating structural variations that facilitate
crop adaptation (Feschotte et al., 2002; Lisch, 2013; Bennetzen
and Wang, 2014).

Beyond developmental and metabolic traits, the evolutionary
arms race with pathogens profoundly shapes plant genomes,
primarily through the dynamic birth-and-death evolution of
nucleotide-binding leucine-rich repeat (NLR) immune receptors
(Michelmore and Meyers, 1998; Meyers et al., 2003), which often
evolve through birth-and-death dynamics (Jones et al., 2016). The
flax—flax rust (Melampsora lini) pathosystem is a historical paradigm
for understanding gene-for-gene resistance (Flor, 1956; Dodds et al.,
2006). However, how the spatial and quantitative architecture of the
NLR repertoire evolved across the Linum genus and responded to
the specific epidemiological pressures of agricultural domestication
requires whole-genome spatial analysis (Van De Weyer et al., 2019).

Furthermore, the defining biochemical feature of flaxseed is its
exceptional enrichment in polyunsaturated fatty acids, an attribute
strictly governed by membrane-bound fatty acid desaturases
(FADs). Specifically, FAD2 catalyzes the conversion of oleic acid
to linoleic acid, while FAD3 orchestrates the subsequent conversion
to a-linolenic acid (Arondel et al., 1992; Okuley et al., 1994). In flax,
FAD3 genes have been directly linked to seed linolenic acid content
(Vrinten et al.,, 2005), and recent genomic/transcriptomic analyses
have further identified key FAD2, FAD3, and SAD genes involved in
fatty acid biosynthesis (Dvorianinova et al., 2023). In various oilseed
crops, FAD2 paralogues frequently exhibit dynamic copy number
variations associated with environmental adaptation and artificial
selection (Dar et al., 2017). Yet, the precise genomic mechanisms
underlying the remodeling of the desaturase machinery across
Linum species and within domesticated flax accessions remain
elusive. To address these gaps, we conducted a systematic
comparative genomic study utilizing 11 Linum genomes and two
outgroups. By employing a unified re-annotation strategy, we
investigated phylogenomic history, trait-specific gene family
evolution, chromosome-level distribution and syntenic context of
NLR clusters, LTR retrotransposon dynamics, and the structural
evolution of FAD2 and FAD3.

Methods

Genomic data acquisition, assembly quality
summary, and standardized re-annotation

Genome assemblies for 11 Linum accessions and two outgroup
species were retrieved from public databases (Supplementary Table
S1). The dataset included five L. usitatissimum accessions (three oil
types: T397 [GCA_051167515.1] (Yadav et al.,, 2025), Marquise
[GCA_052935155.1] (Demenou et al, 2025), Attila [GCA_
052935085.1] (Demenou et al.,, 2025); two fiber types: Bolchoi
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[GCA_052935075.1] (Demenou et al., 2025),
YY5 [Zenodo.4872894] (Sa et al., 2021)), and six wild Linum
species: Linum lewisii (GCA_034768395.1, Innes et al, 2023),
Linum grandiflorum (GCA_965225055.1, Zervakis et al., 2025), L.
bienne (GCA_965366145.1), Linum perenne (GCA_965231395.1,
2025), (GCA_946122785.1,
Gutiérrez-Valencia et al, 2022), and Linum trigynum (GCA_
964030455.1, Gutiérrez-Valencia et al., 2024). Populus trichocarpa
(GCA_000002775.4, Tuskan et al, 2006) and Erythroxylum
novogranatense (GCA_029891385.1, Wang et al, 2023) were
utilized as outgroups.

Zervakis et al., Linum tenue

To document differences in genome assembly quality among
species, we compiled assembly-level statistics for all genomes,
including assembly level, BUSCO completeness, contig N50 and
L50, scaffold N50 and L50, number of scaffolds, GC content, and
assembled genome size (Supplementary Table S1). Contig/scaffold
continuity statistics, scaffold number, GC content, and assembled
genome size were calculated using QUAST v5.3.0 (Gurevich et al,,
2013). Assembly completeness was evaluated using BUSCO v6
(Manni et al., 2021) with the eudicots_odbl0 dataset. These
were used to evaluate potential

metrics assembly-related

limitations in downstream chromosome-level and gene-
family analyses.

To mitigate bias from heterogeneous original annotations, all
genomes were uniformly re-annotated using the deep-learning-
based ab initio annotation software ANNEVO v2.2 (Zhang et al,,
2026). ANNEVO was run using default parameters with the
ANNEVO_Embryophyta.pt model for all assemblies to ensure
that
framework across species and accessions. No species-specific
RNA-seq or homology evidence was incorporated during
ANNEVO

transcriptomic resources are not available for all genomes

gene prediction was performed under a consistent

prediction,  because  comparable  multi-tissue
analyzed here. This design was intended to reduce evidence-
availability bias among species, although it does not replace
future fully evidence-guided annotation efforts. Annotation
completeness was evaluated using BUSCO v6 with the eudicots_
odbl10 dataset. Only protein-coding gene models predicted by
ANNEVO were used for downstream orthogroup clustering and

gene family analyses.

RNA-seq-based validation of YY5 gene
annotations

To independently evaluate the quality of YY5 gene annotations,
publicly available RNA-seq data from five tissues, including leaf,
stem, seed, flower, and root, were used. RNA-seq reads from each
tissue were first aligned to the YY5 reference genome using
HISAT?2 v2.2.2 (Kim et al,, 2015). The resulting alignments were
then assembled into transcripts using StringTie v3.0.3 (Pertea et al.,
2015) for each tissue separately, and a merged transcript set was
generated from the five tissue-specific assemblies. The original
YY5 annotation and the ANNEVO annotation were compared
with the RNA-seq-derived transcript evidence based on the
longest transcript of each gene. Annotation quality was assessed
using exon-base support ratio, RNA-seq exon-base capture ratio,
intron support ratio, RNA-seq intron capture ratio, exact exon
support ratio, intron-chain support ratio, and the proportion of
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annotated transcripts with >80% exon-overlap support. All RNA-
seq libraries were treated as unstranded during the analysis.

Gene family clustering, phylogenomics, and
expansion/contraction analysis

The re-annotated protein sequences were subjected to
orthologous group clustering and species tree construction using
OrthoFinder v3.1.0 (Emms and Kelly, 2015). Because ANNEVO
generated one representative protein-coding model per locus, all
predicted proteins were used directly for orthogroup clustering.
Single-copy orthologous genes identified by OrthoFinder were used
for phylogenomic reconstruction. A total of 239 single-copy
orthologous genes were retained for species-tree construction.
The resulting species tree was converted into an ultrametric tree
using r8s v1.81 (Sanderson, 2003). Divergence-time calibration was
performed using established speciation nodes from the TimeTree
database (Kumar et al, 2022). Gene family expansion and
contraction across the evolutionary nodes were inferred using
CAFE v4.2.1 (De Bie et al.,, 2006) based on the ultrametric tree
and orthogroup counts. Functional annotations were generated
using eggNOG-mapper v2 (Cantalapiedra et al, 2021). Gene
Ontology (GO) enrichment analysis for specific gene families was
executed using the clusterProfiler v3.10.1 (Wu et al, 2021)
package in R.

Annotation of NLR disease resistance genes

Genome-wide identification of nucleotide-binding leucine-rich
repeat (NLR) genes was performed using NLR-Annotator v2.1b
(Steuernagel et al., 2020) with default parameters. The identified
NLRs were classified into structural subclasses (e.g., CNL, TNL, NL)
based on their motif architectures. The chromosomal coordinates of
the annotated NLRs were extracted, and spatial density distributions
across pseudochromosomes were calculated and visualized to
identify apparent presence-absence patterns and clustering events.
To further evaluate whether the major reciprocal NLR-cluster
reflected
chromosomal

pattern between L. bienne and cultivated flax

independent cluster gain/loss or larger-scale
correspondence, we performed pairwise synteny analysis between
L. bienne and T397 using JCVIv1.6.4 (Tang et al., 2024) based on the

standardized ANNEVO gene models.

Transposable element annotation and LTR
insertion dynamics

Whole-genome transposable elements (TEs) were identified and
classified using the EDTA v2.2.2 (Ou et al, 2019; Su et al,, 2021)
pipeline. TE annotations were summarized by major repeat classes,
including LTR retrotransposons, DNA transposons, and other
repeat categories. The total TE span was calculated for each
genome and compared with assembled genome size. The
relationship between total TE content and genome size was
evaluated using linear regression, and the coefficient of
determination (R*) and P-value were reported. For evolutionary
timing, intact long terminal repeat (LTR) retrotransposons were
specifically extracted, and their insertion ages were estimated using

LTR retriever v3.0.4 (Ou and Jiang, 2018), relying on sequence
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divergence between paired LTR sequences. LTR insertion-time
distributions were used to compare relative timing of repeat
activity among species. Because estimated insertion times depend
on mutation-rate assumptions and intact LTR recovery, these values
were interpreted as approximate temporal signals rather than
exact dates.

