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Since the discovery of spliceosomal introns in eukaryotic genomes, the proximate molec-
ular and evolutionary processes that generate new introns have remained a critical
mystery. Specialized transposable elements (TEs), introners, are thought to be one of
the major drivers of intron gain in diverse eukaryotes. However, the molecular mech-
anism(s) and evolutionary processes driving introner propagation within and between
lineages remain elusive. Here, we analyze 8,716 genomes, revealing 1,093 introner
families in 201 species spanning 1.7 billion years of evolution. Introners are derived
from functionally diverse TEs including families of terminal-inverted-repeat DNA TEs,
retrotransposons, cryptons, and helitrons as well as mobile elements with unknown
molecular mechanisms. We identify eight cases where introners recently transferred
between divergent host species and show that giant viruses that integrate into genomes
may facilitate introner transfer across lineages. We propose that ongoing intron gain is
primarily a consequence of TE activity in eukaryotes, thereby resolving a key mystery
of genome structure evolution.

genome evolution | introner | transposable elements | intron gain

Spliceosomal introns are a fundamental component of eukaryotic genomes with poorly
understood origins. Introns are noncoding regions within genes that must be removed
from transcripts before translation. They are nearly ubiquitous across eukaryotic genomes
and contribute to a range of molecular processes including regulation of transcription and
protection against transcription-associated genome instability (1, 2). Introns also enable
alternative splicing, vastly expanding the molecular and functional diversity encoded by
eukaryotic genes (3). Many introns are essential to gene function, and intron deletion can
be costly and even lethal (4). Although introns now serve important molecular functions,
these roles must have evolved after the emergence of introns (5). Therefore, the proximal
origins of spliceosomal introns remain poorly understood, representing a longstanding
question in biology.

Transposable elements (TEs)—selfish genes that propage within genomes by copying
themselves—may be the source of most new introns. The very first eukaryortic introns and
spliceosomal small nuclear RNAs, likely evolved from TEs (3, 6). The last eukaryotic
common ancestor was likely intron-rich, and many eukaryotic lineages have primarily
experienced intron loss (7, 8). Nonetheless, the number of introns per gene varies tremen-
dously across species (range ~0.003 to 20 per gene) (9—11), and comparisons of orthologous
intron positions across lineages suggest that while some lineages have primarily undergone
intron loss, others have experienced rapid episodic intron gain (8, 10). Several mechanisms
of intron gain have been proposed (reviewed in ref. 12); however, de novo intron creation
by specialized intron-generating transposable elements, termed introners, is the only mech-
anism that could explain the “bursts” of intron gains observed across lineages (10).

Introners are transposable elements which can be correctly spliced out of exons upon
insertion (either by encoding or co-opting spliceosomal recognition sequences) and have
the unique ability to create thousands of introns within a single genome (13, 14). Recently
active introners can be identified by comparing sequence similarity among introns from
diverse locations across the genome, have been reported in diverse lineages and may explain
the vast majority of ongoing intron gain (15-22). However, the mechanisms driving
introner proliferation remain almost entirely unexplored, and it is unclear whether intron-
ers arise from diverse transposable elements or are restricted to a specific mechanism of
mobilization. Furthermore, introners show patchy taxonomic distributions and are
enriched in species that experience frequent horizontal gene transfer (HGT), such as
aquatic unicellulars and fungi, suggesting that HGT may play an important role in shaping
introner distributions across the tree of life (15). Nonetheless, direct evidence for HGT
has not been discovered, and the precise molecular mechanisms of transposition are almost
completely unknown. Thus, the biological processes underlying de novo intron creation
remain poorly understood.
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Significance

Introns are major components of
eukaryotic genomes with poorly
understood origins. Introners,
transposable elements (TEs)
which can generate introns upon
insertion, are thought to be
major drivers of intron gain in
diverse lineages. However, the
molecular mechanisms of
introner mobilization and the
evolutionary processes shaping
introner distributions across
species remain elusive. Here, we
show that introners can arise
from highly diverse TEs with
ancient origins. We find evidence
that these elements can move
between divergent species
through horizontal gene transfer
and that giant viruses may
contribute to their transmission.
Together, our results suggest that
ongoing intron gain is largely a
consequence of TE activity and
genomic conflict in eukaryotes.
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Results

Transposable Elements Generate Introns across the Eukaryotic
Tree. We systematically searched for introners in 8,716 annotated
eukaryotic genome assemblies (Materials and Methods), revealing
diverse species whose genomes contain introns derived from
recent transposition. Introners are present in an exceptionally
broad range of eukaryotic species (Fig. 1 and Dataset S1). In
line with prior work, we identified an abundance of introners
in aquatic organisms, unicellular species, and fungi (>98% of
introner-containing species are aquatic, unicellular, or fungi;
Dataset S1) (15). However, we also find introner families in an
expanded range of taxa (Materials and Methods and SI Appendix,
Figs. S1-S7). In particular, we observe recently active introners in
land plants including the grasses, (Panicum virgatum) and eudicots
(e.g., Salvia splendens), as well as an echinoderm, the purple sea
urchin (Strongylocentrotus purpuratus). Our search also revealed
introners in basidiomycete fungi as well as a myriad of diverse
protist lineages (Fig. 1 and Dataset S1). Thus, introner-derived
introns are widespread across diverse eukaryotic taxa, highlighting
the universality of this mechanism of intron gain.

