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    Chapter 2   

 Diversity and Evolution of Spliceosomal Systems 

           Scott     William     Roy      and     Manuel     Irimia      

  Abstract 

   The intron–exon structures of eukaryotic nuclear genomes exhibit tremendous diversity across different 
species. The availability of many genomes from diverse eukaryotic species now allows for the reconstruc-
tion of the evolutionary history of this diversity. Consideration of spliceosomal systems in comparative 
context reveals a surprising and very complex portrait: in contrast to many expectations, gene structures in 
early eukaryotic ancestors were highly complex and “animal or plant-like” in many of their spliceosomal 
structures has occurred; pronounced simplifi cation of gene structures, splicing signals, and spliceosomal 
machinery occurring independently in many lineages. In addition, next-generation sequencing of tran-
scripts has revealed that alternative splicing is more common across eukaryotes than previously thought. 
However, much alternative splicing in diverse eukaryotes appears to play a regulatory role: alternative splic-
ing fulfi lling the most famous role for alternative splicing—production of multiple different proteins from 
a single gene—appears to be much more common in animal species than in nearly any other lineage.  

  Key words     Spliceosomal introns  ,   Evolution  ,   Alternative splicing  ,   Eukaryotes  ,   Convergence  

1      Similarities and Differences in the Spliceosomal System Across Species 

 Chapter   1     summarized the splicing reaction, describing a large 
number of the key features of the spliceosomal intron splicing 
machinery (the spliceosome) as well as the target of this machinery—
the introns and more broadly the pre-mRNA transcripts them-
selves. The vast majority of our understanding of these topics 
comes from decades of study of a relatively small number of model 
species—in particular  S. cerevisiae . More recently, genomic and 
transcriptomic sequencing of diverse species has allowed compari-
sons of these features between more eukaryotic lineages. These 
studies have ranged across approaches, topics, species, and conclu-
sions, showing both differences and similarities in a wide variety of 
spliceosome-related phenomena. Surprisingly, given this diversity, 
the most important points of these studies may be largely summa-
rized in two clear concepts:  (1) the spliceosomal system is ancestral, 
specifi c, and (nearly) universal to eukaryotes; and (2) the 
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spliceosomal system shows phylogenetically complex patterns across 
eukaryotes, indicating recurrent transformation in diverse eukary-
otes.  We devote the next two sections to these two observations. 

  Every fully sequenced nuclear genome from a eukaryotic organism 
contains both spliceosomal introns and recognizable spliceosomal 
components [ 1 ] (although  see  [ 2 ] for the one reported possible 
exception and [ 3 ] for the one known qualifi ed exception). 
Moreover, the core features that defi ne introns are also (nearly) 
completely conserved [ 4 ,  5 ]. The vast majority of known introns in 
every studied species begin with a donor site showing complete or 
partial complementarity to a standard U1 RNA sequence, in par-
ticular a 5′ “GT” dinucleotide, and nearly all introns in all studied 
species end with a 3′ terminal “AG” (e.g., Fig.  1 ). Available evi-
dence suggests that the structure of the branchpoint sequence is 
also conserved across nearly all species: a region base pairing with 
the U2 RNA, with a “looped out” adenosine residue that performs 
the fi rst nucleophilic attack. Also widespread across studied species 
is the polypyrimidine tract located somewhere within the 3′ end of 
the intron, although more diversity is found for this signal [ 5 ]. 
These observations about different species’ intronic sequences 
interleave with observations about the core spliceosomal RNA 
components: U1–U6 snRNAs have been found across a wide vari-
ety of eukaryotes [ 6 ], with generally well-conserved RNA second-
ary structures and strict conservation of regions involved in base 
pairing between different snRNAs as well as between snRNAs and 
corresponding regions of pre-mRNA transcripts. Thus, all available 
evidence points to a highly conserved core spliceosomal reaction 
present in a wide variety of studied eukaryotes. Since the organisms 
known to share these features include representatives of all major 
known eukaryotic groups (or kingdoms), this implies that the spli-
ceosome and spliceosomal introns were present in the eukaryotic 
ancestor and that the spliceosomal system has been retained in all 
or nearly all species through eukaryotic evolution.

   On the other hand, no sequenced prokaryotic organism con-
tains spliceosomal introns or any recognizable component of a spli-
ceosome, indicating that the spliceosomal system is specifi c to 
eukaryotes. Interpretation of this second fi nding has been more 
contentious. The simplest interpretation is that the spliceosomal 
system, including a recognizably modern core splicing machinery 
and intron sequence characteristics, arose in the last common 
ancestor of eukaryotes (the modern “Introns-Late” hypothesis 
[ 7 ]). This interpretation mirrors fi ndings that many cellular struc-
tures and processes are ancestral and specifi c to eukaryotes, sug-
gesting a general interpretation that the lineage leading to the last 
ancestor of eukaryotes experienced an unmatched degree of funda-
mental cell and molecular structural innovation, including the rise 
of the spliceosomal system. While many authors have concluded 
that this hypothesis is by far the more likely alternative, this 
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perspective has failed to win over a variety of researchers who 
 continue to favor the hypothesis that a system with at least some 
similarities to the modern spliceosomal system (for instance, high 
intron density) is even much older than early eukaryotes. Supporters 
of this “Introns-Early” perspective posit that introns were com-
mon in the ancestors of eukaryotes and prokaryotes and have been 
secondarily lost in both bacteria and archaea [ 8 ,  9 ].  

