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INTRODUCTION 
Reproductive traits represent one of the best cases for application of genetic marker 
information in animal selection.  Given the sex-limited nature of reproductive traits, 
identification of genes which contribute to variation in reproductive traits would lead to tools 
for selection in the gender in which the trait cannot be directly observed.  Consequently, there 
has been considerable interest in mapping and identifying these genes. 
 
Studies of the contribution of individual loci or chromosomal regions to genetic variation in 
reproduction have taken one of several forms.  One approach has been to choose candidate 
genes a priori based on knowledge of gene function and examine association between genetic 
polymorphism in the candidate gene locus and reproductive trait phenotype.  A second 
approach has been use of pre-existing families or designed families in linkage analysis to map 
the location of quantitative trait loci (QTL) for the reproductive trait of interest.  In both the 
candidate gene analysis and the QTL mapping approaches investigators have assumed a 
genetic contribution to phenotypic variation based on heritable variation within a population or 
heritable differences in phenotype between parent lines used in designed matings.  Further, an 
assumption is made that individual loci or chromosomal regions with quantifiable effects 
contribute to the genetic variation.  A third approach employed is the mapping of a single locus 
of major effect whose existence has been previously documented by phenotypic segregation.  
Efforts of all three types are reviewed here and the prospect for application in selection 
programs is considered. 
 
ANALYSIS OF CANDIDATE GENES FOR REPRODUCTION 
Candidate gene analyses for reproduction have occurred mostly with swine and with a focus 
on litter size or its component traits.  Associations between polymorphisms at several 
candidate genes and reproduction have been reported.  One of the first candidate gene 
associations described was that between the estrogen receptor (ESR) locus and litter size in 
swine (Rothschild et al. 1996).  Initial estimates of additive effect in Meishan synthetic lines 
were 1.2 pigs per litter per copy of the B allele in first parity for both total number born (TNB) 
and number born alive (NBA) and 0.9 and 0.8 pigs per litter for TNB and NBA, respectively, 
in all parities.  Among commercial lines, the ESR polymorphism segregated only in those with 
Large White ancestry.  Analysis of candidate gene effect in such lines provided a lesser 
estimate of effect than the Meishan synthetic lines.  Estimated additive effect of ESR on TNB 
and NBA was 0.6 and 0.5 pigs per litter, respectively, for first parity and all parities.  
Subsequent examination of over 9000 litter records from over 4000 sows gave estimates of 
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additive ESR effect of 0.42 and 0.39 pigs per litter for TNB and NBA in first parity and 0.31 
pigs per litter for both traits in subsequent parities (Short et al. 1997). 
 
Retinol binding protein (RBP4) has been suggested as a candidate gene for litter size based on 
the expectation that delivery of appropriate amounts of retinol is critical for embryo survival 
(Ollivier et al. 1997; Rothschild et al. 2000).  Estimates of additive effect for the RBP4 locus 
ranged from 0.02 to 0.45 pigs for TNB and 0.15 pigs for NBA. 
 
Li et al. (1998) reported that a polymorphism in the first intron of the follicle-stimulating 
hormone beta (FSHB) locus was associated with increased litter size in swine.  Additive 
effects of 1.27 and 1.06 pigs per litter for TNB and NBA were reported for the first parity with 
slightly diminished effects of 1.06 and 1.01 pigs per litter in second parity.  From the data 
presented it is difficult to discern whether the estimated effects pertain to one or a mix of breed 
populations.  Estimating effects from a mixed population would create the potential of a 
confounding of candidate gene and breed influences. 
 
A polymorphism in the prolactin receptor gene (PRLR) has been reported to be associated with 
differences in litter size.  Vincent et al. (1998) reported significant associations with TNB or 
NBA in three of five commercial lines studied with effects varying from additive to 
overdominant between lines. 
 