Identification and evolutionary analysis of
FAD2 and FAD3 families

To annotate the fatty acid desaturase families, protein sequences
were initially scanned using HMMER v3.3.2 (Eddy, 2011) against
the PF00487 hidden Markov model (Mistry et al., 2021). Candidate
membrane-bound desaturases were subsequently clustered with
reference Arabidopsis thaliana desaturases (FAD2, FAD3, FAD6,
FAD7, FADS, FAH12, SLD1, SLD2, and ADS1) using FastTree
v2.2.0 (Price et al,, 2010) to separate major clades. The extracted
FAD2 and FAD3 family members were then aligned, and
Maximum-Likelihood =~ (ML)  phylogenetic ~ trees  were
reconstructed using IQ-TREE v2.0.3 (Minh et al, 2020) with
1,000 bootstrap replicates. The resulting phylogenies were
visualized utilizing the ggtree v3.6.0 (Xu et al.,, 2022) package in
R. Intraspecific genomic collinearity and structural variations
surrounding desaturase loci were investigated using JCVI v1.6.4
(Tang et al, 2024). To test whether the apparent absence of
canonical FAD2 genes in L. tenue and L. trigynum could be
caused by missed gene prediction, we additionally performed
genome-level TBLASTN in NCBI BLAST + v2.14.1+ (Camacho
et al., 2009) searches using the Arabidopsis FAD2 protein as query
against the L. tenue, L. trigynum, and YY5 genome assemblies.
YY5 was used as a positive control. TBLASTN hits were overlapped
with GFF gene annotations, and the corresponding genes were
compared with the PF00487-containing desaturase candidate lists.
This analysis was used only as an annotation-independent check for
final FAD2/
reference-guided

missed FAD2-like genomic whereas
FAD3

phylogenetic analysis.

regions,

classification remained based on

HiFi read-alignment validation of the
T397 FAD2-containing structural absence

To evaluate whether the apparent absence of the FAD2-
containing syntenic block in T397 could reflect an assembly gap,
publicly available HiFi reads from YY5 (SRR14339745) and T397
(SRR29936750) were aligned to the YY5 reference genome using
minimap2 v2.30-r1287 (Li, 2018) with the HiFi preset parameter -ax
map-hifi. The resulting alignments were sorted using samtools sort
v1.22.1 (Li et al, 2009). Read-depth patterns across the
YY5 chromosome 14 FAD2-rich interval were then calculated
using mosdepth v0.3.1 (Pedersen and Quinlan, 2018) with a
minimum mapping quality threshold of 20 and filtering of
secondary, supplementary, duplicate and QC-failed alignments
(mosdepth -Q 20 -F 3844). T397 HiFi reads mapping to this
YY5 interval were extracted from the alignment files and
realigned to the T397 assembly using minimap2 with the same
HiFi alignment setting (-ax map-hifi). The realigned BAM files were
sorted with samtools sort and inspected to determine whether these
reads originated from an unassembled T397 chromosome
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14 segment or from homologous retained regions elsewhere in
the T397 genome. This analysis provided read-level support for
interpreting the absence of the FAD2-containing block in T397,
while recognizing that additional targeted experimental validation
would be required to confirm the precise structural breakpoint.

Results

Standardized genome re-annotation and
quality assessment of the Linum genus

Accurate and consistent gene annotation is a fundamental
prerequisite for comparative genomics. To comprehensively
investigate the evolutionary dynamics of the flax genus (Linum),
we retrieved genome assemblies for 11 Linum accessions and two
outgroups (Populus trichocarpa and Erythroxylum novogranatense)
from public databases (Supplementary Table S1). However, original
gene counts varied substantially among available annotations,
ranging from 34,572 to 49,616 among cultivated L. usitatissimum
accessions, and original annotation files were unavailable for
T397 and L. bienne. To reduce methodological heterogeneity and
construct a robust comparative framework, we performed a unified,
ab initio genome re-annotation for all 13 species using ANNEVO
(Zhang et al., 2026), a deep-learning-based annotation tool capable
of high-accuracy gene prediction without relying on species-specific
RNA-seq evidence.

The standardized ANNEVO annotations yielded more compact
gene sets than most original annotations while maintaining broadly
comparable BUSCO completeness (Figure la). Across Linum
genomes with available original BUSCO values, the average
BUSCO score increased from 93.80% in the original annotations
to 94.62% after ANNEVO re-annotation. In cultivated L.
usitatissimum accessions with available original BUSCO values,
ANNEVO retained the same average BUSCO completeness as
the original annotations, despite a substantial reduction in gene
number. Specifically, Marquise, Attila, Bolchoi, and YY5 had an
average original BUSCO score of 95.93%, and the corresponding
ANNEVO annotations also averaged 95.93%, while the average gene
number decreased from approximately 47,973 to 39,481. Several
genomes showed slightly lower BUSCO scores after re-annotation,
such as Marquise, Attila, L. lewisii, L. trigynum, P. trichocarpa, and E.
novogranatense. However, most of these decreases were small and
should be interpreted together with the reduced gene number and
structural support analyses, because BUSCO evaluates a conserved
single-copy subset and does not fully capture whole-genome
annotation  redundancy, fragmentation, or  exon-intron
structure accuracy.

To further assess gene model structure, we compared original
and ANNEVO annotations in representative genomes with available
annotation files, including L. grandiflorum, L. perenne, L. trigynum,
and YY5. ANNEVO-annotated genes generally showed longer gene
spans, longer total CDS lengths, and higher exon/CDS counts per
gene than the original annotations (Figures 1b-d; all P < 0.001, two-
sided Mann-Whitney U test). For example, in YY5, the average CDS
length increased from 1,150.1 bp in the original annotation to
1,296.5 bp in the ANNEVO annotation, while the average
number of CDS per gene increased from 53 to 5.6. These
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patterns suggest that the reduced gene number in the ANNEVO
annotations is associated with more compact and structurally
complete gene models rather than a simple loss of coding sequences.

We further performed an independent RNA-seq-based
validation using YY5 transcriptome data from five tissues: leaf,
stem, seed, flower, and root (Supplementary Table S2). The
original YY5 annotation and the ANNEVO annotation were
evaluated against RNA-seq-derived transcript structures.
Although ANNEVO predicted fewer genes than the original
YY5 annotation, its gene models showed stronger RNA-seq
support across multiple structural metrics. Using the merged
five-tissue RNA-seq evidence, ANNEVO increased the exon-base
support ratio from 84.61% to 90.39%, the intron support ratio from
83.48% to 84.57%, the exact exon support ratio from 53.22% to
58.25%, and the intron-chain support ratio from 49.17% to 51.95%.
Moreover, the proportion of annotated transcripts with >80% exon-
overlap support increased from 75.09% in the original annotation to
86.45% in the ANNEVO annotation. Across individual tissues,
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ANNEVO also showed consistently higher average support ratios
for exon bases, introns, exact exons, intron chains, and transcript-
level exon overlap. Together, these results indicate that ANNEVO
generated more compact gene models with broadly comparable
BUSCO improved RNA-seq structural
support in YY5.

completeness and

Phylogenomic relationships and lineage-

associated gene family dynamics in Linum
To elucidate the evolutionary history and genomic
diversification of the genus Linum, we reconstructed a whole-
genome phylogenetic tree using 239 single-copy orthologous
genes from the 11 Linum genomes and two outgroups.
Phylogenomic analysis resolved the evolutionary relationships
with high confidence, revealing that the Linum common ancestor
diverged approximately 41.26 million years ago (Mya) (Figure 2a).
The genus subsequently split into two major clades: one comprising
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Phylogenomic evolution and functional divergence of lineage-specific gene families in Linum. (a) Maximum-likelihood phylogenetic tree,
divergence times, and gene family dynamics of 11 Linum accessions and two outgroups (Populus trichocarpa and Erythroxylum novogranatense). The
phylogenetic tree was reconstructed using 239 single-copy orthologous genes identified by OrthoFinder. Branch lengths indicate divergence time
(Million years ago, Mya) estimated via molecular clock analysis. The green numbers with a plus sign (+) and orange numbers with a minus sign (-) on

the branches represent the number of expanded and contracted gene families, respectively, inferred by CAFE analysis. Numbers in parentheses indicate
rapidly evolving gene families. The right panel displays bar charts detailing the total number of gene families (light blue), species/lineage-specific gene
families (orange), total genes clustered in families (green), and the total number of predicted genes (dark blue) for each genome. (b,c) Comparative Gene
Ontology (GO) enrichment analysis of candidate lineage-associated orthogroups identified in fiber flax (b) and oil flax (c). The radar charts display
representative biological processes shaping the distinct agronomic traits of the two morphotypes. In both panels, the radial axis (distance from the center)

enriched in that category (also denoted by the red numbers adjacent to each node). The color gradient of the nodes reflects the Gene Ratio (the
proportion of genes of interest relative to the background in a given GO term), with darker green indicating a higher ratio. Notably, the candidate fiber-

flax-associated gene set (b) exhibits profound enrichment in endomembrane trafficking and cell wall biogenesis, consistent with processes involved in

organ development, consistent with possible breeding-associated emphasis on carbon assimilation, reproductive development, and seed oil yield.
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L. tenue and L. trigynum, and a larger clade encompassing the
remaining wild species alongside the cultivated morphotypes.
Notably, the cultivated flax varieties (L. usitatissimum) exhibit
an extremely close phylogenetic affinity to their wild

progenitor, L. bienne, with their divergence occurring
recently (~1.05 Mya). Within the L. usitatissimum clade, the
fiber-type and  oil-type  cultivars formed  distinct

monophyletic subclades.

