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INTRODUCTION

The genetic information contained in mammalian cells is spread over a set of
nuclear chromosomes and the mitochondrial DNA. Converging evidence has made
it possible to estimate that the mammalian genome may contain fifty thousand
structural genes, which may be grouped in some three thousand to fifteen thousand
clusters. Mapping the genome involves partitioning this number of genes into maps
of individual linkage groups and determining their linear order on each of the
chromosomes.

Dissection of the nuclear genome for mapping can be achieved by meiotic
segregation in families, segregation in somatic cell hybrids, natural tagging of
particular chromosomes in individuals with chromosome aberrations, by sorting
of individual metaphase chromosomes, by analysis of subchromosomal fragments
using somatic cell genetics and/or genomic or gene sequencing by molecular biology
techniques.

During this lecture I wish to discuss the four following points: firstly, the identi-
fication of the relations which appear between the gene map and the chromosome

structure; secondly, the evaluation of possibilities, complementarities and limita-
tions of gene mapping techniques; thirdly, an overview of the status of the gene
maps of cow, sheep, pig and rabbit; fourthly, the most important applications of
gene mapping.

RELATIONS BETWEEN THE CHROMOSOME STRUCTURE
AND GENE MAP

It is classical to consider a genetic map obtained by Mendelian segregation analysis
and a physical map obtained by manipulation and cytological observation of
chromosomes (fig 1).



But the term chromosome is slightly ambiguous because sometimes we think
about the double-stranded DNA and sometimes we think about the metaphase
chromosome. The cytological structure of a metaphase or a pre-metaphase chromo-
some is very compact. The ratio of the length of the metaphase chromosome to the
length of its DNA is about 1:8000.
A beautiful electron microscope preparation of a bare metaphase chromosome,

published by Paulson and Laemmli (1977), shows a backbone of non-histone
proteins that is responsible for the basic shape of metaphase chromosomes and
the central scaffold organizing the DNA into loops throughout its length. These
loops of DNA are anchored in the scaffolding and both ends of a loop appear to
be anchored at the same place because the DNA strand emanates radially from
the scaffold and returns to an adjacent point. Each loop contains from 30000 to
100 000 base pairs (bp) of DNA (figs 2 and 3).

Using the technique of viscoelasticity, Kavenoff et al (1973) were able to demon-
strate that the DNA of a chromosome is a single linear molecule. Consequently,
we have to consider that along this DNA molecule there are specific sequence do-
mains which are responsible for the anchorage of the DNA to the scaffold and for
visible structures of chromosomes, such as the centromere or telomere. Curiously,
repeated D1VA sequences are situated in the region of contact between DNA and
proteinaceous scaffold.

In a very interesting essay, Goldman (1988) considers that eukaryotic chromatin
is organized into a series of loops approximately 20-330 kb in length, anchored to a
protein matrix or chromosome scaffold at two points (the SAR or scaffold-attached
regions). The SAR is typically a DNA sequence that is recognized by topoisomerase





II. Each loop represents a unit of replication, having a single replication origin
(RO) and a unit of supercoiling, in that its torsional state is independent of those
of the surrounding loops. Each loop also represents a unit of function, in that a
loop as a whole may be in a potentially active or repressed transcriptional state.
There may be one or several transcription units in a loop. The organizer (ORG)
is a DNA sequence that binds a transcription factor whose presence is required for
assembly of active chromatin. The hypothesis has been advanced that, in mammals,
transcriptionally competent domains replicate during the first half of the S phase,
while transcriptionally incompetent domains replicate during the second half of the
S phase. This explains the use of BrdU (5-bromo-2’-deoxyuridine) incorporation
into DNA during chromosome dynamic banding.

Vogt (1990) in a recent paper points out that tandem repeated DNA sequence
blocks which appear at many places in the DNA strand are responsible for the
chromosome folding and share the chromatin codes.

The first code of the DNA sequence, detected by Lengyel et al in 1961, is of
course the triplet code.

The second code of the DNA sequence was detected in 1980 by Trifonov
and Sussman. They realized that pairs of adenine nucleotides occur with a 10.5
periodicity along any DNA sequence that interacts with the histone octamer unit
and forms a nucleosome. This periodicity correlates well with that of the helical
turn in the /3-helical DNA secondary structure. This pattern of adenine nucleotides
codes for a unidirectional curving of the DNA helix around the histone octamer
complex. This code is the chromatin code.

Vogt enlarges on this idea, forming the concept of a ’chromatin-folding code’.
He presents evidence that tandemly repetitive DNA sequences have the potential
of expressing a locus-specific organization of their folding structures in the nucleus
in which three characteristics are notable: 1) these repetitive sequences are able to
attract specific nuclear proteins; 2) these repetitive sequences are able to develop a
locus-specific, repetitive, higher order sequence structure because of their inherent
possibilities of quick sequence alteration; 3) selection pressure created by the
functional interaction between nuclear or chromosomal proteins and folded DNA
stabilizes at each locus the molecular pattern of these specific repetitive sequences.

Salser et al (1976) define experimentally a locus-specific, repetitive DNA se-
quence structure whose sequence units have lost the ability to hybridize to related
sequence units located at other chromosome positions.

Vogt introduces the chromatin code at the nucleosome level, the chromatin-
folding code at the level of the centromere region, telomere region and scaffold region
and he adds the gene expression code, the replication code and the recombination
code.