The gonadotropin-releasing hormone receptor (GNRHR) has been considered as a candidate 
gene, in part motivated by one of several studies reporting evidence for litter size or ovulation 
rate QTL on swine chromosome 8 (Wilkie et al. 1999), as discussed below.  Jiang et al (2001) 
identified multiple sequence polymorphisms in comparing GNRHR sequence between Chinese 
Erhualian and European Large White swine.  Two of these polymorphisms with large 
differences in allele frequency were examined for association with several reproductive traits 
and an association with ovulation rate was detected.   
 
Other studies have had limited success in replicating reported candidate gene effects, perhaps 
for varying reasons.  Ollivier et al. (1997) and Linville et al. (2001) took an approach of 
testing differences in allele frequency for candidate gene loci between control lines and lines 
selected for litter size or ovulation rate and embryo survival.  Candidate genes considered by 
Ollivier et al. (1997) included ESR, retinoic acid receptor-gamma (RARG), RBP4, and 
melatonin receptor 1A (MTNR1A); significant evidence of a change in allele frequency was 
observed only in the case of MTNR1A.  Candidate genes considered by Linville et al. (2001) 
included ESR, epidermal growth factor (EGF), RBP4, prostaglandin-endoperoxidase synthase 
2 (PTGS2), FSHB and PRLR.  An approximately linear increase with selection in allele 
frequency for the favorable allele of FSHB, PTGS2 and PRLR was observed as well as 
significant difference between lines in genotypic frequencies.  However, the change in allele 
frequencies were not statistically significant after accounting for potential genetic drift, and no 
estimates of allele substitution effect were significant for any of the candidate genes 
considered.  Results from genome-wide QTL searches (reviewed below) have not 
unequivocally validated results from candidate gene studies either; there has been relatively 
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little correspondence between QTL locations identified for litter size or its component traits 
and most of the candidate genes.  Lack of correspondence between these could be due to some 
candidate genes having modest effects which are undetectable with the sample sizes employed 
in the genome-wide QTL search, lack of segregation of the candidate gene alleles in some 
populations, the candidate gene marker simply being a linked marker with heterogeneity of 
linkage phase eliminating association, or the originally observed candidate gene effects may in 
some cases have been due to chance (statistical thresholds employed in candidate gene studies 
have often been less stringent relative to genome-wide QTL searches). 
 
GENOME-WIDE QTL SEARCH  --  SWINE 
Results from several genome-wide QTL searches have been reported leading to interesting 
comparisons between results of these studies and between results from genome-wide search 
and candidate gene studies.  Genome-wide searches for QTL employ designed matings 
intended to create populations in which segregation occurs at QTL.  Parent lines in these 
studies differ in prolificacy, either because of a choice of different breeds or as a result of 
using different lines produced by contrasting selection relative to prolificacy.  Specifics of the 
statistical analyses vary from experiment to experiment, but authors have commonly reported 
results relative to a genome-wise error rate which accounts for multiple hypothesis testing 
implicit in a genome-wide QTL search.  The terms suggestive linkage and significant linkage, 
were proposed by Lander and Kruglyak (1995) to refer to results expected once per genome-
wide search or once per twenty genome-wide searches by chance alone; those terms are used 
here in an approximate sense in describing results from various studies. 
 
Several studies have examined crosses of commercial swine with prolific Chinese swine.  
Bidanel et al. (1998) employed an F2 population (n~500 females) derived from crossing 
Meishan and Large White swine to map QTL for multiple traits including reproduction.  In this 
preliminary report evidence for ovulation rate QTL on chromosome 7 and QTL for number of 
embryos on chromosome 8 were reported. 
 
Rohrer et al. (1999) created White composite x Meishan F1, backcross, F3 and F4 animals to 
generate populations in which QTL were expected to segregate.  In total, approximately 600 
animals were used for phenotypic evaluation of age at puberty and ovulation rate.  Uterine 
capacity was evaluated on a total of approximately 200 animals from the backcross and F4 
generations.  Evidence for ovulation rate QTL was found on chromosomes 3, 9, 10 and 15 at a 
suggestive linkage level and at a significant linkage level on chromosome 8.  Evidence 
suggestive of QTL was observed for age at puberty (chromosomes 1 and 10), weight of ovary 
(chromosome 8) and uterine capacity QTL (chromosome 8).  No evidence for ovulation rate or 
uterine capacity QTL was found on chromosome 1 in the region corresponding to the ESR 
locus, and examination specifically of the ESR marker failed to show evidence of association. 
 