Intron-Generating TEs Span Exceptional Mechanistic Diversity.
Mirroring the broad host taxonomic variety, TEs capable of
generating introns are also exceptionally mechanistically and
evolutionarily diverse. We used a combination of systematic
and manual approaches to identify transposition mechanisms and
identified introners as they relate to known transposable elements.
Our approach classified TEs using homology to known TEs,
expected functional domains and structural features consistent
with specific mechanisms, and conserved terminal motifs and
target site duplications (TSDs) observed for many elements
(Materials and Methods, SI Appendix, Fig. S8, and Dataset S2). We
find that introners arise from TEs spanning ~80% of orders and
at least 50% of superfamilies of known mobile genetic elements
as defined by ref. 23 [noting that other classification systems
have also been proposed (24, 25) (Fig. 24). These include diverse
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terminal inverted repeat (TIR) DNA transposons, long terminal
repeat (LTR) retrotransposons, non-LTR retrotransposons, rolling
circle helitrons and tyrosine recombinase (Crypton) elements
(each comprising ~82%, ~12%, 5%, 1%, and <1% of confidently
categorized examples; Fig. 2B and Dataset S2; reviewed in refs. 26
and 27). Notably, the ancient origins of these diverse TEs suggests
that introners have likely been generating introns throughout
eukaryotic evolution (28, 29). The vast majority of introners
are nonautonomous, likely reflecting strong purifying selection
against new introns that encode the functional machinery required
for autonomous transposition. Additionally, ~72% of elements
cannot be confidently categorized. We suspect that these unknown
elements will provide insight into as-yet unexplored mobile
elements (Dataset S2). This breadth emphasizes the remarkable
functional diversity of transposons that are capable of generating
introns on genomic scales.

We further identified elements where both autonomous and
nonautonomous elements contribute concurrently to intron gain
(Fig. 24 and Dataset S2). For example, an introner family in 2
virgatum displays homology to known Copia LTR elements and
several copies display functional domains required for autonomous
Copia mobilization. However, other copies exist as solo-LTRs,
products of ectopic recombination resulting in the removal of the
internal TE sequence (30) (Fig. 2A4). Both fully autonomous ele-
ments and solo-LTRs generate functional introns. TIR DNA trans-
posons display similar patterns in several species (Fig. 24). Some
types of transposable elements, such as cryptons and helitrons, are
particularly challenging to classify in the absence of autonomous
elements due to their lack of conserved structural features. Thus,
we required multiple lines of evidence supporting these introner
classifications. For example, Suillus subalutaceus family 5 not only
shows homology to known helitrons but also inserts between TT
and TC nucleotides and fails to generate TSDs, as expected for
helitron elements (31) (SI Appendix, Fig. S8).

In some species, a single introner family contributes to the vast
majority of introner-mediated intron gain, whereas other species
display multiple abundant introners with divergent origins. For
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Fig. 1.

Distribution of introners across the eukaryotic tree of life. Relationships between phyla for considered genomes are shown as a cladogram. Considered

genomes are arranged into phyla according to NCBI taxonomy with outgroup lineages that do not contain a spliccosome: archaea and bacteria. Phyla with
introner-containing species are highlighted in red. Gray and red bars display the number of species evaluated and the number of introner-containing species
for each phylum, respectively. Silhouettes show examples of introner-containing species for each phylum and were retrieved from PhyloPic.

https://doi.org/10.1073/pnas.2414761122

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials

Downloaded from https://www.pnas.org by "University of California, Santa Cruz" on May 22, 2025 from |P address 169.233.135.22.

Se
&
A Saan B 0.81{1247
S SSEEL exon
TIR DNA TE SSséd _ o —
Tcl/Mariner..... Colletotrichum scoviflei fam 1 [ TE-related gene . 0.6
introner £
i i > LTRs 204
PIFHarbinger Panicum virgatum fam 10 g.
[ Ta] [ ] o N — - TIRs s
02 35
Symbiodinium sp. CCMP2592 fam 19
Academ
[ [u]a] | | E—— 0 i 4 2
TIRDNA LTR  non-LTR RC  Crypton

