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The evolution of spliceosomal introns:
patterns, puzzles and progress

Scott William Roy™ and Walter Gilbert*

controlintron evolution.

Introns are genomic sequences that are removed from the
corresponding RNA transcripts of genes. Group I and II
introns are both found in some bacterial and organellar
genomes, and group I introns are also found in ribosomal
RNAs (rRNAs) of protist and fungal nuclei'~*. These two
groups have distinct RNA structures that facilitate their
self-splicing activity. They also contain internal ORFs,
which facilitate both intron removal from RNA tran-
scripts and intron propagation to intronless sites through
reverse transcription. In total, around 1,500 group I and
200 group IT introns have been identified'.

By contrast, a third group of introns — spliceosomal
introns — are found in the nuclear genomes of all charac-
terized eukaryotes. They have quasi-random sequences
and generally lack ORFs. Their lengths vary widely
between species, from just tens of bases in some protists
to hundreds of kilobases in mammals. The spliceosome,
a complex that comprises five RNAs and hundreds of
proteins, removes spliceosomal introns from RNA
transcripts, a process that is coupled to several other
transcript-processing steps*. Despite important differ-
ences between spliceosomal and other introns, similari-
ties between the splicing mechanisms of group II and
spliceosomal introns indicate a possible evolutionary
relationship between the two>~’.

The timing and causes of spliceosomal intron evolu-
tion are matters of great interest in the study of genome
evolution as a whole. Spliceosomal introns are absent
in prokaryotes and their numbers vary tremendously
between eukaryotic species, from fewer than 100 introns
per genome in some species to hundreds of thousands per

Abstract | The origins and importance of spliceosomal introns comprise one of the longest-
abiding mysteries of molecular evolution. Considerable debate remains over several
aspects of the evolution of spliceosomal introns, including the timing of intron origin and
proliferation, the mechanisms by which introns are lost and gained, and the forces that
have shaped intron evolution. Recent important progress has been made in each of these
areas. Patterns of intron-position correspondence between widely diverged eukaryotic
species have provided insights into the origins of the vast differences in intron number
between eukaryotic species, and studies of specific cases of intron loss and gain have led
to progress in understanding the underlying molecular mechanisms and the forces that

genome in vertebrates and plants (FIC. 1). However, despite
the huge numbers of intron gains and/or losses that are
implied by these differences, there is less certainty about
the mechanisms and forces that underlie intron gain and
loss than about any other major class of genetic element.
There are millions of known introns in coding regions, but
there is only one known intraspecific presence/absence
polymorphism', and there are only three recently inserted
introns for which the origins have been confidently
traced'""%. Currently, several plausible hypotheses com-
pete to explain the origin of new introns, and no consen-
sus has been reached as to whether introns are positively,
negatively or neutrally selected.

The vast interspecific differences in intron number
between eukaryotic genomes constitute an important
puzzle with which theories about the determinants
of genome complexity — for example, selfish genetic
elements' ', organismal complexity'>" or population
size?®?! — must come to terms. Indeed, introns have
prominent roles in several ambitious theories of genome
evolution. A long-standing theory of intron origin pos-
tulates that recombination within introns facilitated the
construction of the first full-length genes'”*>-*, and a
similar theory has been proposed for the origins of many
multidomain metazoan genes**. Introns have also been
suggested to increase fitness by increasing intragenic
recombination®*'~** or to have boosted transcript fidel-
ity in early eukaryotes through nonsense-mediated decay
(NMD)*, Differences in intron number have also served
as the potential crowning example of the hypothesis that
increases in genome complexity are often the results of,
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Figure 1| Distribution of spliceosomal introns in eukaryotic species. The number
of introns per gene is shown for a selection of well-characterized eukaryotic species,
derived from a survey of the literature. The full names of the species shown are as follows:
Anopheles gambiae; Arabidopsis thaliana; Aspergillus nidulans; Bigelowiella natans
Nucleomorph; Caenorhabditis briggsae; Caenorhabditis elegans; Candida albicans;
Chlamydomonas reinhardtii; Ciona intestinalis; Cryptococcus neoformans;
Cryptosporidium parvum; Cyanidioschyzon merolae; Dictyostelium discoideum;
Drosophila melanogaster; Encephalitozoon cuniculi; Giardia lamblia, Guillardia theta
Nucleomorph; Homo sapiens; Leishmania major; Mus musculus; Neurospora crassa;
Oryza sativa; Paramecium aurelia; Phanerochaete chrysosporium; Plasmodium falciparum;
Plasmodium yoelii; Saccharomyces cerevisiae; Schizosaccharomyces pombe; Takifugu
rubripes; Thalassiosira pseudonana; Trichomonas vaginalis.

or are themselves, deleterious mutations?*?!. Therefore,
the evolution of spliceosomal introns has broad implica-
tions for many fundamental evolutionary questions.

Research into the timing, mechanisms and causes of
spliceosomal intron evolution has been extremely active
in the past few years, resolving some old controversies
and sparking some new ones. Here we discuss recent
studies of the rise and fall of intron number through
eukaryotic evolution, mechanisms of intron gain and loss,
and the evolutionary forces that might be responsible
for these changes.

