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INTRODUCTION 
The term “ Genomics” appeared for the first time fifteen years ago as the name of a new 
journal. In the first editorial, Victor A. McKusick and Franck H. Ruddle explained that 
“mapping and sequencing the human genome have the same objective, namely, analysis of the 
structure and organization of the human genome”. They have adopted the term genomics for 
this new developing discipline of mapping/sequencing which “is born from the marriage of 
molecular and cell biology with classical genetics and is fostered by computational science”.  
One of the first major steps achieved in genomics was the publication of a human genetic map 
by Genethon’s group using microsatellites that could be analyzed at a large scale using 
standardized protocols (Weissenbach et al., 1992). This tool allowed in the following years to 
map numerous genes responsible for human genetic diseases. In the field of livestock 
production, polymorphism of genes was initially only taken into account in the field of 
quantitative genetics, which considered the genome as a black box containing an infinite 
number of independent genes having each an infinitesimal effect on trait. Under this 
assumption, the additive genetic value of each animal is estimated taking into account all 
available information about genealogy and trait measurements on all animals. The rise of 
molecular genetics permits to take into account that all genes are not equal, and that some of 
them have a major effect on traits of interest. Molecular genetics thus intend to identify such 
genes and to describe their variability among breeds. Two complementary approaches have 
been followed by molecular geneticists. The first approach is based on the analysis of trait 
performance and identification of populations in which genes having a large effect, called 
major genes and QTLs, are segregating. After an initial identification of regions of the genome 
containing such genes, the aim is to identify the responsible gene itself, and the causative 
mutation. It is subsequently possible to identify, in all populations, animals carrying the 
favorable alleles. The second approach wishes to establish a repertoire of genes (preferably 
comprehensive) involved in a function of interest. The main genes which could have an effect 
on the trait of interest are then selected and their polymorphism is investigated in populations. 
When a mutation is found, a correlation between genotypes at this gene and performances is 
then analyzed, supposing that this mutation could be involved in the regulation of the trait, or 
at least associated with a causative mutation. This second approach has been followed for 
various kind of traits such as growth and fat deposition, muscle development, milk production 
in dairy ruminants, and reproduction, particularly for females. 
 
FROM PHENOTYPES TO GENES: IDENTIFYING QTL AND MAJOR GENES 
Initial mapping of major genes and QTLs. Major genes and QTLs differ in the level of their 
influence on the studied trait. Major genes have an effect on the trait large enough (usually 
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more than 2-3 standard deviation), so that their existence can be detected by a careful analysis 
of trait values. Generally, a specific experimental design is then constructed using animals 
tentatively identified as heterozygous. Segregation analysis on the progeny of such animal 
permits to confirm or not the existence of a major gene (Elsen et al., 1988). In the field of 
female reproduction, an example of a major gene is the Booroola gene, located on 
chromosome OAR6 (Montgomery et al., 1994) whose FecB allele increases ovulation rate of 
ewes of one lamb per copy over the standard prolificacy of ewe. 
QTLs have a lower effect on traits, they cannot be detected by a statistical analysis of the 
studied trait. As the effect on trait is smaller, they only flatten the top of the distribution curve 
of the trait. To maximise the probabilility to identify QTLs, detection programs are generally 
carried out using breeds whose performance differs largely, assuming that some key genes 
influencing the trait have different alleles in the two breeds. Such QTL programs have been for 
example performed on F2 crosses between Chinese Meishan sows and European Large White 
boars (Bidanel et al., 2001 ; Cassady et al., 2001). To detect QTLs, it is necessary to analyze 
animals with genetic markers covering the whole genome, usually one marker every 20 cM, in 
addition to the recording of their performance. In each chromosomal region, animals having 
received one or two copies of the alleles originating from each breed are identified based on 
marker analysis. Statistical analyses are then used to detect regions where the level of 
performance can be influenced by the breed origin of alleles. The most frequently used 
protocols to detect QTLs are F2 and Backcross protocols. In some cases more sophisticated 
protocols have been used, for example based on an estimation of trait value by progeny testing 
(Darvasi 1998). 
 
Regional mapping of major genes and QTLs. When a major gene or a QTL is mapped on 
the genome, it is important to precise the location of the responsible gene. For QTLs, it is even 
important to confirm their existence on subsequent analyses. The first possibility is of course 
to add animals or families and to verify if similar results are observed. Alternatively, other 
kinds of animals can be produced (Darvasi 1998). A classical way to map more precisely the 
QTL is to produce a subsequent generation of backcross animals, or to try to identify in all 
animals carrying a favorable (or unfavorable) allele, an haplotype identical by descent (Riquet 
et al., 1999). If the initial screening of a major gene allows to map the responsible gene in an 
interval of 5-10 cM, a larger interval of 30-60 cM is generally obtained in the case of QTL 
studies. As an interval of 30 cM generally corresponds  to 1% of the genome, the possible 
involvement of numerous candidate genes in the trait studied can be excluded only by their 
mapping outside of this interval.  
 
