
Mikina et al. Mobile DNA           (2024) 15:15  
https://doi.org/10.1186/s13100-024-00325-w

REVIEW Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Mobile DNA
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Abstract 

The widely accepted hypothesis postulates that the first spliceosomal introns originated from group II self-splicing 
introns. However, it is evident that not all spliceosomal introns in the nuclear genes of modern eukaryotes are inher-
ited through vertical transfer of intronic sequences. Several phenomena contribute to the formation of new introns 
but their most common origin seems to be the insertion of transposable elements. Recent analyses have highlighted 
instances of mass gains of new introns from transposable elements. These events often coincide with an increase 
or change in the spliceosome’s tolerance to splicing signals, including the acceptance of noncanonical borders. 
Widespread acquisitions of transposon-derived introns occur across diverse evolutionary lineages, indicating con-
vergent processes. These events, though independent, likely require a similar set of conditions. These conditions 
include the presence of transposon elements with features enabling their removal at the RNA level as introns and/
or the existence of a splicing mechanism capable of excising unusual sequences that would otherwise not be recog-
nized as introns by standard splicing machinery. Herein we summarize those mechanisms across different eukaryotic 
lineages.
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Introduction
Introns are noncoding gene sequences that are excised 
during RNA maturation. Following their removal from 
the pre-RNA, a mature transcript is generated that 
includes only the exons. This mature transcript is the final 
RNA molecule that performs a specific function within 
the cell, such as serving as tRNA or rRNA, or is utilized 
by the cellular machinery in the translation process 
(mRNA) [1, 2]. Introns were initially characterized in the 
1970s as "intervening sequences" that interrupt the cod-
ing DNA of genes [2]. Subsequently, exons were widely 
held to be the only important part of the transcript while 
introns should be rapidly excised and degraded, deemed 

as junk sequences unnecessary for cellular function. 
However, contemporary research has provided ample 
evidence to refute this notion, demonstrating that introns 
may indeed perform vital functions. Introns have been 
implicated in nearly all stages of mRNA maturation, with 
their most significant roles encompassing alternative 
splicing and the regulation of gene expression. Addition-
ally, certain introns encode functional RNA molecules, 
such as short interfering RNAs (siRNAs) and microR-
NAs (miRNAs) which interact with mature transcripts, 
leading to translational repression. Furthermore, introns 
influence numerous other cellular processes, including 
mRNA transport and RNA quality control [3, 4].

Introns are eliminated from precursor RNA through 
splicing, in which intron–exon junctions, known as splice 
sites, are cleaved, leading to the removal of the intron and 
the joining of exons to form a continuous RNA molecule. 
Depending on the mechanism of removal, several classes 
of introns are distinguished. Group I, II, and III introns 
comprise RNA molecules with autocatalytic properties 
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and a conserved secondary and tertiary structure, ena-
bling them to be excised from precursor RNA. These 
introns exhibit characteristics akin to mobile genetic 
elements capable of relocation within the genome [5, 
6]. Conversely, tRNA introns are mostly found in tRNA 
genes of eukaryotes and Archaea (in certain cases, 
introns of this type also occur in pre-rRNA and pre-
mRNA molecules). The excision of tRNA introns is a 
multistage process involving various enzymes, e.g. endo-
nucleases and RNA ligases [7].

The most numerous and extensively studied group of 
introns are spliceosomal introns, intervening sequences 
unique to and nearly ubiquitous in eukaryotes [8]. The 
excision of introns of this type is facilitated by the spli-
ceosome — a ribonucleoprotein complex consisting of 
RNA molecules and proteins. The pivotal components 
of the spliceosome are five small nuclear ribonucleopro-
teins (snRNPs) rich in uridine residues. Furthermore, the 
spliceosome comprises more than 200 protein splicing 
factors [9]. Spliceosomal introns are distinguished by the 
presence of evolutionarily conserved sequences at both 
the 5’ and 3’ ends, which are critical for accurate recog-
nition and subsequent excision. These introns typically 
feature a GT dinucleotide (less frequently GC) at the 5’ 
donor site and an AG dinucleotide at the 3’ acceptor site. 
Additionally, there are other conserved motifs crucial for 
RNA splicing, such as the branchpoint sequence (usually 
an adenosine nucleotide) and the polypyrimidine tract 
located near the 3’ end of the intron (Fig. 1). However, the 
exact position of the branchpoint site, as well as the posi-
tion, length, and variability of the polypyrimidine tract (if 
present) differ among various eukaryotic lineages [10].

