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Abstract We established the Pig Genome Database
(PiGenome) for pig genome research. The PiGenome
integrates and analyzes all publicly available genome-wide
data on pigs, including UniGenes, sequence tagged sites
(STS) markers, quantitative trait loci (QTLs) data, and
bacterial artificial chromosome (BAC) contigs. In addition,
we produced 69,545 expressed sequence tags (ESTs) from
the full-length enriched cDNA libraries of six tissues and
182 BAC contig sequences, which are also included in the
database. QTLs, genetic markers, and BAC end-sequenc-
ing information were collected from public databases. The
full-length enriched EST data were clustered and assem-
bled into unique sequences, contigs, and singletons. The
PiGenome provides functional annotation, identification of
transcripts, mapping of coding sequences, and SNP infor-
mation. It also provides an advanced search interface, a
disease browser, alternative-splicing events, and a com-
parative gene map of the pig. A graphical map view and
genome browser can map ESTs, contigs, BAC contigs
(from the National Institute of Animal Science), Sino-
Danish Pig Genome Project transcripts, and UniGene onto
pig genome sequences which include our 182 BAC contigs
and publically available BAC sequences of the Wellcome
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Trust Sanger Institute. The PiGenome is accessible at
http://pigenome.nabc.go.kr/.

Introduction

The pig is an important model for evolutionary
research (Fang et al. 2005) and is used as a biomedical
model for studying reproduction, tissue degeneration/
biological maintenance, stem cells, and immune responses
(Rothschild 2003; Vodicka et al. 2005). The genome-wide
analysis of the pig has grown rapidly in recent years and
is expected to impact both human medicine and pork
production. In the pig genomics study, full-length enri-
ched cDNA is a valuable resource for functional
genomics and for annotating functional genes on the pig
genome (Stapleton et al. 2002). For example, candidate
genes related to meat quality can be searched using gene
expression profiling of EST sequences from a full-length
enriched cDNA library of porcine backfat (Kim et al.
2006Db).

Genome-wide linkage maps of the pig were developed
by the European PiGMaP initiative (Archibald et al. 1995)
and USDA-MARC (Rohrer et al. 1996) and subsequently
expanded to 2,700 markers (Womack 2005) for quantita-
tive trait mapping. A genome database of the pig was
constructed and has been included in the ArkDB of the
Roslin Institute. The genome databases are a comprehen-
sive public repository for genome mapping data from
farmed and other animal species including cat, chicken,
cow, deer, duck, horse, pig quail, salmon, sea bass, sheep,
and turkey (Hu et al. 2001). The Pig EST Data Explorer
(PEDE) database, in which data collections are derived
from sequences assembled from porcine 5 ESTs from
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oligo-capped full-length cDNA libraries, was established to
provide gene annotation information of large-scale EST
sequence data (Uenishi et al. 2004). This database is also
valuable for tissue-specific gene expression profiling.
Genome-wide QTL data from pigs has been integrated in
the Pig QTL Database (PigQTLdb), which contains pub-
lished pig QTL information on major genes and markers
that are associated with economically important traits. It
allows a user to search by either chromosome or keywords
on the basis of their publication information (Hu et al.
2005).

Currently, several groups, including the Sanger Insti-
tute and the Sino-Danish Pig Genome Project, are
sequencing the pig genome. However, the sequencing
information is a small portion of the whole pig genome,
thus analyses of the pig genome projects are dependent
on comparative mapping against other mammals for
which whole genomic information is available. Among
these, the Pig Genomic Informatics System (PigGIS)
allows biomedical researchers to locate pig genes using
their human homologs and position single nucleotide
polymorphisms (SNPs) with 0.66 x genomic reads and
ESTs (Ruan et al. 2007). Complete genome sequencing
data on the pig will be available in a few years. Although
only limited genomic information is available on pigs,
integration of all publicly available pig genomic data will
accelerate the progress of pig genome research. There-
fore, we collected pig data from public databases and
generated an integrated map from genome informatics.
The Pig Genome Database (PiGenome) displays mapped
results and links them to other sources of mapping data.
The database also provides transcript data on 69,545
porcine ESTs which we produced from full-length enri-
ched cDNA libraries of six tissues. Users can also
explore pig disease genes based on comparative mapping
of homologous genes.

