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Molecular approaches to improved pig fertility*

M. E. Rothschild, L. A. Messer and A. Vincent
225 Kildee Hall, Department of Animal Science, lowa State University, Ames, IA 50011-3150, USA

Geneticists have made limited progress in improving reproductive traits in pigs through
traditional selection and crossbreeding systems. Recent advances in molecular genetics
and the human genome project have allowed progress in gene identification and gene
mapping in pigs. The pig genetic linkage map now has over 1700 genetic markers, and
about 200 of these are genes. Furthermore, comparative genomic maps are improving
and are becoming useful tools. Molecular approaches such as candidate gene
identification and genomic scans permit new genes and chromosomal regions to be
discovered which may influence reproduction. One significant finding is that the
oestrogen receptor locus (ESR) is associated with increased litter size. Differences
between female Chinese pig ESR BB and AA homozygotes have averaged 2.3 pigs born
alive for first parity, and in commercial Large White crosses the differences are about 0.9
pigs per litter. Additional new genes have been discovered which may significantly
affect litter size. Initial genome scans have revealed that there may be a gene or genes
influencing ovulation rate and litter size on chromosome 8. Approaches such as
positional comparative candidate gene analysis and eventually positional cloning will
probably identify the genes controlling reproduction in pigs.

Introduction

By their very nature, reproductive processes must be under a high level of genetic control for the
maintenance of the species. Despite this level of control, there is considerable variability in heritable
traits such as total number of pigs born. Genetic improvement of reproductive traits has traditionally
been restricted to use of quantitative genetic methods including selection, inbreeding and
crossbreeding but gains have been limited using these methods (Rothschild, 1996}.

Molecular genomic analysis has revolutionized how geneticists examine the genetic differences
within domesticated pigs. In the past few years, efforts have been directed toward the development
of a genomic map consisting of anonymous genetic markers. This initial advance is now being
followed by the discovery and mapping of genes of biological and economic interest. Present and
future genetic improvements will result from the growing understanding of the function and
structure of the individual genes and gene families that are responsible for the reproductive traits in
livestock species. In this review the recent discoveries of individual genes involved in reproduction
are discussed and molecular genetic approaches that have and will be useful in the discovery of new
genes controlling increased fertility in pigs are described.

Gene Mapping Overview

Genome mapping in livestock is an on-going process that has far exceeded early expectations. Our
progress has in part been due to the success of the well funded US Human Genome Project {Collins
and Galas, 1993). Livestock genome mapping is a parallel process for producing comprehensive
maps of the genomes of domestic animal species. In general, there are two basic types of gene maps.
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The genetic linkage map is a group of genes and markers that are linked together on a chromosome.
These loci are separated by distances called centimorgans (¢M), which represent the frequency of
crossovers or recombination frequency. The smaller the distance between two loci, the more likely it
is that the loci and their effects will be inherited together. In humans, the average map distance
between loci is less than 1 ¢M apart. In pigs, the genetic linkage maps are at an average of 5 cM
spacing of loci. The second type of genetic map is a physical or cytogenetic map which represents the
physical location of a gene or marker on a chromosome based on the G-banding pattern of
metaphase chromosomes. Physical maps are useful for establishing large regions of chromosomes
that are syntenic between species, or in finding the location of an individual gene.

A more recent emphasis is to develop extensive comparative genome maps {O’'Brien, 1993; O'Brien
et al., 1993). A comparative map only includes genes, so that the location and the linkage and physical
relationships of genes can be compared across species. ‘Map rich’ species like humans and mice are the
foundation for comparative maps, as the information from these species is then used to infer the
location of genes in ‘map poor’ species such as pigs. This is increasingly true since the human and
mouse genomes have provided a growing number of expressed sequence tags (ESTs). ESTs are
representative of genes and provide an additional resource for the identification of genes that could be
mapped in livestock species. Combining the information from comparative, genetic linkage and the
physical maps allows the geneticist to form a useful picture of the genetic composition of pigs.

