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Abstract The genesis of the exon—intron patterns of
eukaryotic genes persists as one of the most enigmatic
questions in molecular genetics. In particular, the origin
and mechanisms responsible for creation of spliceosomal
introns have remained controversial. Now the issue
appears to have taken a turn. The formation of novel
introns in eukaryotes, including some vertebrate lineages,
is not as rare as commonly assumed. Moreover, introns
appear to have been gained in parallel at closely spaced
sites and even repeatedly at the same position. Based on
these discoveries, novel hypotheses of intron creation
have been developed. The new concepts posit that DNA
repair processes are a major source of intron formation.
Here, after summarizing the current views of intron gain
mechanisms, I review findings in support of the DNA
repair hypothesis that provides a global mechanistic
scenario for intron creation. Some implications on our
perception of the mosaic structure of eukaryotic genes are
also discussed.
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Introduction

Interruption of coding regions by spliceosomal introns is
a key feature of most eukaryotic genes. Since the first
discovery of the mosaic nature of genes [1-3], much
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progress has been made, particularly concerning bio-
chemistry and molecular genetics of intron excision [4].
Two questions, however, have remained enigmatic. The
first of these issues addresses the time and manner of
spliceosomal intron emergence. Essentially all critically
important components of two classes of spliceosomes
have been detected in presumably early diverging
eukaryotes, indicating that functional intron excision
machineries were already present in the last common
ancestor of eukaryotes [5, 6]. Similarities in the catalytic
mechanism used for excision argue in favor of the
hypothesis that spliceosomal introns arose from self-
splicing group II introns (see [7, 8] for review); however,
there are alternative views on the origin of spliceosomal
introns and the splicing machinery (discussed in [9]). The
second issue concerns dynamics and mechanisms under-
lying intron loss and gain. Many introns appear to have
been maintained for hundreds of millions of years, as
inferred from the observation that a large fraction of
orthologs in vertebrates and some basal metazoans share
the majority of intron positions [10, 11]. The discovery of
intron-rich genes in supposedly early diverging lineages
also seems to confirm that the genomes of some primor-
dial eukaryotes were densely populated with introns.
Introns may be lost at varying rates that depend on the
evolutionary lineage [12, 13]. This is often explained by
reverse transcription of mRNAs or partially spliced
transcripts followed by gene conversion, though other
processes have been claimed to be involved (reviewed in
[7]). Though the mechanisms responsible for intron loss
are far from clear, there are many more issues concerning
intron gain that will be addressed in this article. Here it is
argued that processes associated with repair of DNA
double-strand breaks (DSBs) are a major source of intron
formation.
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Recent findings demonstrate de novo intron creation

Intron gain and loss have been studied in various lineages
of eukaryotes. Usually, intron creation was found to be
considerably less frequent than intron loss, though some
reports have advocated for an excess of intron acquisition
[14—17]. These conflicting results are partly due to prob-
lems and misconceptions associated with identification of
“true” intron gains (i.e., inadequate use of outgroups) and
partly due to gene- and lineage-specific, real differences in
intron gain rates [18]. Several recent reports, however,
have now convincingly demonstrated that genes indeed
have been colonized by novel introns and that de novo
intron formation is still ongoing [19-21]. One of the most
clear-cut examples of intron gain has been unearthed in the
water flea, Daphnia pulex (D. pulex). Omilian et al. [22]
found that the rab4 gene of an endemic population of this
aquatic crustacean contains two non-standard introns—
shifted by one nucleotide in allelic variants—that are not
present in any other D. pulex population examined. With
the exception of one D. pulex/D. pulicaria hybrid, these
introns also do not exist in closely related species of the
same genus or in rab4 homologs of insects, echinoderms,
and vertebrates. Aside from brief oligonucleotide stretches,
the novel introns neither share sequence similarity to each
other nor are there matches to any other region of the water
flea genome. As mentioned by the authors, the restricted
geographic distribution and the lack of sequence diversity
within the affected D. pulex population suggest a recent
origin for these introns. Subsequent whole-genome analy-
ses revealed multiple novel introns in Daphnia, some of
which appear to have independently arisen several times at
the same site [23].