  Fig. 1    Intron–exon structures and sequences of U2 (major) and U12 (minor) spliceosomal introns. ( a ) Human 
genes have frequent and long introns ( lines ) and correspondingly short exons ( boxes ). Human U2-type introns 
(accounting for >99 % of all human introns) have relatively little sequence homogeneity across intron 
sequences at the 5′ splice site ( left ), branchpoint ( center ), and 3′ splice site ( right ). ( b ) Introns in the model 
yeast  S. cerevisiae  are rarer and shorter, and exons longer, with much higher levels of homogeneity at core 
splice sites. ( c ) In contrast to U2 introns in most species, rare U12 introns show high levels of sequence 
 homogeneity even in species where U2 introns show little homogeneity       
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  In stark contrast to this general conservation of the core splicing 
reaction and its associated machinery, early indications showed that 
many other aspects of the intron–exon structures of eukaryotic 
genomes are highly variable across species. Perhaps most striking is 
the difference in intron numbers. Intron number varies by many 
orders of magnitude per genome ([ 10 ]; Figs.  1  and  2 ). Whereas 
human genic transcripts are interrupted by an average of ~8.5 
introns,  S. cerevisiae  genes contain only 0.05 introns on average, and 
extensive next-generation RNA sequencing of the protistan parasite 
 Trypanosoma brucei  has continually confi rmed only two introns in 
this species’ genome [ 11 ,  12 ]. The simplest explanation for these 
differences would be that intron number had been low in ancestral 
eukaryotes, with a single massive expansion leading to high intron 
numbers in one subset of eukaryotes (or alternatively, a single 
instance of massive loss from an intron-rich eukaryotic ancestor). In 
this case, we would expect to see high intron numbers to be charac-
teristic of a group of related organisms: for example, in the case of 
massive expansion in a single event, all intron-rich species would be 
related. Instead, a very complex pattern is observed, with neither 
intron-rich nor intron-poor species forming a coherent phylogenetic 
group (Fig.  2 ). Very intron-poor organisms (say, with <0.1 introns 
per gene on average; blue in Fig.  2 ) are found in diverse eukaryotic 
groups whose most recent common ancestor is the last common 
ancestor of all eukaryotes. The same is true of intron-rich species: 
species with intron densities of at least a few introns per gene are 
found in disparate groups [ 4 ]. This pattern alone implies many dif-
ferent episodes of dramatic genomic change between states in which 
genomes are alternately nearly intronless or riddled with introns.

   Intron length is also highly variable, with intron length distri-
butions ranging widely across species. Median intron lengths range 
from 19 nts in the nucleomorph (a “mini” green algal nucleus) of 
the chlorarachniophyte protist  Bigelowiella natans  up to some 2 kb 
in humans (Fig.  2 ). Other aspects of the intron length distribution 
are very different across species as well—whereas the introns in the 
 B. natans  NM are nearly all within a few nucleotides in length 
(18–21 nts), human intron lengths are highly diverse, ranging 
from a few dozen to nearly one million nts. Moreover, intron 
length distributions can vary between closely related lineages. For 
example, the introns of tapeworms are sharply distributed around 
two main lengths (36 and 73 nt), whereas the related animal para-
site  Schistosoma  shows only introns of 36 nt [ 13 ], implying either 
gain or loss or transformation of the 73 nt intron type across these 
species’ history. Indeed, intron length distributions may differ sig-
nifi cantly even between different classes of introns within a single 
genome, as recently reported for mammalian introns with different 
GC content [ 14 ]. 

 Different organisms also show striking differences in their 
sequence characteristics. Particularly clear differences exist in the 
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degree of “regularity” of core sequence motifs across introns within 
a species. For example, whereas nearly all introns in all species 
maintain signifi cant complementarity between the 5′ splice site 

  Fig. 2    Diversity of intron–exon structures across eukaryotes. Depicted are as follows: (1) intron density, in 
number of introns per gene; (2) the probability that two random introns have the same 5′ splice site beyond 
the canonical GT (in positions 3–6); (3) the fraction of introns exhibiting the exact same seven nucleotide 
branchpoint motif; (4) median intron length; and (5) presence/absence of minor/U12-type introns and associ-
ated splicing machinery       
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sequence and the U1 snRNA, this is accomplished in very different 
ways. In the model baker’s yeast  S. cerevisiae , this complementarity 
is packed into a strongly conserved hexamer region at the very 
beginning of the intron: some three-quarters of  S.  cerevisiae introns 
share the same tetramer sequence downstream of the canonical GT 
(i.e., positions +3 to +6, GT ATGT ), and nearly all remaining 
introns have a motif with a single nucleotide difference from this 
sequence (Fig.  1a ). In stark contrast, exonic regions immediately 
upstream of the intron sequence (e.g., −3 to −1) do not show 
much preferential complementarity to the U1 sequence: base pair-
ing is largely restricted to the beginning of the intron. On the other 
hand, human introns’ base pairing to the U1 is less concentrated in 
the intronic 5′ splice site, with most introns having intron- U1 base 
pairs spread out across an extended region spanning both sides of 
the 5′ splice site. This fl exibility of base pairing is refl ected in a 
great diversity of core 5′ splice site sequences (Fig.  1b ). One simple 
way of quantifying this diversity is to calculate the probability that 
two random introns from a species will have the same extended 
splice site sequence (positions +3 to +6). For instance, two random 
 S. cerevisiae  introns will have the same 5′ splice site nearly 58 % of 
the time, compared to 5.5 % of the time for human introns (Fig.  2 ). 

