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ABSTRACT

To investigate the distribution of intron–exon structures
of eukaryotic genes, we have constructed a general
exon database comprising all available intron-
containing genes and exon databases from
10 eukaryotic model organisms: Homo sapiens , Mus
musculus , Gallus gallus , Rattus norvegicus ,
Arabidopsis thaliana , Zea mays , Schizosaccharo-
myces pombe , Aspergillus , Caenorhabditis elegans
and Drosophila . We purged redundant genes to avoid
the possible bias brought about by redundancy in the
databases. After discarding those questionable
introns that do not contain correct splice sites, the
final database contained 17 102 introns, 21 019 exons
and 2903 independent or quasi-independent genes.
On average, a eukaryotic gene contains 3.7 introns
per kb protein coding region. The exon distribution
peaks around 30–40 residues and most introns are
40–125 nt long. The variable intron–exon structures
of the 10 model organisms reveal two interesting
statistical phenomena, which cast light on some
previous speculations. (i) Genome size seems to be
correlated with total intron length per gene. For
example, invertebrate introns are smaller than those
of human genes, while yeast introns are shorter than
invertebrate introns. However, this correlation is
weak, suggesting that other factors besides genome
size may also affect intron size. (ii) Introns smaller
than 50 nt are significantly less frequent than longer
introns, possibly resulting from a minimum intron
size requirement for intron splicing.

INTRODUCTION

In order to understand the structure and evolution of genes and
genomes in this era of genomics, it is important to know the
general statistical characteristics of the intron–exon structures
of eukaryotic genes. On the one hand, designing a research
project involving genomic structures requires an understanding of
general characteristics of genes and genomes. On the other
hand, floods of information from exponentially growing data-
bases of DNA and protein sequences often overwhelm
researchers who study individual genes or gene families,
rendering it difficult to place a newly sequenced gene or a
newly determined gene family in a general picture of eukaryotic
genes and genomes. When one determines the intron–exon

structure of a newly characterized gene, one wonders if it i
normal structure or if it represents an entirely novel structu
Finally, developing sensitive bioinformatics tools to find gene
and open reading frames in eukaryotic genome sequences
important task in genomics studies, also depends on a comp
statistical description of intron–exon structures. An updat
statistical description of intron–exon structures has been lack
and is imperative for the theoretical study of the origin an
evolution of genes and genomes.

It has been a decade since the first compilation of intro
exon structures in eukaryotic genes was published (1). A num
of authors published analyses of some characteristics
nuclear introns in a few particular organisms in the late 198
and early 1990s (2–5). However, the databases have evolve
both size and content in recent years. The first change is
astronomical growth of the sequence databases as a
sequence of sequencing the entire genomes of many organi
The second feature is that more and more redundant ge
have entered the databases. For example, the genom
Saccharomyces cerevisiaecontains 35% proteins from the
same gene families (6). How to efficiently define and exclud
such genomic redundancy, which may bring bias to t
analysis of intron–exon structure, has become a techn
challenge. This investigation has considered these new fac
in an attempt to portray the general features of gene structu
in various model organisms.

We analyzed the statistical distribution of spliceosom
introns and exons of nuclear genes in various model organis
using a DNA sequence database released recently, GenB
106. These observations, based on a large number of genes
only chose those model organisms that have many ge
sequenced), may be viewed as a general description of g
structures in those organisms. We found from these statis
that, not surprisingly, species have evolved considera
different intron–exon structures. Remarkably, we observ
that such changes are correlated with the evolution of genom
and are constrained by functional properties of intron splici
processes. Such correlations bear some implications for so
significant issues in gene evolution.

MATERIALS AND METHODS

GenBank sequence database

GenBank release 106 contains sequences of 1.5× 109 nt in
2.2× 106 entries. We downloaded all flat files that contai
eukaryotic genes, including gbmam.seq, gbinv.seq, bvrt.s
gbpln.seq, gbrod.seq, gbpri1.seq and gbpri2.seq, to our al
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WDPS 500au workstation (Digital). All further analyses are
based on the information stored in these files.