In each species exists a so-called ’library code’, which is a list of code sequences.
The composition of the ’higher order’ structure is species-specific and dictated by
the combination of amounts of common basic sequence elements.
Two major types of tandem repeated DNA sequences are distributed in the

genome (table I). For the first type, they are organized in large tandem block struc-
tures characterized by a repetitive head-to-tail arrangement of various sequence
units, whose length can range from one to several thousand nucleotides. Their copy
number is highly variable. For the second type, small variable tandem sequence



blocks, with a repetitive head-to-tail arrangement of the same basic sequence unit
at one locus, can be clustered or interspersed in the genome and may contain related
sequence elements.

Now we are able to design a schematic representation of relations between the
phase of DNA sequences and the histone-depleted chromosome (fig 3).

The current problem is how and why these various specific tandem repeat DNA
sequences play a role in chromatin folding and gene expression.

Firstly, satellite DNA type I sequences are mostly located in the constitutive
heterochromatin of the chromosome centromere region. Only the polymorphic
heterochromatin of the long arm of the Y chromosome (region Y q12-Y qter, for
the human chromosome) contains satellite III DNA fractions. The pattern of these
repeats and the different sequence of units were extensively studied mainly by
Prosser et al (1986). Some of these unit sequences of cores are chromosome-specific.

Secondly, the alphoid DNA sequence families are repetitive DNA sequences in
the genome with a mean monomer length of 171 bp and clustered in a tandem
repeat sequence organization. We know that each chromosome at its centromere
region contains at least one specific alphoid super-repeat structure, often specified
by a chromosome-specific tandemly repeated restriction site. The a-protein in the
nucleus is specifically attached to the alphoid DNA sequence structure supporting
the specific phasing of nucleosomes in the centromeric chromatin.

Recently, Wevrick and Willard (1989) studied long-range organization of tandem
arrays of a-satellite DNA at the centromeres of human chromosomes and their mei-
otic transmission through three generations. They report that restriction site and
array-length polymorphisms exist between individuals and appear to be meiotically
stable on a megabase range. Similar results were reported by Jabs et al (1990).



Thirdly, Moyzis et al (1987) cloned a repeated sequence from human DNA that
hybridized to human telomeres, and had the repeating units (TTAGGG). Since
then Hastie and Allshire (1989) were able to give a schematic representation of the
organization of the human telomere. Finally, sequences from the telomere are able
to form guanine tetrads within an anti-parallel quadruplex, which may explain chro-
mosome pairing (Sundquist and Klug, 1989). The recognition between homologous
chromosomes could be ensured by specific flanking sequences of telomeres.

Interestingly, telomere-like repeat stretches may also occur in interstitial posi-
tions and may make the chromosome prone to breakage, fusion, fragile sites and
recombination.

In conclusion, we have to identify DNA sequences which are responsible for
the chromatin-folding code and locate them. For example, Collick and Jeffreys
(1989) identified a 40 kDa mouse protein (Msbp-1) that bound to multiple copies
of minisatellite core sequences. Similar proteins were found in a number of other
species. Among these proteins, we can expect to identify couples of DNA sequences
and proteins that are responsible for chromatin folding. Furthermore, we can expect
to find reasons for the specific differences between chromosomes.

EVALUATION OF GENE-MAPPING TECHNIQUES

Use of somatic cell genetics in gene mapping

Gene mapping by somatic cell hybridization is based on a series of parasexual events
involving fusion of somatic cells from different species, fusion of their nuclei and
mitotic segregation of part of the genetic material of one of the parents during the
proliferation of the fusion products.

In clones of cell hybrids retaining the complete genome of one parent (recip-
ient genome) and one or several chromosomes of the segregating genome (donor
genome), the resulting concurrent segregation of biochemical phenotypes (markers)
indicates that their encoding genes are located on the same chromosome. It is the
operational definition of synteny (fig 4).

Formation and isolation of somatic cell hybrids by selection and cloning, and
techniques for molecular and cytogenetic analysis of the hybrid cells, are now routine
methodologies.
A pragmatic approach has been adopted in order to create a multiple chromo-

some mapping panel. A number of independent hybrid clones are generated and,
after a period of growth, analyzed for the presence of donor chromosomes by means
of cytogenetic and molecular techniques. From this collection, a series of clones are
chosen as a mapping panel based on various criteria, such as their donor chromo-
some content, their relative stability, the numerical relationship between their donor
and recipient genomes and their growth characteristics. Clones which continue to
segregate donor chromosomes at a high rate are discarded.

Some difficulties in this approach cannot be avoided. For example, specific
combinations of donor chromosomes tend to co-segregate in hybrid cells, whereas
other combinations are particularly rare. In addition, both donor chromosomes and
recipient chromosomes can rearrange.



Consequently, statistical rules concerning synteny or independence between
markers are needed.

If two markers, X and Y, are borne by the same chromosome, a set of n hybrid
clones is expected to be made up of a doubly positive clones (those carrying the
corresponding chromosome) and of n &mdash; a doubly negative clones (those having
lost the carrying chromosome). Conversely, if both markers are carried by two
independent chromosomes, it is expected that all four classes of responses will be
found in a set of hybrids. The numbers of each class are usually denoted by a, b, c
and d (fig 5).