Fusarium oxysporum f. sp. albedinis fam 2

L e ¥

C class

L Parmales sp. scaly parma
Mutator Amoebophrya sp. A120 fam 65 8 2
3 4 6 10 12 14 16 18 20 22 24 26 28 30 32 34
soomEm -] scaffold10442_cov381 L
S S S ScalyP_jg5885 I I A |
Panicum virgatum fam 9
CMC-EnSpm >
EREEN tase < fam1.7 / ¢t 5 fam1.3 fam1.2
Retrotransposons D fam16  fami4 fam1.1
Retrons
Paviovales sp. fam 1
i ~QP Amoebophrya sp. A120
non-LTR . . . . . . . . . :
T — & CAUINVO10000015.4 12 1714 1716 1718 1720 1722 1724 1726 1728 1730 1732 1.734
Papicum virgatum fam 26 (M) Y TTTITTT DM Tamspai20_Tooo1 4092001 AT T ¥ [ VLD DT
Y e T —{ ] HAHHH —— -kp +++I--ﬁ
Copia | =" ™M™ rm fam3.1 fam2.1] \ fam9.2 famo.4 far1.1
. ) fam74.1 : : . fam3.2 fam23.1
! Conjochaeta sp. 2T2.1 fam 2 E fam9.1 - fam2.5
1 1u]-[u] f ———— —
LTR o
Pao Styela clava fam 3 k Polarella glacialis
EOEOE B e — COMP1383 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66
L L
Gypsy Puccinia graminis f. sp. triticifam 3 scf7180000591430 ) ) PGLAT383_LOCUS35845 )
— — kb A * , ‘
aooos B -
fam3.3 fam3.4
fam10.1 fam3.1 fam25.1 tam3.2 ar?aﬁ11 1
N Polarella glacialis fam 3 fam32.1 fam1.1
aro
2 ammnn — e — . B— E
Tyrosine recombinase . Amoebophrya sp. A120 fam 38
Crypton Tetraparma gracilis fam 1
naman R T [T < < < < < < | "N
. . a Gypay25.CQ1p
Rolling circle [[> > [> > Copia55CH > > |

Suillus subalutaceus {(GCA_016647625.1) fam 5
[ [u[n]. [u ] E— —

Helitron2

length (kb)

ZF_CCHC PTHR42648 transposase related

0 200 400 600 800

Fig. 2. Functional diversity and exemplary introners for major TE families. (A) Cladogram displaying relationships among introner transposable elements families
(following ref. 26) and examples of the introner structure for each introner family identified in this work. Cladogram leaf tips denote lines of evidence supporting
introner classifications, including homology to known TEs, expected functional domains, structural features such as LTRs or TIRs, conserved termini, and expected
TSDs (or lack thereof in the case of cryptons and helitrons) (Materials and Methods). For introner structures, blue boxes denote flanking host exons. Introner
features are shown in gold, with the exception of TIRs, which are plotted in red for visibility. Open reading frames (ORFs) with homology to known transposable
element-associated genes are labeled using the following notation: tase = transposase, gag = capsid gene, pol = polymerase, RT = reverse transcriptase, YR =
tyrosine recombinase. Functional domains are annotated using black lines beneath introner models and include the following abbreviations: PR = protease, IN
= integrase, RT = reverse transcriptase, RH = ribonuclease, HTH-YR = helix-turn-helix domain associated with tyrosine recombinase. (B) Proportion of introner
families represented by each major TE subclass for subset of introners which could be confidently classified. Numbers on bars display total counts for each
subclass. (C-E) Genome browser screen shots for selected introner-containing genes, generated using NCBI's Genome Data Viewer. Introner positions are
annotated for different introner families in each species (Dataset S3). Species silhouettes were retrieved from PhyloPic. (F) Model of Amoebophrya sp. A120 family
38. Introner ORFs are shown as boxes with regions showing homology to known TEs shaded in gold. Functional domains spanning these regions of homology
are labeled below, followed by a multiple sequence alignment of all intron-generating copies from this introner family.

example, in the marine diatom Parmales sp. scaly parma, one
introner family contributes to >91% of recognizable intron gains
via an unknown mechanism (Fig. 2C). In contrast, the parasitic
dinoflagellate Amoebophrya sp. A120 harbors introners attributed
to non-LTR retrotransposons, LTR retrotransposons, and diverse
TIR DNA transposons (Dataset S2). These diverse introners con-
tribute to massive intron gain in Amoebophrya, in some cases gen-
erating tens of introns in a single gene (Fig. 2D). Similarly to
Amoebophrya, the free living dinoflagellate, Polarella glacialis,
harbors a tremendous diversity of introners contributing to ongo-
ing intron gain (Fig. 2F and Dataset S2).

Beyond transposon families that we can confidently identify,
some introners are derived from unknown transposition mecha-
nisms. In particular, in Amoebophrya sp. A120, one intron-generating
transposon family displays hallmarks of DNA transposons but
shares homology to LTR retrotransposons. This element contains

PNAS 2025 Vol.122 No.21 2414761122

open reading frames with homology to Copia and Gypsy LTR ele-
ments but is flanked by DNA element-like terminal inverted
repeats and exhibits several near-identical copies (Fig. 2F and
SI Appendix, Fig. S9). Interestingly, this homologous region within
Copia-5_SCH spans part of a putative transposase as annotated by
Panther (PTHR42648) but does not overlap with any other specific
functional domain associated with DNA transposons (S/ Appendix,
Fig. $10). This observation is reminiscent of Ginger DNA trans-
posons, which employ transposases related to the integrases of LTR
retrotransposons  (32). However, the element identified in
Amoebophrya sp. A120 does not show homology to previously
identified Gingers and also lacks the termini and TSDs expected
for Ginger elements (24). Several other introners in Amoebophrya
sp. A120 show similar patterns. This observation might provide
clues to the ancient relationships among I'TR retrotransposons and

DNA transposons (33, 34) and further highlights the still-unknown

https://doi.org/10.1073/pnas.2414761122 3 of 9


http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414761122#supplementary-materials

Downloaded from https://www.pnas.org by "University of California, Santa Cruz" on May 22, 2025 from |P address 169.233.135.22.