Genome size and gene repertoire exhibit substantial
variation across the genus, reflecting dynamic evolutionary
trajectories. The total number of predicted protein-coding
genes ranges from 23,034 in L. lewisii to 44,993 in L. tenue,
with the latter also harboring the highest number of species-
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specific gene families (295) (Figure 2a). Crucially, analysis of
Computational Analysis of gene Family Evolution (CAFE)
inferred a striking macro-evolutionary genomic event: a
large-scale gene family expansion (11,741 expanded vs.
1,512 contracted) occurred at the ancestral node shared by L.
usitatissimum and L. bienne (Figure 2a). This expansion was
inferred at a node predating the divergence between cultivated
flax and L. bienne.

To explore candidate genomic signals associated with the
divergent domestication trajectories of fiber and oil flax, we
interrogated their candidate lineage-associated gene families. We
identified 40 and 21 gene families putatively retained or expanded in
fiber and oil flax subclades, respectively (the majority being
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FIGURE 3
Evolutionary dynamics and chromosomal redistribution of NLR-rich regions in Linum. (a) Classification and quantitative distribution of NLR genes
across 13 genomes, including cultivated flax, wild Linum accessions, and outgroups (P. trichocarpa and Erythroxylum novogranatense). Colors indicate
distinct NLR subclasses (CNL, TNL, NL, TX, and Complex). Total gene counts and subclass compositions are detailed within and above the bars,
highlighting the genus-level contraction in Linum and the quantitative conservation during flax domestication (from L. bienne to cultivated
accessions). (b) Chromosomal distribution and density of NLR genes across the 15 chromosomes of five cultivated flax accessions and their wild
progenitor, L. bienne. Heatmap colors represent the density of NLRs per megabase (Mb). The major NLR cluster is located on chromosome 2 in L. bienne
but on chromosome 14 in cultivated flax accessions, producing an apparent reciprocal cluster-level difference. (c) Whole-genome synteny between L.
bienne and T397 generated using JCVI. Grey ribbons connect collinear genomic blocks; L. bienne chromosomes are shown at the top and
T397 chromosomes at the bottom. The syntenic correspondence between L. bienne chromosome 2 and T397 chromosome 14 indicates that the major
NLR clusters in these chromosomes occur within collinear genomic contexts.

predominantly single-copy). Functional enrichment analysis of
these candidate lineage-associated gene sets revealed highly
distinct biological themes that are broadly consistent with their
respective agronomic traits (Figures 2b,c). In fiber flax, candidate
lineage-associated genes are significantly enriched in vesicle-
mediated transport pathways (e.g., COPII-coated ER to Golgi
cell wall biogenesis (Figure 2b;
candidate oil

transport  vesicles) and

Supplementary Table S3). Conversely, flax-
associated genes exhibit significant enrichment in photosynthesis-
related components (e.g., chloroplast thylakoid membrane), light-

harvesting, and fatty acid biosynthetic processes (Figure 2¢;
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Supplementary Table S4). Oil flax-associated genes were also
enriched in terms related to floral organ and pollen wall
development.

Evolutionary contraction and chromosome-
level redistribution of the flax NLR repertoire

Genome-wide annotation of nucleotide-binding leucine-
rich repeat (NLR) receptors across 13 genomes revealed a
distinct evolutionary trajectory for the Linum (flax) genus.
most Linum genomes

Compared to outgroup species,
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FIGURE 4
Repetitive sequence landscape and evolutionary dynamics of LTR retrotransposons in the Linum genus. (a) Stacked bar chart showing the
proportions of major transposable element (TE) classifications across 11 Linum accessions and two outgroups relative to their genome sizes. LTR
retrotransposons (Ty3, Copia, and Unknown) are the dominant components. (b) Linear regression analysis of total TE size against assembled genome size,
demonstrating a robust positive correlation (R? = 0.978, P = 1.72 x 107'°). The shaded red area represents the 95% confidence interval. (c) Density plot
illustrating the distribution of insertion times (in million years ago, Mya) for intact LTR retrotransposons. (d) Circos plot detailing the chromosomal
distribution of LTR retrotransposons along the 15 pseudochromosomes. Tracks represent LTR density in sliding windows. Concentric tracks from outer to
inner represent five cultivated Linum usitatissimum genomes (Bolchoi, YY5, Attila, Marquise, T397) and the wild progenitor L. bienne, highlighting the
strong spatial conservation of LTR-rich pericentromeric regions among cultivated accessions and L. bienne, rather than indicating domestication-
associated LTR amplification.

contained fewer NLR genes and showed a TNL-biased subclass
composition. (Figure 3a; Supplementary Table S5). For
instance, the outgroup Populus trichocarpa (Ptri) maintains
an expansive NLR array of 497 genes—characterized by a
massive expansion of truncated NLs (197) and a balanced
CNL-to-TNL ratio. In contrast, all evaluated Linum genomes
are notably contracted and heavily biased toward TNL
subclasses (Figure 3a). Within wild Linum species, active
birth-and-death evolutionary processes drove dynamic copy
number variations, ranging from a highly reduced repertoire
in L. grandiflorum (144) to moderate expansions in L. tenue
(345) and L. perenne (304).

Strikingly, despite this genus-wide evolutionary contraction,
the specific domestication transition from the wild progenitor L.
bienne to cultivated flax (L. usitatissimum) did not trigger a
further quantitative genetic bottleneck (Figure 3a). Cultivated
flax exhibits an exceptionally conserved macroscopic NLR
architecture regardless of its agricultural ecotype. Both fiber
(Bolchoi, 222; YY5, 219) and oil (Attila, 220; Marquise, 214;
T397, 215) varieties maintain a nearly identical total number of
NLRs compared to their wild ancestor L. bienne (217).
their subclass distributions remain

Furthermore, rigidly
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stable, typically comprising approximately 40 CNLs and
143-151 TNLs.

Although the global quantity of NLRs remained remarkably
static during domestication, high-resolution spatial analysis
revealed a prominent difference in the chromosomal
assignment of a major NLR-rich region between L. bienne and
cultivated flax assemblies (Figure 3b). A prominent NLR cluster
was located on chromosome 2 in L. bienne, whereas the
corresponding high-density NLR cluster in cultivated flax
accessions was consistently observed on chromosome 14.
Initially, this pattern appeared as a reciprocal presence-absence
variation between the wild progenitor and cultivated accessions.
However, to test whether this represented independent cluster
loss and gain or a larger-scale chromosomal correspondence, we
performed  JCVI-based
bienne and T397.

The synteny analysis revealed clear collinearity between L.

synteny  analysis  between L.

bienne chromosome 2 and T397 chromosome 14, including the
genomic context surrounding the NLR-rich regions (Figure 3c).
This result indicates that the apparent absence of the chromosome
2 cluster in cultivated flax and the presence of the chromosome
14 cluster in T397 should not be interpreted as unequivocal
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evidence for a de novo NLR burst in cultivated flax or complete
cluster loss from L. bienne. Instead, the reciprocal pattern is more
consistent with chromosome-level redistribution, large-scale
chromosome

rearrangement, or anchoring/assembly-

configuration differences between the currently available

assemblies.