Expected values are such that b = c = 0 for syntenic genes or ad - bc = 0 for
independent segregation of carrying chromosomes.

In fact, these alternative biological hypotheses cannot be turned into such clear-
cut mathematical statements. Discordant clones may occur at low frequencies for
syntenic pairs and a statistically significant departure from independence may occur
for genes carried by distinct chromosomes. This is the reason why Chevalet and
Corpet (1986) introduced a coefficient of correlation into the statistical framework
accounting for association between chromosomes in their statement of decision rules.

Today, scientists are interested in the construction of somatic cell hybrids
containing different overlapping deletions involving a particular chromosome. For
example, Cowell and Nlitchell (1989) have constructed a somatic hybrid cell

mapping panel for regional assignment of human chromosome 13 DNA sequences.
The assignment of chromosomal break points from karyotipic data alone is often
subjective and alternative interpretations of G-banded appearances are possible.
However, karyotypic analysis can exclude the presence of certain chromosomes in
the hybrids (fig 6). To characterize the rearrangements more precisely, they used a
set of chromosome 13-specific DNA probes.

This type of approach, with natural or induced chromosome deletions, is useful
to locate and furthermore to clone a gene responsible for a disease or a major
inheritance trait.

The new trend in somatic cell genetics is to try to obtain single chromosome
mapping panels. Hybrid clones containing single donor chromosomes can be gener-
ated by rare chance immediately after cell fusion or during the permanent process
of chromosome loss from established cell line hybrids at a low frequency.



An alternative fusion procedure should produce hybrid cells with few or single
donor chromosomes: microcell fusion. Metaphase nuclei are split into microcells
or minisegregant cells which contain few or single chromosomes packed into cell
membrane-derived envelopes. After fusion with a recipient cell, the production of
hybrids with single donor chromosomes is obtained faster than with cell to cell
fusion (Ege, 1980; Fournier and Ruddle, 1977; Tourian et al, 1978).

Unfortunately, it has turned out that, at some time during this procedure, donor
chromosomes tend to be partially deleted or rearranged. Thus, the retention of
intact chromosomes has to be carefully controlled. If hybrids with a single donor
chromosome are obtained and maintained under selective pressure to retain this

chromosome, fragmentation of the donor chromosome can occur. The consequence
of these pitfalls is that it is difficult to obtain a complete single chromosome mapping
panel.

For the near future, single chromosome mapping panels, with intact, deleted or
rearranged chromosomes will be very useful for regional mapping using pulsed-field
gel electrophoresis.

Use of in situ hybridization in gene mapping

Molecular in situ hybridization involves preparing a probe of labeled DNA frag-
ments corresponding to a gene or a part of a gene, previously isolated by a method
of genetic engineering, and hybridizing this probe to the homologous DNA of the
metaphase chromosomes on microscope slides. This technique is now well estab-
lished, see the review of Gellin and Yerle (1989) and the following illustrations.

Figure 7 shows the in situ localization, performed by Yerle et al (1986) and
Yerle and Gellin (1989), of the leukocyte-interferon gene in the q25 region of pig
chromosome 1. Two spots are visible on the two homologues of chromosomes 1.
A remarkable concentration of silver grains was located on the chromosome region
lq25 as seen on figure 8. A computer-workstation was used for in situ hybridization
automatic quantitative analysis.

For non-isotopic in situ hybridization, two major applications have received
considerable attention lately: gene mapping and interphase cytogenetics (fig 9).

Several groups have reported the visualization of probes greater than one kilobase
(kb) long using either conventional microscopy or digital-imaging microscopy.
Probes of considerably greater genetic complexity have a high probability of

containing interspersed repetitive sequences, usually widely distributed throughout
the genome, which will result in a non-specific hybridization signal. However,
protocols designed to suppress these unwanted signals with appropriate competitor
DNA have been defined, and thus one can obtain highly specific delineation of the
genome regions from which the probes have been derived.

With cosmid probes, nearly 90% of the target sequences in cell populations can
be delineated by fluorescence and, on metaphase chromosome spreads, more than
80% exhibit specific signals on both chromatids of both homologous chromosomes.

Chromosome assignment is not problematic, as several conventional chromosome
banding methods are fully compatible with probe detection by fluorescence.





Hybridization signals from two probes can be spatially resolved on metaphase
chromosomes when the probes are only several hundred kilobases apart, but a
minimum separation of one or two million base pairs is required to enable the
establishment of their physical order.

To further improve the spatial resolution of gene mapping, co-hybridization
studies with closely spaced probes from a single genomic region have been performed
on interphase nuclei. Measurements of the distances between multiple pair probes,
after hybridization to methanol-acetic acid-fixed flat nuclei, demonstrate a fairly
linear relationship between physical distance and genome order over the range from
thirty kilobase pairs to about one million base pairs.

The combination of metaphase and interphase nuclear mapping, particularly
using multiple probes simultaneously, offers the opportunity to physically order
genomic DNA segments with a resolution presently only achieved by gel electropho-
resis methods and provides a new bridge to interrelate physical and genetic linkage
information.

Use of PFGE and YAC chromosome-cloning in gene mapping

Pulsed-field gel electrophoresis (PFGE) can resolve DNA molecules as large as
several million base pairs in size. This is in contrast to conventional electrophoresis
for which the practical upper limit ranges from 50 000 to 100 000 bp. This increased
resolving power has especially important ramifications for the study of complex



genomes of large size. PFGE has made the cloning of large genes or groups of genes
possible via the yeast artificial chromosome (YAC) method.