Status of the Pig Genome Maps

For the significant effort required to generate genetic maps, scientists and administrators realized
that a cooperative effort would be the most productive approach. The PiGMaP project (Archibald et
al., 1995) was initiated in Europe and was funded by the European Economic Community. PiGMaP
now involves 18 European laboratories and a total of seven other laboratories in the USA, Japan and
Australia. In the USA, the USDA launched two efforts. The USDA-ARS directs a sizeable gene
mapping project at the Meat Animal Research Center in Clay Center, Nebraska. Secondly, the USDA-
CSRS sponsored National Animal Genome Research Program was developed in 1993 to provide a
structure that would stimulate coordination and collaboration of gene mapping in livestock species,
including pigs. Scientists from state and private universities and federal laboratories cooperatively
created a Swine Genome Technical Committee with a coordinator. The US Pig Genome Coordinator
activities, in concert with activities of the USDA-ARS and international gene mapping projects have
allowed the pig gene maps to be produced quickly. In 1989, only 50 genes and markers were mapped
in pigs, and many of these were isozyme or blood group markers. At present, nearly 1700 markers
and genes have been mapped in pigs (Ellegren et al., 1994; Archibald et al., 1995; Rohrer ¢t al., 1996,
although not all have been published. The most extensive pig map has over 1100 loci (Rohrer et al.,
1996), and consists mostly of anonymous markers. The new PiGMaP genetic linkage map will have
over 650 loci on the map, including nearly 200 genes. Coverage for the different linkage maps varies,
and while the average distance between markers is approximately 5 ¢M, some large gaps still
remain. The physical genetic map (see Fig. 1 for example} in pigs currently consists of approximately
700 genes and markers in part resulting from some excellent resources such as somatic cell hybrids
for physical mapping (Yerle et al., 1996). Despite these concerted efforts, the pig genome map still
pales in comparison with the human and mouse maps and indicates the need for additional funding
and effort. Over 20 000 genes and markers have been mapped in humans and over 15 000 in mice. As
more genes are placed on the livestock comparative map, the human genome map will have
increased use in the search for individual genes responsible for traits of economic interest.

Early Approaches to Finding Genes Controlling ReproductiveTraits

Quantitative trait loci, or QTL, are single genes that have a ‘large’ effect on a given trait and are also
often called Economic Trait Loci (ETL). A QTL is likely to have been identified when there is a mean
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Fig. 1. The cytogenetic map for chromosome 1 in the
pig. The map contains several genes including the
oestrogen receptor (ESR) and several microsatellite
markers. See http:/ /www.iastate.edu/~pigmap.

difference in trait measurements between alleles of a gene or marker. The researcher must be able to
follow the pattern of segregation of the alleles of the gene with the performance differences of the
traits of interest. This requires the use of resource populations or families that usually comprise two
or three generations. There are several resource families using diverse breed crosses in the world, as
well as additional resource families from crosses of specialized lines. Resource family material is the
foundation of genetic QTL identification and mapping. While there are several resource families for
growth and production traits, reproduction trait family resources remain limited.

Two primary strategies used to detect QTL or major genes include the use of anonymous
markers such as microsatellites and the use of candidate genes. The first approach uses
microsatellites that are well spaced across the genome to genotype all the animals in the resource
families. Then sophisticated statistical methods are used to determine the closest markers to a QTL
affecting a given trait. This is called a genomic scan and can be an effective way to identify
chromosomal regions that may contain a QTL~-However, the size of such experiments must be
considerable to detect QTL of moderate or small effects. Large-scale genotyping is becoming
increasingly cost-efficient, but the cost of gathering phenotypic data on many individuals is
significant.

An alternate strategy is to investigate a specific candidate gene as a potential QTL based upon its
chromosomal location or its direct or indirect involvement in reproductive trait physiology. Once a
candidate gene is identified and mapped in pigs, genotypes are obtained for individuals within a
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resource population. These genotypes are analysed with phenotypic data to identify possible
associations between the gene and the trait. This approach relies considerably on available gene
sequence information and genetic comparative maps from other species.