The timing of intron evolution
The introns early-introns late debate. There are two
main, long-standing alternative explanations for the

Exon shuffling
A process by which ectopic

recombination within introns origin of introns. The introns-early (IE) model proposes
leads to the creation of new that introns are extremely old, and were numerous in
genetic products. the ancestors of eukaryotes and prokaryotes'”?-%, with

. introns allowing the modular assembly of very early
Dollo parsimony
Amethod in which a character  full-length genes from shorter exon-encoded fragments
(in this case an intron position)  through ‘exon shuffling’ In this model, introns were then
isinferred to have arisen exactly  Jost from prokaryotic genomes. By contrast, according to
once on the evolutionary tree the introns-late (IL) model, the phylogenetic restriction

in the ancestor of the most fspli ali Kk 1 thei
distantly related pair of species ot spliceosomal introns to eukaryotes retlects their more

that share the character. recent insertion into originally intronless genes after the
Absence of the character in divergence of eukaryotes and prokaryotes” -,
descendents of this ancestor is With accumulating evidence, the more extreme
then explained by the minimal . . .

versions of these two models — which view nearly all
pattern of losses necessary to X R X
explain the observed introns as being either extremely old or new — have
phylogenetic distribution. yielded to more nuanced perspectives. Currently, IE

adherents postulate that only a minority of modern
introns predate the eukaryote—prokaryote split* -,
whereas most IL supporters believe that introns
evolved from type II bacterial introns in relatively early
eukaryotes’’. However, vigorous debate continues about
both the presence of introns in prokaryote-eukaryote
ancestors and the relative importance of intron loss and
intron gain in eukaryotic evolution. We begin our dis-
cussion with the key issues of intron conservation, loss
and gain.

Patterns of intron retention, gain and loss. The massive
variation in intron number among eukaryotic species
shows no simple phylogenetic pattern, with intron-rich
and intron-poor species interspersed in the eukaryotic
phylogenetic tree. This pattern implies recurrent episodes
of massive intron loss and/or gain. At one extreme, the
common ancestors of intron-rich and intron-poor species
could have been intron-poor, with intron-rich
species having undergone more recent insertions. In this
case, intron-position correspondence between distant
species should be relatively rare. At the other extreme,
nearly all modern introns could be inherited from
intron-rich ancestors, with intron-poor species having
experienced massive intron loss. In this case, intron-
position coincidence between widely diverged species
might be expected to be nearly complete.

The actual degree of intron-position correspond-
ence lies between these two extremes® . Rogozin and
co-workers found significant but incomplete corre-
spondence of intron positions in 684 sets of orthologous
genes from 8 species with fully sequenced genomes®.
They found that 25% of human introns are at the exact
same position (between the homologous pair of nucle-
otides in the alignment) as an intron in the ortholo-
gous gene from Arabidopsis thaliana, and that 40% of
Schizosaccharomyces pombe intron positions match an
intron position from a non-fungus. On the other hand,
20-68% of introns in a species are specific to that species.
Together, these results imply considerable intron gain
and/or loss over the past hundreds of millions of years.

Is it possible that these intron-position correspond-
ences are due to independent insertions into the
homologous position along different lineages**-¢"?
Occasional cases of such ‘parallel insertion” have been
documented®, and there is accumulating evidence that
intron insertions ‘prefer’ certain sequences*®-, increas-
ing the possibility of such multiple insertions. However,
parallel insertion seems unlikely to explain a significant
fraction of observed intron-position correspondences,
as simulations of targeted intron insertion for genes in
the Rogozin et al. data set showed only 5-10% as many
correspondences as are actually observed®. The number
of actual parallel insertions could be even lower: if many
introns have been retained from ancestral species, there
has been less subsequent insertion than the simulations
assumed, and therefore fewer parallel insertions.

However, even if most intron-position correspond-
ences do represent ancestral introns, there is still disa-
greement about the meaning of the observed patterns
of correspondence. Rogozin et al. used Dollo parsimony
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Figure 2 | Intron conservation, gain and loss for 684 sets of eukaryotic
orthologues. The extent of intron conservation and change is shown for conserved
regions of 684 sets of eukaryotic orthologues®®. a | For each modern species studied,
the numbers of introns present in analysed regions are indicated. For each ancestral
node, two estimates for the number of introns in analysed regions are given. The first is
derived from a Dollo parsimony analysis®*®. The second, in parentheses, is derived from a
maximum likelihood analysis, assuming no parallel insertion and equal rates of loss for
different introns along the same lineage®. The estimates at the base of the tree are for
the most recent common ancestor of two of the three unresolved groups (opistokonts
(animals and fungi), plants and apicomplexans (including Plasmodium falciparum)),
which might be either the plant-apicomplexan or plant-opisthokont ancestor. Data
are from REFS 58,69. b | The age of modern introns. Values indicate the percentage of
introns in the genomes of the modern species listed on the left that are estimated to
have been present in the ancestor (for example, the Drosophila melanogaster—dipteran
entry gives the percentage of studied introns in the D. melanogaster genome that are
estimated to have been present in the dipteran ancestor). As in panel a, the first value
gives estimates that are derived from a parsimony analysis®®, the second gives
estimates from a maximum likelihood analysis, assuming no parallel insertion and equal
rates of loss across different introns®. In the parsimony case, an intron position in a
modern species is assumed to represent an intron that was present in the ancestor if
the position is shared with another species from which the first species diverged at or
before the time of origin of that ancestor. The ancestors are as indicated in the tree in
panel a. Data are from REFS 58,69.