4 0f 9

diversity of transposable elements that are apparently capable of
generating new introns across genomes.

Horizontal Gene Transfer Shapes Introner Distributions.
Evidence of recent homology strongly implicates horizontal
transmission as one of the major drivers of intron propagation
within and among eukaryotic lineages. Transposable elements
frequently transfer horizontally between lineages (35, 36) and
HGT could be an important phenomenon shaping introner
evolution (15). By performing an extensive blast search of all
introner families identified in this work against the NCBI
nucleotide database (Materials and Methods and Dataset S4), we
found 8 unambiguous examples of recent horizontal transmission
of introner-generating transposons (4% of all introner-containing
species; Dataset S5). Horizontal transmission of transposable
elements is therefore a critical biological process driving intron
propagation between divergent populations.

We identified two examples of HGT within ascomycete fungi
where the same elements have recently generated introns among
highly divergent lineages (Fig. 34). Xylaria and Lasiodiplodia last
shared a common ancestor approximately 350 Mya (37, 38).
Nonetheless, each species’ genome contains an introner family with
83.8% sequence similarity across the complete 134 bp sequence
between elements found in either lineage (Fig. 38 and Dataset S4).
Furthermore, molecular dating estimates suggest that introners in
these distant lineages last diverged a mere ~7 Mya (Fig. 38 and
SI Appendix, Fig. S11). Similarly, Alternaria and Parastagonospora last
shared a common ancestor approximately 134 Mya (Fig. 34), but
each contains a recently active introner family of length 64 bp with
~78.5% sequence similarity (Dataset S4) (37, 39). Estimates for
Alternaria and Parastagonospora introners suggest they last diverged
~10 Mya (Fig. 3Cand SI Appendix, Fig. S12). Notably, we identified
introners in multiple genomes from different strains or species within
these two genera, and introners found in each genome are most
closely related to others found in genomes of the same genus. This
implies that introner observations are not an idiosyncratic assembly
artifact and strongly implicates recent transposition in highly diver-
gent lineages rather than the transfer of an intron that did not con-
tinue transposing in the recipient population (Fig. 3C).

We also found cases of HGT between lineages in which introners
in one species’ genome may propagate as ordinary transposable
elements in another. Introners in the dinoflagellate P glacialis show
strong homology to multiple loci in the glass sponge Aphrocallistes
beatrix (up to 72% sequence similarity and 87% coverage;
SI Appendix, Fig. S13 and Datasets S4, S5, S8, and S9). However,
we find no evidence that these introner homologs contribute to
intron gain in A. beatrix. The common ancestor between dinoflag-
ellates and sponges is also the last eukaryotic common ancestor [>1.6
Bya (37, 40)] (Fig. 3D). Nonetheless, estimates suggest that P gla-
cialis introners and their A. beatrix homologs diverged less than 1
Mya (Fig. 3E and SI Appendix, Fig. S14). P glacialis and A. beatrix
share overlapping ranges in both Arctic and Antarctic regions (41—
43). Furthermore, dinoflagellates and sponges exhibit frequent
horizontal gene transfer, including interkingdom and interdomain
transfer (44-46) (SI Appendix, Fig. S15 and Supplementary Text),
implying that introner gain through HGT may be driven by these
species’ ecology (47, 48). These results imply that HGT of introners
can occur between even the most divergent eukaryotic lineages.

GiantViruses May Facilitate Horizontal Gene Transfer of Introners
across Lineages. Viruses are frequent vectors of horizontal transfer
and may underlie transmission of TEs between diverse taxa (49—
55). A bioinformatic search across our dataset revealed several cases
of introners within viral genes integrated within host genomes

https://doi.org/10.1073/pnas.2414761122

(Dataset S10 and Materials and Methods). An introner-containing
gene in Alternaria burnsii (GenelD:62205305) is homologous
to a klosneuvirus protein (MK072332.1; ~50% Sequence 1D,
e-value ~ 0), and the upstream protein also shares high levels of
homology to a klosneuvirus virus (MK072078.1; e-value = 6.28E-
17). Klosneuviruses are a clade of giant viruses that infect diverse
eukaryotic hosts including fungi and protists, acquire host genes
at high rates, and contribute to HGT (55, 56). Other examples of
introner-containing genes homologous to klosneuviruses include
the divergent dinoflagellates Effrenium voratum (gene EVOC421_
LOCUS2994 and viral accession MT418680.1, ~54% SID,
e-value ~ 0) and P glacialis (gene PGLA1383_LOCUS8179
and viral accession KY684104.1.1, 91% SID, e-value = 2.42E-
117). Overall, introner-containing genes are enriched for viral
proteins (tblastn e-values < 1E-5; MWU, P < 0.0001 compared
to expectations from random resampling). Among these,
klosneuviruses are strongly overrepresented (9.4% of introner-
containing genes that are viral in origin, whereas klosneuviruses
comprise <0.0001 of sequences in RVDB; binomial test P <
0.000001). Furthermore, we observe no difference in splice site
frequencies between introners in viral genes and other introners
in the genome, suggesting purifying selection for correct splicing
in viral genes postintegration. These findings suggest that viruses
infecting diverse hosts may provide a mechanistic explanation for
HGT of introners across divergent lineages.