Transposable element dynamics drive
genome size variation and recent bursts in
the Linum genus

Transposable elements (TEs) are recognized as primary
drivers of genome size evolution and structural variation in
higher plants. To comprehensively characterize the repeat
landscape within the Linum genus, we systematically annotated
TEs across the 11 Linum genomes and two outgroups (Populus
trichocarpa and Erythroxylum novogranatense) using the EDTA
pipeline. The proportion of TEs varied substantially among the
species, ranging from ~33.1% in P. trichocarpa to over 70% in L.
grandiflorum and E. novogranatense (Figure 4a). Within the
Linum genus, Long Terminal Repeat (LTR) retrotransposons,
notably the Ty3 and unclassified LTR superfamilies, constituted
the major fraction of the repetitive sequences. Strikingly, wild
species such as L. grandiflorum (23.13%), L. lewisii (24.21%), and
L. perenne (20.51%) exhibited a massive expansion of Ty3 LTR
retrotransposon elements compared to the cultivated flax (L.
(~1.06-4.85%).
analysis revealed a near-perfect positive correlation between
total TE size and genome assembly size (R* = 0.978, P = 1.72 x
107'%) (Figure 4b), confirming that total TE content was strongly
correlated with genome assembly size.

usitatissimum) accessions Linear regression

To uncover the evolutionary tempo of these TE amplifications,
we estimated the insertion times of intact LTR retrotransposons.
The density distributions of insertion times revealed distinct,
species-specific temporal bursts of LTR activity (Figure 4c).
Remarkably, the Linum genomes are characterized by highly
recent LTR proliferation. Cultivated flax accessions (Bolchoi,
YY5, Attila, T397) and their
progenitor, L. bienne, displayed synchronous and extremely

Marquise, immediate wild
recent amplification peaks, with median insertion times occurring
within the last half-million years (0.31-0.50 Mya), which
substantially ~predate the onset of flax domestication
approximately 8,000-10,000 years ago. In contrast, more distant
wild relatives such as L. grandiflorum (0.97 Mya) and the outgroup
(1.54 Mya) exhibited
amplification histories. This suggests a major LTR burst occurred

shortly before or during the divergence of the L. bienne/L.

E. novogranatense relatively  older

usitatissimum lineage.

Finally, we mapped the chromosomal distribution of LTR
retrotransposons across the 15 pseudochromosomes of five
cultivated flax accessions and L. bienne (Figure 4d). The spatial
distribution of LTRs is highly uneven, showing pronounced
that  typically
pericentromeric and centromeric heterochromatin regions.

localized  enrichments correspond  to
Importantly, the genomic topography of these LTR-dense
regions exhibits striking macrosyntenic conservation across all
six analyzed genomes from the outside to the inside tracks

(Bolchoi to L. bienne).
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Lineage-specific remodeling of fatty acid
desaturase repertoires across Linum
highlights copy-number divergence in the
FAD2 and FAD3 families

To characterize fatty acid desaturase repertoires across Linum,
we first identified membrane-bound desaturase candidates using the
PF00487 domain and then classified FAD2 and FAD3 members by
reference-guided  phylogenetic  analysis ~ with  Arabidopsis
desaturases, including FAD2, FAD3, FAD6, FAD7, FADS,
FAH12, SLD1, SLD2, and ADS1. The initial HMM search
recovered 20-49 PF00487-containing desaturase-like genes across
the 13 genomes, with larger candidate sets in L. usitatissimum
accessions and L. bienne than in the two outgroups. Phylogenetic
classification separated the canonical FAD2 and FAD3 clades, which
were used for subsequent copy-number and structural comparisons
(Supplementary Table S6).

The FAD2 family showed substantial copy-number variation
across the analyzed genomes (Figure 5a). Bolchoi, YY5, Attila, and L.
bienne each contained 13 FAD2 genes, whereas Marquise contained
12 and T397 contained six. In these cultivated flax and L. bienne
genomes, most FAD2 genes were organized in tandem arrays on two
chromosome regions, with one region containing five to six tandem
copies plus one isolated copy and the other showing a similar
clustered arrangement. In T397, one FAD2-rich chromosomal
region was absent, corresponding to the reduced copy number.
Outside cultivated flax and L. bienne, FAD2 copy number was lower:
L. grandiflorum contained six copies, L. lewisii and L. perenne
contained four and five copies, respectively, and the two
outgroups each contained two FAD2-like genes. No readily
recognizable canonical FAD2 genes were recovered from L. tenue
or L. triggnum in the reference-guided phylogenetic analysis.

Phylogenetic analysis showed that the expanded FAD2 copies in
cultivated flax and L. bienne were grouped into two major
chromosome-associated sets corresponding to chromosome 12-
like and chromosome 14-like regions (Figure 5a). T397 lacked
one of these phylogenetic subsets, matching the absence of the
corresponding FAD2-rich region in the chromosomal distribution.
Microsynteny comparison between YY5 and T397 further showed
that the YY5 region containing seven FAD2 genes lacked a collinear
counterpart in the corresponding T397 chromosome interval
(Figure 5c). HiFi read-alignment analysis supported this pattern:
T397 reads mapping to the YY5 FAD2-rich interval were accounted
for by homologous regions retained on T397 chromosome 12 rather
than by an unassembled T397 chromosome 14 segment. These
results indicate that the reduced FAD2 copy number in T397 is
unlikely to be caused solely by missed gene annotation or a simple
assembly gap, although targeted experimental validation will be
required to define the exact structural breakpoint.

To further evaluate the apparent absence of canonical
FAD2 genes in L. tenue and L. trigynum, we performed genome-
level TBLASTN searches using Arabidopsis FAD2 as the query. In
YY5, used as a positive control, this search recovered all
13 FAD2 genes identified by phylogenetic classification. In L.
trigynum, all retained TBLASTN hits overlapped PF00487-
containing desaturase candidates, and no additional full-length
FAD2-like locus was detected. In L. tenue, 14 of 15 retained hits
overlapped PF00487-containing candidates, whereas the only non-
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FAD2 family in T397.

Chri4

Evolutionary and structural variation of the FAD2 and FAD3 gene families across Linum. (a) Maximum-likelihood phylogeny of the FAD2 family
identified from Linum species and outgroups following reference-guided classification with Arabidopsis desaturases. Expanded cultivated flax and L.
bienne copies form multiple well-supported subclades corresponding to duplicated and tandemly amplified loci, whereas L. grandiflorum, L. lewisii and L.
perenne retain reduced repertoires. Outgroup sequences from Erythroxylum novogranatense and Populus trichocarpa form smaller, separate
lineages. (b) Maximum-likelihood phylogeny of the FAD3 family. In contrast to FAD2, FAD3 copy number is comparatively conserved across Linum, with
four copies in Linum usitatissimum genomes and two to three copies in other species. E. novogranatense forms an external sister lineage, whereas no
canonical P. trichocarpa sequence is recovered within the core FAD3 clade in this analysis. (c) Microsynteny comparison between YY5 and T397 across the
FAD2-containing region. Vertical bars indicate annotated protein-coding genes and grey ribbons connect homologous loci between genomes. A putative
large structural absence in T397 corresponds precisely to the interval harboring seven FAD2 genes in YY5, explaining the marked contraction of the

overlapping hit was a short, low-coverage fragment and did not
represent a full-length FAD2-like locus. Thus, no additional high-
confidence canonical FAD2-like genomic regions were recovered
outside the domain-supported candidate sets in these two species.

Compared with FAD2, the FAD3 family was more conserved in
copy number and phylogenetic structure (Figure 5b). All five L.
usitatissimum genomes retained four FAD3 copies distributed
across three chromosomes in a 1+1+2 pattern. L. grandiflorum,
L.
FAD3 copies, whereas L. tenue contained three. The two E.

lewisii, L. perenne, and L. trigynum each contained two

novogranatense genes formed an external lineage relative to the
Linum FAD3 clade, while no P. trichocarpa candidate was placed
within the same canonical FAD3 clade as Arabidopsis FAD3 and the
Linum FAD3 homologues in this analysis. Overall, FAD2 displayed
greater copy-number and structural variation than FAD3 across the
analyzed Linum genomes.

Discussion

Accurate comparative genomics requires not only high-quality
genome assemblies but also comparable gene annotation strategies
(Stanke et al., 2006; Yandell and Ence, 2012; Salzberg, 2019). In this
study, the original Linum annotations differed substantially in gene
number and were generated using different pipelines and different
levels of transcriptomic evidence. Some accessions were annotated
with accession-specific RNA-seq data, whereas others relied on

Frontiers in Genetics

10

public transcriptomes from different genotypes, and original
annotation files were unavailable for T397 and L. bienne. We
therefore used ANNEVO as a unified annotation framework to
reduce methodological heterogeneity across species. This strategy
produced more compact gene sets while maintaining broadly
comparable BUSCO completeness, and RNA-seq validation in
YY5 showed stronger transcript support for ANNEVO gene
models than for the original annotation. Nevertheless, we do not
consider ANNEVO annotations to be a definitive replacement for
fully evidence-based annotations. Rather, they provide standardized
gene sets suitable for cross-species comparison under the current
limitation that comparable multi-tissue RNA-seq resources are not
available for all Linum species. Future genome projects integrating
matched transcriptomic and proteomic evidence across species will
further refine these annotations.