Maximum likelihood
analysis

A statistical method that finds
the maximum of the likelihood
function given a set of data,
where the likelihood function
gives the probability of
obtaining the data for a set

of unknown variables.

to estimate numbers of introns that were present in the
common ancestors of the species that they studied, as
well as numbers that were subsequently lost or gained
along the respective evolutionary branches (FIG. 2a). They
argued for important roles for both ancestral intron
retention and massive, lineage-specific episodes of
intron loss and gain®®. However, this approach does not
correct for the apparently widespread intron loss in the
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data set®. For example, among the 927 introns that are
shared between animals and A. thaliana or Plasmodium
falciparum — which were therefore probably present in
the fungus-animal ancestor — only 14% are retained
in either S. pombe or Saccharomyces cerevisiae®. This
suggests massive intron loss in these fungi. Similarly,
only 37% of the 907 introns shared between humans and
a non-animal are found in a second animal, suggesting
independent massive loss in animals. These losses will
lead to the underestimation of ancestral intron numbers
using the parsimony method®.

We carried out a maximum likelihood analysis that
incorporated intron loss to analyse the same data set,
which suggested that, in general, the common ancestors
of the species in the data set contained many introns
— nearly as many as are found in the most intron-dense
modern organisms® (FIG. 2a). These estimates indicate
that intron number has decreased along many lineages,
leading to more moderate intron densities in modern
species. However, before these results are universally
accepted, further work will be necessary®” to better
understand the reliance of these estimates on two impor-
tant assumptions: that all shared intron positions reflect
ancestral introns and that all introns are lost at equal
rates along a given branch.

Both the parsimony and maximum likelihood esti-
mates attest to an important role for intron loss, with
some branches undergoing more intron loss than gain.
The possibility of recurrent decreases in intron number
along diverse lineages is perhaps surprising; however,
studies of more closely related species have shown the
same pattern. Six intron losses but no gains were found
among 10,000 intron positions in rodents and humans”,
and several studies have found more intron losses than
gains among species of Caenorhabditis™"*, Plasmodium
and Drosophila (S.W.R. and D.L. Hartl, unpublished
observations). Moreover, the apparent conservation of
significant numbers of ancestral introns in S. pombe,
A. thaliana, and P. falciparum implies massive intron-
number reduction in the related, near-intronless spe-
cies (in corresponding order) Encephalitozoon cuniculi,
Cyanidioschyzon merolae and Cryptosporidium parvum.
Therefore, decrease in intron number seems to be a com-
mon occurrence in diverse eukaryotic species — even
those with high or moderate intron densities — whereas
the occurrence of similarly dramatic episodes of intron
gain remains a matter of debate.

Caveats to intron loss-dominated evolution? Other studies
have argued for an important role for intron gain in recent
evolution. Caenorhabditis elegans genes that might have
been laterally transferred from intronless prokaryotes have
intron densities that are comparable to other C. elegans
genes”. This implies significant intron gains within nema-
todes, although the BLAST-based methods that were used
might not accurately identify laterally transferred genes™.
The urochordate Oikopleura dioica has also experienced
both massive intron gain and loss, leading to numerous
unique intron positions’””. So, at least some lineages have
experienced significant recent intron gain.
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Two large-scale studies of intron positions in gene
families (which arise by gene duplication) have also
argued for a general excess of intron gain over loss®7%.
One of these used the presence of introns in widely
diverged species to infer intron presence or absence at
the time of gene duplication, and concluded that there
has been an excess of intron gain over loss’. However,
the fact that some intron positions that are shared
between duplicates (and so were probably present at the
time of duplication) are not represented in the widely
diverged species used shows that these species are not
always good surrogates for intron presence at the time of
duplication. This leads to systematic underestimation
of ancestral introns, and therefore overestimation or
underestimation of recent gains and losses, respectively.
An alternative statistical reconstruction of the data
from this study that incorporates intron loss indicates
the opposite pattern, with more loss than gain having
occurred (S.W.R., unpublished observations). The sec-
ond study of gene families®, which also argued for an
important role of intron gain, unrealistically assumed
constant ratios of rates of intron loss to gain across line-
ages, and that the only intron positions that are possible
are those that are observed. Both assumptions bias the
method towards parallel insertion over intron loss. More
study is necessary to confirm the relative rates of intron
loss and gain in these data sets.