Exon databases

Using the method developed by Longet al. (7), we withdrew
all entries in the GenBank files that contain intron–exon structures
to form a raw intron–exon database. This raw database
includes information on locus names, definition of intron–exon
structures, species name, protein sequences and DNA
sequences. Following the method of Longet al. (7), we then
calculated all essential parameters, such as the sizes of introns
and exons in the regions of the coding sequence (CDS), 3'-
UTR and 5'-UTR. In order to avoid errors brought about by
erroneous intron submissions, we also collected the dinucleo-
tides around 5' and 3' splice sites as the feature table defined. In
the analysis we only used those sequences that had correct
GT..AG signals around splice sites within introns. This also
deleted a minor class of introns that contain different splice site
sequences. The deletion, however, did not change the statistical
results significantly, because it only represents a small fraction
(<1%) of the total introns (8).

In addition to the overall intron–exon database created from
all available sequences, we also created intron–exon databases
for the 10 model organisms that have many genes sequenced.
These organisms are:Homo sapiens, Mus musculus, Gallus
gallus, Rattus norvegicus, Arabidopsis thaliana(cress),Zea
mays (corn), Schizosaccharomyces pombe, Aspergillus,
Caenorhabditis elegansandDrosophila.

Removing redunduncy

Many genes now have more than one copy in the databa
either orthologous genes from different species or paralogo
genes from a gene family in the same species. In some ca
the same genes have been sequenced and reported twic
different laboratories. An extreme case is that there a
thousands of immunoglobulin sequences in the database.
uneven distribution of these redundant sequences in the d
bases will introduce bias into an analysis of intron–exo
structures, e.g. the intron number. To avoid this potential bi
we purged the intron–exon databases using the method
Long et al. (7). The purging is based on pairwise compariso
of protein sequences. When two protein sequences hav
similarity greater than or equal to 20%, calculated by fast
(9), we keep one sequence and drop the other one in two w
(i) If we are interested in the number of exons and introns p
gene, we compare all the genes in the same gene familie
defined by the 20% similarity criterion (all sequences that
comparison have similarity >20% are grouped together a
taken as a family). We take a gene with the most comm
intron and exon numbers as representative of the family. O
the families that contain more than two sequences were consid
for the purpose of comparison. (ii) In order to describe intro
and exon lengths, we kept the genes that contain the high
intron and exon numbers as representatives of each fam
This procedure created the largest unbiased sample of intr
and exons from independent or quasi-independent genes.

Figure 1. Intron and exon length distributions in the overall database. The distributions of individual intron (intron length distribution) and exon lengths, of the
total intron content per gene (total intron length distribution) and of the total intron content per kb of coding sequence are summarized and graphed.Each graph
consists of two parts, with smaller lengths above longer ones. Exon lengths are given in amino acids, intron lengths in nucleotides. The horizontal and vertical axes
represent lengths and frequencies, respectively.
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Searching for homologous genes

In order to analyze the distribution of introns in homologous
genes across the model organisms, we generated homologous
gene families using GBPURGE (7) at a criterion of 30% similarity.
In pairwise comparisons, if two sequences had a similarity of
30% or higher, we grouped them into a single family. From

each gene family containing sequences of at least five mo
species, we kept one sequence from each organism, choos
sequence with the most common number of introns in th
species. We then generated databases of homologous gene
each species. We used this data set to analyze the relation
between introns and genome size. We also used the gen

Figure 2. (Above and following pages) Intron and exon length distributions in model organisms and 5'-/3'-UTRs. The distributions of individual intronn
length distribution) and exon lengths, of the total intron content per gene (total intron length distribution) and of the total intron content per kb of coding sequence
are summarized and graphed. Each graph consists of two parts, with smaller lengths above longer ones, except in certain cases where a small sample smade this
unnecessary (intron lengths forAspergillus, total intron length and intron length per kb coding sequence forS.pombeand total intron length for corn). Exon lengths
are given in amino acids, intron lengths in nucleotides. The horizontal and vertical axes represent lengths and frequencies, respectively.
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databases of 10 model species for similar analysis for the
purpose of comparison.

RESULTS

Database construction

The original and purged databases are summarized in Table 1.
These results show that in the current databases most of the
sequences (>70%) are redundant; either paralogous genes from
the same gene family (superfamily) or orthologous genes from

different species. Purging of these redundant sequences efficie
avoided the bias brought about by redundant sequences.

