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ABSTRACT

A non-redundant database of nuclear, protein-encoding,
genomic DNA sequences highlighting nuclear pre-mRNA
introns was constructed using information contained

in the SWISS-PROT and GenBank sequence data-
bases. This Intron DataBase (IDB) contains informa-
tion about (i) introns (including nucleotide sequence,
location, phase, length, GC content and consensus-
sequence rule violations), (ii) exons (including nucleo-
tide sequence, length and GC content), (iii) protein
coding regions (including amino acid sequence and
length), and (iv) descriptive information about the source
gene and organism (including gene designations and
species taxonomy). The Intron Evolution DataBase
(IEDB) provides a statistical analysis of the exon and
intron sequences catalogued in IDB as well as data
concerning intron penetration (relative number of
coding regions with introns), density (number of introns
per kb of total coding sequence DNA), distribution, and
consensus sequences for each species present in
IDB. This supplement is provided to furnish insights into
the phylogenetic distribution and evolution of introns.
Both databases are extensively cross-referenced to the
SWISS-PROT and GenBank databases. IDB currently
contains information on over 63 000 genes and
154 000 introns; IEDB summarizes information on
over 2800 species. IDB and IEDB will be updated
twice a year and are available via the internet (http://
nutmeg.bio.indiana.edu/intron/index.html ).

INTRODUCTION

databases. Other gene subsequences, such as nuclear pre-mRNA
introns, are poorly annotated in GenBank and as a result are
more difficult to extract for derivative database construction.

Over the years many authors have published analyses of
intron/exon structures and some have even developed relevant
databases (6—-11). However, as the number of sequences in
GenBank grows larger and genomic redundancy (i.e., number
of members in a particular gene family) increases, such efforts
will become increasingly difficult and ultimately will require
specialized knowledge of relational database structure and
programming techniques. To address this problem, we present a
suite of relational databases designed to serve as a comprehensive
source of exon and intron sequence information as well as an
analytical tool to facilitate phylogenetic-based statistical analysis
of exons and introns.

DATABASE CONSTRUCTION

The SWISS-PROT (12) flat file databases (SPROT, TrEMBL
and TrEMBL.NEW) were downloaded from the ExPASy
server (ftp.expasy.ch) and all nuclear protein genes were
extracted and merged into a local relational database. GenBank (1)
cross-references were extracted for each species from individual
SWISS-PROT entries, downloaded from NCBI (http://www.
ncbi.nlm.nih.gov ) and analyzed such that the most recent,
complete DNA sequences were used to build a second, relational
database which contained coding region, exon and intron
sequences. These data were derived from analysis of the relevant
join statements in the GenBank entry feature table as identified
by the Protein IDentification number (PID) contained in the
SWISS-PROT cross reference. In addition to sequence information,
accession numbers (including cross references to SWISS-PROT
and GenBank), gene designations and descriptions, species
names and taxonomic information, and derivative quantities
such as sequence position, length and GC content were also

GenBank (1), the main repository of nucleotide sequenceecorded (see Fig. 1 for a complete description of the structure
information, contains more than 1:51(° nucleotides in 2.%  and graphical user interface of this database). Comprehensive
10° entries representing over 40 000 distinct species andrror checking was built into these data generation algorithms
doubles in size every 15 months. As a result of this informatiorsuch that any sequence ambiguities (including coding
explosion, data subsets that may be used to address spec#iequence initiation, termination and reading frame anomalies,
problems in bioinformatics or molecular evolution are becomingand intron splice site-consensus rule violations) were logged
increasingly difficult to extract. Numerous databases havand checked. Sequences that contained input artifactual errors
evolved to meet such specialized needs (2) and usuallyere excluded from the database. Partial sequences were also
embody increased levels of annotation or derivative analyseg&lentified and categorized as& 3 deletions. This approach
Indeed many distinctive attributes of gene structure or functioto database generation has an advantage over methodologies
such as promoters (3), transcriptional regulatory regions (4) auch as that employed by Lorej al. (9) because sequence
signal sequences (5) are now represented in single-thenentities are minimized (i.e., the SWISS-PROT progenitor
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Figure 1. Structure and Macintosh™ graphical user interface of the IDB. From left, top to bottom: fields are shown that identify the species, molecule, genome,
and gene from which a particular nucleotide sequence is derived. SWISS-PROT Identification codes and the protein PID are also noted. Dirbetlyjzaims t

and molecular identifiers is a list of all known database cross references followed by the coding region amino acid and DNA sequences. GC cenemgtfind th

of particular molecules are noted where appropriate. The GenBank coding sequence join statement and derivative intron locations used teidualaetond

and intron sequences are available via pull-down menus. Position, phase, GC content, and sequence length are noted where appropriate.oA thesgepé&on

and the species classification taken from the GenBank Taxonomy database are also provided. The right panel contains additional informaitigntloencern
particular cross-references from SWISS-PROT and GenBank (including all accession numbers and database update dates) that were used wagabasate the
entry. The user may select from various navigational modes that allow examination of the database sequentially, by user-defined record, brdfygarsesrc
species, or protein description. User-defined ranges of records may be exported as text files for incorporation into other databases.

