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Abstract

An integrated comparison of transposable-element landscapes, paleopolyploidy signals and macro-synteny across Boraginales

families remains limited. We analysed seven nuclear assemblies from four families spanning an 11.5-fold range in raw analysed assembly
size (158.3-1,822.6 Mb). TE content ranged from 13.31% to 76.81% of non-N sequence and was strongly associated with logio assembly
size (R?=0.937, p<0.001; n = 7). Intact-LTR age profiles differed among lineages, while their ecological and causal implications remain
untested. A uniform paranome and self-synteny sensitivity analysis identified anchor-supported, window-stable candidate components in
the sampled L. erythrorhizon and P. sempervirens genomes; components in the other five genomes remained descriptive because at least
one candidate-classification condition failed. These within-genome results do not establish a shared ancestral WGD in Boraginaceae or
precise event dates. Gene-based macro-synteny remained detectable across the four families despite their broad assembly-size range.
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Introduction

Boraginales comprise approximately 2,700 species
and have traditionally been treated as 11 families (Luebert
et al., 2016), although recent phylogenomic work has
proposed a revised nine-family framework (Vasile et al.,
2025). Representative taxa include the medicinal
Lithospermum  erythrorhizon, the invasive Echium
plantagineum, and tropical woody genera such as Cordia
and Ehretia. Although publicly available Boraginales
assemblies have increased, the subset suitable for a
uniform comparison remains limited by annotation
availability and assembly usability. We therefore analysed
seven nuclear assemblies from four families, spanning
158.3-1,822.6 Mb in raw analysed assembly size (11.5-
fold), under a common framework for TE annotation,
paranome K analysis and macro-synteny.

Angiosperm genome sizes vary across more than three
orders of magnitude, reflecting polyploidy, TE
proliferation and genome contraction (Lee & Kim, 2014;
Michael, 2014). LTR retrotransposon abundance
contributes substantially to genome-size variation across
angiosperms (Wang et al., 2021), while repeated ancient
duplications are widespread in asterids (Landis ez al., 2018;
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Zhang et al., 2020). Cross-family sampling is needed to
distinguish observations shared among sampled lineages
from signals recovered in only one genome. Previous
studies placed ancient-duplication signals at several levels
within Boraginales, but their taxon sampling, K,
construction, event-placement methods and rate
calibrations differ (Auber ef al., 2020; Tang et al., 2020;
Zhang et al., 2020). Their numerical estimates are therefore
treated here as methodological context rather than as
directly interchangeable event ages. Subsequent genome
releases expanded the available taxonomic scope to L.
erythrorhizon (Auber et al., 2020), Cordia subcordata
(Chen et al., 2023), E. macrophylla (Cheng et al., 2024),
and P. recurvata (Northing et al., 2025).

Among the selected assemblies, E. plantagineum,
Pentaglottis sempervirens and Nemophila menziesii lacked
public gene models suitable for the comparative workflow,
and we therefore generated de novo annotations for these
three genomes. We integrated them with four published
annotations to address two questions: (Q1) How is TE
content associated with the 11.5-fold variation in analysed
assembly size? (Q2) Which within-genome
paleoduplication components withstand a uniform
sensitivity screen, and how much gene-based macro-
synteny is retained across the sampled families?
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Material and Methods

Genome data sources: Seven Boraginales species from four
families were included, with Solanum [lycopersicum as
outgroup (Table 1). “Assembly size” denotes raw length of the
FASTA sequence set used in the comparative analyses,
including N bases. For P. recurvata, this is the primary
chromosome/contig fraction (158.3 Mb) rather than the full
deposited record. Three genomes lacking suitable public gene
models were annotated de novo: E. plantagineum
(GCA_003412495.2), P. sempervirens (GCA_964197855.1),
and N. menziesii (GCA_029959085.1; Shaffer et al., 2022).
The remaining species retained published assemblies and
annotations: L.  erythrorhizon ~ (Purdue  assembly
GCA_019722365.1; Auber et al., 2020), C. subcordata (Chen
et al., 2023), E. macrophylla (the 33-sequence haplotype-a
analysis set; Cheng ef al., 2024), and P. recurvata (Northing
et al., 2025). Family circumscription follows Luebert ef al.,
(2016) and the updated framework of Vasile et al., (2025), in
which Ehretia is placed in Ehretiaceae.