Creation of novel introns in vertebrates, particularly in
mammals, was thought to be very rare or even non-exis-
tent. Some recent reports, however, argue that in some
lineages of vertebrates at least, de novo intron formation
has occurred [24-27]. Remarkably, there are even two
examples of genes each depicting two novel introns, pos-
sibly created in a concerted event or rapidly one after the
other (on an evolutionary time scale) [27]. Examination of
orthologs in basal vertebrates (cyclostomes) and/or other
outgroups corroborated the evolutionarily young age of all
non-standard introns, and in several cases ESTs or cDNA
sequences confirmed that the presumptive introns are
indeed spliced out. Frequently, the formation of novel
introns did not cause insertions or deletions at the insertion
point, thus leaving the size of the affected proteins
unchanged. In some instances, however, intron creation
was associated with gain or loss of a few amino acids at the
target site, in accordance with similar observations in other
lineages [21, 28]. There is also one report of modern
introns in human [29], but the findings have been

challenged due to problems potentially associated with the
methodology used [30].

Classical models of intron gain

Though there is now a considerable body of evidence
demonstrating that spliceosomal introns may arise de novo,
the mechanism(s) of their formation has/have remained
controversial. Several excellent recent reviews have dis-
cussed this topic in depth [7, 31-33], therefore only a brief
summary and a critical evaluation of the most influential
proposals are presented here (Table 1).

(1) Intron generation via transposon insertion

There are a few spliceosomal intron gains apparently
associated with acquisition of mobile elements [34-36].
The rarity of such examples, however, argues against
transposons as a major source of introns. A drawback of
this mechanism is that spliceosomal excision of the inser-
ted sequences will usually create insertions at the
integration site, probably often interfering with the function
of the protein.

(2) Reverse transcription of released introns followed
by integration elsewhere in the genome

Insertion of reverse-transcribed introns into genes is an
attractive proposal, since it would create introns that are
perfectly equipped with the attributes required for efficient
and “clean” excision. The reverse-transcription based
mechanism implies the presence of parental intron
sequences elsewhere in the genome or in the genome of
close relatives. By analyzing intron presence/absence
polymorphisms in Caenorhabditis, Coghlan and Wolfe
detected several putative novel introns with sequence
similarity to other introns in the same genes [37]. Intron
loss or repeated insertions of transposons, however, may
also explain the data [18]. Large-scale analyses of several
genomes provided no evidence in support of reverse-

Table 1 Comparison of proposed intron gain mechanisms

Proposed mechanism  Maintenance of protein  Flanking repeats

of intron gain size explained explained
DSB repair Yes Yes
Exon intronization No (size loss) No
Alu exonization No (size increase) No*
Reverse splicing Yes No
Transposon insertion  ? Yes

% Complete Alu repeats are usually flanked by direct repeats
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transcriptase based intron transfer to new locations [38].
Population-genomic sequencing projects will probably
offer the best way to evaluate the significance of this
mechanism.

(3) Tandem duplication of AGGT tetramers
in coding sequences

Expansion of directly repeated AGGT sequences with their
embedded splice sites might lead to intron formation, as
originally proposed by Rogers [39]. Currently, there is only a
single example possibly in accord with this mechanism [40].

(4) Intronization of exonic sequences

Studying five Caenorhabditis species, Irimia et al. [32]
compiled 16 introns evidently ensuing from intronization
of exon sequences. In many of these cases, novel splice
boundaries were generated by a single base pair change.
RT-PCR analyses showed that spliced and original tran-
script forms are often co-expressed; the potentially
deleterious effects originating from silencing of exon seg-
ments thus are mitigated. The investigation of Irimia et al.
[32] clearly documents that simple point mutations can
elicit novel introns in Caenorhabditis, this model, however,
does not seem to be common in other lineages [41]. Since
inherently associated with loss of amino acid stretches, this
model also cannot explain formation of introns that leave
the protein size unaltered (i.e., intron formation in gene
segments that code for protein domains of low structural
plasticity is problematic).

Another mechanism that is related to the exon intro-
nization model also suffers from the fact that size changes
of the encoded proteins ensue. Duplication of intragenic
segments (encompassing intronic and flanking exon
sequences) may lead to activation of latent splice sites [42],
thus creating novel introns or exons (that are flanked by
novel introns). Dissenting from the Rogers [39] model,
here the splice signals of novel introns reside in dispersed,
complex repeats rather than in expanded AGGT repeti-
tions. Varying with the species, up to 30% of all genes with
internally duplicated segments were found to contain novel
introns, demonstrating the significance of this mechanism.