Discussion

Our comprehensive survey of the tree of life provides direct evidence
that HGT of transposable elements contributes to intron gain across
eukaryotic lineages. Although other factors must contribute, we
propose that HGT explains several foundational patterns in intron
evolution: 1) the genome of the last eukaryotic common ancestor,
which was a single-celled aquatic organism, contained thousands
of introns, possibly due to an abundance of HGT of diverse mobile
genetic elements (29, 57, 58); 2) introners and intron gain are
disproportionately abundant in the genomes of aquatic and fungal
taxa—both are known to experience high rates of HGT (15, 35,
48, 59, 60); and 3) conversely, the apparent lack of recent intron
gain in lineages such as vertebrates (61, 62) may in part reflect the
paucity of HGT and relative lack of TE diversity for many verte-
brate lineages (59, 63, 64). Therefore, widespread HGT of intron-
generating transposons resolves a fundamental question about why
new introns evolve and what determines their abundances across
species.

The abundance of evolutionarily and mechanistically diverse
transposable elements that generate introns across the eukaryotic
tree of life illuminates a longstanding mystery of evolution. Our
results demonstrate that seemingly any variety of transposable ele-
ment can and does generate introns within eukaryotic genomes.
Efficient splicing after insertion into an exon should drastically
reduce a TE’s deleterious effect on host fitness and provides an
adaptation both from the perspective of a transposable element
and its host. The vast majority of introners are nonautonomous
elements. While this pattern likely reflects stronger purifying selec-
tion on autonomous element insertions in genes relative to non-
autonomous insertions, it could also result from the de novo
evolution of introner function in nonautonomous families, which
is consistent with the complete absence of autonomous introners
observed for some elements. Selective pressure for this innovation
should be most pronounced when a TE is highly active, such as
after the introduction of a “new” TE unrecognizable to host sup-
pression machinery via HGT (36). Thus, HGT may not only
facilitate introner transmission between divergent lineages but also
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Fig. 3. Horizontal gene transfer of introners between divergent taxa. (A) Phylogeny of ascomycete fungi retrieved from TimeTree (37). Lineages showing
evidence of HGT for introners are highlighted with colored font. Shaded circles denote the last common ancestor for species showing introner HGT and
vertical lines show estimated divergence times for homologous introners between lineages with brown and blue corresponding to Xylaria+Lasiodiplodia and
Parastagonospora+Alternaria, respectively. Stars indicate other genera with known introners (Dataset S6). (B and () Phylogenies for prospective horizontally
transferred introner families in (B) Xylaria and Lasiodiplodia, and (C) Parastagonospora and Alternaria. Colors in (B) and (C) correspond to leaf labels in (A).
(D) Phylogeny of eukaryotes retrieved from TimeTree (Dataset S7) (37). A shaded circle denotes the last common ancestor between the introner-containing
dinoflagellate lineage Polarella (purple) and the sponge lineage Aphrocallistes (pink), which contains homologous sequences but no evidence of introner-mediated
intron gain. A shaded line denotes the estimated divergence between Polarella introners and Aphrocallistes homologs. Stars indicate other genera where we
identified introners (Dataset S7). (E) Phylogeny of Polarella introners and Aphrocallistes homologs.

favor their evolution de novo from diverse TEs. The fundamental
implication is that introns will accumulate as a likely consequence
of the ubiquitous genetic conflict between eukaryotic genomes and
transposable elements.

Materials and Methods
Retrieving Relevant Genomic Data. We retrieved all annotated genomes

available from the GenBank and RefSeq databases using NCBI's command line

PNAS 2025 Vol.122 No.21 2414761122

datasets tool (retrieved 08/28/2023). Metadata for all genomes accessed in this
way are presented in Dataset S1.

Systematic Candidate Introner Identification. We used a previously devel-
oped pipeline for systematic introner identification (https://github.com/Igozasht/
Introner-elements). A detailed description of this pipeline can be found in ref.
15. Briefly, for each annotated genome, we extracted all introns and then per-
formed an all vs. all blast (65) to search for highly similar introns. These introns
were clustered based on sequence similarity (e-value < 1TE=5), consistent with
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signatures expected for recently active transposable elements. This clustering
produced families of candidate introners.

Since several alternative reasons could account for sequence similarity
between introns, we then performed several filtering steps. First, we filtered can-
didate introners which displayed sequence similarity due to secondary insertion
of transposable elements into preexisting introns. To do this, we required that
sequence similarity extended to the exon-intron boundaries, but not into the
exons for each intron in the expected orientation (5 regions aligned with 5’
regions and 3’ regions aligned with 3’ regions across candidate introners in a
given family). Second, we removed introns which displayed sequence similarity
as a result of whole gene duplication. To do this, we filtered candidate introners
which displayed sequence similarity extending into exons, assuming that dupli-
cation of an entire intron without any flanking exonic sequence is unlikely. While
this filter removed the vast majority of false positives due to paralogous gene
duplication, our previous work suggests that rapid exonic evolution (or simple
chance substitution) can lead to paralogous sequences being retained in some
cases (such as for the large, fast-evolving var gene families of Plasmodium spe-
cies) (15). To filter the remaining false positives caused by introns in paralogous
genes, we translated all introner-containing genes and used diamond (66) (ver-
sion 0.9.24) (e-value < 1E-20) to identify cases of sequence similarity between
encoded proteins (paralogy groups)in each species. We retained all introner fami-
lies with at least 4 sequences from genes in different paralogy groups that passed
these filters. All introners considered in this study are publically available (67).