Introns and early eukaryotes. The studies described
above suggest the presence of at least moderate num-
bers of introns as long ago as the divergence of the major
eukaryotic groups. But what of the earliest eukaryotes?
This question is complicated by uncertainty about the
eukaryotic phylogeny. The divergence between plants
and animals might represent an extremely early branch-
ing within eukaryotes”®, in which case the numerous
observed plant-animal intron-position correspond-
ences indicate significant intron numbers in very early
eukaryotes. Alternatively, the plant-animal divergence
might be relatively recent, with other eukaryotic groups
branching much earlier on®"*, in which case intron-
position correspondence between plants and animals
or fungi is not informative about very early eukaryotes.
What can be said about introns in early eukaryotes in
the latter case?

Both introns and spliceosomal components have been
found in many species that could have diverged from
other eukaryotes very early in eukaryotic evolution®-%.
There is also increasing evidence for conservation of
intron positions between such ‘early diverging’ species
and distantly related eukaryotic species®®*. This sug-
gests the presence of at least some introns, and a nascent
spliceosome, in the ancestor of all modern eukaryotes.
Recently, Collins and Penny found that many known
spliceosomal and spliceosome-associated proteins are
not only conserved between fungi, plants and animals”,
but also in potentially early diverging eukaryotes®. A
complex spliceosome was therefore probably present in
the ancestor of all extant eukaryotes.

It is tempting to imagine that the massive complexity
of the spliceosome arose in the context of reasonable

numbers of introns in early eukaryotes. If so, potentially
early diverging intron-poor eukaryotic species must
have subsequently lost most of their ancestral introns.
Moreover, the emergence of such a complex spliceosome
probably required significant time, suggesting the pres-
ence of at least a basic splicing mechanism well before the
eukaryotic radiation. It is particularly notable that, apart
from a possible relationship between the spliceosome and
the much simpler splicing mechanism of type II introns,
no intermediate spliceosomal form has been found. All
characterized bacteria and archaeans lack both a spliceo-
some and spliceosomal introns (either owing to their loss
or to their never having been present in prokaryotes); all
eukaryotes are probably descended from an ancestor that
had a complex spliceosome and perhaps a significant
number of introns.

How old are modern introns? Given the mix of stasis
and change in intron evolution, what is the distribu-
tion of ages of modern introns? Assuming that intron
positions that are common to multiple species repre-
sent retained ancestral introns, the minimum age of an
intron is the deepest divergence between species that
share that intron position. By this reasoning, at least
43-63% of introns in studied bilaterans were present
in the bilateran ancestor, and at least around 19-55%
of introns in studied animals and fungi were present in
the animal-fungi ancestor®® (FIC. 2b). A maximum like-
lihood method that incorporates intron loss increases
these estimates to 52-75% and 35-60%, respectively®
(FIC. 2b). So, the distribution of ages of modern introns
is weighted towards relatively old introns, with only a
minority having been inserted in the past hundreds of
millions of years. Both relatively intron-rich genomes
and many modern introns themselves therefore seem to
date at least to major divergences within eukaryotes.

Intron early or introns late? The findings of at least mod-
erate intron density in relatively deep eukaryotic ances-
tors, and of significant numbers of introns that date back
atleast hundreds of millions of years, are consistent with
the IE model. In addition, the near-intronless states of
diverse eukaryotes seem to be due to the massive loss
of ancestral introns, bolstering the idea of complete intron
loss in prokaryotes. Indeed, our maximum likelihood
reconstructions, which suggest large numbers of introns
in relatively old ancestors, imply that massive intron loss
might be commonplace in eukaryotic evolution, whereas
massive intron gain might be very rare. If so, prokaryotic
intron loss might be more likely than the massive intron
gain that is necessary to support the IL theory.

Several more direct tests have also supported the
IE model. A central prediction of the theory is that if
early genes were assembled from exon-encoded frag-
ments through exon shuffling, the positions of ancient
introns should tend to delineate protein structure
in ancient genes — that is, they should fall between
sequences that encode discrete elements of protein
structure?*?6-2830-333536 Recent results have shown that
this gene-protein structure correlation is stronger in
the subsets of introns that are most likely to be ancient.
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Protosplice sites

A consensus motif into which
newly inserted introns seem to
insert (or at least in which they
are found), which is generally
thought to be a variant of
MAG|GT, where M denotes an
AorC, and the line indicates
the point of insertion.

Gene conversion

Any process by which a
genomic element changes to
the sequence of a paralogous
element; this probably takes
place mainly by double
recombination.

These include: so-called ‘phase-zero’ introns that fall
between codons™-*, the abundance of which through-
out eukaryotes might reflect their dominance in ancient
genomes®”!; introns in genes that are shared between
prokaryotes and eukaryotes, but not in more recently
arising genes®; and introns that are shared between
multiple eukaryotic kingdoms, which are likely to be
relatively old in terms of the eukaryote phylogeny*****°.
In addition, phase-zero introns, and domains that
are flanked by them, are more common in putatively
ancient regions of coding genes, which is as expected
if ancient exon-shuffling events disproportionately
involved phase-zero introns (see REFS 37,38 for a more
detailed discussion).