Materials and methods
Construction of EST data

The six tissues (abdominal fat, adipocyte, loin muscle,
backfat, liver, and pituitary gland) used to construct the
cDNA libraries were prepared from crossbred (Land-
race x Large White) pigs at 1, 7, 12, 18, and 24 weeks of
age. A full-length enriched cDNA library was constructed
using the oligocapped method (Suzuki et al. 1997). The
cDNA inserts were sequenced once from the 5 end of
clones using a BigDye® Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA) and a 3730
DNA analyzer (Applied Biosystems). The EST trace data
were called bases using the Phred (Ewing and Green 1998)

and vector sequences were clipped by the cross-match
program (Gordon et al. 1998). Vector-screened EST
sequences were filtered for repetitive sequences and low-
complexity regions using RepeatMasker (http://www.
repeatmasker.org/). We excluded ESTs of less than
200 bp from our data set. The ESTs were clustered and
assembled using the CAP3 program (Huang and Madan
1999). We retrieved 5,870 contigs and 7,669 singletons
from 69,545 ESTs. We performed a homology search on
5,870 contigs using BLASTN (Altschul et al. 1997) against
the UniGene Clusters of human (build No. 199), mouse
(build No. 161), and pig (build No. 27). Similar to Uenishi
et al. (2004), if a contig sequence contains a longer coding
sequence compared with its homologous UniGene coding
sequence with high similarity, it is considered to include a
full-length coding sequence. Our ESTs have been submitted
to NCBI dbEST and the identification numbers are
FD587621-FD643263, FD698977-FD698990.

BAC library screening and construction of BAC contigs

QTLs on pig chromosome 6q26-34 affect meat quality,
including intramuscular fat content and backfat thickness
(de Koning et al. 1999; Grindfiek et al. 2001; Ovilo et al.
2000, 2002; Szyda et al. 2002). This region is syntenic with
human chromosome 1 from 65 to 83 Mb and with human
chromosome 18 from 0.61 to 40 Mb. We performed BAC
physical mapping using the PCR-based four-dimensional
BAC clone screening method with 19 microsatellite
markers and BAC end-sequence (BES)-based screening
markers. The BES-based screening markers were designed
at intervals of 60 kb using the results of the BES corre-
sponding to the region from the trace archive of Ensembl
(http://trace.ensembl.org). BAC clones were screened from
the Korean Native Pig BAC library (Jeon et al. 2003). The
screened BAC clones were extracted without Escherichia
coli genomic DNA contamination using the Large Con-
struction Kit (Qiagen, Valencia, CA, USA). The extracted
BAC DNAs were subjected to 8 x shotgun sequencing.
Sequence data were assembled with Phred and Phrap
(University of Washington, Seattle, WA, USA). The con-
tigs of BAC clones were assigned to the human genome
using GenomeVISTA (Couronne et al. 2003). A total of
182 BAC contigs were retrieved.

Gene Ontology (GO) annotation and SNP identification
from transcripts

GO annotation and identification were performed with a
sequence similarity search against the tentative consensus
(TC) sequences of the SsGI release 12.0 (20 June 2006)
using BLASTN. To categorize GO, we used the GO flat
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files of the Gene Ontology Consortium (http://www.geneo
ntology.org). The cutoff values for GO identification were
95% identity, 60% coverage, and an e-value of < 0.00001.
To identify transcripts, we performed a BLASTX search
against the nonredundant protein database of the National
Center for Biotechnology Information (NCBI; ftp://ftp.
ncbi.nih.gov/blast/db/; downloaded 4 February 2007). To
determine the SNP positions on transcripts, we performed a
BLASTN search against the NCBI SNP database (ftp://
ftp.ncbi.nih.gov/snp/organisms/pig_9823/ss_fasta/; cutoff
value: identity > 90%).

Detecting the genomic locations of the pig data sets

The Sanger Institute’s pig BES database (ftp://ftp.sanger.
ac.uk/pub/sequences/pig/) and Ensembl map information
(http://pre.ensembl.org/Sus_scrofa/) were downloaded.
However, because the Pig Genome Project is not finished, we
could not directly align our data set with the genome
sequences; thus, we indirectly estimated the genomic regions
of the data sets to generate a BAC-based physical map of the
pig genome. Because end sequences of BACs provide highly
specific markers for genome sequencing (Venter et al. 1998),
we constructed the map via paired alignment of pig BES
sequences with ESTs, contigs, UniGenes, and BAC contigs
using BLAST with an e-value of 17'%.