The use of genomic tools to identify the responsible gene. In parallel to a more accurate 
mapping of the studied QTL or major gene, a more precise study of the chromosomal region is 
generally performed. In a first attempt, a search for possible candidate genes found in the 
interval of localization of the QTL is carried out. These candidate genes located at the expected 
position, whose influence on the trait can be proposed based on physiological knowledge, are 
called positional candidate genes (Ballabio 1993). Their involvement is then investigated by a 
specific search for a possible causal polymorphism in coding or regulating sequence, in 
parallel to the study of their pattern of expression (where ? and when ?).  
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The establishment of a list of positional candidate genes is greatly facilitated by the 
development of genomics in many different species including livestock (see below). However, 
when species specific lists are not available, positional candidate gene strategy can be used if 
the correspondence of the chromosomal region containing the QTL with the same region of 
reference species (human and mouse) is known. In this case, candidate genes found in the 
orthologous region are very likely to be located in the region surrounding our QTL. It is 
however very important to confirm that regions in both species are similarly organized. This 
can be tested by the mapping of human or mouse genes in livestock species. A key resource 
for this mapping is the development of radiation hybrid panels which allow ordering genes 
with a resolution 10-30 fold higher than genetic mapping. The resolution of these panels is 
thus at the same scale as the average distance expected between two adjacent genes on the 
genome (~100 kb). In pigs for instance, 4000 markers including more than 2500 genes and 
cDNA fragments have been mapped on an IMpRH porcine panel (Milan et al., in preparation). 
If no positional candidate gene can be identified amongst genes mapped at that location, it is 
necessary to precise the position of the QTL up to the time when a limited number of genes 
can be found in interval. Their possible involvement on trait variation can then be 
systematically investigated. This approach is called positional cloning (Collins 1992). 
 
How does the rise of genomics facilitate the identification of responsible genes ? In the last 
century, the final step of a positional cloning project required sophisticated methods allowing 
to trap genes located in the identified genomic region. Nowadays, following the development 
of genomics, this final step frequently consists in the sequencing of large genomic sequences 
(100-500 kb) in the targeted region.  
Focusing on the region of interest is also very time consuming. Frequently a physical map of 
the region is developed, consisting in a collection of overlapping large fragments of DNA 
(>100 kb) of livestock species (the most widely used cloning vector is bacterial artificial  
chromosomes – BAC – cloned in bacteria). The identification of such overlapping fragments 
requires : 1° the development of a library where each fragment is expected 3-10 fold in the 
library, 2° an iterative walking on the genome consisting in the identification of a first BAC 
clone containing a gene in the region, the sequencing of BAC extremities to develop a new 
marker used to screen the library again. Developping a contig of 2.5 106 bases in a region of 
interest may require 1-2 years of fastidious work. As the number of regions in which such a 
detailed study is required is increasing, the development of a physical map at the level of the 
whole genome is currently underway for several species (bovine, pig, chicken …) in the frame 
of a worldwide collaboration. This will be achieved by the identification of overlapping clones 
by fingerprinting of clones covering 5-20 fold the genome, and by anchorage of these contigs 
on both the reference maps of these species and the human genome sequence. 
Finally, to have numerous markers available all over the genome, additional genetic markers 
are required. To avoid the need for developping them during the frame of positional cloning 
projects, SNPs and additional microsatellites are developed and mapped on a genome wide 
basis.  
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FROM GENES TO PHENOTYPE : ESTABLISHING A GENE REPERTOIRE 
The second approach is to consider as candidates the genes already known through 
physiological or pathological studies to play a role in the biological process of interest. In this 
candidate gene approach, a direct association is made between the genetic and the phenotypic 
variability. By this approach, Rothschild et al. demonstrated in some lines an association 
between a polymorphism at the estrogen receptor (ESR) locus and an increased litter size in 
pigs (Rothschild et al., 1996). The weakness of this approach is that such an association does 
not necessarily demonstrate the involvement of the candidate gene in the regulation of the trait: 
the responsible gene could be another locus within the same region. This kind of approach thus 
provides strong candidate genes, but their involvement needs to be validated by other studies. 
Besides genes that could be considered as candidates based on physiological knowledge, the 
approach is to establish a catalogue of genes expressed in the organ or in the tissues considered 
as important for the trait of interest. Such catalogues are constructed in order to identify genes 
expressed in selected organs, either all the genes, or only the genes differentially expressed 
between two conditions (e.g. young and mature follicles) or two different lines (e.g. follicles 
from Meishan and Large White sows). 
 