The essential technical innovation in PFGE is the use of electric fields that are
not constant throughout the gel run, but that regularly alternate in direction. The
frequency with which the change occurs, called the pulse time, dictates the size
class of fragments to be resolved.

Because of the large size of molecules to be examined, DNA fragments for PFGE
must be carefully prepared to prevent shearing. This problem has been neatly and
quickly resolved by the practice of preparing DNA in agarose blocks or plugs.

The analysis of genomes of higher organisms requires restriction enzyme di-
gestion. A special class of restriction enzymes is needed which must cut rela-

tively infrequently, generating fragments in complete digests of between 100 and
1000 kb in average size. For example, enzymes such as NruI (TCGCGA) or NotI
(CCGGCCGG) give an excellent range of fragment sizes for pulsed-field work.

With an upper size limit of ten million base pairs, PFGE is obviously incapable
of separating intact mammalian chromosomes. For example, the smallest human
chromosome is about 50 million base pairs in size.
A good example of an application of this technique is the physical mapping of

human chromosome 21, accomplished by Gardiner et al (1990). Human chromosome
21 at low resolution can be divided into the centromere-proximal half that is

predominantly a Giemsa-dark band (q21) and the telomere-proximal half that is a
Giemsa-light band (q22) (fig 10).

DNA fragments from the q22 region digested by several enzymes (NotI, BssHII,
NruI) average considerably less than 1000 kb, whereas those from the q21 region
average greater than 1 500 kb.



Furthermore, in more detailed analysis, it can be shown that the upper fragment’s
1 500 kb from the q22 region map exclusively to the small Giemsa-dark band q22.2.

This observation is, in part, a reflection of fundamental differences between
Giemsa-light and -dark bands. Dyes used in cytogenetic staining are base-specific
and indicate that light bands are higher in G + C content than dark bands.

In addition, light bands are enriched for genes (or at least for those mapped
so far) and, therefore, for the gene-associated CpG islands. It is logical that light
bands, because of their different base composition, will contain more sites for rare
cutting restriction enzymes.

Pulsed-field analysis can also provide information on both the sizes of mammalian
genes and their organization. The entire long arm of human chromosome 21, 40
million base pairs, has been accounted for on a collection of 33 NotI restriction
fragments, using some 50 unique sequence probes. Using complete digests, 70% of
these probes have been physically linked in 13 separate groups.

Figure 10 shows data from Gardiner (1990) concerning the 6 physical linkage
groups mapping to the distal third of the long arm. Together, these groups contain
14 of the 24 genes and 19 of 54 unique sequences used to construct the map.
Consideration of the smallest restriction fragment that defines each group indicates
that these genes are locally clustered, being contained within only 3400 kb or
approximately 8% of the long arm. Certainly, chromosome 21 contains many more
than these two dozen genes, probably 500 or 1000, but this present evidence
strongly suggests that genes are not uniformly distributed.

In conclusion, pulsed-field gel electrophoresis has increased by over 100-fold the
size of DNA molecules that can be quickly and easily resolved. Physical mapping
using this technique yields new information on the relative proximity of individual
genes, local clustering of groups of genes, and the molecular basis of cytogenetic
banding patterns.

Use of chromosome-crawling in gene mapping

Once the large-scale physical mappers have finished their hopping, jumping and
walking on the chromosome, there is left the difficult task of establishing the content
of large segments of genomic DNA. Although there has been much discussion
about new methods for large-scale mapping, approaches designed to identify new
expressed sequences have only recently been considered.
Two groups have now mounted detailed researches along large segments of the

MHC (major histocompatibility complex), on the short arm of human chromosome
6, looking for expressed unknown sequences.

Spies et al (1989) probed Northern blots directly with cosmids, screening for the
presence of transcripts in B cells, T cells, monocytes, epithelial cells and fibroblasts.
Using this strategy, they identified five new transcribed loci and proceeded to obtain
cDNA clones for each. All transcripts were constitutively expressed in all the tissues.

Sargent et al (1989) used a more thorough approach for identifying sequences.
They first identified HTF (HpaII tiny fragment) islands within the cloned DNA.
These CpG-rich regions were identified by the presence of clusters of restriction
sites for enzymes BssII, Ea,gI and SacII, and the lack of methylation of these
sites in genomic DNA. Such sequences are commonly found adjacent to expressed



housekeeping genes. Sequences adjacent to these HTF islands were then used to
probe Northern blots to identify the transcribed sequences. This approach revealed
12 new genes and established a density of such genes of one every 23 kb of DNA
between the C4 and the tumor necrosis factor (TNF) loci.

Even if they have not identified the full complement of expressed loci in this
region, these two studies are important because they provide an impression of the
high density of expressed sequences in particular genomic regions. The MHC is
found in a Giemsa-light or G + C-rich region of the genome, consistent with this very
high frequency of housekeeping genes. Similar high gene density can be expected in
other genomic regions associated with a Giemsa-light band or G + C-rich isochores.