In addition to spliceosomal introns with canonical 
GT-AG junctions, many eukaryotic organisms harbor 
introns with noncanonical splice sites [1, 11, 12]. The 
largest subgroup of such introns comprises U12 introns 
which may feature unconventional junctions such as 
AT-AC. Despite the presence of noncanonical nucleo-
tides at their termini, these introns are recognized and 
excised by the spliceosome. This is facilitated by the 
existence of another type of spliceosome in eukaryotic 
cells. While the U2 spliceosome (major spliceosome) is 
primarily responsible for excising the majority of spliceo-
somal introns with canonical GT-AG junctions, the U12 
spliceosome (minor spliceosome) specializes in remov-
ing introns with specific features beyond the junction 
sequences themselves. While most of these introns have 
canonical GT-AG borders, a substantial portion of them 
possess AT-AC junctions. Unlike the U2 introns, U12 
introns lack a distinct polypyrimidine tract. Moreover, 
the sequences surrounding the 5’ end and the branch-
point are longer and more conserved than those found 
in U2 introns [13]. U12 introns are found across most 

eukaryotes and typically constitute less than 0.5% of all 
introns in the genome [9, 14].

The origin of spliceosomal introns
The presence of introns in the genome entails increased 
energy expenditure for the cell. The splicing process 
involves one of the largest molecular complexes in the 
cell and is energetically costly and time-consuming 
[3]. Moreover, a potential mutation at the intron/exon 
boundary can be particularly detrimental to the organism 
as it hinders junction recognition and intron excision, 
potentially resulting in the production of a nonfunc-
tional gene product. Therefore investigating the origin 
and functions of introns has become the subject of much 
consideration. One hypothesis, for instance, suggests that 
introns emerged in genomes as selfish sequences, repli-
cating themselves at the host’s expense and acquiring 
numerous functions only later in various evolutionary 
lineages [3].

Two hypotheses have been proposed to explain the 
origin and accumulation of introns in genomes. The 
first hypothesis, known as "introns-early", suggests that 
introns were present in the early stages of genome evolu-
tion. According to this view, the earliest genes contained 
numerous introns that played a crucial role in genome 
reorganization and the generation of new proteins by 
facilitating the recombination of sequences encoding 
individual polypeptides. The second hypothesis, termed 
"introns-late", proposes that introns evolved exclusively 
in eukaryotes and have since accumulated in genomes 
[1, 11].  Despite these considerations,  there is rather no 
doubt that the LECA genome had numerous introns 
[15, 16]. Another hypothesis worth mentioning suggests 
a significant role of endosymbiosis in the emergence of 
introns in Eukarya. The acquisition of mitochondria 
through endosymbiosis with α-proteobacteria would 
initiate the transfer of self-splicing group II introns to 
the host genome where they evolved into spliceosomal 
introns over time [1]. The similarity between molecular 
mechanisms of the excision of these introns and group 
II introns, along with genome reconstructions of the 
last eukaryotic common ancestor (LECA), support this 
hypothesis [1].

Although the hypothesis that spliceosomal introns and 
small nuclear RNAs (snRNAs) originated from group II 
introns is widely accepted, it is evident that not all spli-
ceosomal introns in the nuclear genes of modern eukary-
otes stem from intronic sequences inherited through 
vertical transfer. Several phenomena have been described 
that could contribute to the formation of new introns in 
the genome. These include the acquisition of an intron 
during DNA repair following a double-strand break, or 
intronization of an exon sequence [17, 18]. The creation 
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of new introns from nonintronic sequences requires 
the presence of signals recognizable by the cell’s splic-
ing machinery, enabling their efficient removal from 
pre-mRNA.