In a similar study, Wilkie et al. (1999) examined evidence for reproductive trait QTL in a 
Yorkshire x Meishan F2 cross.  Reproductive traits considered included gestation length, 
number of corpora lutea, number of fetuses, uterine length, TNB, NBA, number of stillborn 
piglets and number of piglets weaned.  Power of QTL detection was limited by a modest 
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sample size (n~100 animals).  No QTL surpassed a threshold of significant linkage, but 
evidence of suggestive linkage was found for number of stillborn piglets on chromosome 4, 
number of corpora lutea on chromosome 8 and gestation length on chromosome 9.   
 
More recently, de Konig et al. (2001) reported results from an analysis using the F2 generation 
derived from a cross of Meishan and Dutch commercial lines (primarily Large White 
breeding).  Reproductive traits were limited to litter size and number of stillborn piglets at first 
and second parities measure on approximately 200 females.  Evidence of QTL at a suggestive 
linkage level were found on chromosome 7 for TNB in first parity and on chromosomes 12, 14 
and 17 for TNB in second parity.  
 
Two studies have examined evidence for QTL in the litter size selection and control lines from 
the University of Nebraska.  Rathje et al. (1997) and Cassady et al. (2001) reported QTL 
mapping results from analysis of an F2 population derived from the cross of the control line 
and a line selected for ovulation rate and embryo survival.  Both lines were derived from the 
same foundation population which was derived from a cross of Large White and Landrace 
breeds (Johnson et al. 1999).  The initial report used only the first of three replicates of F2 
females and employed a limited number of genetic markers (55), while the subsequent report 
included data from all three replicates and broader genome coverage.  Rathje et al. (1997) 
reported evidence for an ovulation rate QTL on chromosome 8 at approximately a suggestive 
linkage level, with nominal P-values less than 0.05 or 0.01 for ovulation rate QTL on 
chromosomes 4, 13 and 15.  Subsequent analysis with the complete F2 population failed to 
provide additional support for these preliminary observations and instead provided evidence of 
an ovulation rate QTL on chromosome 9.  In addition, evidence for QTL at a 5 or 10% 
genome-wise error rate was found for number of fully formed piglets and NBA on 
chromosome 11, number of stillborn piglets on chromosomes 5 and 13, number of nipples on 
chromosomes 1, 6, 7, 8 and 11 and for age at puberty on chromosomes 7, 8 and 12.   
 
Since several studies have considered Meishan x Large White crosses, or crosses of selected 
and unselected Large White-derived lines, some correspondence between QTL mapping 
results is anticipated.  Several studies have in fact found evidence of ovulation rate or litter size 
QTL on chromosome 8.  However, even though Wilkie et al. (1999) and Rohrer et al. (1999) 
identified evidence for ovulation rate QTL on chromosome 8, the most likely locations were at 
opposite ends of the chromosome and in yet a different location from that observed by Rathje 
et al (1997) and Bidanel et al. (1998).  Further, the subsequent report of Cassady et al. (2001) 
casts doubt on the original report by Rathje et al. of a chromosome 8 QTL.  Other potential 
correspondences include chromosome 7, where Bidanel et al. (1998) and de Konig et al. 
(2001) reported evidence of ovulation rate and litter size QTL, respectively and chromosome 
15 where Wilkie et al. (1999) reported nominal evidence (pointwise P<0.05) and Rohrer et al. 
(1999) reported suggestive linkage for ovulation rate QTL.  However, estimates of effect for 
the chromosome 15 ovulation rate QTL differ dramatically between the two studies with 
Wilkie et al. (1999) reporting a large dominance deviation and modest additive effect favoring 
the Yorkshire allele and in contrast Rohrer et al. (1999) report a predominantly additive effect 
with the Meishan allele being superior.  Considering results from all the studies reported to 
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date, there is a disappointing lack of corroboration of QTL locations or effects across studies.  
Realistically, differences are to be expected given different lines used to create the studied 
populations and genetic heterogeneity within lines.  Also, the sample sizes employed limit the 
power to detect QTL of modest effect. 
 