 Comparative genomics reveals similarly pronounced differ-
ences for other features of the core spliceosomal sequences. 
Whereas  S. cerevisiae  uses a highly regular extended branchpoint 
sequence (ACTA A C, where  A  is the branchpoint A) with exact 
complementarity to the corresponding U2 region, human branch-
point sequences are extremely diverse, to the extent that different 
sites can be used as branchpoints in a single intron [ 15 ]. Among 
characterized branchpoint sequences, the probability that two 
human introns share the same branchpoint motif is <1 %, whereas 
for  S. cerevisiae  the probability is 94 % (Fig.  2 ; [ 16 ]). Regularity of 
the position of the branchpoint relative to the 3′ end of the intron 
is also qualitatively different across species: the probability that two 
random introns have the exact same branchpoint position is <2 % 
in humans [ 16 ] (and is even low, 2 %, in  S. cerevisiae ), but is 67 % 
in the yeast species  Yarrowia lipolytica  (93 % of introns have the 
branchpoint A 6 nts (80 %) or 7 nts (13 %) upstream of the 3′ 
splice site.) As with intron number, species with regular and het-
erogeneous splicing signals are entwined on the evolutionary tree 
(Fig.  2 ; [ 4 ,  5 ]). 

 Species also show important differences in mechanisms and 
patterns of splicing. For example, while some components of the 
spliceosome—most notably the core snRNAs—are (nearly) univer-
sally conserved across species, other splicing factors show very 
 different patterns. For instance, a new splicing factor involved in 
regulating the alternative splicing (AS) of a large number of genes 
in  Drosophila  was shown to have arisen in  Drosophila  ancestors by 
duplication of an ancestral factor and functional divergence [ 17 ]. 
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This divergence included acquisition of new RNA sequence binding 
preferences and new biological functions (regulation of AS of 
 dozens of genes in the testes). In other cases, proteins that are 
evolutionarily old may have acquired new splicing functions (i.e., 
non-splicing factors have become splicing factors) in specifi c lin-
eages. One potentially interesting case may involve the splicing fac-
tor Nova. Nova is an important AS factor in metazoans [ 18 – 20 ], 
but Nova plant homologs may be involved in defense mechanisms 
against RNA viruses [ 21 ]. However more data on Nova and other 
deeply splicing factors in diverse eukaryotic lineages are necessary 
to confi dently reconstruct the evolutionary history of the functions 
of auxiliary splicing factors.   

2    Reconstructing the Evolutionary History of Spliceosomal Systems 

 Understanding the origins of the diversity of spliceosomal systems 
not only is interesting in its own right but is an indispensable start-
ing point in understanding the evolution of key splicing innova-
tions in specifi c lineages (for instance, alternative splicing in 
animals, see below), since the evolutionary history constrains 
hypotheses about the possible sets of evolutionary steps leading to 
these innovations. Therefore, we turn next to results of reconstruc-
tions of the evolutionary history of spliceosomal systems. 

  Crucial to understanding the evolution of spliceosomal systems is 
understanding the history of the components of the spliceosome. 
A variety of comparative studies have confi rmed that the majority 
of central and secondary spliceosomal proteins appear to date to 
the last common ancestor of all eukaryotes [ 1 ], completing the 
portrait of ancestral eukaryotes as having contained a recognizably 
modern spliceosomal system with a complex spliceosome splicing a 
large number of introns through a recognition system likely utiliz-
ing a diversity of intronic and exonic signals [ 22 ]. However, the 
spliceosomal machinery also appears to have undergone various 
elaborations in different lineages. In particular, animals and plants 
appear to have experienced an increase in the number of SR pro-
teins (a family of splicing proteins with diverse core and auxiliary 
roles in splicing) and other accessory proteins by processes that are 
likely to have involved both duplication of SR proteins and evolu-
tion of new splicing roles for ancestral non- spliceosomal proteins 
[ 23 ,  24 ]. On the other hand, other lineages have seemingly lost 
some of the ancestral spliceosomal components, usually in associa-
tion with massive intron loss. For instance, several human spliceo-
somal proteins seem to have no ortholog in the  S. cerevisiae  
spliceosome [ 25 ]. 

 Another question concerns the relative prevalence of intron 
defi nition and exon defi nition. While ultimately detailed molecular 
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experiments are necessary to determine the mechanism of splicing 
of a given intron in a given species, the fact that the two different 
mechanisms tend to lead to different types of splicing variation in 
transcripts allows us to make educated guesses. Because in exon 
defi nition a spliceosome assembles across the length of an exon, 
failure of the spliceosome to assemble tends to lead to failure to 
“splice in” that exon, yielding exclusion of an exon in a transcript 
(called “exon skipping”). On the other hand, failure of a spliceo-
some to assemble across the length of an intron, in intron defi ni-
tion, tends to lead to failure to “splice out” that intron, leading to 
intron inclusion. These expected differences apply not only to 
splicing “errors” (nonfunctional splicing variants) but also to func-
tional AS, since regulation of functional splicing generally occurs 
through modulation of spliceosomal assembly. Thus the relative 
incidence of exon skipping and intron retention in a species can 
yield insights into whether the species splices using exon defi nition, 
intron defi nition, or both mechanisms. 