Manual Curation of Candidate Introners. Manual curation is essential for
validating candidate introner and transposable element models more generally
(15, 68). We performed several steps of manual inspection to validate candidate
introners. First, we generated multiple sequence alignments for each candidate
introner family using MAFFT (69) and viewed alignments using Aliview (70).
We manually checked multiple sequence alignments to confirm that introner
homology extends to near to the intron edges but not far into flanking exons
and that homology boundaries are consistent across all introners in a given fam-
ily. In doing so, we manually removed spurious introners resulting from gene
duplications, which may have inadvertently passed our systematic filters (above).
We also inspected introner sequences for low-complexity regions and removed
introners for which sequence homology was primarily driven by simple repeats
or satellites. Finally, we manually inspected introner sequences for signatures of
spurious intron annotations. We checked that 5" and 3’ splice sites were largely
consistent for all introners in a given subfamily and further interrogated introner
families which primarily showed inconsistent or unfamiliar splice sites. Canonical
and noncanonical 5" splice sites for major and minor introns generally include
GT, GC, GA, and AT, whereas 3 splice sites include AG and AC(71, 72). Due to the
possibility of annotation errors, for introner families with primarily noncanoni-
cal splice sites, we manually inspected splice junctions in NCBI's genome data
viewer to ensure correct splicing of introners and expression of introner-containing
genes based on transcript or RNA-seq alignments. We discarded introner families
which did not meet these requirements. We constructed consensus sequences
and calculated Kimura divergence from the consensus for introner copies using
RepeatModeler's utility tool, Refiner (73).

Introner TE Functional Classification. We classified introners as they relate
to transposable elements using a combination of systematic and manual
approaches and relied on five main sources of evidence for classification. These
included homology to known TEs [based on RepeatClassifier (73) results and
other homology searches using TE-AID (74) and MCHelper], the presence of
expected protein domains [based on scans for known functional domains from
interproscan (75, 76)and MCHelper (77)], structural features (e.g., LTRs and TIRs),
element termini [based on scans using DFAM (78) models for known TE termini
as well as manual inspection], and expected target site duplication lengths.
First, we ran RepeatClassifier (73) on introner consensus sequences using all
curated TE models available from the DFAM (78) and RepBase (79) databases.
RepeatClassifier is a homology-based approach that prioritizes accuracy rather
than sensitivity. Since many species in our data are divergent from those with
curated TE models, we also classified introners de novo by annotating structural
features and functional domains that might be consistent with transposition.
Indeed, various transposable elements display structural features such as long
terminal repeats or terminal inverted repeats, and the presence of certain protein
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domains, such as a reverse transcriptase, can be used to classify transposable
elements.

We used TE-AID (74) to annotate and visualize introner sequence structures.
TE-AID produces four different types of plots which aid in TE classification (see
SI Appendix, Fig. S9 for example). First, TE-AID retrieves all prospective copies
fora given TE family by blasting the consensus sequence at the respective refer-
ence genome and plots divergence from the consensus for all fragmented and
full-length copies. Then, it plots coverage with respect to the consensus. This
especially aids with classifying LTR retrotransposons since LTRs at element edges
often exhibit much higher copy numbers than interior regions due to frequent
ectopic recombination between LTRs resulting in the interior region’s removal
(30).TE-AID also produced self-v-self dotplots for TE-consensus sequences, allow-
ing us to assess low-complexity regions as well as hallmark features of different
TE mechanisms such as LTRs and TIRs. Finally, TE-AID produces a plot showing
the locations of open reading frames (ORFs) within each TE-consensus as well as
their homology to known TEs. We supplemented these homology searches with
additional homology searches to TE-models in RepBase (79) and RepetDB (80).

We also sought to identify functional machinery and protein features within
introner sequences.To do this, we first predicted and translated all possible ORFs
inintroner sequences using orfm (81). Then, we used interproscan (75, 76) (ver-
sion 5.65-97.0) to identify functional protein-coding domains and features in all
introner sequences. We also separately ran hmmer (82) on ORFs from introner
consensus sequences to scan for TE-related functional domains using all availa-
ble models from the PFAM and Gypsy databases (83, 84). Since specific protein
machinery is associated with different known TE mechanisms, these results pro-
vided evidence for introner TE classifications.