Based on this robust framework, our phylogenomic analysis
inferred a profound macro-evolutionary gene family expansion
occurring at the ancestral node shared by L. bienne and L.
This
suggests that the genetic raw material potentially contributing to

usitatissimum, likely preceding human domestication.
the diverse phenotypic radiation of flax was already present as
standing variation in wild populations (Doebley et al, 2006;
Olsen and Wendel, 2013). Following domestication, divergent
artificial selection may have efficiently harnessed this redundancy
(Lynch and Conery, 2000; Panchy et al., 2016). Fiber flax lineages
showed enrichment of candidate lineage-associated gene families
related to vesicle trafficking and cell wall biogenesis, processes

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2026.1835945

Yi et al.

relevant to polysaccharide deposition required for bast fiber
elongation (Guerriero et al., 2017; Gorshkova et al, 2023).
Conversely, oil flax accessions exhibited functional enrichment in
photosynthetic components and fatty acid metabolism, consistent
with possible breeding-associated changes in source-sink
relationships to maximize carbon flow toward seed lipid
accumulation (Baud and Lepiniec, 2010; Bates et al., 2012).

While domestication optimized developmental and metabolic
traits, it also reshaped the genomic landscape of plant immunity
(Michelmore and Meyers, 1998; Baggs et al., 2017). The Linum
genus generally maintains a contracted, yet heavily TNL-biased,
NLR repertoire compared to outgroups. However, the transition
from L. bienne to cultivated flax did not trigger a further quantitative
bottleneck; instead, the current assemblies reveal a major difference
in chromosomal assignment of an NLR-rich region (Meyers et al.,
2003; Van De Weyer et al, 2019). In the original chromosome-
density comparison, the major NLR cluster appeared on L. bienne
chromosome 2 but on chromosome 14 in cultivated flax accessions,
suggesting a reciprocal cluster-level difference. However, the JCVI
synteny analysis showed that L. bienne chromosome 2 is collinear
with T397 chromosome 14 in the corresponding genomic context.
Therefore, this pattern should not be interpreted as definitive
evidence for independent NLR cluster loss in L. bienne or a de
novo domestication-associated NLR burst in cultivated flax. Instead,
the most conservative interpretation is that the NLR-rich region has
differs

chromosome assignment among the current assemblies. Given

experienced chromosome-level redistribution or in
the known history of genome duplication and extensive
chromosomal rearrangement in flax and related Linum species
(You et al., 2018), such assembly-level or karyotypic complexity
is expected to complicate direct chromosome-by-chromosome
comparisons. Thus, our results support the stability of the overall
NLR repertoire during flax domestication, but the precise structural
mechanism underlying the chromosome 2/chromosome 14 NLR
cluster correspondence will require future validation using long-
read, Hi-C, or pangenome-scale resources.

Parallel to gene family dynamics, transposable elements act as
central architects of genome evolution (Bennetzen and Wang, 2014).
Our analyses confirm that LTR retrotransposons dictate genome size
variations across Linum (Vitte and Panaud, 2005; Lisch, 2013).
Strikingly, the cultivated flax and its progenitor L. bienne share a
synchronized and exceptionally recent peak of LTR insertion activity
(<0.5 Mya), distinct from the older TE profiles of distantly related
wild species. However, this peak occurred hundreds of thousands of
years before the onset of human domestication and therefore should
not be interpreted as a domestication-driven event. Instead, it likely
represents ancestral or lineage-inherited transpositional activity in
the L. bienne/L. usitatissimum lineage, which may have contributed
to the genomic background upon which later domestication and
breeding acted. Despite this pervasive transpositional activity, the
spatial macro-synteny of LTR-dense pericentromeric regions
remained largely conserved across L. usitatissimum genomes,
highlighting a dual genomic strategy where localized transposable
element bursts may have contributed to micro-evolutionary
variation while maintaining macro-karyotypic stability.

In the context of specialized metabolism, the contrasting
evolutionary profiles of FAD2 and FAD3 suggest that the flax oil
pathway has been shaped by differential constraints on sequential
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desaturation steps (Arondel et al., 1992). FAD2, which controls the
entry of oleic acid into the polyunsaturated fatty acid branch, is
highly expanded and structurally labile across Linum, whereas
FAD3, which catalyzes the downstream conversion of linoleic
acid to a-linolenic acid, is comparatively stable. This asymmetry
is biologically plausible. In oilseed species, FAD2 often represents a
major control point for bulk seed fatty acid composition and is
with change,
neofunctionalization, tissue specialization, and domestication-
related selection (Okuley et al., 1994; Dar et al,, 2017). Our data
extend this view by showing that, within Linum, FAD2 expansion is

recurrently associated copy-number

not merely species-wide but organized into conserved tandem
blocks that have been differentially retained, lost, or truncated
among lineages and even among cultivated flax accessions.

The near identity of many cultivated flax FAD2 paralogues to
those in L. bienne implies that much of the expanded repertoire
predates domestication and was inherited from the wild progenitor
rather than generated de novo during crop improvement. From this
perspective, domestication may have acted more strongly on
retention, structural rearrangement, and expression partitioning
of pre-existing duplicates than on their origin (Meyer and
Purugganan, 2013). The T397 genome is especially informative
because it demonstrates that substantial intraspecific remodeling
can occur through a single large structural deletion removing an
entire FAD2-rich block. Such chromosome-scale variation offers a
parsimonious mechanism for rapid phenotypic shifts in oil
composition and may help explain why some flax accessions
differ sharply in fatty acid profiles despite overall genomic
similarity. This also emphasizes the importance of pangenomic
or multi-accession frameworks when linking candidate genes to
agronomic traits in flax.

Finally, the apparent absence of canonical FAD2 in early-
diverging species L. tenue and L. trigynum raises an intriguing
evolutionary question. If confirmed, this pattern would imply
either repeated loss, deep divergence, or structural divergence of
canonical FAD2-like loci in these -early-diverging lineages,
suggesting that basal Linum may have evolved
alternative solutions for maintaining membrane and storage lipid

lineages

unsaturation (Browse and Somerville, 1991). However, because
membrane-bound desaturases can exhibit substantial sequence
divergence outside catalytic motifs (Los and Murata, 1998), this
observation warrants future functional transcriptomic validation.
Regardless, the broader pattern is clear: the flax lineage combines
strong structural conservation of FAD3 with exceptional
FAD2 genomic plasticity, establishing a genetic architecture
potentially capable of fine-tuning the balance between linoleic
and a-linolenic acid production that defines the nutritional and
industrial value of flaxseed oil.

An additional limitation of this study is that the analyzed
genomes differ in assembly level and contiguity. Although
BUSCO high assemblies,
chromosome-scale resolution and local contiguity were not
uniform across species (Supplementary Table S1). For example,

cultivated flax genomes and several wild Linum genomes are

completeness  was for most

chromosome-level assemblies, whereas L. grandiflorum and L.
perenne are contig-level assemblies, and L. lewisii contains a
relatively large number of scaffolds. These differences may
influence local gene family recovery, chromosomal localization of

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2026.1835945

Yi et al.

clusters, TE annotation, and synteny interpretation. Therefore,
chromosome-level comparisons, particularly those involving
NLR-rich regions and FAD2-containing blocks, should be
considered provisional until validated with comparable long-read,
Hi-C, and pangenome resources.

Conclusion

By establishing a unified, deep-learning-based annotation
framework for 11 Linum genomes and two outgroups, this study
dissects the complex genomic legacy of flax domestication and
diversification. Our analyses demonstrate that the phenotypic
divergence into fiber and oil flax may have exploited a pre-
existing reservoir of duplicated genes inferred to have expanded
in the ancestral wild lineage leading to L. bienne and L.
usitatissimum, and were associated with candidate pathway-level
enrichments related to cell wall formation in fiber flax and lipid/
photosynthetic metabolism in oil flax. Cultivated flax maintained
quantitative stability of the NLR immune receptor repertoire relative
to L. bienne, while the major NLR cluster showed chromosome-level
redistribution between L. bienne chromosome 2 and cultivated-flax
chromosome 14. JCVI-based synteny indicates that this pattern is
associated with collinear genomic regions and therefore should be
interpreted  cautiously chromosomal
chromosome-assignment differences in the current assemblies
rather than a confirmed de novo NLR burst. Crucially, the
structural lability of the FAD2 gene family—contrasting with

as reorganization or

FAD3 conservation and exemplified by a large block deletion in
oil accession T397—suggests that large-scale copy-number variation
and presence-absence polymorphisms may contribute to variation
in seed oil profiles, providing candidate targets for future
pangenome-assisted breeding in flax.

Data availability statement

The original contributions presented in the study are publicly
available. These data can be found in the NCBI Assembly repository

under the accession numbers GCA_051167515.1, GCA_
052935155.1, GCA_052935085.1, GCA_052935075.1, GCA_
034768395.1, GCA_965225055.1, GCA_965366145.1, GCA_
965231395.1, GCA_946122785.1, GCA_964030455.1, GCA_

000002775.4, GCA_029891385.1., as well as in Zenodo at https://
doi.org/10.5281/zenodo.4872894.