Gene annotation: A unified multi-evidence pipeline was
applied to E. plantagineum, P. sempervirens and N. menziesii.
Homology-based prediction used GeMoMa v1.9 (Keilwagen
et al., 2018; 2019) with proteins from representative asterid
models; transcript evidence was assembled with Trinity and
StringTie (Grabherr et al., 2011; Pertea et al., 2015) from
public RNA-seq data (10 samples for E. plantagineum, seven
for N. menziesii and one for P. sempervirens), and ab initio
prediction used AUGUSTUS (Stanke et al, 20006).
EVidenceModeler and two PASA update rounds integrated
the evidence, and functional annotation combined
InterProScan v5 with DIAMOND searches against major
protein databases (Haas et al., 2008; Jones et al., 2014;
Buchfink et al., 2021). Completeness was assessed with
BUSCO v6 under eudicotyledons_odb12 (2,805 loci; Manni
et al., 2021; Tegenfeldt ez al., 2025) in genome and protein
modes. For the three newly annotated species, complete
BUSCO values were 98.0/92.9% for E. plantagineum,
94.5/91.3% for P. sempervirens and 93.8/82.3% for N.
menziesii  (genome/protein  mode). The Purdue L.
erythrorhizon inputs scored 94.4/77.1%. Genome mode and
protein mode assess non-equivalent inputs, and the retained
records do not allow their differences to be attributed solely to
assembly completeness or solely to gene-model recovery.
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Transposable element annotation: The retained TE-
annotation outputs for the seven analysed assemblies identify
EDTA v2.3 (Ou et al., 2019; 2024). Their summaries were
parsed under one reporting rule. EDTA was selected because
its plant-focused workflow combines structure-based and
homology-based discovery and applies one classification
scheme to intact and fragmented elements. The reported TE
percentage is the exact sum of LTR/Copia, LTR/Gypsy, other
LTR, DNA transposon, LINE, SINE and unclassified base
pairs divided by non-N FASTA length; rDNA and snRNA
were excluded. Raw FASTA length, including N, was
recorded separately as assembly size. For each retained intact
element, the actual analysis defined uncorrected paired-LTR
divergence as p =1 — LTR identity and calculated an identity-
derived insertion-age proxy as T = p/(2r), usingr=1.3 x 108
substitutions site™! year. The rate follows Ma and Bennetzen
(2004), whereas the distance used here is not Kimura two-
parameter corrected. The TE—assembly-size relationship was
tested by ordinary least squares with TE percentage as the
response and logio raw assembly size in Mb as the predictor;
the P value is two-sided, and seven leave-one-out refits
assessed sensitivity to individual species.

Whole-genome  duplication analysis:  Paranome
duplication signals were analysed with the wgd workflow
(Zwaenepoel & Van de Peer, 2019): wgd dmd constructed
paralog families and wgd ksd estimated synonymous-
substitution values. For the mixture analysis, the filtering
order matched wgd v2.0.38 and one CDS set matched to its
gene-coordinate file was used per species. L. erythrorhizon
was restricted to the Purdue assembly and its 26,117-gene
set, for which DMD and KSD were rerun. Complete KSD
records with alignment length >300 were retained when 0
< K, < 5, averaged by paralog family and node, and
transformed as In(Kj). Full-covariance Gaussian mixture
models with K = 1—4 were fitted in scikit-learn (Pedregosa
et al., 2011) with 200 initialisations, a maximum of 200
iterations and fixed species-level seeds. All selected fits
converged. BIC was primary and AIC secondary for
selecting K; component location is reported as exp(p),
where p is the fitted mean on the In (K;) scale. No
alternative clustering family was tested, so fitted
components are treated as descriptive unless they pass the
independent sensitivity screen below.

Table 1. Overview of seven Boraginales species included in this study.