However, other patterns are less clear. The regularity
of intron phases has been used as evidence to implicate
introns in gene formation, but debate surrounds this
issue. Studies have reached opposite conclusions as
to whether the observed intron phase pattern could
be alternatively explained by insertion into protosplice
sites® 1%, Furthermore, contradictory results have been
obtained about whether introns that are shared between
multiple eukaryotic kingdoms are more likely to fall in
phase zero***®. Further comparative genomic studies will
be necessary to fully resolve these issues.

Mechanisms of intron loss and gain

Mechanisms of intron loss. There are two main models
for intron loss (FIC. 3a). In the classical model'®', the
genomic copy of a gene undergoes gene conversion or
double recombination with a reverse-transcribed copy
of a spliced mRNA transcript (RT-mRNA), deleting

Aa Ab
I

l Transcription l Genomic deletion
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one or more adjacent introns. Alternatively, introns
could be lost by (near) exact genomic deletion”'””. The
two models make several distinct predictions. First,
recombination with RT-mRNAs should excise introns
exactly, whereas genomic deletion should be less tidy,
sometimes deleting adjacent coding sequence and/or
leaving residual intron sequence (for example, FIG. 3b).
Second, RT-mRNA-mediated loss requires an mRNA
intermediate. As genomic changes are only heritable if
they occur in germline cells, in species with a dedicated
germ line intron loss should be limited to germline-
transcribed genes. Third, because reverse transcriptase
processes from the 3” end to the 5" end of RNA mol-
ecules and often produces incomplete transcripts,
reverse-transcriptase products are biased towards
3’ sequences, predicting 3’ biased intron loss (although
such a bias is also expected from an overrepresentation
of regulatory elements in 5" introns'®). Finally, occa-
sional RT-mRNA gene conversions that span multiple
intron positions should lead to concerted loss of adja-
cent introns, whereas genomic deletion should always
delete single introns.

Only the third and fourth of these predictions have
been systematically tested, with mixed results. Neither
3’-loss bias nor adjacent intron loss were detected in
several nematode genes’, 2,073 sets of orthologues
from 4 species of Euascomycetes fungi'®, or a large
set of multidomain metazoan genes''®, which sug-
gests genomic deletion. However, other studies sup-
port the RT-mRNA model. Introns in intron-sparse
genes' and genomes''? are concentrated towards the
5" ends of genes, consistent with 3 biased loss from
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Figure 3 | Models and examples of intron loss. A | The two main models of intron loss. The classical model of intron
loss is shown in panel Aa'®"'%. A gene is transcribed and the intron spliced out. This spliced transcript is then reverse
transcribed and the resultant cDNA undergoes recombination with the genomic copy, leading to intron loss. Panel Ab
shows the genomic deletion model of intron loss’>71%, which leads to exact or inexact deletion of the DNA sequence
that encodes the intron sequence. B | An apparent example of intron loss by genomic deletion. A genomic deletion of
most of an intron sequence from the jingwei gene in Drosophila teissieri left a 12-bp residue®. This residual 12 bp is an

effective insertion of 4 codons, encoding the amino-acids serine, proline, phenylalanine and proline in the new allele. This
case represents the only known case of an intron presence/absence polymorphism within a species. The new intron-loss
allele segregates at 77% in the species and is associated with a decrease in expression levels. Population studies show that
the new intron-loss allele is evolving under positive selection, although it is not known whether this is due to the coding
sequence insertion, the change in mRNA level, or the absence of the intron itself. Data are from REF. 10.
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Figure 4 | Models and examples of intron gain. A | Five models of intron gain. Panel Aa shows intron transposition*t. An
intron from the mRNA transcript of one gene is spliced out, and then reverse splices into a previously intronless site of a

transcript of another (or the same) gene. Panel Ab shows transposon insertion®!12117-120122_A transposable element inserts
at the DNA level into a previously intronless site of the genomic copy of a gene. RNA copies of this intervening transposon

sequence are removed from mRNA transcripts of the gene by

the spliceosome, leading to the creation of a new intron.

Panel Ac shows tandem genomic duplication®. A stretch of coding sequence with an internal AGGT sequence is
duplicated. The two resultant AGGTs are interpreted by the spliceosome as the 5" and 3’ boundaries of a new intron,
effectively leading to the creation of a new intron, with conservation of the original coding sequence. Panel Ad shows
intron transfer from paralogues*®. Homologous recombination between paralogues leads to transfer of an intron from
the intron-containing paralogue to the other paralogue, which previously lacked an intron at this site. Panel Ae shows
conversion of a type Il intron to a spliceosomal intron”. A type Il intron from an organellar gene is transferred to the
eukaryotic nucleus and inserts into a previously intronless site. It is subsequently removed from the transcripts by

the spliceosome, leading to the creation of a new spliceosomal intron. Modified with permission from REF. 122 © (2004)
BioMed Central Ltd. b | An example of intron insertion by transposition'**? that shows intron gain through the transposon
p-SINE1 insertion in the rice catalase A gene. Apart from a duplicated sequence of 8 nucleotides, the intron, which is
absent in maize and other plants, is completely identical to a p-SINE1 element. Modified with permission from REF. 11 ©
(1998) Springer-Verlag. c | Example of intron insertion by intron transfer from a paralogue®. All three globin paralogues in
the midge Chironomus thummi contain an intron at the homologous position, whereas all three copies are intronless in
several related species (for example, Chironomus tentans), indicating insertion into one copy and subsequent transfer to

the others. Modified with permission from REF. 13 © (1997) Elsevier Science.

more intron-rich ancestral structures. In addition, indi-
vidual convincing cases of concordant loss of adjacent
introns have been found!'*>!"#, introns shared between
widely diverged species are also 5" biased!'®, and
intron loss in 684 groups of orthologous genes showed
3’ intron-loss bias and concerted loss of adjacent
introns''®. The increasing focus of genome sequencing
projects on closely related species should clarify the
relative importance of these two mechanisms.