Early Results

Early genetic investigations into reproductive traits centered on the identification of blood groups
and protein polymorphisms and primarily their association with litter size. The first evidence of
such associations was obtained by Jensen et al. (1968) and Rasmusen and Hagen (1973), who
reported an association between the H locus on pig chromoseme 6 and litter size with an
unfavourable effect of the Ha allele. Kristjansson (1964) and Imlah (1970) reported an apparent effect
of alleles at the transferrin locus (pig chromosome 13) on pig fertility and prolificacy but this was not
confirmed by other investigators (Jensen ef al., 1968; Huang and Rasmusen, 1982). Several other
associations between blood group loci and reproductive traits have led to contradictory results (for
example Kennedy et al., 1973; Rasmusen 1975; Renard et al., 1988). The most widely studied gene has
been the ryanodyne receptor or halothane sensitivity (Hal) locus. Although best known for its major
effects on carcass and meat quality traits in pigs, various and inconsistent effects of the Hal locus on
male and female reproductive performance have been reported (Carden et ai., 1985; Lampo ef al.,
1985).

During the 1980s, there was considerable investigation of the role of the major histocompatibility
complex (MHC) called the swine leukocyte antigen (SLA) complex on male and female reproductive
traits (reviewed in Warner and Rothschild, 1991). The swine MHC is a large group of genes on pig
chromosome 7. Swine MHC effects on male testicular traits, with 1.5-5% of the phenotypic variation
in male testicular size and hormone differences explained, have been reported (Rothschild et al.,
1986a). In females, the MHC also appears to be associated with several traits including ovulation
rate (Rothschild et al., 1984; Conley et al., 1988), litter size, number of pigs born alive and number
weaned (reviewed in Vaiman et al., 1988; Warner and Rothschild, 1993}. There is evidence to suggest
that embryo homozygosity within the MHC may be a disadvantage (Vaiman et al., 1988). Results in
NIH miniature pigs have also indicated the presence of an MHC gene affecting embryo
development and its relationship to litter size (Ford et al., 1988). Other reports (Rothschild et al.,
1986b; Vaiman et al., 1988; Warner and Rothschild, 1991) have demonstrated an association of MHC
with birth and weaning weight. Whether these effects are the direct result of genes within the MHC
or are due to linkage with other genes outside the complex is unknown. This question can only be
resolved by further cloning and identification of individual genes on pig chromosome 7.

Recent discoveries, like the Booroola fecundity gene (FECP) locus in sheep, have encouraged
researchers to search for individual genes influencing reproductive traits in pigs. Initial interest
included the investigation of the prolificacy of some breeds of pig, like the Chinese Meishan. In 1991,
Rothschild and colleagues began a candidate gene investigation of the role of the oestrogen receptor
(ESR) gene in controlling litter size. Given that oestrogen is central to all reproductive processes, it
was assumed that ESR would be an important candidate gene. Early results demonstrated that one
ESR allele, found first in the Meishan and later in the Large White breed, was associated with
improved litter size in a Meishan x Large White composite line (Rothschild ef al., 1994). An example
of the ESR test is given (Fig. 2). More recent results (Rothschild et al., 1995; Rothschild et al., 1996;
Short et al., 1997) in Chinese crosses show first parity differences between ESR homozygotes to be
nearly 2.3 pigs per litter or an additive effect of an increase of 1.15 pigs per litter for each copy of the
B allele. In subsequent litters, the effect of the B allele is about 0.5 pigs per litter and appears to act in
a dominant manner (Table 1). The B allele is also segregating in several Large White populations
(Rothschild et al., 1995; Legault et al., 1996; Rothschild et al., 1996; Short et al., 1997b), but the effect of
the B allele seems to differ between populations. In the largest study involving four commercial lines
(Short et al., 1997b) differences were additive for the B allele of about 0.42 pigs per litter or a
difference of 0.84 pigs per litter between the AA and BB homozygotes (Table 1}. The effect is only
slightly smaller in later parities when the B allele shows more of a dominant effect than an additive
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Prolactin is an anterior pituitary peptide hormone involved in many different endocrine
activities and is essential for reproductive success. The mapping of prolactin on pig chromosome 7
has been recently refined by linkage and physical mapping (Vincent et al., 1996). The polymorphism
used for the genetic linkage mapping was also used to screen unrelated animals of seven different
breeds. Maternal breeds such as Meishan, Large White and Chester White contained genotypes not
found in the paternal breeds tested. This marker is currently being investigated for associations with
litter size in a crossbred population.