Spliceosomal introns derived from transposable 
elements
Recent genomic analyses have highlighted the frequent 
gain of new introns through the insertion of sequences 
originating from transposons [19–22]. Depending on 
the site where transposons are integrated within the 
genome, transposon insertions can significantly impact 
organismal function. While insertions into non-coding 

sequences can generally be considered relatively benign, 
insertion within an exon typically leads to harmful 
changes, usually resulting in gene inactivation [23]. How-
ever, if sequences resembling spliceosome recognition 
signals are present within the transposon or in the vicin-
ity of the insertion site, the insertion can lead to a trans-
formation of the transposon into an intron allowing their 
safe integration [24, 25]. These new introns often exhibit 
short duplicated sequences (target site duplications, 
TSDs) at exon–intron junctions or in their immediate 
vicinity as a result of repairing staggered single-stranded 
regions generated by target DNA cleavage. Additionally, 

Fig. 1  Conserved nucleotides (A) and schematic representation of spliceosomal intron excision (B). Branchpoint, polypyrimidine tract, as well 
as both 5’ and 3’ splice sites are indicated. All of them play a key role in the process of removing spliceosomal introns, which consist of two 
sequential transesterification reactions. (1) The 2’ hydroxyl (2’OH) group of a branch site performs a nucleophilic attack on the 5’ splice site, leading 
to the formation of the lariat intermediate. (2) The released 3’OH group from the exon conducts a nucleophilic attack on the 3’ splice site, leading 
to exons joining and excision of the intron lariat
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terminal inverted repeats (TIRs) are frequently present, 
confirming their transposon origin (Fig. 2).

Singular introns of transposon or retrotranspo-
son origin have been reported in many eukaryotes 
[20–22]. Nevertheless, instances of mass gain of new 
introns from transposon sequences, which significantly 
reshaped entire genomes, are particularly intrigu-
ing. At the outset, thousands of introns with similar 
sequences were observed in the nuclear genome of 
the green alga Micromonas pusilla [26]. These repeti-
tive intronic sequences were termed introner elements 
(IEs), although their association with transposable ele-
ments was not immediately recognized. Subsequent 
analysis revealed that these sequences are flanked by 
three-nucleotide target site duplications (TSDs) and 
exhibit terminal inverted repeats (TIRs) adjacent to the 
duplicated sequences. Consequently, introners were 
redefined as short DNA transposons, similar to MITE 
transposons (miniature inverted-repeat transposable 
elements) which are nonautonomous transposon ele-
ments that have been described extensively in various 
plant taxa as well as in the genomes of animals, fungi, 
and bacteria [27]. At the RNA level, each introner in 

M.  pusilla is predisposed to be removed, serving as a 
donor of one splice site, with the second splice site cre-
ated within the duplicated target sequence (Fig. 2). This 
facilitates the effective removal of the introner from the 
mRNA [28]. Subsequently, introners and introner-like 
elements (ILEs) were discovered in various organisms, 
including fungi [29, 30], stramenopiles [28], and dino-
flagellates [31, 32]. An extensive analysis of genomic 
sequences for introners revealed their prevalence, with 
5.2% of genomes containing IE-derived introns [33]. 
Over 27,000 such introns were categorized into 548 
families based on similarity. It was also noted that the 
vast majority of introners seem to be DNA transpo-
sons. Notably, not all analyzed introners exhibit TSD 
and TIR sequences. Splicing signals enabling excision 
of IE-derived introns may originate from the introner 
sequence itself, TSDs, or exon sequences. The presence 
of IE-derived introns spans eight independent phylo-
genetic lineages across six major evolutionary groups 
of eukaryotes. Moreover, organisms inhabiting aquatic 
environments are 6.5 times more likely to contain 
introners, suggesting the possibility of their spreading 
via horizontal transfer in aquatic environments [33].