For introners with no clear classification based on these methods, we ran
MCHelper (77) to further extend and refine introner consensus sequences.
MCHelper also automatically identifies structural features and functional domains
in refined consensus sequences. Due to the challenges associated with automated
transposable element extension and refinement (74), we hypothesized that some
introner consensus sequences produced by Refiner may have been overextended
or may exhibit other problems that inhibit automated feature discovery and clas-
sification. Thus, we ran MCHelper using three different inputs for each introner: 1)
using the entire consensus, 2) using the first half of the consensus as input (and
again using the second half if the first half yielded no results) and 3) using the
middle 100 bp as input (to account for consensus overextension). This allowed
us to classify additional introners with previously ambiguous classifications
(Dataset S2). Since many introners are nonautonomous and are challenging to
classify due to their lack of functional transposition machinery, we also retrieved
HMMs for conserved termini of known transposable elements available from
DFAM. We used nhmmer (85) to search for these conserved termini in introner
families, filtering for hits with E < 0.001. We classified additional introners based
on the presence of these conserved termini at expected positions in introner
consensus sequences. Finally, we used probability weight matrices to systemati-
cally identify TSDs flanking each introner and manually inspected introners with
pre-existing classifications to ensure that TSD lengths matched expectations from
previously observed elements (Dataset S2).

Validating Introner-Containing Taxa. We performed additional steps to val-
idate the presence and correct assembly of introners in several divergent taxa
where evidence forintroners was previously limited, which include S. purpuratus
(purple sea urchin), P virgatum (switchgrass), and Styela clava (tunicate). While
this listis not exhaustive, it captures the expanded diversity of introner-containing
species. Generally, we checked for splicing of the introners based on mapped
RNA-Seq reads and looked at orthologous genes in a closely related species and
a more distant relative to determine whether the insertion caused intron gain.
For S. purpuratus and S. clava, we utilized the genome browser available on NCBI
for RefSeq genomes to view mapped RNA-Seq reads and orthologous genes, and
used Phytozome (86) to do this for P virgatum. For S. purpuratus, we addition-
ally utilized available PacBio datasets to check that mapped long reads spanned
the introner regions and did not indicate a deletion of the putative introner
(S Appendix, Figs. $1-57). S. purpuratus long read accessions used for mapping
and the number of reads that mapped from each are listed in Dataset S11. In all
cases, we were able to successfully validate the presence of intron-generating
introners through long read coverage that extended well into the flanking por-
tions of the genome from introner insertions.
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Searching for Horizontal Gene Transfer.To search for possible HGT of intron-
ers, we performed blastn searches (65) for each introner consensus sequence
against the NCBI nucleotide and RefSeq reference genome databases (87)
(accessed 05/15/2024). Then, we filtered for hits with e-values < 0.0001, percent
sequence ID > 70 and coverage > 60% in genera other than the source species"
These results are displayed in Dataset S4. We emphasize that these cutoffs are
conservative and we expect to only find the most recently horizontally transferred
elements between highly genetically divergent host species about which we can
be the most confident. Furthermore, many genera contain exceptionally diverse
species, and this simple approach may exclude HGT that occurs between dis-
tantly related species that nonetheless share a single genus. Then, we manually
inspected results to filter out false positives resulting from conserved regions of
transposons [e.g., regions of the RT domain in retrotransposons (88)] as well as
low-quality subject sequences.

These efforts identified 8 candidate instances of HGT of recently active introners
(Dataset S5). Together, introner HGT events involve 11/201 introner-containing
lineages (5.5% of surveyed species). Some HGT events (4/9) involve introners
actively generating introns in both lineages, whereas for other HGT events (5/9),
introners are only actively generating introns in one lineage and not the other. For
example, the ascomycete fungi, Xylaria and Lasiodiplodia (diverged 350 Mya) and
Alternaria and Parastagonospora (diverged 134 Mya) both display highly similar
active introner families driving ongoing intron gain (37-39). In contrast, introners
inthe lichen Amylostereum chailletii display high sequence similarity to sequences
in Stereum hirsutum (112 MY diverged; Datasets S4 and S5). However, we do not
observe introner-mediated intron gain in Stereum hirsutum (Dataset 52). When
evaluating evidence of HGT, we retrieved homologous sequences from distantly
related species iteratively using NCBI's entrez tool through BioPython (89).

We performed additional confirmation of HGT between the dinoflagellate,
P glacialis, and the glass sponge, A. beatrix, as this represents the HGT event
between the most distantly related eukaryotic lineages that we detected using
this approach. The correct assembly of introners in P. glacialis was determined
by mapping long reads, as described above for confirming bacterial insertions.
We also utilized this method to check for the correct assembly of regions in A.
beatrix with homology to P, glacialis introner sequences, as found by the blastn
searches. This allowed us to successfully validate the presence of introners in
P glacialis, as well as their non-intron-generating counterparts in A. beatrix
(I Appendix, Fig. S13 and Datasets S8 and S9). We used this same approach to
validate HGT of introners and non-introner-generating homologs between the
diatom, Thalassiosira oceanica, and the leech, Piscicola geometra (SI Appendix,
Fig. S16 and Dataset S12).

Phylogenetic Inference. For instances of HGT, we attempted phylogenetic recon-
struction to estimate the approximate time of transfer and to investigate patterns
of transmission within and across the host genome. To do this, we performed mul-
tiple sequence alignment of introner families (or regions homologous to introners
inthe source species) using MAFFT with the --adjustdirectionaccurately flag. Then,
we calculated mean percent identity for all interspecies introner comparisons.