We downloaded consensus and singleton sequences
from 1,021,891 ESTs based on 97 non-normalized
cDNA libraries (http://pigest.ku.dk/download/index.html)
(Gorodkin et al. 2007) and aligned them against the
genomic sequences. Only the highest-score alignment of
each BLAST result was curated and stored in the database.
The genomic regions of the data sets were estimated based
on the chromosomal positions of BAC clones from the
corresponding BESs using the BAC clone-BES pair data-
base. We downloaded QTL data (e.g., chromosome,
location, location span) from the PigQTL database. Marker
locations were obtained from the Meat and Animal
Research Center of the U.S. Department of Agriculture.

Identification of pig disease genes

We retrieved homologene data (ftp://ftp.ncbi.nih.gov/pub/
HomoloGene/build53/) from NCBI and extracted the pro-
tein accession IDs from human and mouse data. To identify
orthologs from the human, mouse, and pig homologenes,
we used the reciprocal best blast hits algorithm (Wall et al.
2003) to make comparisons between the human, mouse,
and pig using BLASTX and TBLASTN (cutoff: e-value
0.00001). Candidate disease genes of humans and mice
were obtained from the Mouse Genome Database (MGI,
http://www.informatics.jax.org/).
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Identification of tissue-specific alternative-splicing
events

Our algorithm identifies novel alternative-splicing events
based on sequence similarity searches between each EST
data set and known gene set. A detailed description of the
algorithm can be seen elsewhere (Kim et al. 2006a). Briefly,
only the best hit result of a BLAST (Altschul et al. 1997)
sequence similarity search against the known UniGene data
set was retained. If the best alignment is a collinear form
without deletion or insertion, it is regarded as an existing
alternative-splicing event. On the other hand, if the best
alignment contains an insertion or deletion of an EST query
with more than two High-scoring Segment Pairs (HSPs), it is
considered a new alternative-splicing form which has never
been seen before, at least in the current pig gene data set. In
the former case (case 1) event, an EST fragment is inserted
in a sequence of current alternative-splicing isoform. For the
latter case (case 2) event, an EST fragment is deleted from
an existing isoform sequence that is already aligned to the
UniGene data set. Thus, this event should be confirmed
whether the case 2 fragment is a match with the sequence of
the existing alternative-splicing isoform. The new alterna-
tive-splicing events were cross-checked using the SIM4
program (Florea et al. 1998). SIM4 uses a greedy algorithm
to align two sequences and then makes the sequence
alignment process reliable. In the case 1 event, case
sequences were extracted from the UniGene sequence cor-
responding to the EST. In the case 2 event, case sequences
were extracted from EST sequence corresponding to the
UniGene sequence. Because the sequences of case events
confirmed whether the case sequences are really novel in the
existing UniGene data set, for sequences of tissue-specific
alternative-splicing case events we revalidated the case
sequences using the BLAST program. We accept only the
case sequences that pass our filtering criteria: BLAST are
95% identity, e-value < 0.00001, length of HSP > 20 bp
considering length of the exon, and the SIM4 program.

Comparative gene mapping against the contigs of BAC
clones in pigs

We constructed a comparative map between 182 porcine
BAC contigs and other species, including human, mouse,
cattle, and dog. The porcine BAC contigs were aligned
against the BES data set of PigMAP using BLASTN, and
the regional order (from lowest to highest genome position)
was estimated based on the BLAST results. We also per-
formed a BLASTX search against human, mouse, cattle,
and dog protein sequences from NCBI and identified
homologs. Our results increased the resolution of the cur-
rent comparative gene maps between the pig and several
other species.


http://www.geneontology.org
http://www.geneontology.org
ftp://ftp.ncbi.nih.gov/blast/db/
ftp://ftp.ncbi.nih.gov/blast/db/
ftp://ftp.ncbi.nih.gov/snp/organisms/pig_9823/ss_fasta/
ftp://ftp.ncbi.nih.gov/snp/organisms/pig_9823/ss_fasta/
ftp://ftp.sanger.ac.uk/pub/sequences/pig/
ftp://ftp.sanger.ac.uk/pub/sequences/pig/
http://pre.ensembl.org/Sus_scrofa/
http://pigest.ku.dk/download/index.html
ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build53/
ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build53/
http://www.informatics.jax.org/