GENOME-WIDE QTL SEARCH  --  CATTLE 
Genome-wide searches for ovulation rate and twinning rate QTL have been conducted in cattle 
using experimental and commercial populations.  The long-term selection study (Gregory et al. 
1990) for twinning rate conducted at the USDA Meat Animal Research Center is the source of 
data for three reports of ovulation rate QTL mapping (Blattman et al. 1996; Kirkpatrick et al. 
2000; Kappes et al. 2000).  Analysis of paternal half-sib families and extended families from 
this herd have suggested evidence for ovulation rate QTL on chromosomes 5, 7, 19 and 
potentially chromosome 23.  This population was created to fulfill the objectives of a long-
term selection experiment, with multiple sires progeny tested on an annual basis.  
Consequently, the size of paternal half-sib families is typically small, complicating efforts to 
conduct marker-QTL segregation analysis.   
 
Extensive paternal half-sib families are available from commercial populations, with the trade-
off that ovulation rate data is unavailable and instead the highly genetically correlated but 
lower heritability trait of twinning rate can be used.  Lien et al. (2000) have conducted a 
twinning rate QTL search using the commercial Norwegian cattle population.  Evidence for 
QTL at a suggestive linkage level were found on chromosomes 5, 7, 12 and 23.  Chromosomes 
5, 7 and 23 have been implicated in previous ovulation rate QTL analyses, though given the 
broad confidence intervals for all QTL locations it is difficult to draw strong conclusions about 
these results corroborating the existence of previously identified QTL.   
 
Depending on the national recording scheme, data may in some cases be available for 
reproductive traits besides prolificacy.  Schrooten et al. (2000) used available Dutch Holstein 
Friesian calving and insemination data to search for QTL for calving ease, gestation length, 
interval from calving to first postpartum insemination, and nonreturn at 56 d postinsemination.  
Evidence of significant linkage was identified for gestation length on chromosome 4.  
Evidence at a suggestive linkage level was observed for calving ease on chromosomes 2, 3, 5, 
6, and 21, interval from calving to first postpartum insemination on chromosome 6 and 17, 56 
d nonreturn rate on chromosomes 2 and 9, and gestation length on chromosome 15. 
 
CHARACTERIZATION OF MAJOR GENES FOR REPRODUCTION 
The term major gene is used in this case to refer to single genes with profound effects on 
reproduction whose existence was apparent from the ability to classify animals in discrete 
phenotypic classes.  Two such cases have been known for litter size in sheep, and in both cases 
the causative gene and DNA sequence variants have been identified during the past two years. 
 
The Booroola or FecB gene was the first of these to be described on a phenotypic basis (Davis 
et al. 1982) with homozygous Booroola, carriers and homozygous non-carriers having 
ovulation rates of ≥5, 3-4 and 1-2 ovulations per cycle, respectively.  The ability to categorize 
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phenotype (or alternatively stated, exploit a QTL whose substitution effect is in excess of a 
phenotypic standard deviation) greatly simplified the mapping of this locus.  Initial results 
were hampered by the paucity of available markers (Tate et al. 1992; Montgomery et al. 1993; 
Lanneluc et al. 1994; Montgomery et al. 1994), but subsequent efforts resulted in a map 
location narrowed to a few centiMorgans (Wilson et al. 2001). Subsequent positional 
candidate gene analysis lead three groups to examine the bone morphogenetic protein receptor 
1B (BMPR1B)  locus as a candidate for the FecB gene (Mulsant et al. 2001; Souza et al. 2001; 
Wilson et al. 2001).  All reported identification of a base substitution affecting amino acid 
sequence of the BMPR1B locus in the kinase domain.  This mutation could alter the function 
of BMPR1B and is the probable basis for the FecB phenotype.   
 
