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Abstract. Genetic and environmental factors affect the effi-
ciency of pork production by influencing gene expression
during porcine reproduction, tissue development, and growth.
The identification and functional analysis of gene products
important to these processes would be greatly enhanced by the
development of a database of expressed porcine gene sequence.
Two normalized porcine cDNA libraries (MARC 1PIG and
MARC 2PIG), derived respectively from embryonic and re-
productive tissues, were constructed, sequenced, and analyzed.
A total of 66,245 clones from these two libraries were 5-end
sequenced and deposited in GenBank. Cluster analysis re-
vealed that within-library redundancy is low, and comparison
of all porcine ESTs with the human database suggests that the
sequences from these two libraries represent portions of a
significant number of independent pig genes. A Porcine Gene
Index (PGI), comprising 15,616 tentative consensus sequences
and 31,466 singletons, includes all sequences in public reposi-
tories and has been developed to facilitate further comparative
map development and characterization of porcine genes
(http://www.tigr.org/tdb/ssgi/). The clones and sequences from
these libraries provide a catalog of expressed porcine genes and
a resource for development of high-density hybridization ar-
rays for transcriptional profiling of porcine tissues. In addi-
tion, comparison of porcine ESTs with sequences from other
species serves as a valuable resource for comparative map
development. Both arrayed cDNA libraries are available for
unrestricted public use.

Introduction

Livestock genomics has made significant progress in recent
years with the development of comprehensive genetic linkage
maps (Kappes et al. 1997; Rohrer et al. 1996). These maps
have been instrumental in genome scans to detect quantitative
trait loci (QTL) for production characteristics in several live-
stock species (Andersson-Eklund et al. 1998; de Koning et al.
1999; Kirkpatrick et al. 2000; Knott et al. 1998; Rohrer and
Keele 1998a, 1998b; Stone et al. 1999; Zhang et al. 1998).
However, identification of genetic determinants influencing
production trait variation has been constrained by a lack of
livestock sequence data. Information about the sequence and
location of expressed sequences in the porcine genome will
enhance the selection and evaluation of candidate genes.
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Two porcine cDNA libraries were developed and analyzed
in the current study. Library MARC 1PIG was produced from
pig embryos at several developmental stages selected to cor-
respond with early muscle development and organogenesis
(Butler and Juurlink 1987), which are associated with signifi-
cant embryo mortality in U.S. pig breeds (Ford 1997; Vallet
2000). Library MARC 2PIG was produced with pooled RNA
from tissues with important roles in porcine reproductive
physiology. Over 30,000 clones from each library have been
sequenced, representing a significant contribution to the
number of porcine expressed sequences in public databases.
Cluster analysis of all porcine sequences suggests the discovery
of up to 34,000 expressed pig genes that have been assembled
and annotated in a Porcine Gene-Index (PGI).

Material and methods

Tissue collection. To produce the tissues for the MARC 1PIG em-
bryonic library, Landrace-Y orkshire boars were mated to gilts having
at least one estrous cycle of normal length (17-23 days). Gilts were
slaughtered at 11, 13, 15, 20, and 30 days, and the uterus was recov-
ered. On days 11-15, each uterine horn was flushed with 20 ml 0.9%
saline, and the complete conceptus for each embryo (including
trophectoderm) was recovered from the flushings and frozen in liquid
nitrogen. On days 20 and 30, the uterus was opened along the an-
timesometrial border, and embryos were dissected from the placentas
and snap frozen in liquid nitrogen. To produce MARC 2PIG, tissues
were collected from multiple Landrace-Yorkshire female animals at
various stages of sexual development. Pituitary and hypothalamus
were collected from d10 and d15 of the midluteal phase of adult ani-
mals. Ovaries were collected from the following physiological stages:
prepubertal; d10 and d15 midluteal; undergoing estrous; and anestrous
animals. Animals were defined as anestrous if they did not display
estrous within 14 days postweaning. In addition, endometrium and
placenta (days 20 and 30 of pregnancy) were collected from the ani-
mals that provided embryos for MARC 1PIG. Testes (110 days of
gestation and adult) were collected from Meishan x Chester White-
Landrace-Yorkshire boars. For both libraries, matched tissues from
several individuals were pooled before mRNA isolation to provide a
potential resource for polymorphism discovery.