Mechanisms of intron gain. There are five main models
for the origin of new introns®$!-134346117-121 (F|G, 4). Intron
transposition — the perennial favourite, despite lack of
direct evidence — postulates that RNA intron sequences
that have been recently spliced out of transcripts reinsert
into new positions of another (or the same) mRNA. The
intron-acquiring transcript is then reverse transcribed
and the reverse-transcribed copy transfers the new
intron to the genomic copy by gene conversion. Indirect
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Fixation

With respect to a given mutant,
the condition in which all
alleles in the population are
descendents of that mutant.

evidence for this model includes analogy to type II
introns, which self-propagate by similar mechanisms, as
well as the resemblance of insertion sites of new introns
to sites that flank older introns, which might indicate the
involvement of the spliceosome in intron insertion*®*,
However, such correspondences could also reflect post-
insertion selection on the splicing efficiency of new
introns, based on spliceosome requirements for flanking
exonic sequences.

Recently, Coghlan and Wolfe studied 122 introns
in C. elegans and Caenorhabditis briggsae that were
apparently inserted since their divergence around
100 million years ago (REF. 63). The sequences of some
of these introns resembled other Caenorhabditis introns
(both ancestral and recently gained), possibly sug-
gesting intron transposition. However, the regions of
inter-intron homology largely comprise multicopy
palindromic repetitive elements that are also found in
intergenic regions (REF. 122; and S.W.R., unpublished
observations), which indicates that these similarities
might instead derive from the genomic insertion of
transposons with palindromic sequences. Indeed, the
preponderance of palindromic repetitive elements in
the new introns indicates that the insertions themselves
might have created them®'!>117118120_The fact that the
transposons involved have palindromic sequences is
particularly intriguing, as the tendency of such elements
to form hairpin structures would juxtapose the ends of
new introns, possibly facilitating their splicing'?.

Another study examined introns from the Rogozin
et al. data set that are specific to a single species, which
the authors interpreted as recently gained introns'".
These introns are 3" biased, which was taken as evidence
for reverse-transcriptase-mediated gain. However, the
species involved are only distantly related, so some
species-specific introns are probably ancestral introns
that have been lost from other lineages. Therefore,
3’-biased intron loss could also explain this pattern.
The increasing availability of genomic sequence from
various Caenorhabditis species should allow for even
clearer identification of recent intron gains to resolve
these issues.

A two-tiered system of intron origin. Importantly, no
single model offers clear explanations for both the ini-
tial origins of the spliceosomal system and more recent
intron gains. Each plausible model for the recently
inserted nematode introns — intron transposition, trans-
poson insertion and genomic duplication — requires a
pre-existing, efficient spliceosome. The only proposal
that includes a mechanism for spliceosomal origin is
the conversion of type II endosymbiont introns to spli-
ceosomal introns®*’, which cannot explain the recently
inserted Caenorhabditis introns as animal mitochon-
dria lack type II introns. According to this model, the
spliceosome and the first spliceosomal introns were
descended from type II introns. It is possible that the
spliceosome and the first spliceosomal introns would be
descended from type II introns, whereas some recently
gained introns (for example, the recent Caenorhabditis
gains) would be gained by another mechanism. Modern
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introns would not then be truly homologous, but would
be unified only by serving as substrates for the spliceo-
some. Alternatively, some future model of intron origin
might offer a more complete explanation.

The causes of intron evolution

Debate also continues about the evolutionary forces that
are responsible for modern intron distributions. Several
proposed advantages of introns do not seem to have con-
tributed greatly to their initial spread (80X 1). In addition,
previously proposed explanations for intron-number dif-
ferences between species do not predict recent findings
that show relatively intron-rich structures in relatively
early eukaryotes.

Cell number, generation time and population size. Some
evidence indicates that multicellular species with long
generation times and small population sizes tend to be
intron-dense, whereas unicellular species with short
generation times and large population sizes tend to be
intron-sparse. The classical interpretation'>~'"* is that
introns and other non-essential DNA are disfavoured in
unicellular species that are under strong selective pres-
sure for short genome replication time, but are nearly
neutral in multicellular species.

A more recent proposal from Lynch sees population
size as the driving variable?. Sequence requirements for
intron splicing presumably impose constraints at sites
that are otherwise free to vary, and this extra constraint
might impose a weak selective disadvantage on intron-
containing alleles. Slightly deleterious alleles are more
likely to become fixed in small populations, so that species
with small populations should be more intron-rich.