database is designed to be non-redundant) without resorting family within a species (identified in Table 1 as the non-redundant
extensive BLAST analyses to eliminate duplicate entries. Imlatabase). Use of the curated Pfam database that is generated
the few cases where duplicate SWISS-PROT entries existddom hidden Markov model profiles would be expected to
(most commonly in the TrEMBL or TTEMBL.NEW databases), eliminate sequence redundancy within potentially divergent
keyword and string matching algorithms were employed orprotein families more efficiently than the uniformly applied
curated descriptive annotations to yield a single entry fo20% similarity criterion used in the FASTA alignments advocated
subsequent analysis. Unlike the database developed by Lohg Longet al. (9) for this purpose. Appropriate use of individual
et al. (9), genes which do not contain introns are included INEDB databases thus ensures minimization of protein family
the IDB database; this allows for measurement of parametetsas (e.g., elimination of paralogous sequences) and maintenance
such as intron penetration (percentage of genes with introngf orthologous genes for the assessment of species-specific
and intron density (number of introns/kb coding sequencejttributes. Statistical measures of central tendency and distribution
within particular species or gene families. Finally, since thefor a variety of coding sequence, exon and intron attributes
IDB contains both intron containing and non-intron containingsuch as position, length and GC content were included for each
sequences, it can also be used as a non-redundant databasesfmcies in the IEDB (see Fig. 2 for a complete description of
all genomic sequences from eukaryotic protein-encoding genesthe structure and graphical user interface of this database).
The data contained in the Intron DataBase (IDB) wasStatistical outliers (defined as the most extreme 1% of a particular
summarized on a species by species basis to yield the Intratataset for each species) were cross-referenced to IDB sequence
Evolution DataBase (IEDB). One version (identified in Table 1entries, which facilitates inspection of potentially interesting data
as the redundant database) used all available data presentsitbsets. Finally, measurements of intron penetration, density,
IDB; a second was produced using the Pfam database (13) tlistribution, consensus patterns and mutations were included
eliminate all but one representative sequence from each protefor each species in IEDB.
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Table 1.Top 20 species in the IEDB

Redundant Database Non-Redundant Database

Species No. Sequences No. bp No. Introns No. Sequences No. bp No. Introns

Caenorhabditis elegans 15883 20309343 81723 11473 14723924 58671
Arabidopsis thaliana 6273 8250477 26574 4051 5449834 17884
Saccharomyces cerevisiae 6077 8459020 188 2498 3703961 76
Homo sapiens 3997 4125346 18042 2273 2473543 11577
Schizosaccharomyces pombe 3558 5099201 3198 1726 2817362 1526
Mus musculus 1664 1536482 5708 904 890309 3750
Drosophila melanogaster 1025 1473214 1995 642 1031755 1421
Rattus norvegicus 667 534220 1883 388 298866 1172
Plasmodium falciparum 586 1169379 313 391 868413 208
Gallus gallus 334 284861 941 198 184117 677
Candida albicans 327 537394 25 242 392370 20
Bos taurus 318 193421 548 189 130815 415
Dictyostelium discoideum 247 386690 230 177 282143 161
Oryza sativa 228 227494 656 134 135001 471
Zea mays 225 233454 605 138 153970 392
Sus scrofa 209 144118 356 125 91250 253
Emericella nidulans 200 381354 422 150 290821 321
Neurospora crassa 194 303627 359 147 236229 259
Trypanosoma brucei 193 234844 0 134 160773 0
Trypanosoma cruzi 172 238527 0 140 198465 0
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Figure 2. Structure and Macintosh™ graphical user interface of the IEDB. From left, top to bottom: the IEDB summarizes all information in the IDB for aparticula
species. Information on number, GC content, length, and distribution of both introns and exons; intron phase; and splice-site consensusnsequeatess

may be obtained using the pull-down menu. A full range of statistics are included for each of these quantities including mean, standard erron ¢Sthiemea
variance, standard deviation, coefficient of variation, medium, minimum, maximum, and range. Distribution column graphs are available fiar tyyoss ;the

most extreme 1% of the data are identified as outliers. A Chi-squared test of the relative frequencies of phase 0, 1 and 2 introns and a Kolmogoeana§sisn

of intron position distributions within the species’ genes are also provided. The right panel summarizes the number and type of sequences ansytzeddo

species, the intron penetration (relative number of coding regions with introns), and the intron density (defined as either the number ofkbtaftstpecoding
sequence DNA or the number of introns per kb of intron-containing coding sequence DNA. The user may navigate this database in a fashion akin td the IDB an
may export information or create spreadsheet-compatible reports as necessary. All data points are cross-referenced with the IDB.
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CONTENTS OF THE CURRENT RELEASE currently under development for browsing the databases over
.the internet.

The most_recent version .Of the IDB and |IEDB databases is No inclusion of IDB or IEDB into other databases is allowed
based on information obtained from releases 37 and 111 of tntﬁ

. .Without the explicit permission of the authors. All rights are
SWISS-PROT and GenBank databases, respectl\{ely, Wit served. Useprs aPe asked to cite this publicati%n when
updates to March 31, 1999. A total of 313 465 proteins fromreporting results based on the use of either database.
13 616 species were analyzed for inclusion in IDB. Of these,
78 350 proteins were obtained from the SPROT division,
178 468 from the TrEMBL division and 56 647 from the ACKNOWLEDGEMENT
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