RNA extraction and pooling. Tissues were shipped to Life Tech-
nologies, Inc. (Rockville, Md.) for contracted primary library pro-
duction essentially as described (Smith et al. 2001). To construct the
pooled-tissue libraries, poly(A) + RNA was purified from each source
tissue and pooled by weight to produce the desired proportional rep-
resentation. MARC 1PIG was produced with RNA from embryos at
11, 13, 15, 20, and 30 days post coitum (dpc), with 20% of the total
weight of RNA from each stage. MARC 2PIG was 25% ovary (equal
parts prepubertal, d10, d15 cycle, estrous, and anestrous), 21% hypo-
thalamus (equal parts d10, d15 cycle, estrous, and anestrous), 21%
pituitary (equal parts d10, d15 cycle, estrous, and anestrous), 11%
placenta (equal parts 20 & 30 dpc), 11% endometrium (equal parts days
15 and 30 dpc), 11% testis (equal parts day 110 gestation and adult).
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Library construction and normalization. Library construction and
normalization was performed as a service by a commercial provider
(Life Technologies, Inc.), who provided the pertinent data described in
this section. The vector, adapter primer sequences, and general pro-
cedure used were described previously (Smith et al. 2001). The pooled
RNA was reverse transcribed by using a tailed poly(T) primer, and the
resulting cDNA was used to construct a primary library in the pPCMV-
SPORT6 vector (inserted between the NotI and Sall sites of the vec-
tor). The number of transformants in primary libraries was determined
by dilution titration of bacterial cells onto ampicillin plates.

Average insert size of the libraries was determined by PCR am-
plification of inserts from 22 clones chosen at random from each li-
brary, by using vector-specific primers, and by size estimation on
agarose/ethidium bromide gels. Contamination of the primary libraries
with ribosomal RNA and mitochondrial sequences was determined by
colony hybridization with probe directed against 28S rRNA or cyto-
chrome B, to a plated aliquot of each library. Primary cDNA libraries
were expanded for 45 h at 30°C by semi-solid amplification as de-
scribed (Kriegler 1990). The libraries were normalized by self-sub-
traction to a Cot 500 (Bonaldo et al. 1996; Li et al. 1994; Swaroop et al.
1991; Smith et al. 2001). The average insert size after library normal-
ization was determined by PCR analysis of 500 clones chosen at ran-
dom from each library as described above. The normalization of the
libraries was assessed by colony-lift hybridization (Sambrook et al.
1989) with the selected cDNA clones as probes.

EST sequencing. Individual colonies were robotically picked and
arrayed into 384-well plates by BACPAC Resources (Oakland, Calif.).
Single-pass sequencing was conducted with PCR amplification of in-
serts for template preparation as described (Smith et al. 2000). Se-
quences were processed to remove low-quality sequence (with cutoff
Phred score of 20) and vector (using cross-match with the -minscore 18
and 23 -minmatch 12 options), and the trimmed sequences were sub-
mitted to GenBank.

Cluster analysis and porcine gene index assembly. The Pig Gene
Index database was assembled at The Institute for Genomic Research
(TIGR) as described (Quackenbush et al. 2001). Porcine EST se-
quences were downloaded from dbEST (NCBI, 12/28/01) and sub-
jected to a second round of quality control screening to more
stringently remove the remaining vector, poly(A)/poly(T) tails,
adapter, and bacterial sequences. An additional set of expressed
transcripts or pig genes (NP) were also obtained by extraction and
curation of sequences through Entrez from GenBank. All sequences
were concatenated and compared pair-wise by FLAST (similar to
BLAST), a rapid sequence comparison program based on the DOS
algorithm (Huang et al. 1997). Sequences with >95% identity over at
least 40 bp and with unmatched overhangs less than 20 bp were placed
into clusters, leaving unclustered sequences as singletons. For each
cluster, its component sequences were assembled by using CAP3 to
produce aligned sequence assemblies (Huang and Madan 1999). These
assemblies were assigned Tentative Consensus (TC) numbers, which
together comprise the Pig Gene Index. TCs that included annotated
sequence from the GenBank non-redundant nucleotide database were
assigned the annotation of that gene. TCs and ESTs without assigned
annotation were compared with a non-redundant protein database by
using the algorithm DPS (Huang and Madan 1999); high-scoring hits
(score > 350) were assigned a putative orthologous identity. The
completed Porcine Gene Index was released through the TIGR Gene
Index web site at http://www.tigr.org/tdb/ssgi/.

