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ARTICLE INFO ABSTRACT

Keywords: Diatoms are key players in aquatic ecosystems, having evolved through secondary endosymbiosis. Using long-

Cf’mparatlve genomics read sequencing, we investigated how transposable elements (TEs) and gene family dynamics have shaped

ED‘atlo‘:?s diatom diversification from inter-lineage to intra-species scales. Across diatom lineages, we identified ecological
volution

adaptation-linked expansions, including polyamine synthesis genes for silicification and glutathione S-trans-
ferases for oxidative stress resistance. Centric diatoms showed lineage-specific expansion of flotation-associated
microtubule genes, while pennate diatoms expanded motility-related actin and myosin genes. At the intra-species
level, distinct Phaeodactylum tricornutum strains revealed genomic adaptations correlated with their unique
features, including strain-specific expansion and contraction in the cruciform strain's morphological genes and
the Baltic Sea isolate's amine metabolism genes. Our estimates of major lineage divergence times in diatoms
(~202 Myr and ~ 173 Myr) were highly consistent with the two deep whole-genome duplication (WGD) events
(~200 Myr and ~ 170 Myr). At these evolutionary nodes, gene families showed extensive lineage-specific ex-
pansions and contractions, likely linking ancient polyploidy to subsequent gene content evolution. Substantial TE
expansions occurred more recently (0.5-5 Ma), with most diatoms showing recent bursts of Long Terminal
Repeat Retrotransposons (LTR-RTs) and araphid pennate diatoms displaying more ancient TE insertion peaks.
This likely reflects the progressive loss of ancient TE copies, leaving only recent TE insertions detectable. Our
findings provide genomic evidence for the adaptive evolution of diatoms, highlighting the crucial roles of TEs
and gene family dynamics in shaping their morphological diversity and environmental adaptations, and sug-
gesting a potential connection between WGDs, gene family dynamics, and TE insertions in genome evolution.

Long-read sequencing
Phaeodactylum tricornutum
Transposable elements

1. Introduction

Diatoms are ecologically dominant unicellular algae that originated
through secondary endosymbiosis and contribute ~20% of global pri-
mary production [1,2]. Fossil records suggest that diatoms first
appeared during the Cretaceous [3,4]. Diatoms are generally classified
as centric or pennate [5]. Centric diatoms typically have silica frustules
that are radially or cylindrically shaped, lacking a raphe, and exhibiting
limited mobility [6]. Pennate diatoms exhibit bilateral symmetry and
typically possess a raphe that enables motility [7].

Among pennate diatoms, Phaeodactylum tricornutum has emerged as
a model species due to its morphological plasticity, physiological
adaptability, and availability of multiple natural strains [8]. Previous
studies have revealed extensive genetic and transcriptomic diversity

* Corresponding author.
E-mail address: xinlinulm@xmu.edu.cn (X. Lin).

https://doi.org/10.1016/j.algal.2026.104605

among its strains [9] [10]. To investigate intraspecific genome evolution
in a controlled framework, we focused on three P. tricornutum strains
(PtSCS, PtECS, and Pt4) that represent distinct ecological, morpholog-
ical, and genomic backgrounds within the species. Pt4 is a Baltic Sea
strain adapted to low salinity and low light environments and has been
widely recognized as an ecophysiologically distinct lineage [11,12].
PtSCS and PtECS originate from the South China Sea and East China Sea,
respectively, but exhibit marked morphological divergence: PtSCS is
predominantly fusiform [13], while PtECS is characterized by a cruci-
form shape. Here, for the first time, we report the genome sequencing
data of the cruciform strain of P. tricornutum. Together, these strains
capture substantial intraspecific diversity across contrasting morpho-
types and ecological niches.

Comparative genomics provides a powerful framework to investigate
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genome architecture, genetic diversity, and evolutionary mechanisms
across species [14]. With the advent of long-read sequencing, which
produces highly complete genome assemblies, it has become possible to
systematically study lineage-specific adaptations and evolutionary
mechanisms [15]. Recent advances in plant comparative genomics are
exemplified by genomic analyses elucidating the origin of Citrus species
[16], in-depth studies of Allium fistulosum [17], and the assembly of the
Malus baccata genome, which revealed adaptive gene family evolution
[18]. Short-read comparative analyses have revealed genomic signa-
tures underlying marine-to-freshwater transitions in diatoms [19]. But
the contributions of gene family expansions and contractions to diatom
diversification remain poorly understood.

In eukaryotes, whole-genome duplication (WGD), is a major mech-
anism generating new templates for evolutionary innovation [20,21]
with biased retention of dosage-sensitive genes (e.g., transcription fac-
tors) typically causing gene family expansions/contractions [22].
Transposable elements (TEs) are recognized as major drivers of genome
architecture and eukaryotic evolution by introducing mutations and
genetic novelty [23]. In diatoms, which experience highly variable
environmental conditions and rapid ecological diversification, these
processes may play an especially important role in facilitating metabolic
flexibility, regulatory innovation, and niche adaptation. However, how
WGDs, TE activity, and gene family dynamics interact to shape diatom
evolution remains poorly understood. Characterizing and comparing
TEs using short-read sequencing remains challenging due to difficulties
in resolving repetitive flanking regions essential for accurate TE detec-
tion [24]. Long-read sequencing technologies such as PacBio and Oxford
Nanopore (ONT) provide critical advantages in resolving repetitive se-
quences, thereby enabling more comprehensive TE identification and
revealing hidden genomic diversity, such as structural variants and TE-
rich regions [25]. Recent studies using long-read sequencing have un-
covered extensive TE repertoires and their regulatory roles across eu-
karyotes [26-28].

Previous studies, particularly in plants, have shown that TE bursts
often follow WGD, a pattern initially framed by McClintock's “genome
shock” hypothesis, which proposed that WGD could trigger immediate
TE activation [29]. More recent studies, however, suggest that TE
accumulation was often a slower, long-term process shaped by relaxed
purifying selection in polyploids [30] [31]. TE proliferation was also
frequently associated with rapid genome size increases, which may
occur independently or in synergy with WGD [32].

