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All eukaryotic genomes have genes with introns in variable sizes. As far as spliceosomal introns are concerned, there are at
least three basic parameters to stratify introns across diverse eukaryotic taxa: size, number, and sequence context. The number
parameter is highly variable in lower eukaryotes, especially among protozoan and fungal species, which ranges from less than
4% to 78% of the genes. Over greater evolutionary time scales, the number parameter undoubtedly increases as observed in
higher plants and higher vertebrates, reaching greater than 12.5 exons per gene in average among mammalian genomes. The
size parameter is more complex, where multiple modes appear at work. Aside from intronless genes, there are three other types
of intron-containing genes: half-sized, minimal, and size-expandable introns. The half-sized introns have only been found in a
limited number of genomes among protozoan and fungal lineages and the other two types are prevalent in all animal and plant
genomes. Among the size-expandable introns, the sizes of plant introns are expansion-limited in that the large introns exceed-
ing 1000 bp are fewer in numbers and transposon-free as compared to the large introns among animals, where the larger in-
trons are filled with transposable elements and appear expansion-flexible, reaching several kilobasepairs (kbp) and even thou-
sands of kbp in size. Most of the intron parameters can be studied as signatures of the specific splicing machineries of different
eukaryotic lineages and are highly relevant to the regulation of gene expression and functionality. In particular, the transcrip-
tion-splicing-export coupling of eukaryotic intron dispensing leads to a working hypothesis that all intron parameters are
evolved to be efficient and function-related in processing and routing the spliced transcripts.
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Eukaryotic genes have introns with variable size, number,
and sequence context [1-4]. The number and size parame-
ters by and large reflect the nature and efficiency of the in-
tron splicing machinery of particular species or lineages
[5-9]. The context parameters are most complicated, con-
cerning the sequence content and context of nucleotide
composition (such as GC and purine contents), transposable
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elements, and functional elements (such as splicing enhanc-
ers and the branch point) [10-12]. There are at least three
possibilities for the existence and the absence of introns in
eukaryotic genes: intronless (no intron), small introns in
fixed sizes, and large introns in variable sizes. However, the
rules of these intron parameters across diverse taxa have yet
to be thoroughly summarized.

The spliceosomal machinery is very complex, containing
different molecular complexes of proteins and RNAs, which
are partitioned into both the nucleus and the cytosol [13,14].
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Although the exact formations of these spliceosomes for
their precise functionality and how these numerous cellular
machineries are organized in the cellular compartments all
remain to be illustrated, the relationship between introns and
their processing machineries can be addressed by defining the
variables of the substrates based on the knowledge of intron
sequences as footprints or signatures of the machineries. For
instance, the human minimal intron-containing genes are
known to distribute differently on the chromosomes and are
enriched in certain functions [6].

In this study, we investigate intron characteristics
through diverse—within and across—lineages and try to
understand some of the major rules of intron existence and
possible functionality. Based on stratification of different
parameters and vast literature on intron splicing mecha-
nisms and processes, we classify all spliceosomal introns
into three basic categories: half-sized, minimal, and size-
expandable. We also develop a working hypothesis that
states: intron size and number of a given species are evolu-
tionarily selected to be optimal for the synthesis, splicing,
and export of the intron-containing genes. Detailing the
molecular mechanisms of intron processing, we propose
that the fraction of minimal introns are optimized for tran-
script routing, where a maximum of 1/3 intron-containing
transcripts are minimal intron-containing and to be diverted
into a separate exporting route through the nuclear pores.
Other speculations and proposals are also described to pro-
vide essential background knowledge for further discussions.

1 Materials and methods

All data were retrieved from Ensemble (https://www.
ensemble.org) on April 29th, 2013. Sequence alignment was
carried out by using BLAT algorithms. The BLAT results
were processed to select for reliable alignments. We calcu-
lated the insert length between two adjacent hits of the
query and the reference sequence and examined the intron
pattern and orientation according to the consensus sequence
of the intron. The alignment results were clustered based on
splicing-site-sharing for multi-exon transcripts and exon-
overlapping for single-exon transcripts [6]. When a locus
had multiple alternatively spliced transcripts, the one with
the greatest number of exons and/or length was selected as
the representative. Introns length data were calculated from
the clustered results containing the representative locus. We
drew the density distribution plots based on the statistics of
the datasets.