Species Family Assembly TE content Screened Gene Sourced
size (Mb)?* (%)*? component” count®
L. erythrorhizon Boraginaceae 367 43.93 0.392 26,117 Downloaded
E. plantagineum Boraginaceae 349 30.40 Not assigned 33,946 This study
P. sempervirens Boraginaceae 851 63.57 0.324 33,814 This study
P. recurvata Boraginaceae 158 13.31 Not assigned 30,655 Downloaded
C. subcordata Cordiaceae 472 48.49 Not assigned 26,616 Downloaded
E. macrophylla Ehretiaceae 1,823 76.81 Not assigned 29,660 Downloaded
N. menziesii Hydrophyllaceae 1,522 65.93 Not assigned 27,053 This study

2 Assembly size is raw analysed FASTA length, including N, rounded to the nearest megabase. TE content is the exact sum of
LTR/Copia, LTR/Gypsy, other LTR, DNA transposon, LINE, SINE and unclassified base pairs divided by non-N FASTA length;
rDNA and snRNA are excluded. The E. macrophylla value refers to the 33-sequence haplotype-a analysis set. ® A component is listed
only when it met the four within-genome candidate conditions defined in Methods; “Not assigned” means that no screened component
passed all conditions and is not a claim that WGD is absent. © Gene counts are those in the comparative dataset. 9 “This study” denotes
annotations produced de novo; “Downloaded” denotes gene-model sets from the original source
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Numerical reproducibility was checked in two
complete fixed-seed runs, and the screened component in
each species was assessed across seven predefined
alignment/window settings and against independently
rerun self-synteny anchors. A component was classified as
a within-genome paleoduplication candidate only if four
conditions were met: (i) at least 70% and at least 200 self-
synteny anchor pairs mapped to the retained node-averaged
K dataset; (i) component-location change was <15%
across the seven fits; (iii) exp(p) fell within the intersection
of the main anchor-node K; peak full-width-at-half-
maximum intervals obtained with SciPy's gaussian kde
implementation at 0.8%, 1.0x and 1.2x Scott bandwidth,
with peak-centre shifts <15% (Scott, 1992; Virtanen et al.,
2020); and (iv) excluding genes with >50% merged-CDS
overlap with merged EDTA intervals did not change the
interpretation. For rate sensitivity, screened components
were converted algebraically using T = K,/(2r). The value
r=6.5 x 107 substitutions site”! year! is the rounded mean
of the grass Adh estimates reported by Gaut et al., (1996)
and was also adopted by Ma and Bennetzen (2004); 5.2 and
7.8 x 107 are +20% scenarios around that value, and 8.84
x 107 follows Tang et al., (2020). These scenarios show
dependence on the assumed rate; they neither estimate
lineage-specific rates nor establish event dates.

Synteny analysis: Twenty-one pairwise and seven
self-synteny JCVI MCscan analyses were used (Tang et al.,
2008; 2024). The cross-species comparisons used LAST-
based gene matching (Kielbasa ef al., 2011), cscore = 0.7
and a minimum block size of four anchors; within-genome
self-synteny analyses used cscore = 0.7 and a minimum of
five anchors. The retained run records used nucleotide
CDS FASTA files and BED-formatted gene coordinates
rather than whole-genome FASTA sequences, so no
separate whole-genome soft- or hard-masking step was
applied. Complete command records are unavailable for
some cross-species comparisons, and a common TE-
related gene prefilter cannot be confirmed across them.
These outputs are therefore interpreted descriptively as
gene-based collinearity and were not used to classify the
candidate components.

Phylogenomic inference: OrthoFinder v3.1.3 (Emms &
Kelly, 2019) clustered proteins from the eight taxa (seven
Boraginales plus S. lycopersicum). The 839 single-copy
orthologues were aligned with MAFFT (Katoh & Standley,
2013), trimmed with ClipKIT in gappy mode (Steenwyk et
al., 2020), and concatenated into a 540,634-amino-acid
supermatrix. Maximum-likelihood inference was run in
IQ-TREE 3 under LG+G4 (Wong et al., 2026) with 1,000
ultrafast bootstrap replicates (Hoang et al., 2018).

Results

TE content is associated with the 11.5-fold assembly-
size variation: Across the seven assemblies, TE content
calculated against non-N sequence ranged from 13.31% in
P. recurvata (158.3 Mb) to 76.81% in E. macrophylla
(1,822.6 Mb); N. menziesii and P. sempervirens contained
65.93% and 63.57%, respectively (Fig. 1a,b). TE content
was strongly associated with logio raw assembly size (R? =
0.937; two-sided p=0.000343; n = 7). The association
remained positive in every leave-one-out refit (R?=0.893—

0.954; all p<0.005), although the observations are
phylogenetically non-independent. TE composition also
differed sharply: LTR retrotransposons accounted for
69.91% of non-N sequence in E. macrophylla and 56.32%
in P. sempervirens, N. menziesii contained a large LINE
fraction (20.89%), and the unclassified fraction was
highest in L. erythrorhizon (22.61%). These categories
describe annotated sequence composition and should not
be read as rates of gain or loss.