The prolactin receptor (PRLR) has been identified in various tissues including mammary gland,
corpus luteum and uterus (Kelly et al., 1991) and is considered a litter size candidate gene because of
its integral role in the prolactin pathway. A polymorphism was identified and used to linkage map
PRLR to pig chromosome 16. Initial screening of a commercial line indicated that the A allele had a
favourable effect on litter size; AA females have litters of 0.66 pigs more per litter than do AB or BB
females (Vincent et al., in press). This marker is being used to screen various other commercial lines
to confirm the early findings.

Another gene which may influence reproductive traits is the leptin receptor (LEPR). Leptin is a
protein secreted by adipose tissue and is thought to signal satiety by binding to leptin receptors in
the brain. Mice with mutations in LEP (ob/ob) and LEPR (db/db) genes are infertile as well as obese.
Treatment with leptin has been shown to stimulate the reproductive endocrine system in female and
male ob/ob mice (Barash et al., 1996). A different isoform of the receptor than that found in the brain
has been shown to be expressed in human ovary and prostate (Cioffi et al., 1996). LEPR has been
physically (Ernst et al., 1997) and linkage mapped to pig chromosome 6 (Vincent and Rothschild,
personal communication). Again, seven different breeds were genotyped using the LEPR
polymorphism. There were no obvious indications of a maternal allele, but future work will consider
possible links between obesity and reproduction.

Very large populations with several litter records are necessary in these studies for a more
representative estimate across breeds and to allow for a better understanding of the size of the effects
of reproduction genes. Considerable investment in resources is needed to accomplish the collection
of both genotypes and phenotypic information. It will be interesting to determine how many of these
new candidate effects are confirmed when the studies are completed.

Beyond Candidate Genes and Initial Genome Scans

As indicated in the previous section, both candidate gene investigations and genomic scans have
found genes and regions of chromosomes that are worthy of further investigation. Finding the gene
causing the desired effect in such regions is a complicated and difficult process. In many cases
genome scans will find regions that are from 10-25 cM in size. This region of 10-25 x 10° nucleotides
could contain hundreds of genes and it is very difficult by linkage mapping approaches to determine
which single gene is responsible for the effect. Efforts are needed to narrow the QTL to a 1-2 ¢M
region, making a positional cloning approach more feasible.

When the QTL region has been narrowed to 20 cM or less, the researcher may try to identify a
positional candidate gene. The comparative gene map is a valuable resource to indicate candidate
genes in the QTL region. If some of these genes have been mapped in other species or are known to
cause similar phenotypes, these comparative positional candidates genes can be evaluated further.
Candidate genes identified in other species must be genetically and physically mapped in pigs to
ensure that their map position is closely linked to the QTL. Some positional candidate genes will be
eliminated because they do not map to the region of interest in pigs. If the new candidate gene does
map to the area of interest, further analysis can be attempted.