Alternative splicing (AS) isoforms of Homo sapiens,
Mus musculus, Arabidopsis thaliana and Oryza sativa were
retrieved from AS-ALPS (alternative splicing-induced
alteration of protein structure) database (version 1.8)
[15]. Non-redundant datasets in all four species were ac-
cessed. All unique and sharing AS isoforms were counted
according to the non-redundant dataset described by Venny
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diagram [16].

2 Results and discussion

2.1 Intron number and size distribution across and
within lineages

To understand the intron number and size distribution
across and within lineages, we collected genome sequences
for all sequenced species and classified them based on var-
ious conventional lineages. Here we choose some of the
results from a few representative species for selected line-
age to display the different characteristics of intron number
and size distribution (Figure 1).

Due to the massive scale of sequenced whole protozoan
genomes and their highly variable intron number and size,
we selected several species that have their intron numbers
greater than 1000. The sizes of these introns scattered
widely from 10" to 3.16x10° bp and with a variety of density
peaks spreading from 48 to 501 bp. Although a majority of
the protozoan species have only one major peak, there are
still several genomes in the collection, whose intron sizes
are bimodal, i.e., there are two peaks in the curves showing
different intron size distributions. For instance, the genes of
Toxoplasma gondii have intron size partitioned into two
peaks and so do Guillardia theta and Plasmodium chabaudi
(Figure 1A). It seems that the two peaks are either major vs.
minor or similar in heights; the major peak can be ~10x
higher in density than the minor. It is interesting that in
some species the minor peaks sometimes are smaller in size
than the major peaks but such a reverse order is never seen
in some other species. In other words, the small minor peaks
may be processed by unique machinery that is rather cryptic
so that it cannot process too many introns at a time. Taken
together, these results support the idea that there may be more
than one splicing mechanism to cut-and-paste spliceosomal
introns even in the primitive protozoan species.

The intron size distribution of fungal (Figure 1B) and
invertebrate (Figure 1C) species is much narrower as com-
pared with that of protozoan, higher plant and animal spe-
cies, which ranges from 10" to 10° bp for fungi and from 10’
to 3.16x10° bp for invertebrates. The intron distributions of
most fungal species have two peaks; the smaller intron den-
sity peaks are always higher (more in numbers) than the
larger peaks in contrast to the situation in protozoan introns
where the opposite is true: introns in the smaller peaks are
always less in numbers. Even in the case of Y. lipolytica, its
intron size distribution, two bumps in 58 and 380 bp, is still
the fungal type (Figure 1B).

There have been a large number of sequenced inverte-
brate genomes but their intron patterns are rather limited in
diversity. We choose the two best annotated genomes,
Drosophila melanogaster and Caenorhabditis elegans as
representatives for an intron size analysis. Both species
have two types of introns: minimal and size-expandable
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Figure 1 Lineage-specific intron size distribution. X- and Y-axes show intron length and the density of intron distribution, respectively. Intron sizes are
plotted in logarithmic scales for representative species of protozoa (A), fungi (B), metazoa (C), plants (D), vertebrates without mammals (E), and mammals

(F).

introns (Figure 1C). Although their minimal introns have
slightly different size ranges, 48 bp for Caenorhabditis and
63 bp for Drosophila, the larger modes of their introns are
actually very different (data not shown). If we extend the
horizontal scale, the larger introns of the Caenorhabditis
species always show as small bumps after the minimal in-
tron peaks and such distributions indicate that their intron
sizes are rather limited, whereas the larger introns of the
Drosophila species are always smoothly extended into a
larger size range.