 The largest many-species survey of splicing to date mapped 
available EST data from 42 species to their corresponding genomes 
to identify splicing variation [ 26 ]. They found that for the vast 
majority of species, levels of splicing variation were far lower than 
is found in characterized animals. They also found that the mode 
of splicing variation in most groups of organisms differed from that 
in animals: whereas animals use extensive exon skipping, nearly all 
nonanimal species studied had a higher incidence of intron reten-
tion. More recent studies of individual species have complicated 
the issue in plants, which appear to exhibit relatively frequent (and 
functional) exon skipping [ 27 ,  28 ]; however, the general pattern 
has held: the major mode of splicing variation in most species is 
intron retention. These results suggest that the vast majority of 
eukaryotic lineages primarily splice by intron defi nition and thus 
that intron defi nition is the ancestral mode of intron recognition, 
with exon defi nition arising during the evolution of animals (and 
perhaps, independently, in other lineages [ 29 ,  30 ]). 

     Given the central focus of the book, we have focused on the 
“major” or “U2” spliceosome and its associated introns. U2 
introns make up the vast majority of introns (typically >99 %) in all 
studied species. However, in some species there also exists a second 
separate spliceosome which is responsible for splicing of a small 
subset of introns. This second system (both machinery and associ-
ated introns) is referred to as the “U12” or “minor” system, after 
one of the four separate snRNAs that form the core of the U12 
spliceosome. Termed U11, U12, U4atac, and U6atac, these 
 components roughly correspond respectively to the U1, U2, U4, 
and U6 snRNAs of the major spliceosome (also called the U2 spli-
ceosome). The U5 snRNA is involved in both spliceosomal  systems. 
Spliceosomal proteins show a more complex pattern, with some 
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proteins showing specifi city for either the U2 or U12  spliceosome 
and others being associated with both systems. Splicing signals of 
the U12 system broadly correspond to those in the U2 system, 
with important and intriguing differences. Relative to U2 introns, 
U12 introns show more fl exibility at core splice sites (with both 
GT…AG and AT…AC boundaries observed) but less fl exibility at 
extended 5′ splice site and branchpoint signals (Fig.  1c ; [ 33 ]). 
U12 branchpoints also show more conserved and more 3′ proxi-
mal positions (Fig.  1c ), the latter of which is likely related to the 
general lack of a 3′ polypyrimidine tract. The evolutionary origins 
and functional importance of this remarkable “dual” spliceosomal 
system remain matters of debate. 

 Comparative genomics has revealed the broad contours of the 
evolutionary history of the U12 system. First, the U12 spliceoso-
mal system (both U12-specifi c components and U12 introns) is 
found in a variety of very distantly related eukaryotic lineages, in a 
pattern that strongly suggests presence of a U12 system in the 
ancestor of all eukaryotes [ 6 ,  31 ]. Second, comparison of ortholo-
gous genes has revealed a large number of apparent cases of U12-
to- U2 conversions, but few cases of U2-to-U12 conversion [ 32 , 
 33 ]. Perhaps relatedly, whereas the U2 spliceosomal system has 
shown remarkable resilience across species (with no clear case of 
complete loss of the U2 system known), the U12 system appears to 
have been lost completely dozens of times independently through 
eukaryotic evolution, with ancestral U12 introns being either 
deleted from genomes or converted into U2 introns (Fig.  2 ) [ 6 ].   

  In this section we will discuss various studies that have recon-
structed the evolution of the three major intron features outlined 
above: intron density, intron sequence, and intron length. Before 
we proceed, however, it is worthwhile to clearly distinguish 
between two aspects of an intron: intron position and intron 
sequence. “Intron sequence” refers to the specifi c sequence of 
nucleotides of a specifi c intron (i.e., the region removed from RNA 
transcripts). “Intron position” is defi ned with reference to the fi nal 
pre-mRNA transcript sequence—that is, the position of the junc-
tion between two fl anking exons following intron removal (Fig.  3 ). 
In many lineages, these two traits of an intron show very different, 
even opposed, modes of evolution. Consistent with their removal 
from transcripts and subsequent degradation, most intron 
sequences evolve quickly, primarily by classic “micro” mutations 
(base pair substitutions and small indels or transposable element 
insertion and deletions). A change in intron position, by contrast, 
involves either gain or loss of an entire intron (and thus gain/loss 
of an intron position [ 34 ]) or intron sliding (a poorly understood 
and debated mutation or series of mutations leading to movement 
of an intron along the sequence of a gene [ 35 ,  36 ]). In some lin-
eages, such intron loss and gain mutations are quite rare (see 
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below): in this case intron sequences generally evolve quickly, while 
intron positions evolve very slowly.

    In the simplest case, the dramatic differences in intron–exon struc-
tures observed across all species (Fig.  2 ) could be explained by a 
single process—either intron loss (deletion) or gain (creation)—
acting through eukaryotic evolution. It became clear relatively 
early on that the situation was not so simple. Study of two dupli-
cated insulin genes in rat showed that one copy had lost an intron 
[ 37 ], while restriction of some introns in the triose-phosphate 
isomerase gene to one or a few related species provided strong 
evidence for intron gain [ 38 ]. With both processes demonstrated, 
debate turned to distinguishing the two processes’ relative roles 
and importance in evolution and to reconstruct intron density in 
ancestral genes. 