(5) Exonization of intron sequences

Exonization of complex repetitive elements residing in
introns represents another facet of the ‘fortuitous splice site
creation’ model [43, 44]. Alu repeats are a group of pri-
mate-specific retroposons of about 300 nucleotides in size,
typically containing a poly (A)-stretch at their 3’-ends.
When present in the antisense orientation, the poly(T)-
sequence can serve as a splice-promoting polypyrimidine

tract that, together with point mutations producing AG/GT
splice sites, may lead to a partially exonized Alu repeat
preceded by a novel intron. In at least one case, RNA
editing processes have been shown to contribute to Alu
exonization [45]. Exonization of Alu repeats (and other
repetitive elements) certainly represents one of the best
supported models of intron formation with thousands of
documented cases [43, 46]. Exonization of these repeats,
however, will lead to sequence additions with potentially
deleterious consequences for the affected protein. Reten-
tion of the ancestral transcript, brought about by alternative
splicing or backup copies (paralogs), can dampen such
effects. In summary, numerous examples demonstrate that
appropriate sequence modifications in Alu elements can
elicit formation of novel introns in primates, though at the
risk of losing the ancestral protein.

Intron gain and DNA repair

Though each of the mechanisms discussed above can
explain formation of introns, they either cannot easily
rationalize all types of introns (Table 1) or the evidence in
support of them is scarce. Recently, two groups suggested
an alternative, arguing that DSBs might trigger formation
of spliceosomal introns [23, 27]. Investigating intron
dynamics in a superfamily of protease inhibitor genes, one
of these groups found that all novel introns identified in the
vertebrate lineage occurred in a fish clade that had under-
gone genome compaction. Since genome size reduction
may be caused solely through loss of entire chromosomes
and/or deletion of intrachromosomal DNA segments fol-
lowing creation of DSBs, the authors suspected that
conditions favoring DSBs and the processes involved in
their repair could foster intron formation [27]. In line with
this proposal are other reports of intron gains associated
with genome contraction. Arabidopsis thaliana, for
instance, experienced extensive formation of novel introns.
This well-characterized model plant also underwent DNA
loss following at least one whole-genome duplication in the
Arabidopsis lineage [19]. Intron gains were also detected in
genes of bacterial origin (assumed to be intron-free) hori-
zontally transferred to bdelloid rotifers [47]. These
originally tetraploid invertebrates are in the process of
losing genome segments and are extraordinarily resistant to
desiccation and radiation-induced DSBs, probably due to
efficient DNA repair [48-50]. Likewise, Oikopleura dio-
ica, a tunicate, features a compressed genome densely
populated with genes, many of which depict non-conserved
intron patterns [17, 51].

Analyzing intron presence/absence polymorphisms on a
genomic scale, Lynch’s group found that a substantial
fraction (43%) of novel introns in Daphnia are flanked by
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short direct repeats, ranging from 5 to 12 base pairs in size
[23]. These observations led the authors to suggest that
intron gains in Daphnia resulted from the repair of DSBs
accompanied by small insertions, since short DNA inser-
tions flanked by short direct repeats are frequently
observed in a subset of repaired DSBs. Direct repeats
overlapping with the splice sites are also associated with
several novel introns in Drosophila [21], suggesting that
such sequences represent phylogenetically widespread
attributes in a part of novel introns. Collectively, these
findings are compatible with the notion that conditions that
favor DSB formation and genome instability, such as rep-
lication fork collapse, genome compaction, desiccation,
ionizing radiation, or cleavage by retrotranspositional
endonucleases [52], can pave the way for intron formation.