The most conserved intron size parameters are observed
in two more evolutionarily advanced lineages: plants and
vertebrates (Figure 1D and F). Both dicotyledons and mon-
ocotyledons show a very similar pattern—a sharp minimal
intron peak at ~107 bp and a larger peak that is much lower
in density; the intron size distribution ranges from 16 to 10°
bp. Other than those of the miniature model plant A. thali-
ana, most of the larger plant introns have a similar size dis-
tribution but the size is rather limited and it seldom goes

beyond 10" bp. Similar topics have been discussed previ-
ously [17-19] and we propose that the size limit of plant
introns reflects the nature of the plant splicing machinery
that has constraints on how large an intron can be efficiently
cut-and-pasted and ready for functioning. In terms of the
number parameter, plant genomes have somewhat lower
percentage of alternative splicing events when compared to
those of human and other mammals [3,20].

The vertebrate introns are also unique in two ways, aside
from its wider size distribution similar to those of insects
(except the fact that insects have a limited number of larger
introns) ranging from 16 to 2x10° bp. First, the vertebrate
minimal introns are highly conserved in size throughout the
lineage from lower vertebrates to mammals. Second, verte-
brate introns have been constantly expanding in evolution to
the extent that the mammals all have a great number of
large introns, which are hundreds of kilobasepairs (kbp) in
size (Figure 1F). Looking through evolutionary time scales,
we find that the larger introns have been proportionally in-
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creasing over time but at the mean time the number of mini-
mal introns per gene has been decreasing (also see Tables 1
and 2). For instance, Danio rerio has the highest minimal
intron peak and the lowest larger intron peak as compared to
four other vertebrates shown in the same figure. The smallest
amount of minimal introns is found in Anolis carolinesis,
while it is not surprising that A. carolinesis has the largest
proportion of larger introns. The intron distributions among
mammals are almost all identical and the densities of the
minimal introns are always much lower than that of the larger
introns. The norm of such a distribution is that among mam-
malian genomes ~30% of the total genes have minimal in-
trons and ~10% of the total introns are minimal introns.

2.2 The existence of different splicing machineries for
spliceosomal introns

The intron parameters, both number and size, are never sta-
bilized among diverse taxa albeit seemingly stable within
discrete lineages that are late in the evolutionary time scale,
such as plants and vertebrates. Therefore, the rules of these
parameters are inevitably useful for lineage-based analyses
and biological interrogations. As far as size parameter is
concerned, there are at least three types of transcripts in a
typical genome: intronless, with minimal introns, and with
large introns. The expandability of the large-intron mode is
also part of the size parameter that varies among lineages,
i.e., we observe higher degree of expandability in insects
and vertebrates and it becomes significantly limited in
Nematodes and plants. When number (as densities in the
plots) parameter is considered, the most variable taxonomic
groups are protozoan and fungal species, where the in-
tron-containing genes can be either the majority of genes or
a small fraction of them. The numbers of minimal and
size-expandable introns are also variable within lineages,
such as lower vertebrates vs. higher vertebrates, where the
formal tend to have more minimal introns and the latter
have more size-expandable introns than minimal introns.

In general, most of the lower eukaryotic introns are small
and even half-sized as compared to the minimal introns of
the higher eukaryotes. The number of intron per gene has
also been increasing within the vertebrate lineages from fish
to mammals. In addition, the ratios between intron of dif-
ferent size classes also change among taxa, as we have
shown in Figure 1.