Diatoms have experienced multiple ancient whole-genome duplica-
tions [33], yet how these events interact with subsequent TE prolifera-
tion and gene family evolution remains unclear. Addressing these gaps
requires integrating long-read sequencing with comparative genomic
approaches across multiple diatom lineages, which offers a unique op-
portunity to examine how these processes collectively drive ecological
diversification in diatoms. Based on the above background, the scientific
question of this study is: (1) How do TE landscapes vary across diatom
lineages? (2) how do gene family dynamics influence adaptive evolution
in diatoms, and what gene families have expanded or contracted in as-
sociation with ecological adaptations in diatoms? (3) What is the rela-
tionship between WGDs, gene family dynamics, and TE proliferation?

In this study, we compiled long-read sequencing data from 29 di-
atoms and representative outgroups (one coccolithophore, three green
algae, and four red algae) to analyze TE diversity and gene family
expansion/contraction across lineages. In parallel, we generated ONT-
based genomes for three geographically distinct P. tricornutum strains
to examine how TE dynamics and gene family variation contribute to
functional and physiological differentiation within a model species. We
further investigated the relationships between WGDs, gene family dy-
namics, and TE proliferation to understand their coordinated roles in
shaping genome evolution. Together, this comparative genomics with
strain-level analyses provides new insights into the evolutionary forces
shaping diatom diversity.
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2. Materials and methods
2.1. Genome sequencing of P. tricornutum

Three P. tricornutum strains—PtSCS, PtECS, and Pt4—were
sequenced (Fig. 1). Pt4 was isolated from the Baltic Sea and deposited in
the Culture Collection of Algae and Protozoa (CCAP 1052/6) [9]. PtSCS
was collected from the South China Sea in 2004 and deposited in the
Center for Collections of Marine Bacteria and Phytoplankton, Xiamen
University (CCMBP106) [34]. PtECS, a cruciform strain from the
Yangtze River estuary in the East China Sea, was deposited in the same
collection (CCMBP267).

Cultures were treated with an antibiotic cocktail, maintained in f/2
enriched seawater at 19 °C under a 12 h light/dark cycle, and harvested
during exponential growth. High-quality genomic DNA was extracted
following the protocol described in [35]. Cells were harvested by
centrifugation and lysed in SDS buffer. The lysates were subjected to ten
freeze-thaw cycles, followed by digestion with proteinase K and treat-
ment with RNase A. DNA was then purified by phenol-chloroform
extraction and isopropanol precipitation, and finally resuspended in 10
mM Tris-HCI (pH 8.0).

Sequencing was performed at Biomarker Technologies (Beijing,
China) using Oxford Nanopore Technology (ONT). Long reads (up to ~2
Mbp) were generated with the SQK-LSK109 ligation kit. Raw signals
were collected using MinKNOW and subsequently base-called with
Guppy (Oxford Nanopore Technologies; specific version information not
available from archived data), and converted to FASTQ format for
downstream analysis [25,36].

2.2. Genome assembly and annotation

We conducted de novo genome assembly using filtered reads,
employing NextDenovo followed by NextPolish-based long-read
correction (two rounds) and Pilon-mediated short-read polishing (three
rounds) with Illumina data. Gene structural annotation was conducted
using Braker2 [37] and EVidenceModeler (EVM) processes, to incor-
porate transcriptomic data. Additionally, gene function annotation was
conducted using EggNOG-mapper [38].

2.3. Genomic data compiled and analysis of long-read sequencing data

We analyzed long-read genome assemblies from diatoms and
representative outgroups, retaining only high-contiguity genomes with
reliable gene annotations to ensure robust inference of TE landscapes
and gene family dynamics. We analyzed published genomic data from
29 diatoms sequenced with Nanopore/PacBio platforms, including the
P. tricornutum strain Pt1 isolated from the British Irish Sea [35]. Only
diatom genomes meeting stringent quality criteria were included in this
study: those based on long-read assemblies with sufficient contiguity
and supported by high-quality gene annotation files to ensure accurate
TE and gene family analysis, as well as reliable TE insertion-time
inference.

The dataset also incorporated one coccolithophore, three green
algae, and four red algae obtained from NCBI, JGI, and Ensembl data-
bases. We performed comparative genomic analysis on selected diatoms
and outgroups (one coccolithophore, three green algae, and three red
algae) with high-quality genomes and GFF annotations (Table 1).

Genome completeness was assessed using BUSCO v5.4+ with both
universal eukaryotic (eukaryota_odb10) and lineage-specific datasets:
stramenopiles_odb10 for diatoms, chlorophyta_odb10 for green algae,
and rhodophyta_odb12 for red algae, ensuring the most appropriate
evolutionary context for each taxonomic group. BUSCO completeness
assessment revealed generally high genome quality across the analyzed
species, with scores ranging from 76.0% to 100%. Most diatom genomes
showed excellent assembly quality (92-99% BUSCO), with Nitzschia
inconspicua being complete at 100%.
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Fig. 1. Analysis of divergence times and gene family evolution in 14 diatom species, based on long-read sequenced, well-annotated nuclear genomes from both
pennate and centric lineages, one coccolithophore, three green algae, and three red algae. Different phyla are colour-coded. The expansion (+) and contraction (—) of
gene families are displayed on the phylogenetic branches. Pie charts following species names show contraction (red), expansion (green), and unchanged (blue) gene
families, while numbers following each node indicate estimated divergence times for those taxa. One unit of length equals one million years. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Comparative genomic analysis of diatoms and selected
coccolithophore, red and green algal species

We conducted a comparative genomic analysis of 21 species,
including 14 diatoms with high-quality annotated genomes (pennate
and centric), one coccolithophore, three green algae, and three red algae
as outgroups. The diatoms included four P. tricornutum strains (Pt1, Pt4,
PtSCS, PtECS). We performed gene family clustering analysis using
Diamond (v2.1.8) to compare sequences and identify homologous pro-
teins, followed by OrthoFinder [59] to cluster gene families and identify
shared and unique ones.

We reconstructed the phylogeny and estimated divergence times
using a Bayesian approach in MCMCtree (PAML package; [60]). The
analysis was based on OrthoFinder-derived alignments filtered with
TrimAl (gt = 0.6, cons = 60), with the species tree constructed using
RAXML-HPC-PTHREADS and rooted in MEGA. Divergence times were
estimated using the MCMCtree tool. Gene family expansions and con-
tractions were analyzed using CAFES5 [61].

We performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses on expanded/contracted
gene families across different evolutionary nodes. In addition to analyses
at key evolutionary nodes, we also conducted species-specific GO and
KEGG analyses for the model diatom P. tricornutum, N. inconspicua
(selected due to its extensive gene family expansion), and the two ara-
phid pennate diatoms. The araphid pennate diatom Psammoneis japonica
and Fragilaria crotonensis displayed unique genomic and TE features,
suggesting their potential transitional position in diatom evolution be-
tween centric and pennate diatoms. To explore their evolutionary rela-
tionship within the centric-pennate diatom divergence, we performed
whole-genome duplication (WGD) analysis using the ‘WGD’ tool,
calculating synonymous substitutions per synonymous site (Ks) [62].

2.5. TE annotation and divergence analysis of diatoms and representative
red algal and green algal species

TE annotation was performed using a sequential, integrated pipeline.
First, comprehensive de novo TE identification and initial classification
were conducted using the Extensive de novo TE Annotator (EDTA,
v2.2.2) [63], which detects TEs based on structural features including
terminal repeats, target site duplications, and homology. Second,
DeepTE [64], a deep learning-based classifier, was applied to refine the
classification of TEs that remained unclassified or ambiguously anno-
tated by EDTA. This complementary approach maximizes both the
sensitivity of TE detection and the accuracy of superfamily assignment.
Based on the integrated annotation results, we compiled characteristic
parameters of TEs across different species of diatoms, green algae, and
red algae.

To investigate TE dynamics in diatoms, we analyzed LTR-RT inser-
tion patterns in a subset of 12 diatom species selected based on two
criteria: (i) relatively high LTR-RT abundance, ensuring sufficient signal
for insertion time inference, and (ii) high-quality, near-chromosome-
level genome assemblies, minimizing biases associated with assembly
fragmentation in repetitive regions. These species were selected from
the available diatom genomes to balance phylogenetic diversity while
ensuring reliable estimation of LTR-RT insertion dynamics and
capturing key evolutionary and functional variation within diatoms. We
dated Long Terminal Repeat Retrotransposons (LTR-RTs) insertion time
using a sequence identity-based consensus approach, where the nucle-
otide identity between individual TE copies and their subfamily
consensus sequences serves as a proxy for time since insertion. To
further place these estimates on an absolute timescale, we applied a
molecular clock calibration based on the mutation rate of P. tricornutum
[65]. Using RAXML, we constructed a phylogenetic tree based on the RT
domains of full-length LTR-RTs.
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Table 1

Overview of genomic data from published studies for selected diatoms, red algae, and green algae, including species name, sequencing technology used (e.g.,
Nanopore, PacBio, Illumina), genome size in megabase pairs (Mbp), number of contigs, the length of the largest contig in Mbp, the sequence length of the shortest
contig at 50% of the total assembly length (N50) in Mbp, GC content percentage, Data source, and the score of Busco.

Species Sequencing Size Contigs Largest N50 GC Annotation  Data source Busco
technology (Mbp) length (Mb) (Mb) content (%)
Phaeodactylum Nanopore 32.93 45 2.884 1.161 47.36% v NCBI:PRINA487263 93.0

tricornutum (Pt1)
[35]

Mayamaea Nanopore 30.63 41 2.995 1.068 40.60% \/ DDBJ: 95.0
pseudoterrestris [39] BROI01000001-BROI101000041
Seminavis robusta [40] PacBio;Illumina 125.57 4752 0.318 0.051 39.94% \/ ENA:PRJEB36614 99.0
Fragilariopsis cylindrus PacBio 80.54 271 5.926 1.296 36.44% \/ DDBJ/EMBL:PRJEB15040 94.0
[41]
Nitzschia inconspicua PacBio 99.92 125 6.575 3.618 38.79% \/ NCBI:PRJNA675887 100
[42]
Fragilaria crotonensis Nanopore; 62.11 881 0.902 0.089 43.23% \/ NCBI:PRJNA807324 76.0
[43] Illumina
Thalassiosira Nanopore 33.82 52 2.762 1.385 46.95% \/ NCBI:PRIJNA487263 96
pseudonana [35]
Volvox africanus [44] PacBio;Illumina 129.33 448 6.702 1.357 39.21% \/ DDBJ:DRA010672 82.2
Scenedesmus sp. [45] PacBio 39.97 80 4.854 1.281 25.26% \/ NCBI:PRINA637367 91.1
Chlorella vulgaris [46] PacBio;Illumina 40.44 45 5.423 2.825 40.05% \/ DDBJ:SIDB00000000 99.0
Porphyridium purpureum  Nanopore 22.19 52 5.718 1.854 49.70% \/ NCBI:PRJNA560054 84
[471]
Gracilariopsis chorda PacBio 92.18 1211 1.357 0.22 35.33% \/ NCBI:PRJNA560054 93
[48]
Chaetoceros tenuissimus Nanopore; 41.15 87 4.456 2.427 34.58% \/ NCBI:PRINA361418 95
[49] Illumina
Cyclotella cryptica [50] Nanopore; 166.00 662 2.498 0.494 32.96% Vv NCBI:PRINA628076 96
Illumina
Skeletonema marinoi PacBio;Hi-C 63.00 52 5.945 3.005 38.64% \/ NCBI:PRJNA960877 92
[51]
Psammoneis japonica PacBio;Illumina 89.00 597 1.222 0.378 41.31% \/ NCBI:PRJNA476996 78
Pyropia yezoensis [52] PacBio;Hi-C; 104.00 28 436 34.3 32.82% \/ NCBI:PRJNA589917 92
Illumina
Attheya sp. [53] PacBio 155.83 712,539 0.07 0.0029  43.34% NCBI:PRINA517804
Cyclotella meneghiniana PacBio 117.82 397,078 0.069 0.0029  43.40% NCBI:PRINA825288
[54]
Fistulifera pelliculosa Nanopore 30.16 8063 0.18 0.021 41.55% NCBI:PRJDB12112
Amphora coffeaeformis PacBio 42.3 3718 0.22 0.025 47.71% NCBI:PRINA517804
[53]
Minidiscus variabilis PacBio 76.19 584 1.57 0.36 40.08% JGI:CCMP495 v1.0
Nitzschia putrida [53] PacBio RSII; 47.13 234 3.79 0.55 43.21% NCBI:PRINA517804
Ilumina
Skeletonema costatum PacBio; Illumina 51.13 1282 0.76 0.098 39.37% NCBI:PRIJNA647329
[55]
Thalassiosira oceanica PacBio 83.51 48,312 0.049 0.004 43.79% NCBI:PRINA517804
[53]
Chaetoceros muellerii PacBio 37.74 8639 0.21 0.02 36.85% NCBI:PRINA517804
[53]
Chaetoceros calcitrans PacBio 23.09 12,915 0.096 0.017 39.52% NCBI:PRJNA517804
[53]
Chaetoceros neogracile PacBio 34.98 12,407 0.22 0.024 41.96% NCBI:PRINA517804
[53]
Skeletonema menzelii PacBio 38.93 34,909 0.096 0.012 44.72% NCBI:PRJNA517804
[53]
Skeletonema dohrnii PacBio 59.40 43,142 0.099 0.006 45.17% NCBI:PRINA517804
[53]
Cylindrothec fusiformis PacBio 49.97 27,045 0.347 0.017 45.71% NCBI:PRINA517804
[53]
Navicula incerta [53] PacBio 60.9 21,614 0.0625 0.003 44.78% NCBI:PRJNA517804
Navicula pelliculosa PacBio 28.12 3258 0.181 0.022 49.01% NCBI:PRINA517804
[53]
Epithemia pelagica PacBio 60.52 23 6.983 3.86 41.71% NCBIL:PRJEB56202
Craspedostauros PacBio 74.83 920 3.87 1.72 44.68% NCBI:PRJNA517804
australis [53]
Galdieria partita [56] PacBio 17.97 82 0.365 0.225 33.42% \/ NCBI:PRJDB12742 95
Porphyra umbilicalis PacBio 87.89 2126 0.971 0.202 39.36% \/ DDBJ:MXAKO00000000 80
[57]
Emiliania huxleyi [58] PacBio 190 600 3.53 0.68 63.31% \/ NCBI:PRINA789191 77.7
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3. Results