 The most common comparative approach to infer intron gain/
loss and reconstruct ancestral states is relatively straightforward 
(Fig.  3 ). If an ancestor of two modern organisms had few introns, 
and the introns in each organism have been created since their 
divergence, we might expect that the intron positions in these two 
species—that is, the positions at which the introns interrupt the 
coding sequence—would have little or no correspondence above 
random chance (Fig.  3 , right). By contrast, if the ancestor had a 
large number of introns, and if these introns have not been lost, we 
would expect to fi nd introns in the same position—that is, they 
would interrupt the coding portion of genes at corresponding 
(homologous) positions (Fig.  3 , left). Closely following on the 

2.2.1  Intron Density

  Fig. 3    Intron position comparisons reveal ancestral intron density. Illustrations are given for the cases in which 
(1) intron positions are shared across species, revealing the presence of introns in the ancestor ( Scenario 1 ), 
or (2) intron positions are largely different across species, revealing that modern introns have been inserted 
since the common ancestor of the species ( Scenario 2 ). In each case, the  gray boxes  represent aligned coding 
sequence (i.e., after intron removal), with the  blue vertical lines  representing intron positions (i.e., the position 
of the intronic sequence before removal). In the accompanying phylogenies,  dotted lines  represent lineages 
undergoing pronounced change, whether primarily intron  loss  ( on the left ) or intron  gain  ( on the right )       
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availability of the fi rst full and partial genome sequences, a few 
studies sought to compare intron positions across species to probe 
intron loss and gain dynamics. By comparing intron positions in 
1,560 pairs of homologous genes in humans and mouse, we found 
nearly complete intron correspondence (>99 % of human introns 
were matched by an intron at the exact same position in mouse), 
indicating that both intron loss and gain can be very slow in some 
lineages [ 34 ]. At a much deeper level, genomic sequencing of a 
handful of genes from jakobid protists showed that intron posi-
tions in these deeply diverged organisms showed surprising corre-
spondence to intron positions in homologs from very distantly 
related eukaryotes, with half found at the exact homologous posi-
tion in the gene [ 39 ]. An eight-species study also showed a high 
percentage of exact intron position correspondence over long evo-
lutionary distances, with, for instance, a quarter of intron positions 
corresponding between humans and  Arabidopsis  [ 40 ]. 

 While these studies would seem to indicate that many modern 
introns are very old, another possibility is that these coinciding 
intron positions in different species are just that: coincidences, 
with introns being inserted into identical (homologous) positions 
multiple times independently. However, direct tests from a set of 
“natural biological” experiments, in which introns are known to 
have been independently inserted into homologous genes in dif-
ferent organisms, found few correspondences [ 41 – 43 ]. These 
observations suggest that a large fraction of the observed coinci-
dent positions refl ect true ancestral introns that have been retained 
in modern species, indicating that early eukaryotic ancestors were 
relatively intron rich (i.e., at the least, genes in early eukaryotic 
ancestors had one or a few introns per gene). 

 In the past few years, a series of statistical models of increasing 
sophistication (taking into account the possibility of convergent 
intron insertion and differences in rates of loss and gain across sites 
and across lineages), as well as ever-expanding comparative 
genomic databases, have been used to estimate ancestral intron 
densities [ 44 – 51 ]. Nearly all of these studies have estimated that 
intron densities in early eukaryotic ancestors were high by modern 
standards, falling within the range of modern animal species [ 52 , 
 53 ]. Additional studies of intron loss and gain across different 
groups of organisms have further clarifi ed the evolutionary history, 
leading to a general picture that most eukaryotic lineages experi-
ence very few intron gains (and generally more intron loss, ranging 
from slightly and dramatically more [ 54 – 57 ]). However, a grow-
ing number of exceptional lineages have been reported, in which 
intron gain is an active and ongoing process, potentially 
 “replenishing” relatively intron-poor organisms with a large num-
ber of new introns [ 58 – 61 ].  
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  As mentioned above, eukaryotic organisms differ considerably in 
their splicing motifs, ranging from the highly homogeneous 5′ 
splice site and branchpoint site sequences and branchpoint posi-
tions found in the yeast  Yarrowia lipolytica  to the heterogeneous 
structures characterizing human intron sequences. Notably, as dis-
cussed in more detail elsewhere in this book, these differences seem 
to involve a greater reliance on auxiliary splicing signals (generally 
lying in proximal regions of introns and exons) by species with 
heterogeneous core splicing signals. For instance, in humans, the 
boundaries of exons (i.e., exonic regions near intron–exon bound-
aries) are enriched in certain sequence motifs, which affect splicing 
by serving as “exonic splicing enhancers” (ESEs) by binding spli-
ceosomal proteins and promoting splicing at the neighboring splice 
site [ 62 ]. By contrast, in species such as  S. cerevisiae , ESEs are 
thought to not play a major role in splicing—intron recognition 
signals are concentrated in the core intronic splicing motifs. 