Use of DNA probes and pedigree analysis in gene mapping

DNA probes become genetic markers when they are capable of detecting genetic
variation between individuals at the level of their chromosome DNA sequences.
The genetic variation is revealed as heritable DNA restriction fragment length
patterns that differ between individuals when their DNA is digested with a

restriction endonuclease and hybridized to the same specific DNA probe via the
Southern blot technique (fig 11). The inheritance of these restriction fragment
length polymorphisms (RFLPs) can be used to track the inheritance of small specific
chromosome regions, once the RFLP-detecting DNA probe has been mapped to a
chromosome. The RFLP-detecting D1VA probe has to be assigned to a specific
chromosome, and located in a unique locus, by somatic cell genetics and/or
molecular in situ hybridization on the metaphasic chromosome.

Usually the band size differences on the electrophoretic gel are a direct result of
variation in the DNA sequence comprising the enzyme recognition site. Point muta-



tions, or deletion or insertion of tracts of DNA sequence within the locus recognized
by the DNA probe generate this Mendelian variation between individuals.

It is important to point out that two RFLPs of equal lengths provided by the
same enzyme digestion can show internal genetic differences in each DNA sequence
if they are digested again with another restriction enzyme. This internal mapping
technique, developed by Jeffreys et al (1990) for DNA fingerprints, revealed genetic
variation on an extraordinarily fine scale within a single locus and it is well suited
to track the genealogy of a gene.

Figure 11 illustrates a simple type of RFLP associated with the gene for the
/3-subunit of the follicle-stimulating hormone (FSHB) located on the short arm of
human chromosome 11 (llp). This is the common form of RFLP. It results from a
single site mutation that alters the restriction endonuclease cleavage site, in this case
for the enzyme HindIII. The FSHB DNA probe detects two different restriction
fragment lengths, which represent the alleles. An individual who possesses both
alleles has a different-sized FSHB restriction fragment on each chromosome of his
chromosome 11 pair.

This approach is especially well suited for physically approaching or examining
genes that are candidates for specific Mendelian inherited phenotypes, such as
halothane sensitivity in pig or Booroola prolificacy gene in sheep. But first, it is

necessary to find some RLFPs which are strongly correlated with the Mendelian
phenotype.

In order to attain this aim, the realization of a low-density map of the genome
is needed, such as is the case for the Booroola gene.

Sometimes, comparative gene mapping gives us indications which reduce the
needed mapping to a region of a unique chromosome, which is the putative carrier.
This is the case with the halothane gene, which may be located to the cen->q21
region of the pig chromosome 6, in the vicinity of five mapped clustered genes, as
Yerle et al demonstrate in these proceedings.

The goal of using RFLPs to study the inheritance of a genetic disease or a clear
Mendelian phenotype is to identify the specific chromosomal region that contains
a particular gene.

Dozens or possibly hundreds of RFLP fragments may need to be tested in family
pedigrees before linkage can be detected with the putative carrier chromosomal
region.

Figure 12 shows a simple scheme of inheritance of two linked RFLPs. The
mother’s chromosomes, identified with filled circles for centromeres, are indistin-
guishable because each chromosome has the same allele for both the (A1,A1) or
(B1,B1) locus. The father’s chromosomes, centromeres shown as filled squares, can
be distinguished because he is heterozygous (A1,A2), (B1,B2) at the two loci. In
addition, the allele association pattern (or phase) of the father’s chromosomes can
be determined from his parents’s chromosomes: the grandmother contributes an
A1/B1 chromosome, the grandfather contributes an A2/B2 chromosome. A mat-
ing of this type, where one parent is doubly homozygous and the other is doubly
heterozygous, is termed a double backcross. Recombinant (R) and non-recombinant
(NR) chromosomes can be counted directly from double backcross matin-,-, as shown
in the figure, when phases can be determined. This points out the 11. of the
three generation pedigrees.



Individuals 1, 2 and 3 have inherited NR chromosomes from their father. Indi-
vidual 4 has inherited an R chromosome (A1/B2) from his father. The number of R
chromosomes divided by the number of chromosomes yields the recombination frac-
tion 0, the probability with which a recombination occurs, and the measure of the
genetic distance between markers: for this simple family pedigree, 0 = 1/4 = 0.25.

The LOD score method is conventionally used to quantify the data support for
linkage; in this example the LOD score reflects the support for linkage between
A and B loci. The LOD score is the logarithm (to the base 10) of the ratio of
likelihoods (L) calculated from the family pedigree data in two models: one model
assumes linkage at different values of e [L(e)], the other model assumes no linkage,
free recombination, or 0 = 1/2, L(1/2).

The LOD score is calculated at incremental values of 0. The recombination
fraction (0) associated with the maximum LOD score is accepted as the best
estimate of the recombination between markers.
A lot of factors complicate the linkage analysis: numerous pedigrees, complexity

of these pedigrees which includes numerous offspring, intricate consanguinity loops,
and a number of individuals for whom the marker phenotype is unknown.

Fortunately, good computer programs are available, such as the program
LINKAGE of Lathrop and Lalouel (1988) or the program MAPMAKER-QTL of
Lander and Green (1987). Pairwise, or two-point, linkage analysis of sets of RFLPs
that map to the same chromosome is first used to identify clusters of closely linked
markers. The order of clusters of the chromosome or of closely linked RFLPs within
a cluster is resolved with multilocus linkage analysis. Multilocus analysis, a method
that examines the linkage relationships of multiple loci simultaneously, is a power-



ful technique that is used to resolve the order of markers on the map by assigning
different probabilities to different marker orders.