Median identity-derived insertion-age estimates for
retained intact LTR elements were 0.04 Ma in E.
plantagineum, 0.21 Ma in P. sempervirens, 0.37 Ma in N.
menziesii, 0.88 Ma in P. recurvata, 098 Ma in E.
macrophylla, 1.35 Ma in C. subcordata and 2.39 Ma in L.
erythrorhizon (Fig. 1c¢). The contrasting distributions
indicate lineage-specific concentrations of insertion and
retention ages among intact elements; they do not measure
complete TE turnover or current activity. P. recurvata
combined the smallest analysed assembly with the lowest
TE fraction. Its arid annual life history is relevant biological
context, but the present analysis did not test ecological
adaptation or the mechanism of genome compaction.

Paleopolyploidy landscape across the seven sampled
Boraginales genomes: The species tree inferred from 839
single-copy orthologues (Fig. 2a; 540,634-amino-acid
supermatrix; 100% ultrafast bootstrap support at every
internal node) resolves the four-family relationships in a
topology compatible with the sampled family-level
relationships recovered by Vasile ef al., (2025). It provides
phylogenetic context for the within-genome component
summary in Fig. 2b; the components are not mapped to
ancestral branches. N. menziesii showed the longest
terminal branch (0.250 substitutions per site).

Panel a shows the maximum-likelihood species tree
inferred from 839 single-copy orthologues, with S.
lycopersicum as outgroup. Panel b shows the screened
exp(p) component for each genome. Filled points are the
L. erythrorhizon and P. sempervirens components that
met all four candidate conditions; open points are
descriptive components for which at least one condition
failed. Point colours denote families. The panel is not an
absolute-age WGD timeline and does not map a shared
event to an ancestral branch.

Among the four sampled Boraginaceac genomes, L.
erythrorhizon and P. sempervirens contained candidate
components at K, = 0.392 and 0.324, respectively (Figs. 2b
and 3; Table 1). Their maximum component-location
changes across the predefined fits were 3.9% and 2.7%, and
74.5% (2,239 pairs) and 87.4% (5,068 pairs) of their self-
synteny anchor pairs were retained in the filtered node-
averaged K datasets. The E. plantagineum (K, = 0.659) and
P. recurvata (K, = 0.668) components remained descriptive
because their maximum changes were 27.9% and 51.2% and
neither fell within the bandwidth-stable anchor-peak interval
(Fig. 3). Self-synteny provides complementary within-
genome evidence but does not independently date a
component or establish shared ancestry. Tang et al., (2020)
proposed Boraginaceae signals near K, = 0.417 and 0.939
using mixed genome/transcriptome data, whereas Auber et
al., (2020) observed a syntenic-pair peak near 0.45 in L.
erythrorhizon; these are qualitative context rather than
method-equivalent estimates.
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Fig. 1. Assembly size, TE composition and intact-LTR insertion-age distributions across seven Boraginales genomes.

(a) TE content, calculated as the exact seven-class TE sum divided by non-N FASTA base pairs, plotted against raw analysed assembly
size. The x-axis is logarithmic; the dashed line is the ordinary least-squares fit (n = 7; R*=0.937; two-sided P = 0.000343). Point colours
denote families. (b) Contributions of LTR/Copia, LTR/Gypsy, other LTR, DNA transposons, LINE, SINE and unclassified elements to
the same denominator; rDNA and snRNA are excluded. (c) Kernel-density estimates from 0 to 5 Ma for identity-derived insertion-age
proxies of retained intact LTR elements, calculated with p = 1 — paired-LTR identity and T = p/(2r). Local density maxima indicate
concentrations of inferred insertion and retention ages, not direct measurements of current activity or complete TE turnover. Species are

distinguished redundantly by colour, line style and point symbol.
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Fig. 2. Species tree and screened within-genome paleoduplication components for seven Boraginales genomes.