The second gene to be recognized for litter size based on phenotypic segregation was the 
Inverdale or FecXI gene (Davis et al. 1991).  Examination of the pattern of inheritance for the 
high litter size phenotype lead to the deduction that this was an X-linked locus.  Further 
examination also revealed that individuals homozygous for the FecXI allele had a distinct 
phenotype: non-functional, streak ovaries (Davis et al. 1992).  The combination of an a priori 
narrowed location (X chromosome) and a phenotype with discrete phenotypic classes, given 
appropriate matings, simplified the gene mapping exercise in this case (Galloway et al. 2000).  
Positional candidate gene analysis suggested two potential candidates, and in one of these, 
bone morphogenetic protein 15 (BMP15), a mutation was identified which alters the amino 
acid sequence in highly conserved region of the protein which is important for the formation of 
functional BMP15 dimers (Galloway et al. 2000).  Fortuitously, a second, X-linked, high litter 
size phenotype was also discovered (denoted Hanna or FecXH), and DNA sequence analysis 
for the BMP15 gene from these sheep similarly revealed a functional mutation.  In this case the 
alteration was the creation of a premature stop codon resulting in a truncated and non-
functional form of the protein (Galloway et al. 2000).  The occurrence of these two like but 
independently derived phenotypes and respective mutations in the BMP15 gene builds a very 
convincing case that BMP15 is the gene underlying the FecXI and FecXH phenotypes. 
 
Identification of BMPR1B and BMP15 as the genes likely responsible for the FecB, FecXI and 
FecXH phenotypes suggests the possibility that other variants of these genes may be 
segregating in sheep or other livestock species causing variation in ovulation rate and 
prolificacy.  Clearly, QTL mapping efforts which point to the corresponding genomic locations 
will lead to these as positional candidate genes.  Alternatively, these are candidate loci that 
could be examined for sequence variation initially in individuals with corresponding 
phenotypes.   
 
CONCLUSION 
Prospects for application of the above results in animal selection are clearly greatest for those 
cases where the specific genes and allelic variations have been identified.  To date there are 
two such cases for litter size in sheep (BMPR1B and BMP15).  In these cases the causative 
changes in the DNA sequence can serve as genetic markers for use in selection, specifically 
introgression of alleles for enhanced prolificacy into targeted commercial populations.  
Prospects for application of results in other cases is more complicated. 
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Candidate gene results have the benefit of potentially immediate application of  markers 
associated with differences in phenotype.  The variability of candidate gene results between 
studies and populations indicates the importance of replicating these results for the population 
of interest before application.  In many cases it is likely that the candidate gene marker is a 
marker in linkage with the gene of interest and not the true, causative base change.  Thus, 
differences or heterogeneity in linkage phase may render the marker of little value in some 
populations.  Alternatively, interaction between candidate and background genes may likewise 
limit the value of selection for the candidate gene marker in some cases. 
 
In most cases, results from QTL mapping studies for reproductive traits have resulted in 
evidence for QTL that requires replication, and estimates of QTL location have broad 
confidence intervals.  In some contexts, e.g. where pedigree information and DNA from 
multiple generations are available, it may be possible to implement marker-assisted selection 
directly using markers flanking the putative QTL.  However, this is a far more complicated and 
costly application than having a marker based on the causative base change (as with BMPR1B 
or BMP15) or a marker in tight linkage disequilibrium with the causative mutation.  The 
complication is in moving from a mapped QTL to identifying the causative gene and allelic 
variant.  QTL fine-mapping will be required to narrow the likely QTL-containing interval prior 
to identification of positional candidate genes or development of markers in tight linkage 
disequilibrium. 
 
Continued development of molecular tools and databases insures that many steps of the 
process of developing markers for selection will continue to occur at an increasingly rapid rate.  
However, the limitation in many cases will be at the initial step of obtaining the requisite 
phenotypic information.  While technological developments steadily reduce genotyping and 
marker development costs, costs of collecting relevant phenotypic information or developing 
resource populations is unlikely to decline.  This represents one of the most significant 
limitations to application of genetic markers in selection for reproductive traits. 
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