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Over the past 15 years advances in the porcine genetic linkage map and discovery of useful candidate genes
have led to valuable gene and trait information being discovered. Early use of exotic breed crosses and now
commercial breed crosses for quantitative trait loci (QTL) scans and candidate gene analyses have led to 110
publications which have identitied 1,675 QTL. Additionally, these studies continue to identify genes associated
with economically important traits such as growth rate, leanness, feed intake, meat quality, litter size, and dis-
ease resistance. A well developed QTL database called PigQTLdDb is now as a valuable tool for summarizing and
pinpointing in silico regions of interest to researchers. The commercial pig industry is actively incorporating
these markers in marker-assisted selection along with traditional performance information to improve traits of
economic performance. The long awaited sequencing efforts are also now beginning to provide sequence avail-
able for both comparative genomics and large scale single nucleotide polymorphism (SNP) association studies.
While these advances are all positive, development of useful new trait families and measurement of new or un-

derlying traits still limits future discoveries. A review of these developments is presented.
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1. Introduction

The pig was most likely one of the first animals
to be domesticated over 9,000 years ago. Pork is an
important food source now representing forty-three
percent of red meat consumed in the world [1] and is a
valuable resource economically in many parts of the
world. There are over 250 ‘non-extinct’ breeds of
swine [2] world wide, many which are pictured at
http:/ /www.ansi.okstate.edu/breeds/swine/).  For
most of the commercial pork industry less than 10 of
these breeds are actively used for pork production as
either purebreds or in synthetic crosses. Coordinated
efforts to better understand the pig genome were ini-
tiated in the early 1990s with the development of the
international PiGMaP gene mapping project as well as
projects by the USDA and US agricultural universities.
There were two significant linkage maps published by
the mid-1990s [3, 4] of which the largest contained
over 1,200 microsatellite markers. Since that time,
growth of the linkage map has slowed though new
gene markers such as microsatellites, amplified frag-
ment length polymorphism (AFLPs), and single nu-
cleotide polymorphisms (SNPs) have been continu-
ously identified and mapped with limited integration
of large linkage maps taking place. Substantial pig
bioinformatics efforts have been undertaken by the
Roslin Institute, Scotland (www.thearkdb.org) and in
the US (http://www.animalgenome.org) supporting
pig genome efforts as well as displaying the gene
maps and other features of interest to pig genomics

researchers.

A review of factors affecting pork’s efficient
production have been recently summarized [5] and
include traits important for efficient production and
traits that affect consumer preferences and pork con-
sumption. Briefly, the most important traits for pork
production in the growing phase are lean growth, feed
intake, and pig survival. Arguably however, the two
most economically important traits overall to pork
production are reproductive traits and disease resis-
tance. Though consumers are most concerned about
the degree of fatness or carcass merit as well as pork
quality, pork producers must also pay attention to the
ever-growing demand by consumers that the pigs be
grown without the use of antibiotics as growth pro-
moters and in facilities that are more welfare con-
scious. Additionally, pork producers must do all of
this while becoming more environmentally friendly
by having pigs reduce feed wastage, improve feed
efficiency, and produce waste that contains less con-
taminants.

2. QTL and candidate gene discovery

Initially many QTL experiments were under-
taken by using initial linkage maps to help determine
regions underlying traits of importance to the pig in-
dustry. These early QTL scans used families devel-
oped by generally crossing European Wild Boar with
a commercial breed or crossing the exotic Chinese
Meishan breed with a commercial breed. The first
such QTL that was discovered was a major locus for
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fat deposition on chromosome 4 [6]. Such scans gener-
ally used 300 to 700 pigs and usually produced in a F2
design. More recently researchers have used two com-
mercial breeds for F2 families or large commercial
synthetic lines or breeds for candidate gene studies
and large scale SNP association analyses.