Author contributions

LY: Conceptualization, ~ Writing -  original  draft,
Writing - review and editing. RS: Data curation, Formal
Analysis, ~ Methodology, =~ Writing -  original  draft,
Writing - review and editing. YM: Data curation, Formal

Analysis, Visualization, Writing - review and editing. JZ: Formal
Analysis, Software, Visualization, Writing — review and editing. RH:
Data curation, Resources, Writing — review and editing. YS: Data

curation, Resources, review and editing. YZ:

Writing

Frontiers in Genetics

12

10.3389/fgene.2026.1835945

Conceptualization, Funding acquisition, Supervision,
Writing - review and editing. YC: Conceptualization, Funding

acquisition, Supervision, Writing — review and editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This study was supported by the
National Natural Science Foundation of China (No. 32160448), the
Basic Research Operating Expenses Program for Colleges and
Universities directly under the Inner Mongolia Autonomous
Region (BR231513, BR251304), National Key Research and
Development Program Project (2024YFD1600101) and the Inner
Mongolia ~ Natural ~ Science  Foundation  (2024MS03026,
2025MS03001, 2023LHMS03035).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. During the preparation of this work,
the authors used Gemini 3.1 Pro (Google, Mountain View, CA,
United States) in order to improve the readability and language of
the manuscript. The authors reviewed and edited the content as
needed and take full responsibility for the content of the published
article. All authors have read and agreed to the published version of
the manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2026.1835945/
full#supplementary-material

frontiersin.org


https://doi.org/10.5281/zenodo.4872894
https://doi.org/10.5281/zenodo.4872894
https://www.frontiersin.org/articles/10.3389/fgene.2026.1835945/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2026.1835945/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2026.1835945

Yi et al.

References

Allaby, R. G,, Peterson, G. W., Merriwether, D. A., and Fu, Y.-B. (2005). Evidence of the
domestication history of flax (Linum usitatissimum L.) from genetic diversity of the
sad2 locus. Theor. Appl. Genet. 112, 58-65. doi:10.1007/s00122-005-0103-3

Arondel, V., Lemieux, B., Hwang, I, Gibson, S., Goodman, H. M., and Somerville, C. R.
(1992). Map-based cloning of a gene controlling omega-3 fatty acid desaturation in
Arabidopsis. Science 258, 1353-1355. doi:10.1126/science.1455229

Baggs, E., Dagdas, G., and Krasileva, K. (2017). NLR diversity, helpers and integrated
domains: making sense of the NLR IDentity. Curr. Opin. Plant Biol. 38, 59-67. doi:10.
1016/j.pbi.2017.04.012

Bates, P. D, Fatihi, A., Snapp, A. R,, Carlsson, A. S., Browse, J., and Lu, C. (2012). Acyl
editing and headgroup exchange are the major mechanisms that direct polyunsaturated
fatty acid flux into triacylglycerols. Plant Physiol. 160, 1531-1539. doi:10.1104/pp.112.
204438

Baud, S., and Lepiniec, L. (2009). Regulation of de novo fatty acid synthesis in maturing
oilseeds of arabidopsis. Plant Physiol. biochem. 47, 448-455. doi:10.1016/j.plaphy.2008.
12.006

Baud, S., and Lepiniec, L. (2010). Physiological and developmental regulation of seed oil
production. Prog. Lipid Res. 49, 235-249. doi:10.1016/j.plipres.2010.01.001

Bennetzen, J. L., and Wang, H. (2014). The contributions of transposable elements to the
structure, function, and evolution of plant genomes. Annu. Rev. Plant Biol. 65, 505-530.
doi:10.1146/annurev-arplant-050213-035811

Browse, J., and Somerville, C. (1991). Glycerolipid synthesis: biochemistry and
regulation. Annu. Rev. Plant Physiol. Plant Mol. Biol. 42, 467-506. doi:10.1146/
annurev.pp.42.060191.002343

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinforma. 10, 421. doi:10.1186/
1471-2105-10-421

Campbell, M. S., Holt, C., Moore, B., and Yandell, M. (2014). Genome annotation and
curation using MAKER and MAKER-P. Curr. Protoc. Bioinforma. 48 (4.11.1), 1-4.11.39.
doi:10.1002/0471250953.bi0411s48

Cantalapiedra, C. P., Hernandez-Plaza, A., Letunic, L, Bork, P., and Huerta-Cepas, J.
(2021). eggNOG-mapper v2: functional annotation, orthology assignments, and domain
prediction at the metagenomic scale. Mol. Biol. Evol. 38, 5825-5829. d0i:10.1093/
molbev/msab293

Cosgrove, D. J. (2016). Plant cell wall extensibility: connecting plant cell growth with cell
wall structure, mechanics, and the action of wall-modifying enzymes. J. Exp. Bot. 67,
463-476. doi:10.1093/jxb/erv511

Dar, A. A., Choudhury, A. R, Kancharla, P. K, and Arumugam, N. (2017). The
FAD2 gene in plants: occurrence, regulation, and role. Front. Plant Sci. 8, 1789. doi:10.
3389/fpls.2017.01789

De Bie, T., Cristianini, N., Demuth, J. P., and Hahn, M. W. (2006). CAFE: a
computational tool for the study of gene family evolution. Bioinformatics 22,
1269-1271. doi:10.1093/bioinformatics/btl097

Demenou, B. B., Ndar, A., Pineau, C. P, Hinsinger, D. D., Marande, W., Hourcade, D.,
et al. (2025). Chromosome-scale assembly of European flax (Linum usitatissimum L.)
genotypes and pangenomic analysis provide genomic tools to improve breeding. BMC
Genomics 26, 1008. doi:10.1186/s12864-025-12248-8

Dodds, P. N., Lawrence, G. J., Catanzariti, A.-M., Teh, T., Wang, C.-I. A., Ayliffe, M. A,,
et al. (2006). Direct protein interaction underlies gene-for-gene specificity and
coevolution of the flax resistance genes and flax rust avirulence genes. Proc. Natl.
Acad. Sci. 103, 8888-8893. doi:10.1073/pnas.0602577103

Doebley, J. F., Gaut, B. S., and Smith, B. D. (2006). The molecular genetics of crop
domestication. Cell 127, 1309-1321. doi:10.1016/j.cell.2006.12.006

Dvorianinova, E. M., Zinovieva, O. L., Pushkova, E. N., Zhernova, D. A., Rozhmina, T.
A., Povkhova, L. V., et al. (2023). Key FAD2, FAD3, and SAD genes involved in the fatty
acid synthesis in flax identified based on genomic and transcriptomic data. Int. J. Mol.
Sci. 24, 14885. doi:10.3390/ijms241914885

Eddy, S. R. (2011). Accelerated profile HMM searches. PLOS Comput. Biol. 7, €1002195.
doi:10.1371/journal.pcbi.1002195

Emms, D. M., and Kelly, S. (2015). OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy. Genome
Biol. 16, 157. doi:10.1186/s13059-015-0721-2

Feschotte, C., Jiang, N., and Wessler, S. R. (2002). Plant transposable elements: where
genetics meets genomics. Nat. Rev. Genet. 3, 329-341. doi:10.1038/nrg793

Flagel, L. E., and Wendel, J. F. (2009). Gene duplication and evolutionary novelty in
plants. New Phytol. 183, 557-564. doi:10.1111/j.1469-8137.2009.02923.x

Flor, H. H. (1956). “The complementary genic systems in flax and flax rust,” in Advances
in Genetics (Elsevier), 29-54. doi:10.1016/S0065-2660(08)60498-8

Fu, Y.-B. (2011). Genetic evidence for early flax domestication with capsular dehiscence.
Genet. Resour. Crop Evol. 58, 1119-1128. doi:10.1007/s10722-010-9650-9

Gorshkova, T., Mokshina, N., Mitsuda, N., and Gorshkov, O. (2023). “Key stages of flax
bast fiber development through the prism of transcriptomics,” in The Flax Genome.