This and our previous studies have classified introns into
four basic groups: half-sized, minimal, and size-expandable
but expansion-limited, and size-expandable and expan-
sion-flexible introns (Table 1). It is obvious that, aside from
prokaryotes, all eukaryotic intron-containing genes fall into
four basic categories that correspond to the four intron
groups. First, three types of splicing variations—Splice-1, 2,
and 3—have been found among protozoan and fungal spe-
cies, despite that some of them may be incomplete and
cryptic, such as in the case of parasitic organisms. Although
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large introns in a size of 1 kbp or more are present in the
primitive eukaryotic genomes, they are not seen in large
numbers. The result indicates that the protozoan and fungal
splicing machineries may be simpler than what have been
described in higher animals and plants. Second, the plant
splicing machineries—Splice-2 and 3—are less complex.
They are able to process a large number of introns but not
lengthy introns as compared to the animal spliceosomal
machineries. The plant introns are largely free of transposa-
ble elements that are massive, taking account of 50% (such
as Arabidopsis and rice) to even 95% (such as barley and
wheat) of the plant genomes [3,7,17,18]. Third, the animal
spliceosomal machineries are diversified among lineages,
such as Nematodes, insects (represented by Drosophila
here), and vertebrates. Nematodes transcribe genes in a dif-
ferent way as compared to the rest of animal taxa, whose
transcripts are in large arrays of genes and split subsequent-
ly, guided by special guiding RNAs [21,22]. Insects have
large introns although not massive in numbers, which dis-
tinguish insects from Nematodes. The largest genes charac-
terized thus far are the Drosophila’s fertility genes and most
of them are Mbp in size [23,24]. These large introns are
processed in a peculiar way that the introns are removed in
a consecutive piece-meal fashion and aided by a particular
sequence motif serving as a splice site. The process is called
recursive splicing, starting from the 5'-end of the transcript
and the sequence motif is called the “ratcheting point” or
RP-sites in a consensus of (Y),NCAG|GUAAGU, where the
splice junction is shown as a vertical bar [25-27]. In addi-
tion, since genome duplication has not been seen in both
lineages, as well as in other animal lineages other than ver-
tebrates [28], sophisticated splicing machinery provides an
alternative way of generating novel genes. Fourth, verte-
brate introns can be both large and more massive in num-
bers [3,9,10]. Therefore, the vertebrate splicing machinery
must be different from that of Drosophila in its molecular
details and evidence has been accumulating, where co-
transcriptional efficiency is reported to be different between
Drosophila and mouse [29].

Table 1 Different types of splicing machineries determine intron param-
eters as well as structures of genes and genomes

Size-expandable intron

. Half-sized Minimal

Lineage . . — -
intron Intron Limited Flexible

Protozoan + +2 +9
Plants + +
Nematodes + +
Drosophila + + +
Vertebrates + + +

a) Splicing-1, half-sized introns, ~25-50 bp. b) Splicing-2, minimal in-
trons, ~100 bp. ¢) Splicing-3, size-expandable but expansion-limited in-
trons, >200 but <4000 bp. d) Splicing-4, size-expandable and expan-
sion-flexible >3000 to 30 kbp.
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2.3 The unique distributions of minimal introns and
their possible functional role

The minimal intron group is one of the two universal intron
types other than size-expandable introns. It not only has a
size constraint but also often large in numbers; both are
highly variable across lineages and conservative within lin-
eages. The size constraint suggests proteinaceous nature of
the machinery where the conservation of its physical di-
mensions varies across lineages. To examine the specific
distribution of the minimal intron among genes between
vertebrate and plant species, we carry out a broad survey
and list the percentages of minimal introns (the size of the
minimal intron is defined as <150 bp) out of the total in-
trons and the fraction of minimal-intron-containing genes
from eight species, including two mammals, four non-
mammal vertebrates, and two plants (Table 2).

The most size-conservative minimal introns in both size
and fraction belong to mammals. While 1/4-1/3 of their
genes contain minimal introns, the total numbers of minimal
introns for all mammalian species are ~10%. In addition, the
vertebrate lineage also appears to maintain a significant
fraction of minimal-intron-containing genes as seen in A.
carolinensis, whose genome has 5.57% minimal introns of
the total and 30.52% genes containing minimal introns. The
case for a lower vertebrate, such as zebrafish shown here, is
slightly different due to its large amount of small introns
while the minimal introns do not distribute randomly with
higher fraction exceeding our expectation. To emphasize the
uniqueness of the minimal intron distribution of vertebrates,
we also list the minimal intron distributions from the two
model plants, Arabidopsis and rice, where the fractions of
their minimal introns are almost broken even among all
genes. We have gone one step further to show that there are
large amount of alternatively spliced transcripts in higher
plants and animals, based on the AS-ALPS database collec-
tion [15] (Figure 2). Aside from the large amount of shared
transcripts even between animal and plant genes, there are
also over 10000 splicing variants unique to humans. The
lower number in mouse is unusual and it may be due to
sampling biases and incomplete nature of the database. The
numbers of splicing variants between Arabidopsis and rice
are rather comparable as rice has nearly twice as many