3.1. Estimation of divergence time and gene family expansions and
contractions among diatoms

To reconstruct diatom evolutionary history, we analyzed 21 ge-
nomes, including 14 diatoms representing major centric and pennate
lineages, alongside one coccolithophore, three green algae, and three
red algae. Divergence time estimates place the origin of diatoms at ~202
Myr, with centric diatoms emerging earlier (~173 Myr) and pennate
diatoms diversifying later, including Psammoneis japonica (~161 Myr)
and Fragilaria crotonensis (~97 Myr), consistent with previous evolu-
tionary frameworks [66].

In diatoms, glutathione metabolism genes—particularly glutathione
S-transferases—showed widespread expansion, as did polyamine meta-
bolism and carotenoid biosynthesis pathways, both central to frustule
silicification and photoprotection. In centric diatoms, gene families
related to microtubules and cellular protrusions were expanded.
Pennate diatoms displayed expansions of actin- and myosin-related
genes underlying motility (Supplementary Table S2).

The pennate araphid diatoms P. japonica and F. crotonensis showed
substantial gene family contractions (1834 and 1574, respectively).
C. cryptica expanded 1458 gene families, while S. robusta and
N. inconspicua expanded 1286 and 3703 gene families, respectively
(Fig. 1).

Functional enrichment pointed to expansions of fucoxanthin chlo-
rophyll a/c binding proteins, HSP70s, carbonic anhydrases, and Rubisco
at key evolutionary nodes (Supplementary Table S5). We observed a
striking gene family expansion in N. inconspicua, with functional
enrichment analyses revealing that the expanded families were pri-
marily associated with spliceosome, ribosome, RNA metabolism, and
cell cycle regulation (KEGG), as well as nitrogen compound transport,

B Pennate diatoms
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protein localization, energy metabolism, and organelle organization
(GO) (Fig. S3, S4). In P. tricornutum, genes involved in DNA integration
and histone modifications showed pronounced expansions, suggesting
lineage-specific regulatory innovations (Supplementary Table S2).

3.2. The diversity of TEs in diatoms and comparison with other algal
species

To examine TE distribution patterns across algal lineages, we
analyzed and compared TE content in diverse diatoms, green algae, and
red algae. Cyclotella cryptica had the highest overall TE and LTR-RT
proportions among diatom genomes (53.37% and 34.98%, respec-
tively). Attheya sp. ranked second in total TE content (47.84%) and
displayed the highest proportion of TIR elements (15.84%) among all
species analyzed (Fig. 2; Supplementary Table S1). Chaetoceros australis
had the second-highest LTR-RT proportion (17.95%).

Species with larger genomes, such as C. cryptica (166 Mb) and
Attheya sp. (155.8 Mb), contained substantially higher proportions of
TEs compared to species with smaller genomes. Notably, F. crotonensis,
an araphid pennate diatom, exhibited distinctive TE distribution pat-
terns with LTR-RTs accounting for up to 90% of its total TE content.

3.3. Phylogenetic analysis of LTR-RTs indicates divergent insertion
patterns among diatoms

We conducted a phylogenetic analysis using conserved domain se-
quences to elucidate the distribution and evolution of LTR-RTs across
different diatom species. C. cryptica, F. crotonensis and P. japonica
exhibited high LTR-RT diversity. In contrast, Thalassiosira pseudonana
exhibited markedly lower LTR-RT diversity (Fig. 3).
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Fig. 2. The content of TEs in 32 species of diatoms, three green algae and five red algae species. The left side of the figure shows the phylogenetic relationship of
centric diatoms, pennate diatoms, green algae, and red algae, represented in different colour areas; the right side represents the proportion of TEs in the genome of
each species, with different colors distinguishing different types of TEs (subdivided into superfamilies). The phylogenetic relationship between different diatoms and
other algae species is based on NCBI common tree (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Species
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Fig. 3. The phylogenetic analysis of LTR-RTs across eight diatom species (including five representative pennate and centric species) based on conserved domain
sequences. The tree was constructed using conserved RT domain sequences. Different colored labels represent different diatom species.