 What is the history of these recognition systems and splicing 
motifs? Initially it was often assumed that the “simpler” system of  
S. cerevisiae  was ancestral and that increased complexity of mecha-
nism arose in animals [ 63 ]. Widespread genomic evidence allowed 
for the possibility to test this notion. We studied full-genome intron 
complements from 50 diverse eukaryotic species to reconstruct the 
evolution of intron sequences and recognition [ 4 ]. First, we exam-
ined 5′ splice signals. We found that 5′ splice sites are heteroge-
neous in most species and that cases such as  S. cerevisiae  represent 
exceptions. For nearly all species studied, the probability that two 
random introns use the same hexamer splice site was <5 % (Fig.  2 ). 
However, there were a few clear exceptions, with several distantly 
related species showing a much higher level of homogeneity. Viewed 
on the evolutionary tree, these exceptional lineages fall within much 
larger phylogenetic groups of species with more typical splice sig-
nals. This phylogenetic pattern suggests that ancestral splice site 
sequences were heterogeneous and that the several species or groups 
of species with homogeneous splice sites evolved independently. 

 Even more unexpectedly, scrutiny of the specifi c lineages that 
have acquired homogeneous signals revealed that they were exactly 
the same lineages known to have very low modern intron densities 
(<0.1 introns per gene, blue in Fig.  2 ), with no known exceptions. 
Together these patterns indicate that early eukaryotic ancestral 
genes were roughly “animal-like” in their intron–exon structures, 
with high intron densities and heterogeneous 5′ splice sites, and 
that at several times through evolution, different lineages have 
experienced massive intron loss tightly coupled to the  evolution of 
homogeneous 5′ splice site signals. 

 We and others also studied 3′ intron sequences [ 5 ,  64 ]. First, 
we studied branchpoint motifs. Because branchpoints in some spe-
cies can be so diverse as to be diffi cult to identify computationally 
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[ 15 ,  65 ], we used a different metric: the fraction of introns that 
exhibited the same branchpoint-like sequence motif (i.e., a motif 
with the potential to base pair with the U2 snRNA with a protrud-
ing A nucleotide). For most organisms, we found no single domi-
nating branchpoint motif, indicating heterogeneous branchpoint 
sequences (Fig.  2 ). However, again, a small subset of organisms 
including  S. cerevisiae  exhibited homogeneous branchpoints, with 
a majority of introns having the same clear branchpoint-like 
sequence [ 5 ]. This subset of organisms proved to be a subset of the 
studied intron-poor species. Thus low intron density appears to be 
closely associated with, but not suffi cient for, the evolution of 
homogeneous branchpoint signals. 

 Finally, we studied the stretch of intronic nucleotides just 
upstream of the 3′ splice site. Again, for most species we found no 
clear motif preference (with the exception of a weak polypyrimidine 
tract). However a few species showed a clear preferred extended 3′ 
splice site, which was found to represent a branchpoint motif falling 
at a regular distance from the 3′ terminus—that is, the branchpoint 
is “anchored” to the 3′ end of the intron at a highly constrained 
distance [ 5 ]. These species proved to be a subset of species that 
have homogeneous branchpoint motifs. In total, then, these stud-
ies may be summarized as follows: all intron-poor lineages have 
homogeneous 5′ splice sites, a subset of which have homogeneous 
branchpoints, a subset of which have homogeneous 3′ splice sites 
owing to anchoring of the homogeneous branchpoint at a specifi c 
position a few nucleotides upstream of the 3′ terminus. 

 This unexpectedly clear pattern is still not well understood. 
The most obvious hypothesis would be that these changes in the 
recognition signals are associated with changes in the spliceosome. 
This hypothesis initially defi ed direct testing until a natural experi-
ment presented itself, in the form of the sequenced genomes of 
multiple species from an evolutionarily old group of related algae. 
Each species’ genome showed striking differentiation in intron 
density across genomic regions: in contrast to genes in most of the 
genome, which have very few introns (~0.1 per gene), the genes 
on one chromosome have much higher intron densities (around 
two introns per gene) [ 66 ]. Scrutiny of the genome sequence 
revealed a single set of core spliceosomal components [ 5 ], indicat-
ing that there is no evidence that entirely separate spliceosomes are 
responsible for splicing in the two genomic regions: thus if changes 
in the spliceosome are responsible for (or closely associated with) 
changes in splice signals, we would expect introns in both regions 
of the genome to show similar levels of splice signal homogeneity. 
Instead, the genomic regions show clear differentiation along the 
exact lines expected from the across-species comparisons: introns 
in the intron-rich region of the genome show very heterogeneous 
splice signals and no recognizable branchpoints, while introns in 
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the intron-poor majority of the genome have homogeneous 5′ 
splice sites and branchpoint sequences [ 5 ]. The differences in 
intron number and splice motif homogeneity are found across 
 distantly related species likely spanning many millions of years of 
evolution; thus, this association is long-lived, not transient. 

 Another issue involves the evolution of ESEs, which are abun-
dant in animal genomes but absent or nearly absent from  S. cerevi-
siae.  ESEs were initially recognized at the genome-wide level by 
identifying sequence motifs that were overrepresented in the por-
tions of exons near intron–exon boundaries relative to more dis-
tant portions of exons, and overrepresented near intronic splice 
sites that were “weak” (i.e., had low predicted binding to spliceo-
somal uRNAs), and which were subsequently confi rmed by in vitro 
and in vivo studies to affect splicing [ 67 ,  68 ]. To test whether a 
similar signal existed in diverse other eukaryotes, Warnecke and 
coauthors [ 67 ] sought motifs that were overrepresented near 
exon–intron boundaries relative to interior regions of exons. They 
found putative ESE motifs in most studied intron-rich eukaryotes, 
but no evidence for ESEs in studied intron-poor species. This again 
suggested that the animal-like state (considerable reliance on ESEs 
for splicing) was ancestral to eukaryotes and that the spliceosomal 
systems in intron-poor lineages such as  S. cerevisiae  have been 
altered through evolution. 