Table 1. Number of Publications and QTL by Years Re-
ported

Year Number of Papers  Number of QTL
1994 1 5
1995 1 5
1996 2 6
1997 4 11
1998 8 102
1999 7 42
2000 12 9]
2001 13 246
2002 15 190
2003 27 528
2004 2 42
2005 6 145
2006 12 262

Source: PigQTLdb (http://www.animalgenome.org/QTLdb/, [9])

Table 2. Number of QTL by general Trait Classification

Trait Classification Number of QTL
Exterior 50
Health 15
Meat Quality 1285
Production 258
Reproduction 67

Source: PigQTLdb (http://www.animalgenome.org/QTLdb/, [9])

Table 3. Number of QTL by Pig Trait Types

Trait Types QTL found
Anatomy 555
Behavioral 22
Chemical 18
Coat color 2
Conductivity 25
Conformation 8
Defects 18
Digestive Organ 10
Disease Resistance 7
Endocrine 4
Enzyme Activity 1
Fat Composition 64
Fatness 404
Feed Conversion 8
Feed Intake 16
Flavor 19
Growth 224
Immune Capacity 8
Litter Size 21
Meat color 69
Odor 5
pH 58
Reproductive Organ 33
Reproductive Traits 9
Stiffening 3
Texture 64

Source: PigQTLdb (http://www.animalgenome.org/QTLdb/, [9])
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Table 4. Top 20 Traits in Terms of Number of QTL Re-
ported.

Traits QTL found
Backfat (Average) Thickness 89
Ham Weight 48
Loin Eye Area 47
Average Daily Gain 46
Carcass Length 40
pH 24 Hours Post Mortem (Loin) 33
Lean Percentage 31
Dressing Percentage 31
Number Of Nipples 27
Backfat Weight 27
Backfat At Tenth Rib 26
Backfat Thickness At Last Rib 25
Head Weight 24
Body Weight At Birth 23
Loin And Neck Meat Weight 23
Color L 23
Diameter Of Muscle Fiber 22
Carcass Weight (Cold) 21
Fat-Cut Percentage 19
Backfat Depth At Last Rib 19

Source : PigQTLdDb (http://www.animalgenome.org/QTLdb/, [9])

Table 5. Number of QTL by Chromosomes

Chromosome Number of QTL
1 204
2 157
3 67
4 226
5 56
6 188
7 194
8 76
9 40
10 37
11 27
12 37
13 69
14 64
15 61
16 11
17 32
18 22
X 106

Source: PigQTLdb (http://www.animalgenome.org/QTLdb/, [9])

Previous papers [7, 8] have reviewed QTL results
with an emphasis on each trait. However, given the
level of database development such efforts seem re-
dundant here. QTL results from 110 papers have iden-
tified 1,675 QTL. An extensive summary can be found
at a  new database  called  PigQTLdb
(http:/ /www.animalgenome.org/QTLdb/pig.html;
Figure 1) that combines all the published QTL infor-
mation into one searchable database and allows the
user to search by either, chromosome, trait, or key
words from the publications [9]. For completeness the
results are summarized in Tables 1-5 in this paper. As
can be seen some traits have extensive numbers of
QTL (i.e. fatness) while others (i.e. health, disease re-
sistance) have had few being discovered. Perhaps
more interesting is the fact that only a limited number
of these QTL have been further investigated to the
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point that a known causative mutation has been im-
plicated or proven [5]. These include IGF2 for mus-
cling and CAST for tenderness on chromosome 2, and
PRKAGS3 for meat quality on chromosome 15. For
some qualitative traits like coat color or some single
gene abnormalities scans have proved quite useful.
Interestingly, the first QTL found on chromosome 4
for fatness has yet to be identified. Candidate gene
analyses have on the other hand been more successful.
Four genes (ESR, PRLR, RBP4, FSHB) identified to
date have shown significant associations with litter
size with effects ranging from 0.25 to over 1 pig per
allele per gene copy with variations depending on
breed background [8]. Over 20 genes have been ex-
amined in multiple laboratories for growth and back-
fat traits with a causative mutation in MC4R being
clearly identified affecting feed intake, growth and
backfat [5]. Extensively examined meat quality genes
(HAL, RN) have been reported and genetic markers
identified within these genes now permit genetic test-
ing and therefore have allowed producers to remove
the alleles deleterious to meat quality. Several candi-
date genes or gene regions (K88, FUT1, SLA, NRAMP)
have been identified to be associated with differences
in immune response or disease resistance with FUT1
being currently used to reduce post weaning diarrhea
in commercial pork production. Recently, a polymor-
phism has been identified as showing an association
with resistance to K88 E. coli [10].