3.4. Diversity in LTR-RT insertion patterns among diatoms

Twelve selected diatom species from the available diatom genomes
represent evolutionary and functional variation within diatoms while
enabling reliable estimation of LTR-RT insertion dynamics. Insertion
times were estimated using sequence identity between LTR-RT elements
and their ancestral sequences based on EDTA annotations. Higher
sequence identity indicates more recent insertions, whereas lower
identity reflects older events that have accumulated mutations over

time.

Most diatoms exhibited a recent burst of LTR-RT activity. Attheya sp.
showed the most prominent recent peak, while C. cryptica and Psam-
moneis japonica—despite their high TE content—lacked detectable
recent insertions. Interestingly, the araphid diatoms F. crotonensis and
P. japonica displayed insertion patterns consistent with more ancient
evolutionary events (Fig. 4).

Based on the base substitution mutation rate of P. tricornutum (4.77
X 10’10), mutations per site per generation [65], we inferred the

Species

|| Attheya sp.

Cyclotella cryptica
Cyclotella meneghiniana
Fragilaria crotonensis

Fragilariopsis cylindrus

L]

Mayamaea pseudoterrestris
Nitzschia inconspicua
Phaeodactylum tricornutum (PtECS)
Psammoneis japonica

Seminavis robusta

Skeletonema marinoi

Thalassiosira pseudonana

0.8 0.9

identity

1.0

Fig. 4. Density plot of sequence identity between LTR-RT of diatoms. The X-axis shows identity, reflecting how genetically similar the LTR sequences are to ancestral
ones. A higher identity score signifies closer resemblance to the ancestral sequences, suggesting a more recent divergence. The Y-axis depicts the density, representing
the frequency of LTR-RT elements sharing an identity level (indicated by the X-axis value). Peaks on the graph signify widespread transposon replication events
across the genome.



T. Zheng et al.

insertion time distributions of Copia and Gypsy LTR-RTs across six
diatom genomes (Fig. 5). The results revealed pronounced recent ex-
pansions with distinct patterns among species: in C. cryptica and
T. pseudonana, Gypsy elements dominated with expansions extending to
~3-4 Myr; F. crotonensis and P. japonica showed continuous Gypsy
accumulation accompanied by localized Copia peaks; while in
N. inconspicua and P. tricornutum, expansions were almost exclusively
driven by Copia with more recent insertions (~0.5-1.5 Myr).

3.5. Genome comparison of different P. tricornutum strains

To compare genomic features across P. tricornutum strains, we
analyzed their genome assemblies and structural variations. Relative to
the Ptl reference genome [67], Pt4 harbored the highest number of
structural variations (5520), followed by PtSCS (4974) and PtECS
(3647). Assembly statistics also differed: Pt4 contained the largest
number of contigs (68), whereas PtSCS and PtECS had 30 and 36,
respectively. The longest contigs were slightly larger in PtSCS and PtECS
(2.81 Mbp) than in Pt4 (2.69 Mbp). PtSCS showed the highest N50 (1.52
Mbp), while PtECS had the lowest (1.3 Mbp). In contrast, GC content
was nearly identical across strains (~48.5%), and TE content was
broadly similar, though PtSCS exhibited the lowest proportion (15.6%)
(Table 2).
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Table 2

Genome assembly parameters of different P. tricornutum strains include average
sequencing depth, genome size in megabase pairs (Mbp), number of contigs, the
length of the largest contig in Mbp, the sequence length of the shortest contig at
50% of the total assembly length (N50) in Mbp, GC content percentage, TE
content, and detected SVs).

Strain Pt4 PtSCS PtECS
Average depth 139x 168x 99x

Data size (Mbp) 4856.75 5362.84 3150.76
Genome size (Mbp) 30.5 29.15 29.07
Contigs 68 30 36
Largest contig length (Mbp) 2.69 2.81 2.81
N50 (Mbp) 1.31 1.52 1.3
GC content 48.53% 48.59% 48.51%
TE content 17.72% 15.60% 16.11%
Structural variations (SV) 5520 4974 3647

3.6. Gene family contraction and expansion in different P. tricornutum
strains

To investigate gene family dynamics across P. tricornutum strains, we
conducted a comparative genomics analysis and reconstructed their
phylogeny using divergence time estimation. Pt4 diverged earliest
(~41.1 Myr), followed by Ptl (~35.5 Myr), while PtSCS and PtECS
separated more recently (~27.5 Myr) (Fig. 6).

Superfamily . Copia . Gypsy

Cyclotella cryptica Fragilaria crotonensis | Nitzschia inconspicua
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Fig. 5. Insertion time distributions of Copia and Gypsy retrotransposons across six diatom genomes based on the mutation rate of P. tricornutum [65].
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Fig. 6. Gene contraction and expansion in different strains P. tricornutum isolated from different regions. The upper panel illustrates the distribution of various
P. tricornutum strains from different locations on the map. Gene functions that have undergone expansion or contraction are indicated in the lower panel with red
arrows for expansion and blue arrows for contraction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Although gene family expansion and contraction were assessed
across all strains, PtECS and Pt4 were selected for detailed presentation
because they represent the most divergent phenotypic and ecological
profiles within the species, particularly with respect to cell morphology
and light-related responses.

Strain-specific patterns of gene family change were evident. In
PtECS, transposase 1S4, ankyrin repeats, and protein tyrosine kinase
families expanded, whereas metallopeptidases contracted. In Pt4, gene
families related to amine metabolism expanded, while light response
genes contracted (Fig. 6). Notably, the pyruvate orthophosphate diki-
nase (PPDK) family, linked to C4 metabolism, expanded in Pt4, whereas
other strains showed expansions of genes associated with C3 metabolism
(Supplementary Table S4).

3.7. TE diversity among different P. tricornutum strains
We analyzed TE composition across P. tricornutum strains using

EDTA and DeepTE. LTR-RTs were the most abundant TE class. They
accounted for 12-12.9% of the genome and represented approximately

75-80% of the total TE content. Among the strains, PtECS showed the
highest proportion of LTR-RTs, whereas PtSCS had the lowest.