 In total, then, comparative studies of intronic and exonic 
sequences over long evolutionary distances within eukaryotes sup-
port a model in which ancestral eukaryotes had “animal-like” 
intron–exon structures, with frequent introns spliced by use of a 
combination of diffuse motifs including frequent ESEs and het-
erogeneous core splicing motifs. Over the course of evolution, 
many lineages have changed signifi cantly, shedding the vast major-
ity of their introns, evolving homogeneous core splicing motifs, 
and signifi cantly decreasing dependence on auxiliary splicing 
motifs such as ESEs.  

  The third feature of introns that shows striking diversity is intron 
length. Introns show a wide variety of lengths both within and 
between organisms, with lengths spanning multiple orders of mag-
nitude. Studies across many eukaryotic organisms, particularly 
whole genome sequencing projects, have shown that the vast 
majority of species have relatively short introns, often with a peak 
around 60 nucleotides. While it is diffi cult to directly reconstruct 
intron length over long evolutionary distances, as introns appear to 
readily expand and contract along with genome size [ 69 – 71 ], this 
clear preference for generally short intron length across eukaryotes 
suggests that it represents the ancestral condition (although it has 
been suggested that the most ancestral introns, presumably evolved 
from self-splicing group II introns, may have been much longer, 
perhaps around 2,000 nts [ 53 ]). 

2.2.3  Intron Length
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 Against this backdrop of generally short introns, several 
 lineages show very different patterns. On the one hand, many dif-
ferent lineages from very different groups (animals [ 72 ,  73 ], rela-
tives of green algae [ 74 ], and ciliates [ 75 ]) have evolved very short 
introns with median lengths around 20 nts. The clearest exception 
at the other end of the spectrum is some animals, particularly mam-
mals [ 76 ], in which many species have median intron lengths rang-
ing from a couple hundred to a couple thousand nucleotides. It 
seems likely that there are other lineages with generally long introns 
yet to be discovered, particularly given that (1) the correspondence 
between intron and genome size suggests that organisms with long 
introns would tend to have large genomes; (2) genome sequencing 
efforts tend to be biased specifi cally against organisms with large 
genomes, because of technical diffi culties of sequencing and 
annotation.    

3    Diversity and Evolution of Alternative Splicing 

 Up to this point, we have focused on differences in the genomic 
structures and in the splicing machinery and intron recognition 
mechanisms. We now briefl y turn to the ways that these structures 
are used to generate transcriptional diversity by differential splicing 
of transcripts of the same gene, that is, alternative splicing (AS). 
The types, mechanisms, and functions of AS will be discussed 
extensively in Chapters   4     and   5    , so here we confi ne our discussion 
to AS in the broader context of intron and genome evolution. 

 The most well-known function of AS is to generate multiple 
proteins with distinct functional properties from a single gene. 
However, decades of research have made clear that other forms of 
splicing diversity in which some transcript variants do not encode 
proteins are very common. Many genes in animals harbor alterna-
tively spliced “poison exons” whose inclusion in transcripts leads to 
disruption of the protein-coding sequence [ 77 ]. Many of these 
transcripts are rapidly degraded by the nonsense-mediated decay    
(NMD) machinery; the fates of others remain obscure, however, 
the lack of an extended protein-coding region suggests these tran-
scripts are unlikely to encode proteins. Such nonprotein coding 
variation is usually referred to “unproductive” AS, in contrast to 
“productive” or multi-protein AS [ 78 ]. It is important to point 
out that very clear evidence exists for functional roles for many of 
these cases of unproductive splicing: much unproductive splicing is 
evolutionarily conserved and/or regulated across environmental 
conditions, development, life cycles, or tissue or cell types [ 77 ,  79 ]. 
However, it is also likely that nonfunctional splicing errors that 
lead to transcript diversity with no function also occur (even if it is 
the case that confi dently classifying a given AS event as either 
 nonfunctional variation or functional nonproductive AS can be 
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technically different). Thus in the following we distinguish between 
three types of AS: productive, unproductive, and nonfunctional. 

 AS is an extremely important and active process in animals, 
with the vast majority of multi-exon genes undergoing AS in 
diverse animal species (e.g., an estimated 95 % in humans [ 80 ,  81 ] 
and 60 % in fruit fl y [ 82 ]). Animal AS uses a wide variety of mecha-
nisms including single exon skipping, coordinated splicing of 
groups of exons, mutually exclusive splicing of pairs (or sets) of 
exons, alternative 5′ and 3′ splice sites, and intron retention [ 83 ]. 
AS is involved in a wide array of biological processes from sex 
determination to development to negative autoregulation and 
generates both productive and unproductive transcripts ( see  
Chapters   4     and   5     for further examples). 