3. Sequencing the pig genome

A swine genome community effort produced a
‘White Paper’ that outlined the role pigs play in agri-
culture and as biological models for humans. Efforts
to sequence the pig genome have come from many
fronts using multiple approaches [11]. Sequences for
the pig genome have been generated from ESTs of
c¢DNA clones from various tissues, the sequencing of
candidate genes, and more recently large scale ge-
nomic sequencing efforts from the swine genome
community. Most recently, the efforts of the
Sino-Danish generated ~3.84 million shotgun se-
quences of the pig genome resulting in a 0.66X cover-
age of the porcine genome translating to 48% of the
pig genome being sequenced by this project [12]. For
the past 3 years, collaboration has taken the form of an
“International Swine Genome Sequencing” committee,
which is active in pushing the pig genome sequencing
agenda. Sequencing efforts are taking place at the
Sanger Institute in the UK, through this international

collaboration composed of many different laboratories.

These efforts are also being directed at SNP identifica-
tion for future large scale association trials. As se-
quencing efforts gain momentum then SNP discovery
will also increase. Private efforts by at least two com-
mercial companies have also produced large SNP
maps for association studies within commercial com-
pany breeding lines and these SNPs are being actively
used for genetic improvement.

4. Opportunities for increased QTL discovery
Traditional QTL analyses in the pig have been

194

generally limited to the usual traits affecting growth,
carcass composition, reproduction and meat quality. A
very limited number of QTL analyses have been de-
voted to health, disease susceptibility or immune re-
sponse traits. Given the importance of disease suscep-
tibility to the overall pork production economic enter-
prise this is one area where considerably more infor-
mation must be gained. Limitations of course include
development of appropriate families and disease
challenge models.

Furthermore, while the approach to directly as-
sociate genomic regions with traits of interests has
been effective in looking for useful markers for marker
assisted selection to make genetic improvement, it
should be realized that the composition of a trait is a
complex process that involves physiological, bio-
chemical, genetic, and often environmental factors.
Traditional QTL analyses, because of their usual re-
quirements to easily and inexpensively measure traits
might have limited our view of understanding the
nature of how a trait has developed. Systematic stud-
ies of factors that may contribute to the ultimate trait
outcome may help to illustrate the underlying cause of
a specific phenotype with better accuracy. For exam-
ple, including ovulation rate, follicle stimulation hor-
mone levels, uterine length and feed intake and envi-
ronmental factors may likely add value to QTL analy-
ses and functional evaluation of candidate mutations
affecting litter size.

A second advance for QTL analyses was the de-
velopment of imprinting models to look for imprinted
QTL in pigs. Several such studies have been com-
pleted and many imprinted QTL have been found.
Many of these imprinted QTL make good sense when
compared to imprinted gene information from other
species such as the mouse. Further opportunity to
understand the underlying genes have been made
possible with the development of models which con-
sider epistasis [13]. To date such analyses have how-
ever been rare in most species and no large epistatic
model in the pig has been considered.

The development of expression arrays and the
measurement of expression under different environ-
mental conditions [14] have led to the opportunity of
eQTL which measure and treat each observation for
gene expression from an array or chip as a new “trait”.
This creates the opportunity for tens of thousands of
new traits and the possibility to discover underlying
genes and mutations affecting certain traits. Several
eQTL experiments are underway but at this time none
in the pig are fully published.

One opportunity, apart from in silico approaches
to combine QTL have been to do joint QTL analyses.
These are complicated by a lack of similar markers
and often by slightly different trait definitions and
measurements. On the other hand, there are many
“repeated” discoveries of some QTL, each with lim-
ited population size, slightly different testing methods
and experimental designs. Combining of the existing
results will help to better utilize the resources and
correct for possible experimental bias, and add power
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for detecting “real QTL”. There are already some
combined QTL analysis studies [15, 16]. The emer-
gence of new approaches will definitely improve
multi-factorial and complex trait analysis for QTL [17].
The active development of the QTLdb [18] has pro-
vided a powerful tool for QTL comparisons and
alignment of related structural genomic information
for positional QTL mining. However, in order to fully
utilize the power of meta-analysis, it is necessary to
emphasize that individual QTL experiments should be
“standardized” in order for the ease of future such
analysis. These may include but not limited to, stan-
dardized terminology and measurement methods for
traits, well described experimental design, clear crite-
ria to define a QTL, minimum required statistical pa-
rameters to find a QTL, and common reference maps
to name a few.