Given their genomic dominance and the documented activity of
LTR/Copia elements in P. tricornutum [68], we focused our subsequent
polymorphism analyses primarily on LTR-TEs. TIR elements contributed
1.97-3.21% of the genome, representing the second most abundant TE
class, and were therefore also included in our TE insertion analysis
(Fig. 7C). In contrast, LINEs were rare (<0.5%) and other TE types
showed relatively low abundance (Fig. 7A). Overall, total TE content
remained relatively stable among strains (15.6-17.7%), but our esti-
mates were markedly higher than the 6.4% previously reported for the
reference genome (Fig. 7A).

A total of 364 LTR/Copia sequences were shared across all four
strains, while strain-specific sequences numbered 13 in Pt1, 3 in Pt4, 6 in
PtSCS, and 5 in PtECS. Pairwise comparisons revealed stronger simi-
larity between Ptl and Pt4 (25 shared sequences) and between PtSCS
and PtECS (20 shared sequences) (Fig. 7B). All strains exhibited genomic
signatures of recent TE activity, but their patterns differed. PtSCS and
PtECS showed distinct LTR-RT insertion peaks at 80% sequence identity,
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Fig. 7. TE diversity and sequence identity across P. tricornutum strains. TE proportion of P. tricornutum bar graph illustrates the distribution percentages of various
transposon types within P. tricornutum, with each colour signifying a distinct type of TEs (A). LTR/Copia element variability in different strains chart enumerates both
the common and unique LTR/Copia elements found in different P. tricornutum strains (B). Density plot of sequence identity delineates the sequence identity between
transposons from four P. tricornutum strains compared to their original sequences (C). Proportion of intact versus solo LTRs across four P. tricornutum strains. The
stacked bars show relative abundance of intact LTR-RTs (red) and solo-LTRs (turquoise) in Pt1, Pt4, PtSCS, and PtECS. Solo-LTRs predominate in all strains, indi-
cating extensive LTR decay and recombination-driven fragmentation (D). Colors correspond to different P. tricornutum strains or TE categories as indicated in the
legend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

whereas Ptl displayed a pronounced TIR expansion at 90% identity,
suggesting a recent large-scale insertion event (Fig. 7C). Phylogenetic
analysis of P. tricornutum LTR/Copia elements (Fig. 8) confirmed the
seven CoDi groups (CoDil-CoDi7) described by [68] and identified 30
unclassified elements that likely represent novel retrotransposon fam-
ilies. These novel elements showed strain-specific distributions: 5 in Pt1,
7 in Pt4, and 9 each in the Chinese strains PtSCS and PtECS.

Among all strains, the intact LTR-RTs (the incomplete form) consti-
tuted a minor fraction of the total LTR-RT content, with the remainder
being predominantly solo LTRs (the complete form). The Intact LTR
content of the PtECS strain was the highest, and it was also the strain
with the latest stage of differentiation (Fig. 7D).

4. Discussion

4.1. Diatom evolutionary events and the potential association between
contraction/expansion of gene families and morpho-physiological traits

Diatoms and coccolithophores have evolved specialized adaptations
through gene family expansions that underpin their ecological success
(Fig. 9). Expansions of fucoxanthin-chlorophyll protein (FCP) genes
enhance light harvesting in the blue-green spectrum (450-570 nm)
characteristic of marine environments [69]. Duplications of carbonic
anhydrase and RubisCO genes support COz-concentrating mechanisms
(CCMs), facilitating efficient carbon fixation under low-CO: conditions
[70,71]. Expansions of heat shock protein (HSP) families further
contribute to resilience under thermal stress, a key trait in dynamic
marine habitats [72,73].

Diatoms exhibited notable gene family expansions in polyamine

metabolism, essential for silica frustule formation—a defining adaptive
trait with major ecological significance [74]. They also expanded
glutathione metabolism genes, particularly glutathione S-transferases
(GSTs), which are central to oxidative stress defense, detoxification, and
cellular signaling [75]. This expansion likely conferred resilience
against diverse stressors, including UV radiation, nutrient limitation,
and fluctuations in salinity and temperature.

As a sulfur-containing compound, glutathione is closely linked to
sulfur metabolism through DMSP and DHPS pathways [76,77]. Both
metabolites play pivotal roles in diatom-bacteria interactions, serving as
major sources of carbon and sulfur for marine bacteria. Our genomic
analyses revealed that diatoms have increased copy numbers of genes
for DHPS synthesis, but not of those involved in DMSP synthesis (Sup-
plementary Fig. S1, Fig. S2, Table S3). This supports the emerging view
that diatoms are key producers of DHPS in the ocean [78].

Our whole-genome analysis confirms that centric diatoms diversified
prior to pennate diatoms, consistent with prior SSU rRNA studies
[79,80] (Fig. 1). Our study revealed expanded gene families related to
microtubules and cellular protrusions in centric diatoms, likely
enhancing their buoyancy (Fig. 9). In contrast, pennate diatoms
exhibited bilateral symmetry and glide motility driven by actin-myosin-
mediated raphe movement [79,81,82]. In pennate diatoms, genes
related to actin, myosin, and cytoskeleton showed expansion, further
underpinning their motility (Fig. 9). The expansion of distinct gene
families in centric and pennate diatoms could reflect their adaptation to
different ecological niches.

N. inconspicua showed significant gene expansion, without recent TE
bursts or WGD. This expansion shows strong functional enrichment in
core cellular processes (Figs. S3, S4), suggesting adaptive retention
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figure legend, the reader is referred to the web version of this article.)
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4.2. The impact of TEs on diatom evolution: evidence of TE diversity and
insertion timing in diatom genomes

The TE content in the genomes of pennate diatoms has remained
stable throughout evolution (below 30%), whereas centric diatoms
exhibit greater variability, ranging from 5% to 50% (Fig. 2). The vari-
ation in TE proportions in centric diatoms partially reflects the variation
in TE activity within their genomes, which may have different impacts
on the stability of their genome structures. Our results demonstrate a
relatively high proportion of LTR retrotransposons (LTR-RTs) in most
diatom genomes, consistent with previous studies [83,84]. This
conserved genomic feature mirrors the prevalence of LTR-RTs across
diverse eukaryotic organisms, where these mobile elements are recog-
nized as major drivers of structural and functional genome evolution
[85]. Interestingly, the araphid pennate diatom F. crotonensis displayed a
particularly remarkable LTR-RTs dominance, accounting for over 90%
of its total TE content. This suggests that LTRs contribute significantly to
genome architecture evolution in F. crotonensis (Fig. 2).