D. Lim et al.: PiGenome: an integrated database for pig genome research 63

Database construction and implementation

The database and Web interface were developed using
MySQL, PHP, HTML, and Javascript. The standard server
requires an Apache 1.3.19, MySQL 4.0.21, and PHP 4.3.9
with GD library 2.0.33 and uses the FreeBSD 5.2 operating
system. Data processing and analysis were written in
Python. We will update the database quarterly and have
modules for functional annotation using Python programs.
After accumulating our new sequences data, we will indi-
cate the last update date when the website is updated. A
summary of the data processing pipeline is shown in Fig. 1.
A more detailed outline of the data processing and data
information can be viewed in data information menu of the
database.

Results
Contents of the PiGenome database

The PiGenome database is available at http://pigenome.
nabc.go.kr. The PigGenome Web interface allows inter-
active use of the information related to the pig genome.
The interface consists of five menus: Sequence Data,
BLAST search, Search by, Application, and Genome
Annotation. Users can obtain basic EST and transcript
information from the Sequence Data menu. EST data can
be searched by local ID, accession number, or description
of homology against the nonredundant NCBI protein
database based on the BLASTX or BLAST score and
e-value. When a user clicks on a local ID, its details are
reported on a new page, i.e., the BLAST results against the
BAC End Sequence (BES) database of the Sanger Institute
(ftp://ftp.sanger.ac.uk/pub/sequences/pig/), the source of

Fig. 2 Simple query and output format of the PiGenome. Users canp
search for individual genes and sequence information using search
options. a Disease Browser enables a user to obtain putative disease
transcripts of the pig using the OMIM accession ID or a disease term.
The comparative gene map can know the evolutionary relationship
between mammalian species in the pig genome (composed of 182
BAC contigs) using an orthologous relationship. b The Genome
Annotation page is divided into two parts, map view (c) and genome
browser (d). Users can see the output by map view according to data
types: EST, contigs, markers, QTL, BAC clone, UniGene, National
Institute of Animal Science (NIAS) BAC contigs from the NIAS,
consensus sequences, and singletons of Sino-Danish Pig Genome
Project. The genome browser provides genomic alignment of all data
types within a specific genomic region

the library, and the sequence view. Transcript information
can be searched in a similar way but it displays Gene
Ontology (GO) annotation, SNP information (dbSNP
accession number and alleles), and assembled ESTs lists. If
a SNP exists in a transcript, its position is marked in red.

The BLAST search page is useful for searching sequence
similarity against the pig database for our porcine
abdominal fat, adipocyte, loin muscle, backfat, liver, and
pituitary gland. BLASTN, TBLASTN, and TBLASTX are
available which allow external users to compare their own
sequences against our database with a user options of
e-value and filtering. The input sequence must be in
FASTA format or sequence-only format to allow searches
of nucleotide or amino acid sequences. BLAST results are
shown on a new page in an output format similar to that of
the NCBI site, and they provide gene information on the
basis of matched sequences. The PiGenome also contains
simple query interfaces for EST, transcript, markers, QTL,
and gene. A user can easily mine the information from each
database. The PiGenome includes an advanced search
interface, a disease browser, and a pig QTL comparative

Fig. 1 Data processing pipeline
of the PiGenome
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map. A user can select a disease name, OMIM accession
ID, or type in specific text, and the orthologs of the human,
mouse, and pig are summarized for the disease term.
Output format of the database is shown in Fig. 2.

Tissue-specific alternative splicing

The results of tissue-specific alternative-splicing (AS)
events are available at the Alternative-splicing page. We
found 717 sequences of insertion in a specific tissue (case 1)
and 255 sequences of deletion in a specific tissue (case 2).
We also detected 16 common cases that were shown in two
tissues, seven case 1 types, and nine case 2 types. Most of
the alternative-splicing events (65%) were detected in
translated regions. We have also observed frequent alter-
native splicing in untranslated regions (UTR), 8% of 5’ UTR
and 3% of 3’ UTR in total case events. When a user selects
tissues and case types, the result will be displayed in a table.