The C. subcordata component was centred at K, = 0.677
and remained descriptive because its location changed by
21.4% across fitting settings. The E. macrophylla component
was centred at K, = 0.497; its location changed by 14.8% and
coincided with the stable anchor-Kj interval, but only 66.7%
(5,454 of 8,182) of self-synteny anchor pairs remained after
the complete-record, alignment-length and K filters, below
the 70% criterion. It is therefore also descriptive. Algebraic

conversion of K = 0.497 gives 38.2 Ma atr=6.5 x 10 and
28.1 Ma at r = 8.84 x 107 substitutions site* year'; these
values illustrate rate sensitivity and are not event-age
estimates. Tang et al., (2020) reported K =~ 0.675 and 38.17
Ma for transcriptome-derived E. microphylla under a different
workflow and rate. Species, input construction, component
definition and calibration preclude a direct biological
interpretation of the numerical contrast.
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In the single sampled N. menziesii genome, the
screened component was centred at K = 0.684, changed by
60.3% across fitting conditions and lay below the stable
self-synteny anchor-peak interval of K, =0.813—-1.767. We
therefore assigned it neither to a younger nor to an ancestral
duplication event. Overall, only two of the seven screened
components met all four within-genome candidate
conditions; the remaining five are reported descriptively
rather than converted into lineage-level WGD claims.

Panel a compares each screened exp(u) value with the
bandwidth-stable full-width-at-half-maximum interval of
the self-synteny anchor-node K peak. Panel b shows the
maximum relative component-location change across
seven predefined alignment/window fits; the dashed line
marks the 15% condition. Panel ¢ shows the proportion of
self-synteny anchor pairs mapped after KSD filtering; the
dashed line marks the 70% condition. Filled symbols/bars
denote the two components that met all four candidate
conditions; open symbols and grey bars denote descriptive

components. The fourth condition, positional sensitivity to
removal of genes with high merged-CDS/EDTA overlap,
did not change any classification.

Cross-family macro-synteny conservation: Pairwise
JCVI MCscan analyses recovered gene-based collinear
blocks across the four sampled families (Fig. 4;
representative ribbons in Fig. 5). The largest off-diagonal
matrix count was E. plantagineum x P. sempervirens
(28,762 anchors). Cross-family comparisons also retained
substantial counts, including N. menziesii x E.
plantagineum (14,545) and E. macrophylla x E.
plantagineum (20,671). Block-level structure remained
evident in the ribbon plots despite the broad range in
analysed sequence-set size. Because complete command
records are unavailable for some cross-species
comparisons, these counts are used as a descriptive
macro-synteny comparison rather than as a test of TE-
filtered anchor recovery.
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Fig. 5. Representative macro-synteny ribbons using E. plantagineum as the common reference.

Panel a shows the JCVI MCscan self- and pairwise-
anchor matrix. Diagonal cells report within-genome self-
synteny analyses (cscore = 0.7; minimum block size of five
anchors), whereas off-diagonal cells report cross-species
comparisons (cscore = 0.7; minimum block size of four
anchors). Panel b summarizes pairwise anchor-count
distributions by family context on a logarithmic scale. The
off-diagonal comparisons are descriptive and were not
used to classify the candidate components in Fig. 3.

Karyotype ribbons show JCVI MCscan blocks
between each focal species and E. plantagineum LGI1-
LGS. Only blocks with >10 anchor genes confined to one
top-track chromosome are drawn and coloured by the top-
track chromosome. Panels show (a) P. sempervirens x E.
plantagineum, (b) P. recurvata x E. plantagineum, (c) N.
menziesii x E. plantagineum, and (d) E. macrophylla *x E.
plantagineum. Drawn-anchor counts after block and top-
track filtering differ from the non-redundant pairwise
counts in Fig. 4. The Purdue L. erythrorhizon input is a
fragmented, non-chromosome-scale contig assembly
without chromosome-level pseudomolecules and was
therefore omitted from the ribbon panels; its self-synteny
result remains represented in Fig. 4.

Discussion

TE content is strongly associated with assembly-size
variation: TE content was strongly associated with raw
assembly size in this seven-genome comparison. The
association was insensitive to omission of any one species,
but its cross-sectional and phylogenetically non-independent
basis leaves the causal contribution of TE accumulation
unresolved. LTR sequence predominated in the two largest
analysed assemblies, consistent with substantial retention in
their present sequence content. Distinguishing insertion,
removal and host-silencing histories will require lineage-
aware analyses and additional genomes.