The raphe-lacking pennate araphid diatoms represent transitional
forms in diatom evolution. Comparative genomic analysis showed that
the pennate araphid diatoms P. japonica and F. crotonensis, diverged
approximately 160.87 and 97 million years ago, respectively (Fig. 1).
Our results suggest that TEs, particularly LTR-RTs, likely facilitated the
evolutionary shift from centric to araphid pennate diatoms, as demon-
strated by LTR diversity and unique LTR insertion timings. Firstly, the
higher LTR- RTs diversity in P. japonica and F. crotonensis compared to
other diatom species suggests increased potential for TE-mediated
genomic plasticity [86] (Fig. 3). Secondly, LTR insertion time analysis
revealed two distinct patterns of diatom genome reorganization: while
most diatom genomes showed recent LTR insertion peaks, P. japonica
and F. crotonensis displayed a unique pattern with a peak in a more
ancient period (Fig. 4). This suggests that during early divergence, the
genomes of these two araphid pennate diatoms underwent a major LTR
transposon insertion event.

Our LTR/Copia and LTR/Gypsy insertion time analysis revealed that
the vast majority of detectable LTR insertions across diatom genomes
occurred within the last 2 million years, with only P. japonica retaining a
substantial signature of ancient (3-5 Myr) insertions (Fig. 5). The pre-
dominance of recent insertions in most species indicates not a lack of
ancient TE copies, but the progressive evolutionary elimination of old TE
copies through illegitimate recombination, genome rearrangement, and
purifying selection [87]. The retention of ancient LTRs in araphid pen-
nates (P. japonica and F. crotonensis), potentially due to reduced deletion,
selective pressure, or past massive proliferation, underscores the
important role of historical TE activity in their early evolution (Fig. 4).

O Key events nodes
o Ancestor nodes

Ancient e—e—e

WGD
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4.3. The relationships of WGD, gene family dynamic, and TE insertion,
and the hidden genomic mysteries

Parks et al., [33] identified two deep WGD events occurring at ~200
Myr and ~ 170 Myr, which established an ancient polyploid ancestry for
most extant diatoms. Our estimates of major lineage divergence times in
diatoms (~202 Myr and ~ 173 Myr) are highly consistent with these
timings (Fig. 10) and further reinforce the robustness of these events as
major genomic landmarks. These two periods likely coincide with crit-
ical phases of early diatom diversification, when polyploidy may have
facilitated genomic innovation, ecological expansion, and the emer-
gence of lineage-specific traits.

Building on previous findings that WGDs precede large-scale gene
family reorganization [88,89], we propose that large-scale gene family
expansions in diatoms may reflect WGD-driven retention patterns,
potentially linked to ecological adaptation and the diversification of
diatoms. Our analysis added a functional dimension to this temporal
framework by identifying the specific gene families that were signifi-
cantly expanded or contracted, directly illustrating the lineage-specific
genomic restructuring.

The temporal relationship between WGD and TE expansion has long
been debated, but it is generally accepted that TE proliferation occurs
after WGD. The “genome shock” hypothesis proposed that WGD triggers
immediate bursts of TE activity [29]. However, increasing evidence
suggests that large-scale TE accumulation is typically not an abrupt
burst but rather a gradual process. Empirical studies in Atlantic salmon
further showed that some TE families became more active after WGD
and contributed to cis-regulatory evolution [31]. TE proliferation has
also been linked to rapid genome size increases, either independently or
jointly with WGD, as reported in maize [32] and Corydoradinae catfishes
[90].

Our LTR insertion time analysis revealed a striking temporal pattern.
The vast majority of detectable LTR/Copia and LTR/Gypsy insertions
across diatom genomes occurred within the last 0.5-5 million years
(Fig. 10). This period substantially postdates the ancient whole-genome
duplication (WGD) events (~200-170 Myr). It also postdates the major
gene family turnover associated with these polyploidy events (Fig. 10).

This apparent temporal gap between WGD (~200-170 Myr) and
observable TE proliferation (<5 Myr) is striking and requires careful
interpretation. Critical methodological limitations compound these
interpretive challenges. Our TE insertion time estimates assume a con-
stant substitution rate from P. tricornutum [65], yet TE mutation rates
vary substantially among taxa [91]. Moreover, our results readily
detected recent TE insertions (<5 Myr) in modern diatom genomes, any
hypothetical TE bursts coinciding with the ancient WGDs (100-200
Myr) likely have been largely erased by the pervasive loss of TE copies
over time, thereby leaving minimal genomic signatures [87]. The

—= Modern

;0—00

200Myr 170Myr

Gene families dynamic

Time
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Fig. 10. Temporal relationship between WGD, Gene family dynamics, and TE Insertion in diatoms. Two ancient WGD events (~200 Myr and ~ 170 Myr) coincide
with divergence of major ancestral nodes and likely drove large-scale gene family expansions and contractions. TE insertions (0.5-5 Myr) occurred later than WGD
and gene family dynamics, consistent with TE proliferation lagging behind WGD. The timeline is based on mutation rates [65] and reflects relative, not absolute,
timing. Red nodes mark key genomic events; blue nodes indicate ancestral divergence points. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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mutation rate uncertainty, combined with the progressive deletion of
ancient TE copies, make it difficult to determine when the ancient TE
insertions occurred.

Despite these limitations, our data provide the evidence in diatoms
for distinct temporal scales of genome evolution following WGD: gene
family reorganization likely occurred relatively rapidly, leaving stable
phylogenetic signatures, whereas TE-mediated genome dynamics
represent ongoing processes whose ancient history has likely been pro-
gressively obscured (Fig. 10). Future studies incorporating improved TE
age dating methods and broader phylogenetic sampling will be essential
to refine these temporal relationships and test the generality of these
patterns across diatom lineages.