There is another approach to increasing the informativeness of marker loci, the
multiallelic multiloci variable number tandem repeat system (VNTR).

Variations in the number of short, tandemly repeated sequences found at a
number of loci constitute an alternative class of DNA sequence polymorphisms
in mammalian DNA. The number of copies of the tandem repeats can vary from
one to several, to hundreds. The restriction fragment carrying the set of tandem
repeats will probably appear in a number of different lengths, defining multiple
distinguishable alleles at a single locus in a population sample. Heterozygosities
over 90% have been identified so far.
A large number of VNTR loci have now been identified as a consequence of their

partial homology with synthetic oligonucleotides, whose construction was based on
DNA sequences from known VNTR loci or on a similar sequence.

Resolving the alleles of the system requires care, however, because the differences
in fragment length among alleles can be as small as a single repeating unit. Units
are known to range from 14 to 70 bp at different loci.

If at all possible, it is desirable to define the alleles at a VNTR locus in terms of
the number of repeats carried, which makes it much easier, for example, to compare
the alleles found in different branches of the same pedigree.

Scientists expect, with a unique VNTR DNA probe, to be able to study 15 to 30
loci simultaneously and to realize a low-density map of the genome. It is a necessary
prerequisite to track a chromosomal region bearing an unlocated gene such as the
Booroola gene. On the other hand, they expect also to track the genealogy of a
gene in a single locus with the internal mapping technique developed by Jeffreys et
al (1990).

Use of microdissection of metaphase chromosomes and sequence-
independent amplification of DNA

Many Mendelian genes, which are responsible for diseases, major traits or quantita-
tive inheritance, are difficult to isolate by current cloning strategies, such as chro-
mosome walking, even though the physical location of other closely linked genes
has been determined. This is largely due to the difficulty of chromosome walking in
the complex genomes of higher organisms which contain abundant repetitive DNA
sequences. This same problem complicates the construction of complete physical
maps and sequencing efforts.

Physical dissection of metaphase chromosomes is the most promising approach
to this problem. Scalenghe et al (1981) were the first to dissect and clone DNA
from Drosophila polytene chromosomes. Later, microdissection and microcloning
were improved (Pirrotta et al, 1983), and completed by universal enzymatic DNA
amplification (Ludecke et al, 1989).

Senger et al (1990) published a very well-documented review of the present state
of the art. They point out that the conventional microdissection procedure has been
improved mainly by the use of the pipette method for chromosomal harvesting,
which avoids DNA contamination from broken cells; the dissection of GTG-
banded chromosomes, which allows precise excision of single bands; and a modified



dissection technique, which does not use an oil chamber. These improvements have
several advantages: straight needles and pipettes extended with the help of a simple
pipette puller are sufficient; it is possible to dissect under the best directional and
optical conditions and chromosomes can be placed perpendicular to the dissecting
needle; banding pattern and thin needles required for dissection of single bands are
much easier to visualize in air than in oil.

Ludecke et al (1990) show that to construct band-specific DNA libraries, 20 to
40 dissections per region are sufficient.
We can expect that this procedure will be performed soon for cloning bands in

the cen-q12-q23 region of pig chromosome 6, in order to isolate the HAL-gene.
This technique seems more promising than the sorting of metaphase chromo-

somes, which provides very small amounts of DNA for analysis and needs expensive
chromosome-cell sorter apparatus.

AN OVERVIEW OF GENE MAPS OF COW, SHEEP,
PIG AND RABBIT

Apart from the human gene map, only the gene map of the mouse is well advanced.
For other species investigated, knowledge is still limited, particularly for farm
animals, such as cattle, sheep, pig and rabbit. As shown on tables II-V, (Genetic
Maps, 1990), a few linkage groups, 1-20 syntenies and a few loci assigned or
regionally mapped are known for each of these species.

SOME REMARKS ON APPLICATIONS OF GENE MAPPING

Eight applications are of some interest: 1) comparative gene mapping; 2) under-
standing relations between cytogenetics and molecular structure of chromosomes;
3) mapping a chromosome to find and to isolate a gene; 4) drawing real pedigrees
of genes from pedigrees of zygotes; 5) genetic dissection of quantitative or com-
plex inheritable characters; 6) genetic improvement based on selection of marker
genes; 7) describing at the DNA level the molecular response to a selection pressure;
8) considering the maternal effect as a genetic imprint.

Comparative gene mapping

A beautiful illustration of comparative gene mapping has been published by Xu and
Hardison (1989). Dutrillaux et al (1980) found considerable homology in the overall
chromosome-banding patterns of rabbits and humans, which reflects a similarity
in gene content in several regions, as shown by Soulie and de Grouchy (1982). In
particular, Dutrillaux et al detected a correspondence between rabbit lq and human
11 chromosomes, and these data confirm the presence of homologous genes in rabbit
lq and human llp chromosome regions.

Another excellent example is presented by Yerle et al in these proceedings: the
group of five genes: GPI, APOE, TGF,8, EN01 and PGD, which are located in the
cen-q25 region of pig chromosome 6, corresponds to two groups GPI, APOE, TGF/3
located on the human 19 and murine 7 chromosomes and ENO, PGD located on
the human 1 and murine 4 chromosomes.