The global approach : identifying “all” the genes and their expression patterns. For a 
given trait of interest, a choice has to be done to select tissues or organs that are important. For 
example, litter size is influenced by both ovulation rate and embryonic survival. If ovulation 
rate can be influenced by genes expressed in ovaries and in pituitary, embryonic survival can 
be influenced by genes expressed in the genital tract in general. The choice of organs or tissues 
to study is thus an important step for the identification of the genes that have the largest 
influence on the trait of interest.   
To establish a catalogue of genes expressed in a tissue, a cDNA library is constructed and 
sequenced. A useful strategy is to sequence only 600 bases at the ends of the cDNA, which is 
enough to allow the identification of the transcripts. These sequences, called ESTs (Expressed 
Sequence Tags) can be obtained in a systematic manner as demonstrated by Craig Venter’s 
group (Adams et al., 1991). By comparing the sequences of the catalogue to sequence 
databases such as GenBank, it is then possible to identify the genes that are already known and 
those that do not match to any sequence and are thus new genes. 
In cells, each gene is transcribed at a very different level from one copy to more than 1 000 
copies per cell. The number of occurrences of a particular cDNA in a library gives a measure 
of the level of expression of the corresponding gene. EST sequencing thus allows to estimate 
the relative frequency of gene expression, but this approach necessitates a sequencing effort 
(Okubo et al., 1992). To reduce the sequencing work, an alternative approach called SAGE 
(Serial Analysis of Gene Expression; Velculescu et al., 1995) has been proposed. Instead of 
sequencing the whole ESTs, tags of 10 bases long are taken in a specific place in the 
transcripts in such a way that each tag is specific of one transcript. Then the tags are 
concatenated, inserted into a cloning vector and serially read by sequencing. Thus, instead of 
getting one EST per sequencing reaction, can be obtained per about 40 SAGE tags sequencing 
reaction, that is 40 times more information. SAGE is a very efficient approach when the aim is 
to establish a comprehensive study of a tissue, as it is actually the only technique that provides 
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an access to the rare transcripts. This explains why it has been widely used (see 
http://www.sagenet.org/), but, until now, not in the livestock production domain.  
If the goal is to identify the whole collection of genes expressed in a tissue, sequencing several 
times the same cDNA is time and money-consuming. To avoid this, strategies have been 
developed in order to construct libraries where, ideally, each cDNA is represented only once. 
This normalization process is never complete and various protocols have been designed. The 
most efficient is probably the protocol designed by B. Soares (Soares et al., 1994). 
 
The differential approaches : pointing out “pertinent” genes. Rather than establishing a 
comprehensive list of genes, approaches have been developed to identify pertinent genes 
whose expression varies between two samples corresponding to different physiological status 
or genotypes. If the two samples are adequately chosen, genes influenced by the causative 
gene, or this gene itself, are likely to be found among genes that are differentially expressed. 
Specific methods have been used to identify directly the genes differentially expressed such as 
differential screening of a pig granulosa cell cDNA library (Tosser-Klopp et al., 1997), 
Differential Display applied to pig granulosa cells (Clouscard-Martinato et al., 1998) or bovine 
oocytes (Robert et al., 2001). A more efficient technique is the subtractive suppressive 
hybridization (SSH; Diatchenko et al., 1996). It includes two steps, i) a substraction that sorts 
out sequences which are specific of one sample from those which are common to both samples 
followed by ii) a suppression, that is a reduction in the amount of the most abundant sequences 
in order to also get the rarest ones. This approach has been used by Adashi’s group in mouse to 
identify 21 ovary-specific genes, some of them previously unknown, with the idea that tissue 
specific genes are likely to play an important role in that tissue (Hennebold et al., 2000). They 
also identified 15 ovary selective genes preferentially expressed in the ovary. In the livestock 
domain, using the same method, (Robert et al., 2001) isolated more than 50 clones 
differentially expressed between competent and incompetent bovine oocytes. 
 