Fig. 2  Introner insertion leading to the formation of an intron. After transposase cuts the TCA site, introner (marked in green) integrates 
into the target sequence. Site repair results in the duplication of this sequence on each side of the introner. These short, duplicated sequences 
(TSD) are highlighted in yellow. Additionally, the terminal inverted repeats (TIR) are underlined. Restored splicing sites (bold) of newly gained 
intron (lowercase) are either carried by introner (5’), or co-opted from TSD (3’). The sequence originates from M. pusilla and illustrates the potential 
sequence of events leading to the IE-derived intron gain [17, 28]
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Noncanonical introns and the evolution 
of the spliceosome
Widespread acquisition of new introns from transpo-
sons often coincides with an increase or change in the 
tolerance of the spliceosome to splicing signals, includ-
ing the acceptance of noncanonical borders (other than 
GT-AG). A significant proportion of introns with nonca-
nonical junctions have been identified in the genome of 
the tunicate Fritillaria borealis [34]. Genomic and tran-
scriptomic analyses revealed that AG-AC and AG-AT are 
the most prevalent splice sites in this organism, although 
various other dinucleotide combinations have also been 
observed. Introns terminating in GT-AG in F. borealis are 
relatively rare and typically occupy evolutionarily con-
served positions within genes. Conversely, noncanonical 
introns are found at species-specific locations, suggest-
ing recent acquisition. Furthermore, F.  borealis introns 
exhibit TIR inverted repeats and TSD sequences, indica-
tive of their transposon origin (Fig. 3A).

Introns with noncanonical junctions in the F.  borea-
lis genome likely originate, as suggested for introners in 
Micromonas, from MITEs. However, the mechanism 
underlying the excision of these introns is particularly 
intriguing. It appears that tunicate introns are efficiently 
excised by the spliceosome despite noncanonical ends, 
but only in F. borealis. In contrast, the same introns are 
not spliced out by the human spliceosome. This discrep-
ancy suggests an evolutionary change in the spliceosome 
of tunicates, enabling the neutralization of the effects 
of transposon insertions by adapting to the removal of 
introns with noncanonical junctions [34].

Adaptation of the spliceosome to remove unusual 
introns has also been observed in marine parasitic 

dinoflagellates of the genus Amoebophyra [31]. Protists 
within this group are characterized by large genomes 
with unusual organization. Two strains of Amoebophyra 
exhibit significant variability in intron boundaries, with 
more than 60% of introns being noncanonical. These 
atypical introns differ in length and GC content com-
pared to their canonical counterparts, exist in multi-
ple copies and exhibit TSDs and TIRs, indicating their 
transposon origin (Fig.  3B). Additionally, in both tested 
strains, the U1 snRNA—which is crucial for recognizing 
the donor end of the intron—was apparently absent. The 
lack of U1 snRNA suggests the development of an alter-
native splicing mechanism, possibly involving recruit-
ment of a new subunit to the spliceosome complex, 
facilitating effective removal of introns with unusual bor-
ders [31].

An increased number of unusual intron boundaries 
has also been observed in other dinoflagellates, such as 
Symbiodinium species and Polarella glacialis [32]. The 
genomes of these protists harbor a substantial number of 
newly acquired IE-derived introns, while ancient introns 
have undergone extensive loss. Analysis of IE introns 
revealed a prevalence of introns with GC-AG borders, a 
feature that typically occurs on a small scale in all eukary-
otes but is dominant in the aforementioned dinoflag-
ellates (Fig.  3C). In this context, the reduced/changed 
selectivity of the spliceosome may facilitate the acquisi-
tion of new introns due to the proliferation of introners, 
generating atypical splicing signals. The authors pro-
pose a model to elucidate the evolution of such unusual 
introns. According to this model, the initial stage involves 
a massive loss of ancient, canonical introns. A decreased 
number of introns with highly homogeneous junctions 