Molecular basis of the DNA repair hypothesis

Genetic and genomic investigations have accumulated
evidence implying DSB formation and DNA damage repair
in intron formation. But is there a solid biochemical basis
for the DNA repair hypothesis? In the following sections,
I will discuss data and findings that suggest that DNA
damage and the processes involved in DNA rejoining may,
indeed, represent a global source of intron generation.
Double-strand breaks are hazardous genomic lesions
that occur at a high rate in eukaryotes, even in the absence
of ionizing radiation or genotoxic chemicals [53, 54].
Human cells, for instance, have been estimated to suffer
~10 DSBs every time a cell divides [55]. There are two
major groups of networked DSB repair pathways, homol-
ogous recombination (HR) and non-homologous end-
joining (NHEJ) [56, 57]. In multicellular eukaryotes, NHEJ
usually dominates [54], but the relative importance of these
pathways may vary with the species considered. HR typi-
cally results in error-free correction of the lesion, however,
when repetitive DNA segments are affected, sequence
insertions (and deletions) also likely arise [58-60]. It is
conceivable that, via non-allelic HR, expansion of repeti-
tive sequences enclosing cryptic splice signals could lead
to novel introns, though as yet there is no evidence for this.
Non-homologous end-joining enables joining of broken
DNA molecules in the absence of a homologous template,
though short sequence homologies between the ends may
promote repair. Following Mahaney et al. [61], NHEJ may
be graded into three central steps that include DSB sensing
(detection of DSBs and tethering/protection of DNA ends),
DNA end processing, and DNA ligation. Key players of
DSB sensing in vertebrates are Ku70/80 (a heterodimer
that binds to DSB termini and recruits other proteins of the
NHEJ complex) and DNA-dependent protein kinase C
(DNA-PKc). DNA end processing may include removal of

damaged or non-ligatible groups, polishing of ends, and
addition of nucleotides. An important enzyme of this step
is the Artemis nuclease, however, additional proteins, such
as DNA-PKc and DNA polymerases 4 or u (pol 4, pol u)
may be involved [62]. Joining of the processed ends is
executed by the XRCC4/DNA ligase IV complex.

Due to the variability in composition and order in which
the components of the NHEJ complex may act, the final
outcome of the repair process can vary [63]. Thus, dele-
tions, exact rejoining, or the addition of a few nucleotides
may ensue from these activities. Some NHEJ events,
however, involve capture of filler DNA leading to large
insertions [64—67]. The relative frequencies of these events
depend on the nature of DNA damage, the taxonomic
position of the species concerned, and in experimental
settings, the conditions used [64, 65, 68]. NHEJ-mediated
insertion events also vary with respect to junction borders
and sequence complexity of the DNA integrated. Fre-
quently, acquisition of filler DNA is associated with
resection of DSB termini that can involve donor and/or
genomic DNA, and the integrated DNA sequences are
often flanked by short direct or inverted repeats [63, 69].

For repair of DSBs, DNA of various origins may be used
as filling material. Aside from numerous unique sequences,
endogenous telomeric repeats and organellar DNA frag-
ments are frequently used as patching material [70, 71].
Various experimental studies unearthed a potpourri of
DNA sequences as inserts. Integrated sequences include
simple repeats, such as (GT), [64], G(T),, [68] or
(GAGAA)o(AAAGG);(AAGGG); [66], fragments of
expression vectors (applied to generate chromosomal
DSBs), genomic DNA from bacteria (presumably con-
taminants of transfection vectors), deliberately added
sequences, and DNA of unknown origin [66, 67]. Thus, it
appears that DNA of any source, when available, can be
recruited for NHEJ. Collectively, these findings suggest
that NHEJ-mediated repair can explain several traits of
novel introns, such as short (and large) intron size and the
presence of short flanking repeats [21, 23].

Integration of numts: a paradigm of intron formation
via DNA fragment insertion?

Integration of numts (nuclear DNA of mitochondrial ori-
gin) into the genome depicts numerous features that appear
to mirror segment-mediated de novo intron formation. In
their detailed analysis of numt-mediated DSB repair in
primates, Hazkani-Covo and Covo [72] detected many
types of fusions between organellar and nuclear DNA, two
of their observations, however, are of particular interest.
Firstly, more than 50% of numt insertions (49 of 90 events)
did not depict any deletion of chromosomal DNA. The
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authors suppose that, in the presence of filler DNA, end-
processing repair pathways are competed out. The second
important finding was that target site duplications of up to
11 nucleotides were observed in a minority of ligations, in
accordance with some intron gains observed in Daphnia
[23] and Drosophila [21]. In line with these observations,
Li et al. [23] found that one of the novel introns found in
the genome of water fleas was homologous to mitochon-
drial DNA.

Intron formation by DNA synthesis?