Results

MARC libraries were made from mRNAs from multiple tis-
sues to increase the number of unique genes represented (Smith
et al. 2001), normalized by subtractive hybridization to in-
crease the efficiency of sequencing unique genes (Bonaldo et al.
1996; Li et al. 1994; Swaroop et al. 1991), and sequenced from
the 5" end to increase the probability of collecting unique se-
quence in the case where two independent clones contain
fragments of the same porcine gene. Library construction and
normalization were contracted as a service from Life Tech-
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nologies, Inc. The complexity of MARC 1PIG was expected to
be very high as a result of the breadth of tissues sampled by
using whole embryos (representing many tissues) at multiple
stages. Complexity of MARC 2PIG was increased by pooling
mRNA from several tissue types, in this case tissues important
to porcine reproduction and growth.

The first quality control analysis was performed at the
primary library stage. This control indicated minimal con-
tamination from ribosomal RNA or mitochondrial sources
(0.03% and 0.12% 28S rRNA clones, 0.15% and 0.26% cyto-
chrome B clones in MARC 1PIG and MARC 2PIG, respec-
tively). Average insert size of both primary libraries was
1.9 =+ 0.97 kbp, with 96% of clones producing amplicons
larger than predicted from vector lacking insert.

Initial sequencing of each pre-normalization library dem-
onstrated that clones corresponding to EFla were present in
relatively high abundance, and this gene was selected to
monitor normalization efficiency. In addition, al-antitrypsin
was found to be in high abundance in the MARC 1PIG li-
brary. Subsequent hybridization analysis with these cDNAs as
probes indicated that clones encoding EFla and al-antitrypsin
represented 0.65% and 1.67% of the cDNAs, respectively, in
the MARC 1PIG primary library, confirming that these genes
are among the most abundant expression class in the pooled
mRNA from which the library was developed (Hastie and
Bishop 1976; Soares et al. 1994). After normalization, clones
representing expression from these genes were reduced in
abundance by a factor of 38 and 20, respectively, as assayed by
hybridization. In the MARC 2PIG library, porcine EFla
represented 0.53% of the clones in the primary library but was
reduced by a factor of 26.5 after normalization. The extent of
clone subtraction, as well as the relationship of degree of
subtraction to original clone representation, was consistent
with effective subtractive normalization (Bonaldo et al. 1996;
Soares et al. 1994). Average insert size of the clones in the
normalized libraries showed significant reduction from 1.9 kbp
to 1.1 kbp (SD = 0.58 kbp) for MARC IPIG, and 1.2 kbp
(SD = 0.64 kbp) for MARC 2PIG, a phenomenon previously
noted (Bonaldo et al. 1996).

On the basis of the apparent success of normalization,
clones from each library were arrayed in 138 plates (384 clones
per plate) and used as templates for collection of EST se-
quence. Clones were sequenced from the 5 end of the direc-
tionally cloned cDNAs to facilitate identification of porcine
sequences orthologous to open reading frames represented in
public sequence repositories, and to increase the information
derived from partially redundant clones representing various
portions of porcine genes. Culling of vector, low quality, or
low complexity sequences resulted in selection and submission
of 32,760 sequences from MARC 1PIG and 33,569 sequences
from MARC 2PIG to the GenBank dbEST database. Average
length of high-quality sequence read for both libraries was 400
bp. Analysis of the sequences by BLASTN to the GenBank
non-redundant (nr) database revealed that 37 and 15 clones
from MARC 1PIG and MARC 2PIG, respectively, repre-
sented porcine EFla, corresponding to an occurrence of
0.001% and 0.0004% and directly confirming the success of the
normalization step.