Table 2 Minimal introns and the minimal-intron-containing genes from
selected plant and vertebrate species

Species Minimal intron (%) Gene (%)
H. sapiens 10.58 32.08
M. musculus 10.35 25.62
G. gallus 12.65 44.83
A. carolinensis 5.57 30.52
X. tropicalis 13.79 51.61
D. rerio 25.74 60.28
A. thaliana 72.29 57.08
0. sativa 47.18 51.82
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M. musculus A. thaliana

H. sapiens 0. sativa

Figure 2  Alternatively-spliced transcript-encoded proteins classified
among H. sapiens, M. musculus, A. thaliana, and O. sativa.

genes as Arabidopsis due to an extra genome-wide duplica-
tion [30-32]. The important point here is the fact that the
average size of the rice genes has been expending to twice
as that of the Arabidopsis and at the mean time the percent-
age of the rice minimal introns is also decreasing to 48.18%
as compared to 72.29% [30].

Both size and number parameters of minimal introns ap-
pear unique in several ways. First, the size limit (~100 bp)
of minimal introns is relatively indispensible in a way that it
appears unique to lineages, especially in the cases of verte-
brates and plants. It demonstrates that their splicing ma-
chineries as complexes of proteins and RNAs are highly
conserved to the extent that most the proteinaceous and
RNA components and their overall physical dimensions
remain nearly unchanged for billions of years. Second, the
number limit (>1/3 of the total genes) of minimal introns is
evitable. Although in some lineages the smaller introns are
more prevalent than the larger introns, minimal introns ap-
pear holding their ground tightly, especially when the size
increase of the larger introns is intensive (such as the case
of mammalian genomes); such an increase reduces both the
number of minimal introns in the genomes and the number
of minimal-intron-containing genes out of the total number
of introns. The trend is clear and firm over the vertebrate
lineage. Third, minimal-intron-containing genes are a
unique group of genes in both functionality and genomic
characteristics [6,8,33,34]. We have previously showed that
genes with minimal introns tend to play certain house-
keeping roles and are enriched on certain chromosomal ter-
ritories [35]. They are also abundant (~10% minimal introns
in ~30% genes), larger in size, which tend to be universally
expressed as compared to genes with only larger introns and
intronless genes and preferentially to locate toward the 3’
end of the transcripts. We have further pointed out that
genes with minimal introns replicate earlier and preferen-
tially reside in the vicinities of the open chromatins and that
they occupy unique nuclear positions relevant to the regula-
tion of transcription regulation and transcript export [6].
Therefore, we proposed a Routing Hypothesis for the func-



WuJY,etal.

tionality of minimal introns in the coupled process of tran-
scription-splicing-export.

2.4 The Routing Hypothesis of intron processing

Pre-mRNA processing happens primarily in the nucleus.
The related fields have now agreed upon a unified picture
[36] and the spatiotemporally organized movements of cel-
lular components within the nucleus, between the nucleus
and the cytosol, and among the subcellular organelles and
structures are of essence for the understanding of cellular
physiology. In such a context, minimal introns are most
relevant to the nuclear architectures and their dynamics
[6,37].

Since the other two classes of introns, half-sized and
size-expandable, are structurally non-uniformed, the most
striking feature of minimal introns is the fact that they are
very much fixed in physical dimensions, and export timing
should be prioritized since speed is a function of both time
and distance (Figure 3). In a spatial sense, the two splicing
complexes for minimal introns (Figure 3B), one for each
exon-intron junction, can be physically interacting, forming
a much larger complex than that for the size-expandable
introns. Such larger complex can be easily distinguished
from the smaller “monomer” splicing complex (Figure 3A
and C). In a temporal sense, the larger complexes can be
recognized earlier and more precisely than the size-
expandable intron complex that can be extremely large with
the intron sequence, and the timing for processing them is
unpredictable and lengthy as transcription-couple DNA re-
pair mechanism may be at work that interferes and aborts
transcription from time to time. Therefore, a working Rout-
ing Hypothesis assumes that the minimal-intron processing