These recent biochemical and molecular methods used in gene mapping have
dramatically increased the number of homologous genes that have been mapped
in more than one species. There are two well-documented reviews: one by Nadeau
(1989) compares maps of linkage and synteny homologies between mouse and man,
and the other by O’Brien et al (1988) gives an evolutionary overview of mammalian
genome organization.



U is used for unknown chromosome. The syntenies were established by somatic cell
hybridization. The RNR localizations were obtained using silver staining, and the regional
mapping of genes by in situ hybridization.

An important application of comparative gene mapping involves predicting the
location of genes in one species given their locations in another species. Locations
of murine and human genes are the main operational guide used in domestic animal
gene mapping.

Understanding relations between cytogenetics and the molecular
structure of chromosomes

Fifteen to twenty years ago, staining techniques were discovered which produced
differential staining of parts of chromosomes. This revealed that euchromatin is

heterogeneous and divided longitudinally into large domains or ’bands’ which may
have functional and structural significances. These chromosome-banding methods
have been essential tools in the construction of physical gene maps of vertebrates.
In this meeting, some examples are presented. Advances in molecular biology and
gene mapping are beginning to point to features of genome organization that may



The linkage groups were established by familiy studies. Two of them were assigned to
chromosomes: [SLA, J, C] Chr 7 and [GPI, HAL, S, H, P02, PGD] Chr 6. For the others,
the carrier chromosome is unknown.



play roles in chromosome banding as discussed by Comings (1978), Bickmore and
Sumner (1989) and Ronne in this meeting.

Mapping a chromosome to find a gene

We have discussed this point extensively during the second part of this lecture, and
for more details see White and Lalouel (1988).

Drawing real pedigrees of genes from pedigrees of zygotes

In 1963-1964, I introduced the notion of identity between genes in my book entitled,
La Relation d’Identite erc G6n6tique (The Identity Relation in Genetics). This work
is an axiomatic approach to genetics. Results are logical and a probabilistic descrip-
tion of genes in a small population when zygotes are related and consanguineous.
These results have been applied to predictive genetics in the field of quantitative
inheritance, mainly when relationships are known. RFLP and VNTR analyses open
an exciting biochemical application of the theory of identity between genes. Now
we can hope to be able to describe the actual state of identity between genes and
the real pedigrees of genes (or genic pedigrees versus genotypic pedigrees), because,
in the same experiment, we can test for identity and for non-identity between two,
four or more homologous genes belonging to relatives.

The definition of the identity relation between genes is as follows: &dquo;two genes are
linked by the identity relation if and only if they derive from the same ancestral
gene, without mutation&dquo; (Gillois, 1963, 1964). Note, that Malecot (1948) in his

book, Les Mathematiques de l’Heredite, defines the identity relation between loci
and not between genes. He uses this identity relation between loci to deduce joint
probabilities of ’allelic’ states of genes.

It is possible to extend this definition to a part or a segment of a chromosome:
&dquo;Two chromosomal segments are linked by the identity relation if and only if

they derive from the same ancestral chromosomal segment without mutation and
recombination&dquo; (Gillois, 1963, 1964).

The important biochemical consequence of these definitions is that: &dquo;two genes,
or two DNA strands, or two chromosomal segments which are identical carry the
same pattern of identical restriction sites and give identical restriction fragments
(RFLP).&dquo;

If each chromatogram of RFLP or VNTR is described by two criteria, the
retention time and the surface of each peak (or its logarithm), more information
is obtained. For example, VNTR DNA fragments which are in a haploid state fit
with a linear regression, those in a diploid state fit with another linear regression
and so on, as can be seen in figure 15. Consequently, we can decide what is the real
identity situation realized among the 15 possibilities for four homologous genes,
(see figures 13, 14 and 15). With RFLP for two loci or with VNTR, we can decide
whether or not two loci are independent, if two loci are carried or not by the same
chromosome, and the distance between two loci borne by the same chromosome.



Genetic dissection of quantitative or complex inheritable characters

The mathematical models of quantitative inheritance use a few of the following
notions: contributions of ’ghost’ genes to a character are independent, additive
and have approximately the same magnitude. Often the additivity principle is

transgressed, and interactions between ’ghost’ genes, which may be described as
dominance or epistasis, must be handled by the way of computational artifices that
do not take real account of these phenomena.

These simple ideas, mainly developed by RA Fisher, enabled us not only to
make universal a simplified conception of the genetics of heredity for continuous
and discrete characters but, above all, defines a priori linear coefficients of cor-
relation between relatives observed by statistical analysis. These coefficients form
the essential tools of hereditary improvement techniques for crops and domestic
animals.





These population improvement techniques have been increasingly polished, but
have degenerated into statistical implements of production control. They are robust
and frequently efficient tools, but became more and more irrevelant to genetic
concepts in a strict and real sense.

Gene mapping provides an opportunity to obtain a real genetic interpretation
of quantitative inheritance. Two alternative approaches are possible for genetic
dissection of quantitative inheritance: the classical parametric approach and the
non-parametric approach.

Paterson et al (1988, 1990) employed interval mapping, using the method of
maximum likelihood. This procedure has been adapted for quantitative traits by
Lander and Botstein (1989) from their own methods for analyzing complex traits
in humans.