Neither proposal predicts the recent findings of
relatively intron-rich early eukaryotes and subsequent
recurrent intron loss that we discussed above. The classi-
cal model directly predicts low intron number in unicel-
lular early eukaryotes. To reconcile relatively intron-rich
early eukaryotes with the population-size model would
require low population sizes among early eukaryotes
and continuing subsequent global population expan-
sions, which is an improbable scenario. Moreover, other
preliminary data are not consistent with the population-
size proposal. The proposed constraint cannot explain
the magnitude of the difference in intron number
between multicellular and unicellular species, and there
is no apparent relationship between population size and
intron number among either multicellular species or
unicellular species (see the supplemental material from
REF. 20; and S.W.R., unpublished observations).

A new proposal: differences in recombination rate. The
proposals above implicitly seek to explain differences in
intron number as differences in intron loss—gain equi-
libria that are due to ecology. In species with long genera-
tion times or small population sizes, intron number will
mainly reflect a balance between the rates of spontane-
ous intron gain and loss mutations. Equilibrium intron
numbers in fast-replicating species or species with large
population sizes will be lower, owing to a large number
of successful intron-loss mutations and fewer successful
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Box 1| Selective forces that might favour introns

Introns have been shown or proposed to carry out many functions. Selection for some of these might increase the
evolutionary success of introns, although there is no convincing evidence that these possible advantages are important
in driving intron gain or loss.

Nonsense-mediated decay. In nonsense-mediated decay (NMD), if a transcriptional error leads to a stop codon upstream
of a nearby intron-exon boundary, that transcript is targeted for degradation'?’. The presence of introns could therefore
be important for transcript fidelity. However, selection for intron gain on the basis of NMD predicts moderately numerous

introns at some optimum number (reflecting a balance between positive NMD-based selection and other proposed
negative selection) in species with large population sizes (and therefore more effective selection). Smaller populations
should be less optimized, with either fewer or more introns, owing to differences in loss and gain rates'?®. Instead, the
opposite is true — species with small populations show consistently large numbers of introns, whereas numbers in species
with large populations vary radically. In addition, if NMD is an important factor, 3 introns should be favoured relative to

5’ introns, as the former will tend to recognize more upstream transcription errors. Therefore, 3’ bias should increase with

population size — instead, introns are 5" biased, particularly in species with large population sizes

112

Alternative splicing. Introns provide the possibility of generating new gene products by alternative splicing, which has
doubtlessly had an important role in the evolution of at least plant, animal, and a minority of characterized fungal
genomes. However, given that alternative splicing seems to have a less important role in many other groups, the results
discussed here, which show that large fractions of modern introns predate the main eukaryotic divergences, suggest that
alternative splicing has not been a major force in the colonization of eukaryotic genomes by introns.

Exon shuffling. Patthy and others have shown that exon shuffling was vital in the creation of large numbers of the
multidomain genes of metazoans, and the introns-early theory proposes that exon shuffling dates back much further to
the ancestors of eukaryotes and prokaryotes®¢7%. The results discussed here indicate that many of the introns involved in
exon shuffling in early metazoans dated back much further into eukaryotic history, making it unlikely that a marked rise
in intron number was associated with metazoan exon shuffling. By contrast, according to the introns-early model, introns
were themselves vital for the formation of the earliest genes, in which case the presence of introns would have been of
extreme importance, leading not only to the success of intron-containing genes, but to life as we know it.

Increased recombination. The presence of introns in genes increases the recombination rate between parts of the coding
region, allowing the creation of new products and increasing the efficiency of selection?”*", That this ability might be
important was originally borne out by the finding of an inverse correlation between recombination rate and intron

length in Drosophila*?, which suggests that introns in low-recombination areas might be longer owing to selection for
increased recombination. However, further analysis has shown that the pattern is not so simple, suggesting that increased

recombination is not a major factor in intron evolution**3%,

intron gains, owing to a greater intensity or efficiency of
selection against introns.

However, the studies of ancestral intron number
discussed above suggest widespread non-equilibrium,
with diverse groups experiencing ongoing changes in
intron number. If, as our maximum likelihood estimates
suggest, eukaryotic evolution has been characterized by
more intron loss than gain, differences in intron number
might largely reflect differential levels of retention of
ancestral introns. If so, the most important determinant
of intron number might simply be rate of evolution:
slow-evolving species will retain more ancestral introns
than fast-evolving species. If intron loss proceeds
through gene conversion by RT-mRNAs, rates of intron
loss might depend on overall rates of paralogous recom-
bination. In species where most recombination occurs
during meiosis, intron-loss rate should correspond to
the number of meioses per unit time: species that have
undergone more sexual generations will have lost more
introns than longer-generation species.