Furthermore, the QTL identified in the porcine
genome contributes to construction of concordant
QTL maps in mammals. Although the organization of
mammalian genomes by chromosomal rearrange-
ments has been ongoing since their divergence from a
common ancestor approximately 60 - 110 million
years ago, evidence has shown that most orthologous
genes were retained within each genome [19]. There-
fore, the same orthologous gene may have conserved
functions in biological or biochemical pathways, and
thus explain the same or similar variations of the con-
cordant QTL among different species. For example,
Wang and colleagues [20-21] reported that 93% of
high density lipoprotein cholesterol QTL, 100% of low
density lipoprotein cholesterol QTL, 80% of triglyc-
eride QTL and 63% of atherosclerosis QTL were found
to be concordant between human and mouse. As in-
dicated in Table 3, more than 400 fat QTL have been
identified in the pig genome. Initial research examined
some of these genes [22] in pigs and humans and now
a more advanced pilot study by Jiang et al. [23] has
assigned pig, human, mouse and cattle fat QTL to the
human ortholgous regions and has indicated that
there are at least six putative concordant QTL regions
for lipogenesis on human chromosomes 1 and 2
(HSA1 and HSA2), corresponding to pig chromo-
somes 4, 6, 9, 10, 14 and 3, 15, respectively (Figure 2).
On one hand, these data provide evidence that the pig
is a unique model organism to study and validate
obesity QTL and candidate genes in humans [22], on
the other hand, QTL information from other species
may be used to accelerate the QTL discoveries in pigs.

5. Limitations to future QTL discovery

Traditional traits with moderate heritabilities
(>25%) can be measured in QTL experiments with
relative ease and with family or population sizes of
500 to 700 F2 individuals QTL effects of 3% or larger
are usually detected. However, it is clear from the re-
view of many experiments that for traits like repro-
duction and disease susceptibility with heritabilities of
approximately 10%, such sample sizes are inadequate
to find the effects desired. Furthermore, researchers
often dismiss discoveries from candidate gene analy-
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ses because they are not found in QTL studies. Such
conclusions are the result of faulty reasoning since
QTL experiments are often much smaller and have
less power than association or candidate gene studies.
The bottom line however is that much larger experi-
ments must be formulated to find small QTL effects.
These should include several thousands of individuals.
Clearly the production of such families and popula-
tions is quite difficult and very expensive. Addition-
ally, specialized families segregating for genetic ab-
normalities or special disease problems must be de-
veloped if the underlying mutations are to be found.

Another limitation to advancing QTL study is
the measurement of complex phenotypes. Collection
of health and disease susceptibility phenotypes has
been previously discussed. However, additional phe-
notypes of underlying traits might also yield interest-
ing and useful information. For instance, for repro-
duction more attention could be paid to ovulation rate,
hormone levels and other underlying factors. For
growth and muscle composition levels of certain hor-
mones and metabolites could be measured and con-
sidered traits of interest. Such collection of more use-
ful and descriptive traits would aid in QTL discovery
and ultimately in discovering the underlying genes of
real interest.

6. Conclusions

QTL discovery in the pig has advanced rapidly
but the ultimate goal of discovery of the underlying
mutations affecting certain traits has been limited.
Funding remains a limiting factor as does the devel-
opment and maintenance of specialized pig families
and populations for certain traits and disorders. New
methods and experiments, combined with the pig ge-
nome sequence, which is expected in the next year
should aid in these efforts. Ultimately QTL discovery
will improve efficiency of pig production, cut costs,
make it possible to have healthier products for con-
sumers and make the pig a more useful biomedical
model.
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Figure 2. Example of mammalian concordant lipogenesis QTL maps for human chromosomes 1 and 2 (HSA1 and HSA?2) as
references according to number of obesity/fat QTL reported in pig (purple), human (green), mouse (yellow), and cow (orange).
The blue bars indicate the putative concordant fat QTL regions.
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