Frontiers in Genetics

13

10.3389/fgene.2026.1835945

Editors F. M. You, and B. Fofana (Cham: Springer International Publishing), 149-198.
doi:10.1007/978-3-031-16061-5_8

Green, A. G. (1986). A mutant genotype of flax (Linum usitatissimum L.) containing
very low levels of linolenic acid in its seed oil. Can. J. Plant. Sci. 66,499-503. doi:10.4141/
cjps86-068

Guerriero, G., Behr, M., Legay, S., Mangeot-Peter, L., Zorzan, S., Ghoniem, M., et al.
(2017). Transcriptomic profiling of hemp bast fibres at different developmental stages.
Sci. Rep. 7, 4961. doi:10.1038/s41598-017-05200-8

Gurevich, A, Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality assessment
tool for genome assemblies. Bioinformatics 29, 1072-1075. doi:10.1093/bioinformatics/
btt086

Gutiérrez-Valencia, J., Fracassetti, M., Berdan, E. L., Bunikis, L., Soler, L., Dainat, J., et al.
(2022). Genomic analyses of the linum distyly supergene reveal convergent evolution at
the molecular level. Curr. Biol. 32, 4361-4371.e6. doi:10.1016/j.cub.2022.08.042

Gutiérrez-Valencia, ., Zervakis, P.-1., Postel, Z., Fracassetti, M., Losvik, A., Mehrabi, S.,
etal. (2024). Genetic causes and genomic consequences of breakdown of distyly in linum
trigynum. Mol. Biol. Evol. 41, msae087. doi:10.1093/molbev/msae087

Innes, P. A., Smart, B. C., Barham, J. A. M., Hulke, B. S., and Kane, N. C. (2023).
Chromosome-Scale Genome Assembly of Lewis Flax (Linum lewisii Pursh.). doi:10.1101/
2023.10.10.561607

Jones, J. D., Vance, R. E., and Dangl, J. L. (2016). Intracellular innate immune surveillance
devices in plants and animals. Science 354, aaf6395. doi:10.1126/science.aaf6395

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low
memory requirements. Nat. Methods 12, 357-360. doi:10.1038/nmeth.3317

Kumar, S., Suleski, M., Craig, J. M., Kasprowicz, A. E., Sanderford, M., Li, M., et al.
(2022). TimeTree 5: an expanded resource for species divergence times. Mol. Biol. Evol.
39, msacl174. doi:10.1093/molbev/msac174

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics
34, 3094-3100. doi:10.1093/bioinformatics/bty191

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N, et al. (2009). The
sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079. doi:10.
1093/bioinformatics/btp352

Lisch, D. (2013). How important are transposons for plant evolution? Nat. Rev. Genet.
14, 49-61. doi:10.1038/nrg3374

Los, D. A,, and Murata, N. (1998). Structure and expression of fatty acid desaturases.
Biochim. Biophys. Acta (BBA) - Lipids Lipid Metab. 1394, 3-15. doi:10.1016/S0005-
2760(98)00091-5

Lu, J., Wu, H., Wang, F,, Li, J., Wang, Y., Zhao, Q,, et al. (2025). Telomere to telomere
flax (Linum usitatissimum L.) genome assembly unlocks insights beyond fatty acid
metabolism pathways. Hortic. Res. 12, uhaf127. doi:10.1093/hr/uhaf127

Lynch, M., and Conery, J. S. (2000). The evolutionary fate and consequences of duplicate
genes. Science 290, 1151-1155. doi:10.1126/science.290.5494.1151

Manni, M., Berkeley, M. R,, Seppey, M., and Zdobnov, E. M. (2021). BUSCO: assessing
genomic data quality and beyond. Curr. Protoc. 1, 323. doi:10.1002/cpz1.323

McDill, J., Repplinger, M., Simpson, B. B., and Kadereit, J. W. (2009). The phylogeny of linum
and linaceae subfamily linoideae, with implications for their systematics, biogeography, and
evolution of heterostyly. Syst. Bot. 34, 386-405. doi:10.1600/036364409788606244

Meyer, R. S., and Purugganan, M. D. (2013). Evolution of crop species: genetics of
domestication and diversification. Nat. Rev. Genet. 14, 841-852. doi:10.1038/nrg3605

Meyers, B. C., Kozik, A., Griego, A., Kuang, H., and Michelmore, R. W. (2003). Genome-
wide analysis of NBS-LRR-encoding genes in arabidopsis[W]. Plant Cell 15, 809-834.
doi:10.1105/tpc.009308

Michelmore, R. W., and Meyers, B. C. (1998). Clusters of resistance genes in plants
evolve by divergent selection and a birth-and-death process. Genome Res. 8, 1113-1130.
doi:10.1101/gr.8.11.1113

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., von
Haeseler, A., et al. (2020). IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534. doi:10.
1093/molbev/msaa015

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L.
L., et al. (2021). Pfam: the protein families database in 2021. Nucleic Acids Res. 49,
D412-D419. doi:10.1093/nar/gkaa913

Okuley, J., Lightner, J., Feldmann, K., Yadav, N., Lark, E,, and Browse, J. (1994).
Arabidopsis FAD2 gene encodes the enzyme that is essential for polyunsaturated lipid
synthesis. Plant Cell 6, 147-158. doi:10.1105/tpc.6.1.147

Olsen, K. M., and Wendel, J. F. (2013). A bountiful harvest: genomic insights into crop
domestication phenotypes. Annu. Rev. Plant Biol. 64, 47-70. doi:10.1146/annurev-
arplant-050312-120048

Ou, S., and Jiang, N. (2018). LTR_retriever: a highly accurate and sensitive program for
identification of long terminal repeat retrotransposons. Plant Physiol. 176, 1410-1422.
doi:10.1104/pp.17.01310

frontiersin.org


https://doi.org/10.1007/s00122-005-0103-3
https://doi.org/10.1126/science.1455229
https://doi.org/10.1016/j.pbi.2017.04.012
https://doi.org/10.1016/j.pbi.2017.04.012
https://doi.org/10.1104/pp.112.204438
https://doi.org/10.1104/pp.112.204438
https://doi.org/10.1016/j.plaphy.2008.12.006
https://doi.org/10.1016/j.plaphy.2008.12.006
https://doi.org/10.1016/j.plipres.2010.01.001
https://doi.org/10.1146/annurev-arplant-050213-035811
https://doi.org/10.1146/annurev.pp.42.060191.002343
https://doi.org/10.1146/annurev.pp.42.060191.002343
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1002/0471250953.bi0411s48
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/jxb/erv511
https://doi.org/10.3389/fpls.2017.01789
https://doi.org/10.3389/fpls.2017.01789
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1186/s12864-025-12248-8
https://doi.org/10.1073/pnas.0602577103
https://doi.org/10.1016/j.cell.2006.12.006
https://doi.org/10.3390/ijms241914885
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1038/nrg793
https://doi.org/10.1111/j.1469-8137.2009.02923.x
https://doi.org/10.1016/S0065-2660(08)60498-8
https://doi.org/10.1007/s10722-010-9650-9
https://doi.org/10.1007/978-3-031-16061-5_8
https://doi.org/10.4141/cjps86-068
https://doi.org/10.4141/cjps86-068
https://doi.org/10.1038/s41598-017-05200-8
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1016/j.cub.2022.08.042
https://doi.org/10.1093/molbev/msae087
https://doi.org/10.1101/2023.10.10.561607
https://doi.org/10.1101/2023.10.10.561607
https://doi.org/10.1126/science.aaf6395
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/molbev/msac174
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/nrg3374
https://doi.org/10.1016/S0005-2760(98)00091-5
https://doi.org/10.1016/S0005-2760(98)00091-5
https://doi.org/10.1093/hr/uhaf127
https://doi.org/10.1126/science.290.5494.1151
https://doi.org/10.1002/cpz1.323
https://doi.org/10.1600/036364409788606244
https://doi.org/10.1038/nrg3605
https://doi.org/10.1105/tpc.009308
https://doi.org/10.1101/gr.8.11.1113
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1105/tpc.6.1.147
https://doi.org/10.1146/annurev-arplant-050312-120048
https://doi.org/10.1146/annurev-arplant-050312-120048
https://doi.org/10.1104/pp.17.01310
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2026.1835945

Yi et al.