Comparative gene map and genome annotation

A comparative gene map of the pig genome (composed of
182 BAC contigs) is useful for investigating the evolu-
tionary relationships among mammalian species. To
conduct such an analysis, a user selects the chromosome or
BAC contigs and then chooses the species. Comparative
candidate genes can be displayed in two ways, map view
and table view, along with their IDs, description, and
chromosome name. The Genome Annotation page consists
of two sections: map view and genome browser. On the
Map View page, a user selects a chromosome and a
karyotype band (or types in a specific genomic position).
Then the user chooses from the data types EST, contigs,
markers, QTL, BAC clone, UniGene, BAC contigs from the
National Institute of Animal Science (NIAS), consensus
sequences, and singletons of the Sino-Danish Pig Genome
Project (Gorodkin et al. 2007). Only the markers and QTL
defined by the genetic position and the physical map are
displayed. The amount of data for a specific genomic region
is shown on the right of the output page, and a summary of
the results is given by data type. Clicking on any genomic
location opens a Genome Browser page that provides
genomic alignment data corresponding to the genomic
region. We developed our own genome browser, which is
similar to PreEnsembl. Users can click a chromosome and
then specify a genomic position. By default, genomic
alignment shows a region of 1 Mb. The genome browser
also features zoom (in/out) buttons for 0.2, 0.5, 1, 2, 5, 10,
and 50 Mb. Users can adjust the range by clicking on the
chromosome or specifying a start and end position. Yellow
bars represent contigs placed on the fingerprint contig
(FPC) map. The EST sequences are colored according to
alignment number. Pink bars indicate that only one EST is

aligned to a genomic region. Red bars represent several
ESTs on the chromosome. Clicking on any bar opens a pop-
up window that provides more detailed information on the
data. BAC clones are displayed in different colors accord-
ing to their status.

Discussion

In this article we described PiGenome, an integrated gen-
ome database for determining gene annotation, orthologous
disease genes, tissue-specific alternative splicing, compar-
ative gene maps, and genomic alignment of pig data sets.
PiGenome includes UniGenes, markers, QTLs, transcripts,
BAC contigs, consensus sequences, and singletons of the
Sino-Danish Pig Genome Project and is a useful tool for
studying genomic and biological mechanisms of the pig. It
has been suggested that the pig is the best model for human
disease because it has similar body size and physiologic
conditions. Although the pig is an important model for
human disease, there are no well-established pig-related
disease browsers or databases for disease. For example,
OMIA was developed based on inherited disorders and
other familial traits, collectively called “phenes.” It pro-
vides 214 pig genes with human homologs. We predicted
1,420 human-pig and 1,384 mouse-pig ortholog candidate
disease genes using the human disease browser of MGI. A
disease browser provides information for human or pig
diseases. In addition, the database contains our 69,545 EST
data which were annotated and integrated into Sequence
Data, Disease Browser, and Alternative-splicing pages of
the database. The pig has been studied as an important
economic animal using fat content data. Our data in par-
ticular are related to fat contents. For example, about 80%
of the ESTs were obtained from fat- or immune-related
tissues. Most of BAC clones were obtained from
SSC6q32-34 which contains the QTL region for meat
quality, intracellular fat content, and backfat thickness.
We analyzed the comparative map for four mammalian
species: human, mouse, dog, and cattle. We think that the
pig QTL comparative map provides positional candidate
genes associated with QTL on chromosome 6 that affect fat
deposition in pigs. We also collected our sequencing data
(5,870 contigs and 7,669 singletons) and Sino-Danish Pig
Genome Project clusters (48,629 consensus sequences and
73,171 singletons). Utilizing the consensus sequences of
this gene index in the genome draft could lead to many
more exonic sequences, which would significantly facili-
tate current gene-oriented annotation efforts. Exonic
sequences provide useful information for the discovery of
additional relationships among genomic sequences, hypo-
thetical genes, and conserved functional domains (Zhuo
et al. 2001). BACs and ESTs and other public sequences
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are mapped against the pig genome, which increases the
coverage of the pig genome and makes a high-coverage
clone map available. In the near future, the PiGenome will
be updated quarterly with new pig genome data, including
BAC sequences, fingerprint contig (FPC) map information,
whole-genome shotgun (WGS) data, and more QTLs and
markers. WGS data require substantially more computation
time for assembly.

In the past decade, genome research on livestock has
focused on map linking and QTL identification. Currently,
it has been focused on genome-wide information on genes.
PiGenome has biological significance for both agriculture
and biomedicine. The database provides sequence mapping
and QTL characterization, information that is useful for
identifying genes associated with economically important
traits and for studying the functional genomics of the pig
and for researching genetic breeding.
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