The rise of animal functional genomics. More and more sequence data become available in 
animal species, both genomic or EST. Thus we have access to larger data sets from livestock 
species, and not only from human or mouse. For example, a gene repertoire for female 
reproduction is currently developed in the pig by an American consortium (Tuggle et al., 
2002). Among others, general repertoires are developed in France at INRA for pig, cattle, 
chicken and trout (Bonnet et al., 2002; Le Meuth-Metzinger et al., 2002). Moreover, genome 
sequencing is already on the way for pig and will probably start in 2003 for cattle. 
Identification of a polymorphism in the candidate gene is a prerequisite, but it is necessary to 
define, as precisely as possible, the patterns of expression of the gene to see if it is relevant or 
not. Classical methods such as Northern blots cannot follow the pace of gene discovery and 
new strategies have evolved, particularly those known as DNA arrays or DNA chips which 
allow to simultaneously analyze  thousands or tens of thousands genes. It is thus possible to 
more precisely investigate the difference between two physiological status or genotype. 
These devices are based on the hybridization of known sequences with the mRNA population 
to be studied in such conditions that hybridization level is proportional to the amount of the 
corresponding sequence in the mRNA population analyzed. For that purpose, known 
sequences, either cDNAs or oligonucleotides, are spotted at high density onto a solid support 
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(nylon, plastic, glass) and hybridized under stringent conditions. In a first approach, human 
arrays can be used in heterologous conditions. However, for a more accurate estimation of 
gene expression, it is important to develop species specific arrays such as in rat (Leo et al., 
2001) and cattle (Band et al., 2002). 
The development of the genomic approach would not have been possible without the 
contribution of computational science in parallel to the development of laboratory techniques. 
Besides the increasing performances of computers, tools are developed and made available. As 
examples: databases for nucleic acids sequences, algorithms for sequence comparison (now 
database against databases); sequence assembly for both genomic and EST sequencing 
programs; image analysis and statistical analysis for arrays data. These computing 
developments concern data management and storage, and, most important, data interpretation 
in order to extract relevant biological information. This last step represents the real added 
value of the genomic approach. 
 
INTEGRATING QTL APPROACH AND FUNCTIONAL GENOMICS TO 
UNDERSTAND GENETIC VARIATION 
Before the development of genomics, both approaches “From phenotype to gene” and “From 
gene to phenotype” had limited chances to identify genes whose polymorphism have an 
influence on levels of animals performance. 
In the present years, the rise of genomics has increased the chance of success of both 
approaches. Positional cloning approaches are now facilitated by numerous tools, such as the 
availability of numerous ordered polymorphic markers, of detailed RH maps including genes, 
and soon of BAC contigs. Functional genomics has now the possibility to establish broad 
collections of sequenced cDNA, and to compare levels of transcription of thousands of genes 
between several samples, which increases the chance to detect the influence of genes that 
would not be considered as plausible candidates in more limited studies.  
Our goal for the coming years is to evaluate how both approaches can be integrated to identify 
more rapidly genes whose variation influence traits of interest. We can consider that now, the 
most critical step towards a fine mapping of QTL is the possibility to predict the genotype of 
animals at the QTL. In the case of RN gene, fine mapping was greatly facilitated after 
physiological and technological studies that demonstrated that the gene, which has a 0.7 
standard deviation effect on the overall yield of ham production (including anatomic, curing, 
and cooking yields), has a 6 standard deviations effect on glycolytic potential measured on a 
biopsy of longissimus dorsi (Le Roy et al., 2000). We thus would like to use systematic 
analysis of transcriptome on animals of known genotype at a QTL to try to find indicators of 
QTL genotypes. In that case, analysing this indicator on other animals will allow to predict 
with a high accuracy their genotype at the QTL. This genotype determination on animals 
carrying recombinations in the QTL region will allow to map precisely the QTL relatively to 
markers. This will greatly reduce the number of animals required to map a QTL in an interval 
of 1-5 cM. Such indicators can also be searched by comparing 2D gels of proteins from 
animals of different phenotypes. 
Similarly, comparing the transcriptome of animals as different as Large White and Meishan 
animals is difficult as sources of variation are numerous. QTL studies allow to identify 
separately regions of the genome that influence the precocity of animals, ovulation rate, 
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embryonic survival, uterine size. Using knowledge of QTL locations for these traits, it will be 
possible to introduce in Large White animals alleles of Meishan origin for one or several 
chromosomal regions. This will make it possible to dissect complex traits such as prolificacy 
and to study the transcriptome of animals differing for a reduced number of genomic regions, 
in order to put in evidence subtle gene effects.  
The integrated genomics approach thus provide a higher chance to understand genes that 
influence complex traits such as reproduction, and to facilitate genetic improvement of 
animals. 
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