Maximum likelihood phylogenies were inferred from the ascomycete introner
alignments with W-1Q-Tree (90), using the ModelFinder option, 0.5 perturbation
strength, 100 unsuccessful iterations till stop, generalized midpoint root optimi-
zation, and 100 standard bootstrap replicates.

To isolate the informative sites in the highly polymorphic dinoflagellate and
sponge introner sequence alignments, we used ClipKIT(91) to trim regions with
gaps in greater than 90% of sequences and retain only parsimony-informative
and constant sites (mode: kpic-gappy). Next, we inferred maximum likelihood
phylogenies from the dinoflagellate and sponge introner elements with 1Q-Tree
(92) using the ModelFinder option and 100 standard bootstrap replicates.

We estimated time-scaled phylogenies with TreeTime (93), specifying sampling
dates from NCBI and substitution rates from the literature. For ascomycete fungi,
neutral rates range from 1e—8 to Te—9 substitutions per site per year (94, 95).
Consistent with this value, the substitution rate for full-length LTR retrotransposons
in fungi has been estimated to be 1.3e—8 substitutions per site per year (96). We
used a substitution rate of 1.3e—8 for our ascomycete introner divergence time
estimates. While substitution rates have not yet been measured for any sponges,
they have been measured for a wide range of invertebrate taxa. The estimated
genome-wide neutral substitution rate for Ajpheus snapping shrimp is 2.64e—9
substitutions per site year (97) and the average rate across insects and mollusks is
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estimated to be 4.40e-9 per site per year (98). In diatoms, the base substitution
mutation rate per site per generation has been measured to be 4.77e—10 and
approximately 1.32 generations occur per day (99). This short generation time
equates to 2.30e-7 substitutions perssite peryear (4.77e—10 subs/site/generation
*365 dfy * 1.32 generations/day). From these rates, we used the lowest (2.64e-9)
for our introner divergence date estimates because it is the most conservative.
We caution that due to the exceptionally short lengths of sequences con-
sidered that there is substantial phylogenetic uncertainty in the resulting trees
(S Appendix, Figs. S11-513 contain bootstrapped phylogenies). Nonetheless,
the overarching patterns are readily apparent and support our interpretation.
To compare introner divergence time estimates to organismal divergence
times, we obtained dated species trees from the TimeTree database (37) for each
of the focal taxonomic groups containing introner HGT events. The Polarella clade
was not represented in TimeTree. So, we identified Symbiodinium as another
dinoflagellate in the same order (Suessiales), which was available. Given the
deep split between Symbiodinium and its sister group, the Gymnodiniales order,
the topology of the tree is likely the same for Symbiodinium as it would be for
Polarella, if it had been sampled. Multiple sequence alignments underlying
introner phylogenies in Fig. 3 B, C, and E are available at https://github.com/
lgozasht/Introner-elements/tree/main/msa.

Searching for Introners in Genes of Viral Origin. To identify introners in
genes of viral origin, we retrieved all introner-containing proteins from NCBI
and performed tblastn (65) searches against the Reference Viral DataBase (100)
(RVDB v28.0; accessed May 2, 2024). We then filtered for hits with e-values <
0.0001. This revealed several high-confidence instances of introner-containing
genes of viral origin (Dataset S10). To test for overrepresentation of introner-
containing genes among genes with homology to viral proteins, we randomly
resampled genes from each introner-containing genome (N = number of
introner-containing genes). We performed tblastn searches against RVDB with
these randomly sampled genes to derive an expected distribution of genes
showing homology to viral proteins in each species. Then, we performed two
statistical tests for enrichment. First, we compared the observed distribution of
candidate introner-containing viral-derived genes to an expected distribution
aggregated across species using a nonparametric MWU test (P < 0.00001).
Second, we performed a two-way binomial test comparing the number of species
with a greater number of introner-containing genes represented among viral
proteins than expected (P < 0.0001). To search for possible overrepresentation
of introner-containing genes among specific viral lineages, we first retrieved
NCBI lineage taxonomic data for each viral accession in RVDB using ete3 (101,
102). This revealed that ~10% of introner-containing genes with homology to
viral proteins mapped to proteins in klosneuviral genomes. To test for overrep-
resentation of introner-containing proteins among klosneuviral sequences, we
performed a two-way binomial test where the null expectation was the propor-
tion of nucleotides in RVDB represented by klosneuviral sequences.

Fig. 1 Cladogram. To generate a cladogram of eukaryotic lineages, we first
retrieved NCBI taxonomy IDs for the phylum and order corresponding to each
considered species. Then, we assembled a list of nonredundant phyla from these
results. For eukaryotic lineages with no taxonomic ID for phylum, we used order
instead. Then, we submitted this list of nonredundant taxonomy IDs to Interactive
Tree of Life (103), which produced a cladogram in newick format. The resulting
tree was manipulated using ete3 (102) and visualized using toytree (104).

Data, Materials, and Software Availability. Our introner identification pipe-
line and sequences for all introner families are available at https://github.com/
Igozasht/Introner-elements (67). Previously published data were used for this
work (All genomic data are available from NCBI. Specific accession numbers are
listed Datasets S1, 54, 58,59, and $11-513.).
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