The complete set of 97,948 expressed sequences present in
GenBank (12/28/01) were used to build the PGI, of which
66,245 (68%) were from the MARC libraries. Application of
an additional, higher-stringency screen for vector sequences
and other artifacts (see materials and methods) removed 1045
sequences (1%), including 322 from MARC 1PIG and 159
from MARC 2PIG. An additional 30,070 ESTs (including
those from other libraries in GenBank) were affected by
trimming of contaminating sequences at either end of the se-
quence read. In addition to EST sequences, the PGI includes
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Fig. 1. Distribution of sequences within clusters of the PGI. The
number of TCs (or TCs + singletons for the “1 EST per TC” interval)
for the individual MARC libraries are plotted with respect to the
number of sequences within each consensus sequence cluster.

2,171 pig transcript sequences present in the non-redundant
portion of the GenBank database.

The assembly process produced 15,616 TC sequences, of
which a subset of 13,356 contained at least 1 EST from a
MARC library. The median was 2 porcine ESTs per TC, and
the mean was 3.3 ESTs per TC (range, 2 to 59; standard de-
viation, 1.8). In addition, there were 31,924 singleton se-
quences for a total of 47,540 unique sequences (15,616
TCs + 31,924 singletons) in the TIGR PGI, of which 34,410
(13,356 TCs + 21,054 singletons) contained at least 1 EST
from either MARC library. Overall, the proportion of unique
sequences contributed by the MARC libraries is 72% (34,410/
47,540).

The distribution of MARC 1PIG sequences in the PGI was
21,874 ESTs assembled into 9,160 TCs (average of 2.4 ESTs
per TC), leaving 10,570 singletons (33%). Distribution in the
MARC 2PIG library was 22,926 ESTs assembled into 9,510
TCs (average of 2.4 ESTs per TC), leaving 10,484 singletons
(31%). Results of clustering in the PGI were used to evaluate
success of the library construction approach and normaliza-
tion, by examining the distribution of the number of clones
from these two libraries present in each TC cluster (Fig. 1).
The number of singletons added to the number of TCs having
only one EST from a particular MARC library represents the
largest proportion of the distribution (indicated by the bar in
the interval of one EST per TC) and illustrates that the pre-
ponderance of sequence collected within each library was non-
overlapping, unique sequence. The number of TCs containing
higher numbers of sequences from either MARC library drops
rapidly, demonstrating that the pooled tissue approach re-
sulted in sampling a high percentage of sequence from unique
genes. If library normalization had been less successful, deep
sequencing would have resulted in an increase in the number of
ESTs per library assembling into single TC. Furthermore,
between-library redundancy was relatively low, as only 5314
TCs had ESTs from both libraries. Library MARC 1PIG had
3,846 TCs (28.8%) not found in library MARC 2PIG, and
library MARC 2PIG had 4,196 TCs (31.4%) not found in li-
brary MARC 1PIG. Overall, approximately 60% of the sin-
gletons and TCs were specific to each library.

From the 13,356 TCs containing MARC ESTs, 506 (4%)
have at least one or more NP sequences as part of the as-
sembly. In addition, predicted translations for 5,564 TCs (42%
of 13,356 TC) have significant matches in the TIGR NRAA
database (NRAA is a complete set of amino acid sequences
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Table 1. Significant matches (DPS score 2350) of MARC ESTs with proteins
from other species. The number of tentative consensus (TC) sequences con-
taining MARC 1PIG or MARC 2PIG ESTs that match specific organisms are
indicated. The number of MARC singletons matching proteins from other
species is also presented. In all cases, only the highest ranking match was scored,
ie., the data are not redundantly presented.