At first glance, the data seem supportive. Since the
mouse-human divergence, mice have experienced both
more generations and more intron loss”™, and O. dioica,
which has an extremely fast life cycle, has lost far more
ancestral introns than other chordates”””. Furthermore,
vertebrates retain more ancestral introns than dipterans
or C. elegans''*'?, and the filarial worm Brugia malayi

has a much longer life cycle and roughly twice as many
introns' as C. elegans. Humans might be more intron-
rich than other well-studied species as the latter are
mostly model organisms, chosen in part for their short
generation times, and/or parasites, for which short rep-
lication times are presumably an advantage. The high
paralogous gene-conversion rate in S. cerevisiae'> might
explain the loss of most of its ancestral introns®.
However, this proposal cannot explain the observed
tenfold difference in intron-gain rates between lineages®.
We found an inverse correspondence between intron
loss and gain rates for six widely diverged lineages'®,
although this correspondence might be exaggerated.
Over long timescales, many introns that are gained
along a lineage will subsequently be lost, leading to an
underestimation of gains. In correcting for such multiple
events, we assumed a constant loss rate for all introns.
However, rates of loss for new introns are probably faster
than for introns that have had hundred of millions of
years to co-evolve with the surrounding genes, perhaps
leading us to underestimate recent gains in rapid-loss
lineages (leading to an artefactual inverse gain-loss
rate correspondence). Species of Caenorhabditis'* and
Oikopleura’”” show high rates of both gain and loss,
whereas vertebrates and species of Cryptococcus show
very low rates of both processes (REF. 109; J.E. Stajich,
S.W.R. and ES. Dietrich, unpublished observations). So,
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Figure 5| Strange patterns of intron loss and gain. a | Strange patterns of intron conservation in the RNA binding
protein 2 gene (RNAP2; also known as CUGBP2) of nematodes’®. The pattern of intron conservation at position j requires
that either the intron was present in the ancestor and was subsequently lost five times along different branches of the
tree, or that the ancestor had no intron at this position but that introns have subsequently been gained at the site
independently at least three times along different branches. Modified with permission from REF. 73 © (2003) National
Academy of Sciences. b | Recurrent loss of intron 13 in the white gene of arthropods*?. The observed pattern of intron
conservation of intron 13 requires at least five independent intron losses, although few losses of the other introns are
observed. Modified with permission from REF. 126 © (2002) Oxford University Press.

it is possible that differences in intron-gain rates could be
largely due to coincidental differences in molecular biol-
ogy between species. This could give rise to variations in
the rates of various types of moderately long spontane-
ous insertions, and in the chances of their serendipitous
recognition by the spliceosome.

Of course, even if a key determinant of intron number
is the rate of intron-loss mutations, selection against
introns might still be important, particularly in shaping
the success of new insertions. Whereas the main deter-
minant of intron number might now be the different
rates of approaching equilibrium through intron loss, in
the distant future differences in equilibrium frequencies
— which are set by a combination of factors, including
selection — could dominate. Even now, these factors
are likely to contribute. Indeed, it would be surprising
if introns were not disfavoured in species under strong
genomic streamlining pressure, and higher population-
wide rates of mutation to intron-lacking alleles in large
populations will lead to higher rates of loss if introns are
disadvantageous.

Strange patterns of intron conservation. A few examples
illustrate how much we still have to learn about the forces
that drive intron loss and gain. The phylogenetic pattern at
an intron position of the gene that encodes RNA binding
protein 2 (RNAP2; also known as CUGBP2) in nematodes
requires either five independent losses of the same intron
(often while leaving adjacent introns intact), or three
independent intron gains in the same position” (FIC. 5a).

Similarly, the pattern at an intron position in arthropod
white genes (FIG. 5b) requires at least five independent gains
or losses'?. These examples are not outliers that have been
culled from large-scale studies, but are results from small-
scale studies. Inferring loss in these cases implies massive
differences in loss rates between introns — in FIG. 5a one
intron has been retained in all studied species. However,
inferring more than two parallel insertions in such closely
related groups seems incredible. Another study of over 200
sets of orthologues from 4 species of Euascomycete fungi
found an average of around one-third of an intron gain
per gene; however 1 gene showed more than 20 (REF. 116).
Clearly, powerful forces at least occasionally drive introns
in and out of eukaryotic genes, although what these forces
might be remains mysterious.

Conclusions

Despite exciting recent advances, several important
questions remain to be answered in the field of intron
evolution. First, how are new introns created, and how
homogeneous is the insertion mechanism (or mecha-
nisms) across species? Coghlan and Wolfe® have taken an
important step by identifying recent gains in nematodes,
but their results are not straightforward to interpret and
are of unknown generality across taxa. Although many
current genome projects that focus on clusters of closely
related species unfortunately address species with low rates
of intron gain (vertebrates, fungi and apicomplexans), the
gradual accretion of genome sequences will hopefully allow
us to answer these questions in the future. The sequencing
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20.

of O. dioica, with its wildly divergent intron-exon
structures, is particularly promising.

Another important question is why introns first arose.
Despite 30 years of intense study, we are barely closer
to answering this riddle. Perhaps introns were present
before the prokaryote—eukaryote ancestor and were vital
to the creation of early genes. Perhaps introns first arose
in massive numbers through the insertion of transposable
elements, an insult that provoked the evolution of a host
defence mechanism against further massive insertion.
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