4.4. Differences in functional genes and TEs among P. tricornutum strains

Gene families associated with DNA integration and histone modifi-
cation have expanded in P. tricornutum, suggesting that DNA trans-
position and epigenetic regulation potentially play important roles in its
environmental adaptability (Fig. 9). Our phylogenetic analysis identifies
Pt4 and PtECS as the earliest-diverged and most recently derived strains
of P. tricornutum, respectively (Fig. 6). PtECS has a unique cruciform
structure that changes with temperature [92]. PtECS strain's distinct
cruciform shape appears associated with the expansion and contraction
of specific gene families (Fig. 6). In PtECS, the expansion of gene families
associated with protein tyrosine kinase and ankyrin repeats could aid
cell signaling and differentiation, and maintain cellular integrity [93,94]
while the contraction of metallopeptidase-related gene families can in-
fluence the extracellular matrix and cell structure [95]. This association
underscores the significance of gene family dynamics in shaping strain-
specific morphologies.

The Pt4 strain, isolated from the low-salinity Baltic Sea, is adapted to
low light and exhibits reduced non-photochemical quenching [12].
Consistent with its niche, we observed contraction in gene families
involved in osmotic stress, light response, and organelle fission. Notably,
while short-read sequencing revealed an increased copy number of the
nitrate assimilation gene Phatr3_EG02286 in Pt4 [12]. Our long-read-
based analysis further identified expansions in gene families related to
amine metabolism (Fig. 6). These results indicate potential differences
in nitrogen metabolism between Pt4 and other strains, warranting
further investigation. Moreover, Pt4 exhibited the most significant
reduction in dissolved inorganic carbon affinity under high CO2 (1000
ppm) among P. tricorntum strains, suggesting a unique carbon meta-
bolism strategy [96]. Pt4 exhibited an expansion of C4-related PPDK
genes, whereas other strains had more C3-related genes (Supplementary
Table S4), further supporting divergent carbon assimilation pathways
across strains.

Our results demonstrate that TEs potentially drive divergence and
adaptation in P. tricornutum strains. The widespread presence of LTR/
Copia elements across all P. tricornutum strains suggests their key role in
genome evolution (Fig. 7A). Notably, PtECS—identified as the most
recently evolved strain (Fig. 6) — exhibits the highest LTR-RT content
and the lowest TIR element abundance, consistent with the hypothesis
that recent transposable element expansions drive genomic adaptation
to environmental changes [97]. Strains from China (PtSCS and PtECS)
share a higher number of common LTR/Copia elements and similar LTR
insertion peaks during earlier periods, underscoring the role of LTR-RTs
in P. tricornutum regional strain differentiation (Fig. 7B, C).

Our study, utilizing long-read sequencing, significantly advances the
characterization of TEs in P. tricornutum. While [68,83] first identified
CoDi elements constituting ~5.4% of the genome, subsequent work by
[98] revealed a higher proportion (~7.6%). Our study extends these
findings by discovering previously unclassified sequences that form a
potentially novel CoDi branch (Fig. 8). Notably, the Chinese strains
PtSCS and PtECS each contained nine identical novel sequences - a
conserved pattern absents in other geographical variants. This distinct
regional signature in transposon profiles suggests LTR/Copia

12
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retrotransposons contribute to geographical differentiation, potentially
reflecting adaptive evolution to unique environmental pressures in
Chinese coastal waters. The relatively higher retention of intact LTRs in
PtECS may indicate either more recent transposition activity or reduced
recombination rates in this lineage, preserving potentially autonomous
elements that could retain transposition capacity (Fig. 7D).

Our molecular dating suggests an unusually deep divergence (~41
Myr) among P. tricornutum strains. While the absolute date requires
caution, it is consistent with the known existence of four deeply
diverged, globally distributed clades that exhibit significant genomic,
morphological (oval, fusiform, and triradiate and cruciform), and
physiological differentiation, indicating possible cryptic speciation
[9,92].

4.5. Limitations and perspectives

Although our study integrates whole-genome duplication, gene
family dynamics, and TE activity within a unified comparative frame-
work, several limitations should be acknowledged when interpreting
their relationships. While the inferred diatom WGD events date back
over 170 million years, most detectable TE insertions reflect much more
recent activity (<5 Myr). We speculate that ancient TE insertions
potentially associated with early WGD events may have been progres-
sively erased through sequence decay and deletion, leaving limited
detectable signatures in extant genomes. In addition, TE insertion times
were estimated using a constant substitution rate derived from
P. tricornutum, although mutation rates are known to vary across taxa.
Together, these factors constrain our ability to reconstruct the deep
evolutionary history of TE activity in diatoms.

Future work will benefit from several key improvements. First,
broader taxon sampling across additional diatom lineages will be
necessary to assess the generality of the observed patterns beyond the
species examined here. Second, more refined approaches for estimating
TE insertion times, particularly for older events, are needed to reduce
uncertainties associated with constant-rate assumptions. Finally, inte-
grating complementary lines of evidence beyond temporal comparisons
will be required to more robustly evaluate potential causal relationships
among WGD, gene family dynamics, and TE activity.

5. Conclusion

Through long-read sequencing and comparative genomics, this study
reveals the crucial roles of TEs and gene family dynamics in diatom
evolutionary success. Comparative genomic analyses showed that
diatom-specific expansions in polyamine metabolism and GST gene
families underpin adaptive traits such as silica wall formation and
oxidative stress resistance in diatoms. Divergent gene family profiles
between centric and pennate diatoms correlate with their distinct
morphologies and motility strategies, while TE insertion timing suggests
TEs played important roles in the evolutionary transition to raphid
pennate diatoms.

Strain-level analyses of P. tricornutum reveal geographic adaptation
signatures, with morphology-related gene expansions in East China Sea
isolates and metabolic gene contractions in Baltic Sea isolates. TE di-
versity correlates with geographic distribution, demonstrating how TE-
mediated genome plasticity drives local adaptation.

Our phylogenomic analyses reveal temporal consistency between
major lineage divergences (~202 and ~ 173 Myr) and ancient whole-
genome duplications (~200 and ~ 170 Myr). Gene family analyses
reveal lineage-specific expansions and contractions at these divergence
nodes. TE expansions show more recent timescales, reflecting progres-
sive deletion of ancient copies while ongoing accumulation generates
the recent insertion peaks observed across diatom lineages.
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