Intron–exon structures in the overall database

Protein coding region.Figure 1 summarizes the distribution o
intron–exon structures in protein coding regions for the over
database. This distribution gives a clear picture of the eukaryo
genes. An average gene contains 3.7 introns in 1 kb of prot
coding region, but with considerable variation: a gigantic gen
human collagen type VII (13), contains 117 introns; the Fu

Figure 2. Continued.
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fish gene homologous to the Huntington’s disease gene contains
66 introns (22).

Figure 1 shows that exon lengths are distributed much more
tightly than intron lengths. Most exons are 30–40 residues
long, which is consistent with previous observations on
smaller samples (2,7). A common intron is 40–125 nt long,
however, this statistic shows huge variation (in the database
the largest recorded is 108 kb; human gene GenBank accession
no. AC003992). The longest introns, although not in the data-
base, are >300 kb in the dystrophin gene (10), which contains

>700 kb of intron sequences (5). Human gene CIT987-SKA-345
(M. D. Adamset al., GenBank accession no. AC002302) contai
introns of 151 kb. The smallest introns were 18–20 nt long in t
nucleomorph, a eukaryotic endosymbiont (11), and 21 nt
Paramecium tertaurelia, a ciliated protozoan (12).

UTR regions.In the database, 2% of genes contain descriptio
of introns and exons in the 5'- and 3'-UTRs of the RN
(Fig. 2). Seventy-four genes have 5'-UTR sequences, w
seven genes having one 5'-UTR intron. Sixty-nine genes h

Figure 2. Continued.
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a single 3'-UTR exon. The lengths of these exons and introns
show a variable distribution. For instance, the average 3'-UTR
sequence is 340 nt long, with a minimum of 17 nt and maxi-
mum of 1376 nt; the lengths of the seven 5'-UTR introns range
from 96 to 8214 nt.

Intron–exon structures in the 10 model organisms

Figure 2 shows the intron–exon structures of the 10 model
organisms. Like the overall database, these organisms show a

tighter distribution of exon lengths than of intron lengths, a
well as minimum intron lengths.

Human genes have the most introns and the largest intron
the 10 species. An average human gene has four introns;
highest recorded number is 116 introns, in the collagen ty
VII gene (13). The mean intron length is 3413 bases while t
most common length is 75–150 nt. The longest introns a
recorded in the BSC gene (its first intron is >71 kb) and th
dystrophin gene (several introns >100 kb). The intron length

Figure 2. Continued.
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1 kb of human gene CDS is close to 7 kb (6825 nt) on average.
The other two mammalian species (mouse and rat) are similar
to humans in the numbers of introns per kb of CDS. Their
individual intron lengths and total intron length per kb of CDS
or per gene are shorter than human but higher than other non-
mammalian species. It appears that these two rodent species
have shorter proteins.

The two fungi,S.pombeand Aspergillus, have the shortest
introns. Their average gene contains only two introns per kb of
CDS, totalling 160–280 nt. Individual introns on average are

only 40–75 nt long. This is very similar to the case o
S.cerevisiae, the first eukaryotic species whose comple
genome was sequenced, which was found to have very f
short introns (14).

Chicken genes contain more and larger introns, next to
mammalian genes. A slightly higher number of introns p
gene is compensated for by shorter introns (700 nt on avera
giving a total of 1.8 kb of intron sequence per kb of CDS.

Caenorhabditis elegansandDrosophila, two invertebrates,
do not contain long introns. Their total intron lengths per kb

Figure 2. Continued.
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CDS average only 1000 and 600 nt, respectively. However,
these two species have contrasting intron–exon structures.
Caenorhabditis elegansgenes contain more (4.0 introns per kb
of CDS), shorter (467 nt each) introns, whileDrosophilagenes have
fewer, longer introns (2.7 introns per kb of CDS, 564 nt each).

The genes of the two plant species, corn and cress, contain
introns whose lengths per kb of CDS are intermediate, like the
two invertebrates. The number of introns is similar in the two
plant species (3.9–4.3 per kb of CDS), but the average corn
intron (328 nt) is longer than the average cress intron (240 nt).

Correlation between intron size and genome size

In our analysis, we observed a correlation between the size of
genomes and the amount of intron sequences in their genes.
Table 2 and Figure 3 show correlations between genome size
and the number of introns per gene, number of introns per kb
of CDS, total intron length per gene and intron length per kb of
CDS. The correlation between genome size and total intron
length per kb CDS is significant at a marginal level (P = 0.06
for R = 0.6). This weak correlation may suggest a limited
causal relationship between intron content and genome com-
plexity. However, it also indicates that other factors are likely
to be involved in the evolution of intron size.