If, however, there are no obvious positional candidate genes, or those chosen do not prove to be
the QTL, then additional genetic markers are needed to saturate the QTL region. There are several
techniques for finding new genetic markers. Chromosomal flow sorting (Yerle et al., 1993) allows
libraries of specific chromosomes to be constructed. The region can be narrowed further by
microdissection of chromosomes which permits libraries consisting of unique chromosomal regions
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to be generated (Schmutz ef al, 1994). Libraries can then be screened to find region-specific
microsatellites. Another approach is to use amplified fragment length polymorphisms (AFLPs) to
develop new anonymous polymorphic markers (Plastow, 1997). New markers must be mapped both
genetically and physically. The development of radiation hybrid panels will allow high-resolution
physical mapping of newly identified markers (Rexroad and Womack, 1997).

New markers that flank the QTL may then be used to identify yeast artificial chromosomes
(YACs) which might contain the gene of interest or additional anonymous markers. YAC libraries
consist of large genomic insert clones, which contain fragments of up to several hundred kilobases.
These YACs could be used to screen smaller insert libraries to converge upen a more manageable
fragment. The desired gene or region of the gene can then be identified by several techniques
including exon trapping, cDNA selection and CpG island rescue (Valdes et al., 1994; Gardiner et al.,
1995; Krizman, 1996).

All new genes that are identified in the QTL region by these approaches must be evaluated
further to determine an association of the gene with trait differences. This might be accomplished by
sequence analysis, the identification of restriction fragment length polymorphisms (RFLPs), or
expression level variation. Finally, the gene effect should be validated in a variety of populations. All
of these processes are laborious and expensive. Clearly excluding a gene is much easier than proving
it is the QTL.

Marker-Assisted Selection

Once QTL or major genes are identified, their use in commercial situations is accomplished through
marker assisted selection (MAS). MAS is best applied to traits of low heritability or traits measured
in one sex. For these reasons, reproductive traits are often suggested as prime targets for MAS,
Selection is the best approach when the gene or QTL is in well-established lines and breeds and the
beneficial allele is at an intermediate gene frequency. Animals are simply selected to increase the
gene frequency of the desired QTL or decrease the frequency of an undesirable gene. Another
application is the introgression (repeated back crossing) of a QTL or major gene discovered in an
exotic or uncommon breed into a preferred line. For example, both of these techniques have been
used by the pig breeding company, PIC, to increase the frequency of the favourable ESR allele in
their commercial pig stocks. The use of MAS should only be done in concert with selection based on
standard performance measures and care should be taken that antagonistic pleiotropic effects do not
exist (see Rothschild et al., 1996; Short et al., 1997b). Another method for using QTL or a major gene
would be the introduction of the gene into a new population using gene transfer (transgenics).
However, this approach has not been undertaken for reproductive traits in pigs. Further technology
will probably be developed before this approach can be used. Consumer concerns about transgenic
pigs may prevent a widespread acceptance of such an approach in commercial pigs.

Conclusion

It is now possible to localize QTL and genes controlling complex traits, but additional developments
are needed before the potential can be realised and the genetics of complex traits in pigs are more
effectively dissected. Improved reproduction records for large resource families are necessary to
map genes with moderate to small effects as are efficient genotyping methods to make these projects
more economically feasible. Current maps, with markers at 3-5 cM spacing will need to be saturated
with markers at intervals of 1-2 cM. These saturated maps are crucial for the eventual cloning of the
genes affecting reproductive traits. Advanced comparative genetic maps will certainly aid in the
process of finding positional candidate genes. An improved understanding of complex
physiological traits is also imperative for identifying candidate genes. The discovery of useful major
genes and QTL should be valuable for pig producers. It is likely that several gene tests will be
available in the future, aiding in the development of specialized lines and new genetic packages for
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the producer. The ultimate beneficiary of these new developments will be the consumer who can
purchase improved livestock products at a reasonable price.

The authors wish to express their appreciation to G. Plastow for his comments and suggestions. Contributions
of their colleagues at lowa State University, PiIGMaP and NC-210 collaborators are appreciated. Financial support
and technical assistance from PIC, Dalgety FTC, and the Biotechnology Research Development Corporation, for
several research projects and the USDA-CSREES for Pig Genome Coordination is also appreciated.
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