A. Half-sized intron

B. Minimal intron

C. Size expandable intron

Ry VO

Figure 3 A schematic illustration of the three types of introns and their
processing models. A, Half-sized introns (the thin blue lines) are assumed
to be processed by either a single protein-RNA complex (splicing machin-
ery, semitransparent brown circle) or a primitive one that is cryptic incapa-
ble of processing larger and large number of introns. B, Minimal introns
are assumed to be processed by a dimeric complex that has a nominal size
specific to species or lineages. C, Size-expandable introns are processed by
two distinct and separate complexes that each recognizes one side of the
intron flanking by the two exons (blue bars) to be joined.
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complex serves as a “landmark” for the processing machin-
ery to find the transcript in time, making sure that these
large transcripts can be processed and routed differently
from intronless transcripts and transcripts without minimal
introns (such as those with half-sized and larger introns).
When genes and their introns enlarge over evolutionary
time scale, such as in the case of mammalian genes, mini-
mal introns are selected to be more conserved and clustered
toward the 3’-end of the minimal-intron-containing tran-
scripts for better discrimination at the late stage of tran-
scription and the early stage of routing and export.

The evidence supports the Routing Hypothesis is ample
albeit mostly deemed indirect by molecular biologists. First,
comparative studies of splicing machineries have pointed
out the tempo-spatial features of the different types of in-
trons that all have unique characteristics as we have dis-
cussed above in this article and previously elsewhere [6].
Second, evolutionary studies have proven that minimal in-
trons are selected through negative selections on mini-
mal-intron-containing genes and have special sequence
contexts in human populations [8,11]. The original design
of these experiments is to investigate whether the intron size
constraint of human minimal introns is selected in a human
population but it has also revealed sequence context rele-
vance [38,11]. It is not difficult to extend the conclusion in
any other population data beyond mammals. Third, a large
body of evidence is attributable to the unique features and
functional relevance of minimal-intron-containing genes [6].
For instance, the positioning of highly abundant minimal
introns in the human genome is uniquely concentrated at the
3" end of the genes. Minimal-intron-containing genes are
larger than the gene size average and distributed non-
randomly, enriched on certain chromosomes, and they are
replicated earlier and tend to reside on open chromatin
structures. The functions of these genes are also unique:
they are mostly playing house-keeping roles and involved in
phosphorylation in function and cellular structures (such as
cytoskeletons) and trafficking in operation [6]. Nevertheless,
it is still valuable to have experimental evidence in fields of
biochemistry and cell biology since most of the other lines
of evidence are either statistical in nature or considered as
indirect, even though any direct evidence demonstrated
based on a single gene or artificial gene construct is also
hard to be generalized.

3 Conclusion

Introns are one of the major structural elements for eukary-
otic genes. It must have functional roles, perhaps very lim-
ited catalytic but unlimited operational, compartmental, and
homeostatic [28]. On the operational framework, for in-
stance, introns can be the overwhelming majority of a ge-
nome in space, locate discretely in chromosomal territories,
and govern both replication and transcription timing. The
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larger the introns are, the longer they take to be transcribed.
Such a fine-tuning in time and space is perfect for develop-
ment and organogenesis, especially for those species and
lineages that are built in very complex and precise ways,
such as humans and mammals. Introns are also a serious
burden for cellular trafficking, from chromosomal territories
to nuclear pores and from the nucleus to the cytosol. In
terms of homeostasis, introns and their degraded fragments
and nucleotides all have to flow in and out the nucleus,
consuming energy and requiring intimate regulation of
membrane potentials. After all, we are just in a process of
understanding cellular details at the single cell level with
molecular resolutions. The parameters of genes and ge-
nomes are much higher in priority for information scrutiny
that not only calls for basic information, such as pro-
tein-coding sequences and their functionally relevant varia-
tions, but also for extended information, such as the con-
servation of their structural elements, introns and their se-
quence contexts. We are therefore always at the dawn of
knowledge acquisition and eager for novel ideas and hy-
potheses.
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