Organism TC with matches Singletons with matches
H. sapiens 3,719 2,748
S. scrofa 418 25
M. musculus 809 574
B. taurus 233 86
R. norvegicus 148 141
M. fascicularis 49 61
D. melanogaster 10 18
C. familiaris 37 25
0. aries 17 9
C. elegans 6 3
G. gallus 11 7
C. griseus 7 7
X. laevis 5 7
Others 95 68
Total 5,564 3,779

from EGAD, GenPept, PIR, and SwissProt). Comparison of
21,054 singletons from MARC libraries to NRAA revealed
18% (3,779) match proteins in the TIGR NRAA database with
a score exceeding our stringent threshold (DPS score >350;
Huang and Madan 1999). This analysis detected a high degree
of identity for approximately 24% of the unique MARC se-
quences to proteins from other species, a feature important for
comparative mapping efforts. Table 1 delineates the matches to
sequences from different organisms. The two most frequent
genes represented in the MARC IPIG library were N-acyla-
minoacyl-peptide hydrolase (APEH; 44 sequences) and EFla
(37 sequences), and in the MARC 2PIG library they were
collagen type III alpha 1 (COL3A1) and nucleolar mitotic
apparatus protein 1 (NUMAI; 18 sequences for each). Se-
quences in PGI not yet annotated by virtue of amino acid
identity may be predicted as orthologous to other sequences
based upon similarity at the nucleotide level. However, to
avoid the accumulation of erroneous sequence annotation, we
will reserve such predictions until TC have grown or con-
densed to include enough open reading frame to detect sig-
nificant identity at the ammo acid level.

Discussion

The objective of these two pig cDNA libraries was to maximize
collection of unique sequences and sample the widest possible
diversity of genes. Since a single tissue is expected to express
10,000 to 20,000 genes (Davidson and Britten 1979; Hastie and
Bishop 1976), complexity was increased by a mixed-tissue
approach to library construction. The libraries were normal-
ized to a Cot 500 in order to equalize the representation of
clones corresponding to genes in the abundant, middle-repet-
itive, and rare-abundant expression classes (Hastie and Bishop
1976), thereby enhancing collection of non-redundant ex-
pressed sequence data.

The normalized libraries described proved to be an excel-
lent resource for collection of unique sequence expressed in
porcine embryos and reproductive tissues. Even after se-
quencing of 30,000 clones from a library, the genes sampled
most often were represented only 44 and 18 times for MARC
IPIG and MARC 2PIG, respectively. Further sequencing
would be predicted to continue in the discovery of expressed
porcine genes, although the rate of new sequence acquisition
has decreased at the end of the relatively deep sequencing
employed, such that approximately 38% of new sequences
show no overlap with data present in the PGI.



478

The maximum number of genes identified can be estimated
from the analyses conducted here by summation of the number
of TCs and singletons, but the minimum gene count cannot be
similarly derived. Co-linearity of sequences deriving from dif-
ferent portions of the same mRNA cannot be established
without significant overlap, thereby inflating the estimate of
gene number owing to variation in the origin or extent of re-
verse transcription during first-strand ¢cDNA synthesis. In
addition, alternative mRNA processing may result in a failure
to ascertain that transcripts were derived from the same gene.
Sequencing of approximately 60,000 ESTs from the two li-
braries resulted in the identification of a maximum of 34,410
unique pig genes by summation of TCs and singletons.

Other porcine EST sequencing efforts ongoing at USDA
MARC and at other academic institutions (Seo and Beever
2001; Tuggle et al. 2001; Yao et al. 2001) focus on collection of
sequence from the 3’-end of cDNA libraries. These sequence
data will identify additional porcine genes and assist in con-
densation of current TCs into clusters representing longer
stretches of cDNA sequence. The evolving Porcine Gene Index
will continue to provide a useful sequence resource for PCR
primer design in physical and genetic mapping efforts. The
arrayed libraries provide a resource for construction of
EST-based microarrays and other functional genomics studies,
and individual clones or complete library copies are publicly
available through BACPAC resources (www.chori.org/
bacpac).
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