Though it appears that en bloc transfer of DNA segments
of organellar, nuclear or any other origin to DSBs can
provide the raw material for new introns, alternative ways
of intron formation might exist. One such alternative is
repair-mediated synthesis. Pol u, a widely expressed
member of X family DNA polymerases, has been shown
to perform non-templated DNA synthesis, both in vitro
(>40 nucleotides in the case of T addition [73]), and in
vivo [74-76]. De novo synthesis thus might explain the
lack of sequence similarity of novel introns to other regions
in the genome, a characteristic feature of most novel
introns. There are, however, some reservations challenging
the role of this and related enzymes as exclusive, major
actors in intron formation. Firstly, it is not clear, whether,
in vivo, pol u can synthesize non-instructed DNA segments
that are long enough to function as introns (about 20-25
bases). Secondly, some eukaryotes that acquired novel
introns, such as D. melanogaster or Caenorhabditis, do not
harbor X family DNA polymerase genes [77]. Possibly, in
these and other cases as yet little characterized alternative
end-joining pathways might come into play [78].

Repair-mediated DNA insertion, splicing,
and nonsense-mediated decay surveillance

Clearly, most of the repair-mediated DNA insertions will
have deleterious consequences, when interlaced in coding
regions (or other essential gene sequences). However, these
harmful effects may be counteracted, on the RNA level, by
two mechanisms: splicing and nonsense-mediated decay
(NMD). Splicing involves signals that are either degenerate
[79, 80] (standard splice sites: GU/AG) or fuzzy (C/U-rich
region, splice enhancers, secondary structures); it is thus
conceivable that, by chance, some of the novel sequences
will accommodate the requirements imposed by the splice
apparatus. Some of the insert-colonized genes will give rise
to proteins of unaltered size, if the spliceosome can remove the
integrated sequence entirely. Inexact excision, however, will

produce insertions or deletions at the target site, depending on
the positions of the splice sites actually used.

Nonsense-mediated decay is a powerful control system
that, in the pioneering round of translation, mediates
destruction of transcripts with premature stop codons
(PTCs) [81], thereby preventing accumulation of aberrant
proteins that may be toxic to cells. PTCs emerging from
insertions are no exceptions, and consequently the corre-
sponding transcripts are considered flawed and led to
degradation. Removal of PTCs by splicing, in contrast,
results in transcript accumulation. NMD-mediated sup-
pression of the harmful consequences thus may greatly
favor emergence of introns in sequences that are ineffi-
ciently spliced [21, 82]. Subsequent mutations affecting
initially suboptimal splice signals may finally result in
intron fixation. Recent investigations have indeed shown
that novel introns in Drosophila are more likely to contain
in-frame PTCs than conserved introns, indicating that
NMD may become active in the case of splicing failure,
thus enabling selection of better splice motifs [21].

Implications of the DNA repair hypothesis on our view
of the mosaic nature of eukaryotic genes

The new developments in one of the most enigmatic fields
of genetics may also change our view of splicing. What-
ever the very origin of spliceosomal introns, it is now
conceivable that eukaryotes have channeled splicing and
the splice apparatus into a device that corrects some of the
genomic scars left by the error-prone NHEJ repair. Splicing
thus may serve as another gene surveillance and rescue
system that acts on the RNA level. Though it is now evi-
dent that introns continue to emerge—in some lineages at
unprecedented rate—other queries are still unresolved. For
instance, it is not clear how the common attributes of
introns, such as 5" and 3 splice signals, arose. Are they
related to sequence preferences of the DSB repair
machinery or are they relics of the very first introns?

The DNA repair model of intron formation is compati-
ble with the existence of hot spots for intron gain [23]. The
DNA and/or chromatin structures that favor “hits”, how-
ever, remain to be elucidated. Repeated intron formation at
identical positions also challenges that introns at concor-
dant sites in orthologs of phylogenetically distant
organisms are invariably offspring of a common ancestor.
The new model of intron formation also addresses the
question of time and mechanism(s) of primordial splice-
osomal intron creation. NHEJ is an evolutionarily ancient
tool present in various lineages of prokaryotes [83], whe-
ther this has any relevance for the emergence of the first
spliceosomal introns remains to be investigated.
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Outlook

Recent findings have demonstrated that spliceosomal
introns have arisen de novo at appreciable rates in various
lineages of eukaryotes and that introns still continue to
emerge. As a novel mechanism of intron formation, DSB
repair comes into focus. Evidence from genomic data in
favor of this model is accumulating, experimental confir-
mation, however, is still lacking. The genetic and
biochemical tools already available will undoubtedly be
used to scrutinize the significance of this mechanism for
intron formation. Next-generation sequencing technologies
will provide a realistic picture of intron formation rates
across various clades and within populations. The occur-
rence of hot spots of intron insertion still represents an
enigma that awaits clarification.
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