Interval mapping assesses the effects of each genomic segment, located between
pairs of marker loci, rather than the effects associated with individual loci. This
reduces the confounding effects of recombination between marker loci and quanti-
tative trait loci (C!TL), efficiently exploits the information from the RFLP linkage
data and provides greater precision than was previously attainable. The results are
depicted as QTL likelihood maps, a highly informative format to summarize large
amounts of information. Likelihood maps represent something as the probability
that one or more QTL lie at a particular point of the genome; this should not be
confused with the magnitude of the contribution made by each region.

The non-parametric approach does not use the notion of an individual, quantita-
tive, additive effect of genes. It considers two main ideas: 1) genes code sequences,
particularly polypeptide chains. The heterogeneity of two allelic gene sequences en-
sures the variability of stereospecific mechanisms, as for example the variability of
enzymatic activities; 2) genes do not work independently but according to one or
many ordered steps in a dynamic network of actions. These dynamic networks can
be described by systems of non-linear differential equations with delays as shown
by Gillois et al (1978), Chevalet et al (1983), Corpet et al (1983) for the induction
of the eleven genes comprising the Lac operon of E coli.

In order to find the loci where a gene is located, I suggest the use of identity
situations of loci or chromosomal fragments spread over the genome of two related
zygotes. The main idea is that some identity situations are in relation with difference
and sum of quantitative phenotypes of relatives. Loci or chromosomal fragments
with high levels of identity in correlation with very small phenotypic differences are
good candidates as closed markers or controlling loci.

The first step after this approach is to determine the nature of the whole or a
large part of the graph of relations between genes which work together to build
a phenotype. The second step is to establish the minimal dynamic non-linear
differential equation system which describes the genes’ concurrent actions building
the complex inheritable phenotype. The necessary techniques are being developed,
for example, the four Punett decision tables which give the step orders of gene
actions, or can be adapted from mathematical research in the field of economics,
to give the differential equation system.



Genetic improvement based on selection of marker genes

Genetic improvement based on selection of marker genes has been frequently
advocated but remains untested for quantitative traits. Biometric approaches have
been exceptionally successful in the absence of precise knowledge about the number,
the location and the work relations of genes involved. Valid mapping experiments
and marker-based selection are expensive and in many cases may not be justified
by the technology currently available.

The most promising trend consists of altering the domestic animal genome
by gene-targeting in pluripotential stem cell lines as a new route for genetic
improvement. Interested readers are invited to read four pivotal reviews which have
appeared in Trends in Genetics: Pluripotential stem cell lines as a route into the
mouse germ line, by Robertson (1986); The new mouse genetics: altering the genome
by gene targeting, by Cappechi (1989); Towards a molecular-genetic analysis of
mammalian development, by Rossant and Joyner (1989); and Do multigene families
regulate vertebrate development? by Dressler and Gruss (1988). Some preliminary
results of experiments in which this strategy was applied to farm animals have been
published by Rojas-Rousse and Gillois (1985) with rabbits and by McWhir et al
(1988) with pigs.

The bottleneck in this field of research is in the ability to obtain perennialized
totipotent cell lines and the ability to target the genome of these totipotent
cells without the loss of their totipotency, which is clearly a job for somatic cell
geneticists.

Describing at the DNA level the molecular response
to selection pressure

In a wonderful book entitled, Microorganisms as Model Systems for Studying Evo-
lution, Mortlock (1984) writes: &dquo;The microorganisms present on the earth today
possess a vast range of metabolic activities and are often able to demonstrate their

surprising versatility by gaining both new enzyme activities and new metabolic
pathways through mutations. It is generally assumed that the earliest microorgan-
isms were very limited in their metabolic abilities, but as time passed they gradually
expanded their range of enzymatic activites and increased both their biosynthetic
and catabolic capacity. It is also believed that these primitive microorganisms in-
creased the amount of genetic material they possessed by duplicating their existing
genes and possibly by acquiring genetic material from other organisms..../...
A small group of scientists has been exploring the means by which existing

microorganisms are capable of mutating to expand their biochemical abilities.&dquo;
Work reported in this book shows that microorganisms develop new metabolic

activities, not by the acquisition of genetic material from external sources, but
by altering in different ways their own existing genetic information under a
light pressure of selection. The potential for genomic change depends upon the
’background phenotype’ (in French, br!it de fond pher!oty!ique), deregulation,
amplification of pieces of DNA, borrowing of genes and differentiation of identical
duplicated genes under selection due to the cost of the DNA replication or the
necessity of homeostasis. These mechanisms must play in response to the selection



in plants or mammals (Gillois, 1983), and it seems of prime importance to track
them as differences at the level of gene maps between unselected and improved
plant or mammal lines.

Considering the maternal effect as a genetic imprint

Maternal or paternal epigenetic effects are frequently advocated in selection or
breeding plans. Embryonic transplantation has been performed for statistical
studies. Papers by Reik (1989) and Monk (1990) show that it is possible to use
the gene map and techniques developed for gene mapping to study the function
of paternal and maternal chromosomes which can remember their parental origin.
Observations suggest that maternal and paternal genomes have different epigenetic
information imprinted on their chromosomes at different loci and that these
differences can result in different developmental programs. If genomic imprinting
can occur in a substantial proportion of the mammalian genome, it would be

expected that penetrance or expressivity of genes in quantitative inheritance or
in diseases would sometimes be related to their parental origin.
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