Fig. 3  Diversity of transposon-derived introns with noncanonical junctions. Most of them exhibit specific sequence features: TIR (underlined) 
and TSD at the intron/exon boundaries (highlighted in yellow), suggesting their origin; intron sequences in lowercase. A In the genome 
of the tunicate, F. borealis, the most prevalent splice sites in this organism are AG-AC and AG-AT. The majority of noncanonical introns are typically 
preceded by an exonic sequence TAC that led to the formation of the 3’ splice site [34]. B The TSDs motifs of 3–5 nt length in Amoebophyra show 
high variability, whereas some of the TIR motifs were conserved and strain-specific [31]. C Introners in P. glacialis demonstrate significant diversity, 
and have been categorized into 15 separate families, revealing various patterns of intron acquisition and the recognition of new splicing sites 
[32]. D Nonconventional introns in euglenids form a stable secondary structure based on TIR (usually CAG and CTG in positions + 4, 5, 6 and -8, 7, 
6 respectively) nucleotides base-pairing, that brings the ends of the intron together. They exhibit noncanonical junctions, with often repetitions 
of TSD at the intron/exon boundaries [36, 37]
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may lead to decreased selectivity for recognized splic-
ing signals. Less constrained spliceosomes may have a 
greater capacity to adapt to gene-disrupting transposable 
elements, increasing the probability of the emergence of 
transposon-derived introns, even in cases of noncanoni-
cal junctions [32].

The relationship described above between the mas-
sive gain of introns from transposon elements and the 
presence of atypical splicing signals extends beyond 
spliceosomal U2 introns. Analysis of the Physarum 
polycephalum genome revealed a significant abundance 
of U12 introns, approximately 25 times greater than that 
of any other species [35]. Furthermore, these introns with 
atypical borders appear to be a relatively recent acquisi-
tion. They frequently exhibit short inverted repeats at 
their ends, suggesting a possible transposon origin. Inter-
estingly, unlike those in other species, new U12 introns 
demonstrate high removal efficiency from transcripts, 
likely facilitating a substantial increase in their number 
[35].

Another intriguing case of unusual intron spread is 
observed in euglenids. While these organisms possess 
typical spliceosomal U2 introns, they also harbor a dis-
tinct group of nonconventional introns with markedly 
different characteristics [36, 37]. These nonconventional 
introns feature noncanonical junctions, often consist-
ent with the pyrimidine|purine consensus on both ends, 
lack a polypyrimidine tract but exhibit TIRs which bring 
both ends of the intron closer together at the RNA level. 
Additionally, repeats resembling target site duplications 
(TSD-like sequences) are frequently found at intron–
exon junctions (Fig. 3D). Moreover, their insertions into 
new positions within genes has been observed, further 
suggesting their transposon origin, likely from MITE 
elements. The length of nonconventional introns var-
ies widely, ranging from several dozen to several thou-
sand nucleotides, with no clear pattern within the group. 
The RNA secondary structure of these introns is some-
what conserved, particularly near the ends [36, 37]. The 
removal of nonconventional introns occurs after the 
removal of spliceosomal conventional introns, and upon 
excision, they manifest in the cell as circular RNA mole-
cules with full-length ends lacking the typical lariat form 
[38, 39]. The mechanism underlying the removal of these 
introns from transcripts has not been elucidated. How-
ever, discernible differences suggest that their removal 
involves a nonconventional, additional spliceosome or a 
spliceosome-independent process. This observation indi-
cates the development of a novel splicing mechanism that 
likely facilitates the acquisition of new intron sequences 
of transposon origin. Thus, this phenomenon seems 
to be a scenario similar to that of previously discussed 
transposon-derived U2 introns, in which the presence 

of a spliceosome with a greater or different tolerance for 
splicing signals promotes the emergence of new interven-
ing sequences.

Summary
Recent research indicates that the genomes of many 
eukaryotic organisms undergo constant changes. While 
instances of intron loss are observed, there are also pro-
cesses of mass intron gain. This phenomenon, while 
increasing the costs associated with maintaining and 
expressing the genome, simultaneously shapes its struc-
ture, enhancing the flexibility of gene expression and 
expanding the repertoire of available proteins within the 
cell. Widespread gains of transposon-derived introns are 
observed across diverse evolutionary lineages, indicating 
convergent processes. These events occur independently 
but likely result from common conditions: the pres-
ence of transposon elements with features enabling their 
removal at the RNA level and/or the existence of a splic-
ing mechanism capable of excising unusual introns that 
would otherwise not be recognized by standard mecha-
nisms. Our expanding understanding of the dynamics of 
intron loss and gain not only sheds light on the evolution 
of eukaryotic genomes but also provides insights into 
the evolutionary processes that gave rise to spliceosomal 
introns and the complex splicing machinery in LECA.
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