 Initial studies of nonanimal eukaryotes found a dearth of 
animal- like productive AS. In comparison to the thousands of cases 
of productive AS uncovered by transcriptomic studies in animals, 
for a long time no productive AS was known in  S. cerevisiae , and 
cases in other species were only few and far between. Both reason 
and evidence suggest that AS would be facilitated by a variety of 
features of animals’ intron–exon structures: (1) Large numbers of 
introns provide many opportunities for AS. (2) Heterogeneous 
intron boundaries, with associated differences in the strength of 
base pairing with the spliceosomal RNAs, allow for the possibility 
of regions for which recognition by the spliceosome might be 
“borderline”—leading to non-constitutive splicing of these 
regions. (3) Utilization of a variety of heterogeneous splicing 
 signals—exonic and intronic splicing regulators, in addition to 
core splicing signals—allows for the possibility of regulating local 
splicing by regulation of the splicing factors that bind subsets of 
these signals. (4) Long introns increase opportunities for novel 
alternative exon creation [ 84 – 86 ] and are associated with AS in 
vertebrates [ 76 ]. 

 The fact that these features each differ considerably between 
AS-rich animals and the model organism for splicing,  S. cerevisiae , 
initially suggested that a wholesale remodeling of gene structures 
had occurred in animals roughly coincident with a rise of ubiqui-
tous AS. However, as discussed above, genomic-era studies have 
shown that the story is quite different from this: many of the fea-
tures associated with AS in animals—frequent introns, heteroge-
neous splicing boundaries, introns with lengths exceeding 
“minimal” intron lengths, and utilization of auxiliary splicing 
 signals—are not specifi c to animals, but are in fact quite common 
in modern eukaryotes as well as characteristic of eukaryotic ances-
tors [ 22 ]. Thus, the hypothesis that widespread productive AS in 
 animals is “due” to these features, a hypothesis still commonly 
invoked in passing in publications, is strongly rejected, since these 
features are common in organisms with little or no productive AS. 
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 Furthermore, more recently, transcriptomic studies have 
opened up questions about the incidence of AS in diverse eukary-
otic organisms. Initially it was thought by some authors that AS 
was absent or very rare in unicellular species [ 63 ]. However, 
genomic and transcriptomic data has greatly changed that picture. 
Perhaps the clearest case involves splicing of ribosomal protein- 
coding genes in  S. cerevisiae  [ 87 ,  88 ]. Introns in  S. cerevisiae  are 
massively overrepresented in ribosomal protein-coding genes, with 
half of the introns in the genome packed into only a few percent of 
the genes. A series of studies have shown that many ribosomal 
protein- coding gene (RPG) introns are regulated in response to 
environmental changes to produce either spliced protein-coding 
or unspliced sterile transcripts. This apparent regulatory role for 
RPG introns suggests that overrepresentation of introns in RPGs 
refl ects selection favoring retention and/or creation of specifi cally 
these introns. This would in turn imply that at least half of introns 
in  S. cerevisiae  have been retained through evolution due to 
functional AS. 

 Other studies have begun to suggest that AS plays important 
roles in a wide variety of eukaryotes. Transcriptomic studies have 
found between several dozen and several hundred apparent cases 
of AS in the genomes of nearly all species studied to date, including 
diverse fungi [ 89 – 91 ], plants [ 27 ,  92 – 94 ], apicomplexans [ 95 ], 
cryptophytes [ 96 ], green algae [ 97 ], ciliates [ 98 ], and amoebozoa 
[ 99 ] (although studies of two other protists have drawn the oppo-
site conclusion [ 100 ]). Nearly all of these studies have found a 
preponderance of intron retentions, with far smaller numbers of 
exon skipping events (and often intermediate numbers of alterna-
tive splice sites), even in plants [ 101 ]. These observations suggest 
that intron retention has predominated through eukaryotic history 
in diverse organisms. The one clear exception described so far is 
the chlorarachniophyte  Bigelowiella natans  [ 96 ], which shows 
striking levels of both intron retention and exon skipping, the lat-
ter only comparable to AS levels in the human cortex, which exhib-
its the highest levels of AS described so far [ 102 ]. 

 In total, then, genomic and transcriptomic data have painted a 
very different picture of the history of AS (productive and other-
wise) in animals. Features of animal intron–exon structures (long 
and frequent introns with diverse splicing signals) are not closely 
associated with animal-type AS, and AS is far from exclusive to 
animals, being found across phylogenetically and biologically 
diverse eukaryotic organisms. The one remaining feature of animal 
genomes that may still be rare in other organisms is exon defi ni-
tion. Therefore, it has been suggested that the evolution of exon 
defi nition, together with the specifi c expansion of SR proteins and 
other splicing factors, may be behind the transition from intron 
retention to exon skipping at the origin of animals [ 29 ].  
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4    Summary 

 A comparative perspective on spliceosomal systems of diverse 
eukaryotes paints a surprising portrait: ancestral eukaryotic genes 
were riddled with introns characterized by heterogeneous splice 
signals, requiring two distinct complex spliceosomes for intron 
removal and quite possibly involving some level of functional regu-
latory alternative splicing, likely dominated by intron retention. 
Since that time, different lineages have experienced very different 
evolutionary trajectories ranging from nearly complete intron loss 
to intron length expansion and episodic intron creation. The one 
feature of animal gene structures that remains as clearly exceptional 
is the widespread production of multiple proteins from one gene, 
although recent fi ndings in  B. natans  suggest that animals may not 
be entirely alone in this characteristic.     
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