The compact P. recurvata assembly and the TE-rich
E. macrophylla and N. menziesii assemblies occupy
opposite ends of the comparison. Habitat and life history
were not tested as explanatory variables, leaving adaptive
genome compaction in P. recurvata untested. Intact-LTR
age profiles summarize elements retained and recognizable
in each assembly. They identify concentrations of
relatively young inferred ages without quantifying
complete turnover, separating activity from differential
removal, or demonstrating an ecological consequence.

Paleopolyploidy landscape in cross-family context:
Earlier transcriptome and single-genome studies inferred
ancient-duplication signals in Boraginaceae. In the present
comparison, only L. erythrorhizon and P. sempervirens
met the four-condition within-genome candidate rule. The
E. plantagineum and P. recurvata components failed the
same rule, leaving the sampled within-genome evidence
insufficient to establish a shared ancestral WGD in
Boraginaceae. Testing shared ancestry would require
cross-species collinearity or phylogenomic duplication
mapping that places homologous duplicated blocks or gene
duplications on the ancestral branch. The Cordiaceae,
Ehretiaceae and Hydrophyllaceae results each derive from
one genome and therefore apply only to the sampled
lineage. The E. macrophylla component also shows why
absolute-age comparisons must be cautious: applying
different assumed rates to the same K value shifts the age
algebraically, while different species and paralog-
construction methods add further non-equivalence.

For N. menziesii, assembly incompleteness alone is not
an adequate explanation: genome-mode BUSCO
completeness was 93.8% and the assembly is scaffold-level.
However, protein-mode completeness was lower (82.3%),
the genome was annotated de novo without a public
reference annotation, and its number of self-synteny anchor
pairs was the lowest of the seven. A genuine absence of a
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younger lineage-specific duplication would produce a
similarly sparse young-duplicate signal, while K saturation,
alignment filtering and the 60.3% fitting-window movement
further reduce resolution. One genome cannot separate these
possibilities. Chromosome-scale assemblies for additional
Hydrophylloideae genera, sampling of several species
within the subfamily, and chromosome counts or
cytogenetic evidence are needed; until then, no family-wide
absence or presence claim is made.

Contrasting dynamics of TE load and chromosomal
architecture: Gene-based macro-synteny remained
detectable across assemblies that differ 11.5-fold in size.
We could not test whether TE accumulation was
concentrated in pericentromeric regions or dispersed along
chromosome arms because several assemblies lack
chromosome-scale pseudomolecules and comparable
centromere annotations. The preserved collinearity
describes gene order; its relationship to the chromosomal
distribution of TE insertions remains unresolved.

Limitations: The seven assemblies are phylogenetically non-
independent, and Cordiaceae, Ehretiaceae and
Hydrophyllaceae are each represented by one genome.
Assembly and annotation provenance differ among species.
K, mixtures and algebraic age conversions depend on input
construction, model selection and assumed substitution rates;
no alternative clustering family or lineage-specific rate test
was performed. Complete command records are unavailable
for some cross-species MCscan comparisons. The merged-
CDS/EDTA-overlap analysis is a positional sensitivity check,
not a functional identification of TE-derived gene models or a
direct quantification of spurious anchors. Uniform centromere
annotations and cytogenetic validation are unavailable. These
limitations restrict causal, family-wide and precise
chronological interpretation.

Conclusion

Across the seven sampled genomes, TE content varied
from 13.31% to 76.81% of non-N sequence and was
strongly associated with assembly size. Differences in TE
composition and identity-derived intact-LTR age
distributions document heterogeneous TE landscapes
across Boraginales, but they do not resolve complete TE
turnover, causality or adaptive significance. Two sampled
genomes contained anchor-supported, window-stable
paleoduplication candidate components, while the other
five screened components remained descriptive. These
within-genome signals do not establish a shared ancestral
event or yield precise WGD dates. Gene-based macro-
synteny remained detectable across the four sampled
families despite broad differences in analysed sequence-set
size¢ and TE abundance. Broader chromosome-scale
sampling and cytogenetic evidence are needed, particularly
within Hydrophylloideae.
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