Figure 3 reveals a possible relationship between genome
and intron–exon structure. The calculation is, however, bas
on the purged databases, in which different species may be
resented by different types of genes. For example, the pl
databases contain photosynthesis-related genes, while
human database contains immunoglobulin genes. Differ
types of genes may have different intron–exon structures
more rigorous comparison requires homologous genes in
different organisms. We obtained sequences from 55 ge
families that were represented in at least five of the 10 spec
Figure 3 shows the relationship between intron content a
genome size in these homologous genes. These results sho
elevated correlation between intron content and genome s
The higher correlation values in homologous gene sets indic
a better control of the factors due to non-homologous gene
the analyses of Figure 3.

DISCUSSION

This analysis provides a general picture of the intron–ex
structure of eukaryotic genes. On average, the analyzed ge
have 3.7 introns of 40–150 nt each. These statistics are sub
to large variation. A number of introns >100 kb or <20 nt exi
in the databases and the literature. A human gene conta
more than 100 introns, while some genes in the Fugu fish ha
more than 60 introns. The intron–exon structures of differe
organisms are variable. These statistical analyses, in gene
may provide a fundamental basis for both understanding
structure of a gene that is identified in molecular studies a
developing more sensitive tools to find genes or open read
frames in eukaryotic genome sequences. In particular, t
investigation also suggests two interesting points, which m
increase our understanding of the evolution of intron–ex
structures.

The first is that although introns can be very long, th
minimum intron size is limited by the length of the splicing
signals. Most of the shortest introns observed were 20–

Table 1.Number of genes and introns before and after purging

Table 2.Correlation between intron size (means) and genome size

The correlation coefficients (R) are calculated for the correlation between genome size and the measure of
intron size indicated at the top of each column. Statistics from the purged database containing genes with the
most common number of introns. Sample sizes given are for homologous genes.
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bases long; very few were <20 bases. This indicates that in
order to encode adequate splicing signals, introns cannot be too
short. In fact, conservation analysis of the splice sites showed
that the conserved sequence distribution in introns can be
extended over >20 nt (14). The smallest recorded introns,
found in protist genes, are 13–20 bases long (12). They also
encode the minimum splice sequences (GT..AG dinucleotide
sequences are encoded), supporting the general conclusion of
this analysis.

Second, it has been speculated that intron content is corre-
lated with genome size. For example, it was proposed that
intronless prokaryotic genes might be a product of selection
against introns for more efficent molecular processes of repli-
cation, transcription and processing (16). Recently, it was

observed that small genome sizes inDrosophila were corre-
lated with high deletion rates in the Helena retrosequence a
introns (17–19). The correlations we have observed in t
genomes of model organisms support, in general, the not
that the existence of non-functional elements should be c
sistent with the size of the genome. The small introns in b
genes provide another example of this relationship (20). Ho
ever, the correlations as revealed in this study are only a
marginal level of significance in the total intron size per k
CDS, although the correlations increase in homologous gen
These analyses indicate a possibly true but weak connec
between genome size and intron sizes, suggesting that th
may be other factors involved as well.

Figure 3. Correlation between genome size and average intron size/number in model organisms. Figures labeled ‘All genes’ contain data from all the gench
of the model organisms; figures labeled ‘Genes from same families’ contain data only from genes present in at least five of the model organisms.
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This is the distribution of a large sample, with 2903 inde-
pendent or quasi-independent genes and 17 102 introns.
Cautionary notes, however, should be made. First, these statistics
were calculated only from genes that contain introns, so infor-
mation such as the number of introns per gene is only valid for
these intron-containing genes. A complete survey of genes that
do not contain introns is so far unavailable, except in the case
of yeast (14,21). Second, when introns are very long, many
researchers tend not to sequence them, for understandable
reasons. As a result, the average intron sizes are under-
estimated to some extent. However, the smooth and fast
decrease in frequency of intron sizes in Figure 1 implies that
very large introns may make up a small proportion (<5%) of
introns in the genome, although the final statistic awaits the
completion of the human genome project. Finally, it is not
unreasonable to believe that the mode of intron size distri-
bution is likely a stable measurement of most introns.
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