Ou, S., Su, W,, Liao, Y., Chougule, K., Agda, J. R., Hellinga, A. J., et al. (2019).
Benchmarking transposable element annotation methods for creation of a
streamlined, comprehensive pipeline. Genome Biol. 20, 275. doi:10.1186/s13059-019-
1905-y

Panchy, N., Lehti-Shiu, M. D., and Shiu, S. H. (2016). Evolution of gene duplication in
plants. Plant Physiol. 171, 2294-2316. doi:10.1104/pp.16.00179

Pedersen, B. S., and Quinlan, A. R. (2018). Mosdepth: quick coverage calculation for
genomes and exomes. Bioinform. Oxf. Engl. 34, 867-868. doi:10.1093/bioinformatics/
btx699

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., and Salzberg, S.
L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq
reads. Nat. Biotechnol. 33, 290-295. doi:10.1038/nbt.3122

Price, M. N., Dehal, P. S, and Arkin, A. P. (2010). FastTree 2 - approximately
maximum-likelihood trees for large alignments. PLOS ONE 5, €9490. doi:10.1371/
journal.pone.0009490

Ruiz-Martin, J., Santos-Gally, R., Escudero, M., Midgley, J. J., Pérez-Barrales, R., and
Arroyo, J. (2018). Style polymorphism in linum (linaceae): a case of mediterranean
parallel evolution? Plant Biol. 20, 101-111. doi:10.1111/plb.12670

Sa, R, Yi, L, Sigin, B., An, M,, Bao, H., Song, X,, et al. (2021). Chromosome-level
genome assembly and annotation of the Fiber flax (Linum usitatissimum) genome.
Front. Genet. 12, 1665. doi:10.3389/fgene.2021.735690

Salzberg, S. L. (2019). Next-generation genome annotation: we still struggle to get it
right. Genome Biol. 20 (92), s13059-19-1715-2. doi:10.1186/s13059-019-1715-2

Sanderson, M. J. (2003). r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of a molecular clock. Bioinformatics 19, 301-302.
doi:10.1093/bioinformatics/19.2.301

Soto-Cerda, B. J., Diederichsen, A., Ragupathy, R., and Cloutier, S. (2013). Genetic
characterization of a core collection of flax (Linum usitatissimum L.) suitable for
association mapping studies and evidence of divergent selection between fiber and
linseed types. BMC Plant Biol. 13, 78. doi:10.1186/1471-2229-13-78

Stanke, M., Keller, O., Gunduz, I, Hayes, A., Waack, S., and Morgenstern, B. (2006).
AUGUSTUS: ab initio prediction of alternative transcripts. Nucleic Acids Res. 34,
W435-W439. doi:10.1093/nar/gkl200

Steuernagel, B., Witek, K., Krattinger, S. G., Ramirez-Gonzalez, R. H., Schoonbeek, H.,
Yu, G, et al. (2020). The NLR-annotator tool enables annotation of the intracellular
immune receptor Repertoirel [OPEN]. Plant Physiol. 183, 468-482. doi:10.1104/pp.19.
01273

Su, W., Ou, S., Hufford, M. B., and Peterson, T. (2021). “A tutorial of EDTA: extensive de
novo TE annotator,” in Plant Transposable Elements: Methods and Protocols. Editor
J. Cho (New York, NY: Springer US), 55-67. doi:10.1007/978-1-0716-1134-0_4

Tang, H., Krishnakumar, V., Zeng, X., Xu, Z., Taranto, A., Lomas, J. S., et al. (2024).
JCVTI: a versatile toolkit for comparative genomics analysis. iMeta 3, e211. doi:10.1002/
imt2.211

Frontiers in Genetics

14

10.3389/fgene.2026.1835945

Tuskan, G. A,, Difazio, S., Jansson, S., Bohlmann, J., Grigoriev, L, Hellsten, U, et al.
(2006). The genome of black cottonwood, populus trichocarpa (torr. and gray). Science
313, 1596-1604. doi:10.1126/science.11286

Van De Weyer, A.-L., Monteiro, F., Furzer, O. J., Nishimura, M. T, Cevik, V., Witek, K.,
etal. (2019). A species-wide inventory of NLR genes and alleles in arabidopsis thaliana.
Cell 178, 1261-1272.e14. doi:10.1016/j.cell.2019.07.038

Vitte, C., and Panaud, O. (2005). LTR retrotransposons and flowering plant genome size:
emergence of the increase/decrease model. Cytogene. Genome Res. 110, 91-107. doi:10.
1159/000084941

Vrinten, P., Hu, Z., Munchinsky, M.-A., Rowland, G., and Qiu, X. (2005). Two
FAD3 desaturase genes control the level of linolenic acid in flax seed. Plant Physiol.
139, 79-87. doi:10.1104/pp.105.064451

Wang, Y.-J., Tain, T., Yu, J.-Y,, Li, ], Xu, B., Chen, J,, et al. (2023). Genomic and
structural basis for evolution of tropane alkaloid biosynthesis. Proc. Natl. Acad. Sci. 120,
€2302448120. doi:10.1073/pnas.2302448120

Wu, T., Hu, E.,, Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0: a
universal enrichment tool for interpreting omics data. Innovation 2, 100141. doi:10.
1016/j.xinn.2021.100141

Xu, S., Li, L., Luo, X., Chen, M., Tang, W., Zhan, L., et al. (2022). Ggtree: a serialized data
object for visualization of a phylogenetic tree and annotation data. iMeta 1, e56. doi:10.
1002/imt2.56

Yadav, H. K,, Singh, N,, Singh, B., Kaur, V., and Sawant, S. V. (2025). Telomere-to-
telomere genome assembly of linseed (linum usitatissimum L.) for functional genomics
and accelerated genetic improvement. Plant Biotechnol. J. 23, 3919-3933. doi:10.1111/
pbi.70183

Yandell, M., and Ence, D. (2012). A beginner’s guide to eukaryotic genome annotation.
Nat. Rev. Genet. 13, 329-342. doi:1041038/nrg3174

You, F. M., Xiao, J., Li, P., Yao, Z., Jia, G., He, L., et al. (2018). Chromosome-scale
pseudomolecules refined by optical, physical and genetic maps in flax. Plant J. 95,
371-384. doi:10.1111/tpj.13944

Zervakis, P.-I., Postel, Z., Losvik, A., Fracassetti, M., Solér, L., Proux-Wéra, E., et al.
(2025). Genomic studies in linum shed light on the evolution of the distyly supergene
and the molecular basis of convergent floral evolution. New Phytol. 247, 2964-2981.
doi:10.1111/nph.70392

Zhang, J., Qi, Y., Wang, L, Wang, L., Yan, X,, Dang, Z, et al. (2020). Genomic
comparison and population diversity analysis provide insights into the domestication
and improvement of flax. iScience 23, 100967. doi:10.1016/j.isci.2020.100967

Zhang, P, Xu, T., Wang, S., Yang, X,, Sun, P,, Jia, P., et al. (2026). Highly accurate ab
initio gene annotation with ANNEVO. Nat. Methods 23, 1-9. doi:10.1038/s41592-026-
03036-7

Zohary, D., Hopf, M., and Weiss, E. (2012). Domestication of Plants in the Old World -
The Origin and Spread of Domesticated Plants in south-west Asia, Europe, and the
Mediterranean Basin. Oxford Academic. doi:10.5860/choice.50-4995

frontiersin.org


https://doi.org/10.1186/s13059-019-1905-y
https://doi.org/10.1186/s13059-019-1905-y
https://doi.org/10.1104/pp.16.00179
https://doi.org/10.1093/bioinformatics/btx699
https://doi.org/10.1093/bioinformatics/btx699
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1111/plb.12670
https://doi.org/10.3389/fgene.2021.735690
https://doi.org/10.1186/s13059-019-1715-2
https://doi.org/10.1093/bioinformatics/19.2.301
https://doi.org/10.1186/1471-2229-13-78
https://doi.org/10.1093/nar/gkl200
https://doi.org/10.1104/pp.19.01273
https://doi.org/10.1104/pp.19.01273
https://doi.org/10.1007/978-1-0716-1134-0_4
https://doi.org/10.1002/imt2.211
https://doi.org/10.1002/imt2.211
https://doi.org/10.1126/science.11286
https://doi.org/10.1016/j.cell.2019.07.038
https://doi.org/10.1159/000084941
https://doi.org/10.1159/000084941
https://doi.org/10.1104/pp.105.064451
https://doi.org/10.1073/pnas.2302448120
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1002/imt2.56
https://doi.org/10.1002/imt2.56
https://doi.org/10.1111/pbi.70183
https://doi.org/10.1111/pbi.70183
https://doi.org/10.1038/nrg3174
https://doi.org/10.1111/tpj.13944
https://doi.org/10.1111/nph.70392
https://doi.org/10.1016/j.isci.2020.100967
https://doi.org/10.1038/s41592-026-03036-7
https://doi.org/10.1038/s41592-026-03036-7
https://doi.org/10.5860/choice.50-4995
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2026.1835945

	Comparative genomics across Linum illuminates the evolutionary basis of flax domestication, genome diversification, and see ...
	Introduction
	Methods
	Genomic data acquisition, assembly quality summary, and standardized re-annotation
	RNA-seq-based validation of YY5 gene annotations
	Gene family clustering, phylogenomics, and expansion/contraction analysis
	Annotation of NLR disease resistance genes
	Transposable element annotation and LTR insertion dynamics
	Identification and evolutionary analysis of FAD2 and FAD3 families
	HiFi read-alignment validation of the T397 FAD2-containing structural absence

	Results
	Standardized genome re-annotation and quality assessment of the Linum genus
	Phylogenomic relationships and lineage-associated gene family dynamics in Linum
	Evolutionary contraction and chromosome-level redistribution of the flax NLR repertoire
	Transposable element dynamics drive genome size variation and recent bursts in the Linum genus
	Lineage-specific remodeling of fatty acid desaturase repertoires across Linum highlights copy-number divergence in the FAD2 ...

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


